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1) Alpine PV Stressors
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Stressors & Effects

Snow and wind load Cell cracks

Ice formation Glass breakage

Low temperatures Frame & mounting damage

Stressors Failures

increased (UV) irradiation
(high altitude)

Polymer degradation

/ delamination
UVvID

Partial shading (snow) Connector problems

High thermal
fluctuations Hot spots

Modified from IEA Task 13: Optimisation of
Photovoltaic Systems for Different Climates
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Snow Load
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© MeteoSwiss

Annual total precipitation in Switzerland [mm]

«  Snow accumulation (after 1200-1500 masl, snow is the
dominant precipitation)

« Higher mechanical stress
» Solutions = Module, mounting and system design
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Wind Load

Standard PV modules with standard mounting!!!

86 . - -
Long-term impact — high wind
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D. Jordan et al., “Extreme .
© MeteoSEs Weather and PV Performance” Wind category (km/h)

Number of days with wind gusts of over 75 km/h for the period 2008 - 2016

« At the foothills of the Alps, more than 30 days a year with wind gusts over 75 km/h
* Wind creates both static and dynamic mechanical load
 Wind load inside PV field could be different than outside PV field
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High Irradiance (High UV Irradiance)

Birg | Jungfraujocfh
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e o e Onklay . Ques, A Gassner
« High irradiance (Front-side >1600 W/m? from private « High altitude - high UV
discussions in CH) - Snow albedo is UV rich [1]
o Front+Rear Irradiance >1800 W/m?2 eXpeCted . Stress on po|ymeric materials
* High current due to high albedo + bifaciality «  Stress on UV-sensitive solar cell technologies (i.e.
« Stress on busbars/ribbons and bypass diode TOPCon, PERC, HJT, BC)

[1] M. P. Brennan et al., “Effects of spectral

albedo on solar photovoltaic devices,” Sol. Energy Mater.
Sol. Cells, doi: 10.1016/j.solmat.2014.01.046.
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Low Temperatures
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« Very low temperatures (< -15 °C)

« At low temperatures, polymers are in a glassy state, indicating that the material is rigid and brittle = stiff
encapsulant cannot deform as easily to absorb and distribute mechanical loads = higher stress concentrations
in the solar cells and interconnections

Technical Requirements of Components for Alpine PV Systems — Online Workshop

Energy absorbed on impact =

I Transition

Brittle
fracture

Ductile
fracture

Temperature =

IEA Task 13: Optimisation of Photovoltaic
Systems for Different Climates
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Low Temperatures — Temperature Variations
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« Enhanced temperature variations
— Day-night variations
— Passing clouds
— Seasonal variations

 Repeated thermal cycling can accumulate fatigue
damage in the cells and interconnections and the
stiffer encapsulant amplifies these stresses


https://doi.org/10.1039/D4EL00040D
https://doi.org/10.1002/ese3.189
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Fast Temperature Changes

« From very cold & low irradiance to High irradiance
 Thermal gradient
— Solar radiation heats the PV module, but not all areas heat up at the same rate.

Solar energy heats the

center of the glass

Temperature Gradient
Creates Tensile Stress
in the Glass

The edges remain
relatively cold
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2) PV Module Design for Alpine Conditions
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Alpine PV Module Design

Frame <

Solar Cells <

—>Front Layer

e——— Front Encapsulant

» Junction-box and cables

Rear Layer < o

» Rear Encapsulant

12
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» Reinforced Frames with High Bending Resistance

Alpine PV Module Design — Frame

 Thicker frames

« Special shaped frames

« Larger contact surface area with glass to distribute loads
more evenly

« Stronger materials like steel

« Special geometries which avoid snow accumulation or
facilitate drainage of melting snow

* Glued frames to provide additional structural integrity
Larger contact

\\/ surface to the glass

Glued frames

Reinforced
frames
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Alpine PV Module Design — Front and Rear Layers

e Glass/Glass

»° Fully Tempered

 Thick Glass

» Special coatings to shed snow and ice more efficiently

>

heat-strengthened fully tempered

probability density

fracture strength

T. M. Barnes et al.,EUPVSEC 2025

14
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« Thicker encapsulants to better protect cells and
interconnects from mechanical stresses

« Encapsulant materials that retain flexibility at low
temperatures to reduce the risk of cracking

>
% ML@ -40°C ML @ +25°C
20
.E' (N}
% 15 EVA 555.
[T g8
g |EpE—~ - i
(V] ?\ Glass: 4 mm z 1'! :
MEL (Mechanical Load) test sequence on- Ews L |
going within ALIENCE project L
More information later! L

A. Gassner et al., “Enhanced Mechanical Load Testing of Photovoltaic
Modules for Cold and Snowy Climates”, EES Solar, Accepted
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Alpine PV Module Design — Front and Rear Encapsulants

« High UV Resistance to avoid encapsulant degradation

« Encapsulants with UV-cut or downshifter (DS) properties to
protect UV-sensitive solar cells (ie. TOPCon, PERC, HJT

and BC).

Long WL photons UV photons

UVDS e [}
Encapsulant

Solar cell

L. Marthey et al., EUPVSEC 2025
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Alpine PV Module Design — Solar Cells

« Solar cells with high UV Stability

TOPCOﬂ —
Pre-LID LID 40 kWh/m?2 UVID-60 UVID-120 Dark storage 13D Light Soak
Pmp: +0.3% Pmp: -3.7% 2 kWh/m?2

Pmp: -6.2%

EEEE e = =

i
1
J

KIWA PVEL

UV test sequence on-going within ALIENCE project
Intermediate results of Alpine-specific modules

Pwipp Degradation / %
|
)

I
—
N

~14

Fig. 1. Degradation and response to repeated flashing with and without prior

. /o—o-—-.-—-o——o—-o—o—o—o....._. a
.f""—'.-—.__._-.
./o/ without LS
o with LS
® |nitial
e After UVID
o AfterLS
®  Flash Test
4 6 8 10 12

Power Measurements

light soaking (5 kW h/m?, 25 °C) of one two-cell module.

P. Gebhardt et al.,doi:

Dark Storage uvID

17

10.1016/j.solmat.2025.113885
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Alpine PV Module Design — Solar Cells

% ML @ -40°C s ML @ - 40°C « Solar cells with high UV Stability
OPCO ) ]
« Bifacial Cells
e  Multi-busbar/wire contacts

TOPCON

} 250 um
d 130 pm

250 um

A. Gassner et al., “Enhanced Mechanical Load Testing of Photovoltaic
Modules for Cold and Snowy Climates”, EES Solar, Accepted
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Alpine PV Module Design — Junction Box and Cables

* High UV Resistance

« Sealing and Adhesives Resistant to Low Temperatures

» Bypass Diodes for High Currents

19
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Alpine PV Module Design — Junction Box and Cables
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E. Ozkalay, H. Quest, A. Gassner

etal.

, doi: 10.1039/D4EL00040D

Modules with high current (only
front at 1000 W/m2is 13 Ato
14.2 A (n=3))

Possible repetitive row to row
partial shading especially in
winter months (low sun altitude)

Birg |
2677m-VF-AM55 ||

Jungfraujoch
3462m-VF-sM75 |

T

Birg and Jungfraujoch are facade
(90 tilt)

High irradiance is expected
(>1600W/m2)

If there is snow, high albedo

High UV Resistance

Sealing and Adhesives Resistant to Low Temperatures

Bypass Diodes for High Currents

20
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3) PV Module Testing for Alpine Conditions within

ALIENCE Project
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Alpine PV Module Testing — PV Modules

« 3 alpine specific modules + 1 standard module

 Sandwich:
— Glass/Glass
* Frame:

— All reinforced frames using different approaches (i.e. thicker frame, different geometry, larger frame-glass contact
area)

 Solar cells:
— TOPCon and BC solar cells
 Encapsulant:
— 2 modules EPE, 1 module POE
 Glass:
— 2 modules with 3.2mm/3.2mm, 1 module 2.8mm/2.8mm
« Bypass diode
— One has higher current capacity, others no information

« Standard Module:
— Glass/Glass (2mm/2mm), TOPCon, EVA
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Alpine PV Module Testing — Test Sequence-1

« Mechanical Load Test Sequence

« TC50 > MEL@+25C
+ +5400Pa/-2400Pa % TC50->MEL @ 25°C % MEL @ -40°C MEL @ +25°C

[

(AR

* +6400Pa/-2400Pa
* +7400Pa/-2400Pa

— TCH50 finished (no big surprises)

— MEL tests start very soon

— Results will be in alpine-pv.ch

EL images after +5400 Pa

NVER)

A. Gassner et al., “Enhanced Mechanical Load Testing of Photovoltaic
Modules for Cold and Snowy Climates”, EES Solar, Accepted
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Alpine PV Module Testing — Test Sequence-2

« UV Test Sequence:
— High UV irradiance
— High albedo (snow albedo is UV rich) + Bifaciality
— New technologies are UV sensitive (especially rear sides)

0.0] ee : Dark Storage x f

| 2modules |

UV60 (front) Dark Storage LS 2kWh/m2 2
[ 2 modules | e \/
uveo (front) Dark Storage 1S 2kWh/m?2 11:00 12:00 13:00Tm1;1:oo 15:00 16:00

Figure: PV modules were temporarily removed from their installation
and stored in the dark from 11:30 — 4:00 PM.

P .Gebhart et al., EUPVSEC 2025

UV60 (rear) Dark Storage LS 2kWh/m2

— Results will be in alpine-pv.ch
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Alpine PV Module Testing — UV Test Sequence

UV60 (front)

2 modules
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Alpine PV Module Testing — UV Test Sequence — EL @0.1xlIsc

(2 modules |
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Dark Storage LS 2kWh/m2
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Conclusion — Alpine PV Module Design

Front layer: Tempered glass, thicker
glass, special coating for snow and ice

Frame: Reinforced frames, large contact ~
< shedding

surface to the glass, special geometries which
avoids snow accumulation or facilitates the
drainage of melting water, use of glued frames

Front encapsulant:
Materials with reduced
stiffness at low temperatures,
high UV resistance, increase
of layer thickness, UV-cut

Cells: Bifacial, better UV encapsulant

stability, low temperature and
high irradiance performance,
multi-busbar/wire contacts for
higher micro-crack resilience,
series and parallel connection
for higher shadow resilience

Junction box and cables:
High UV resistance, sealing
==» and glues resistant to low
temperatures, bypass diodes
resisting high currents

Rear layer: Tempered glass, thicker . .
. . Rear encapsulant: Materials with reduced
glass, UV resistant back sheet (in case =@ ) . .
stiffness at low temperatures, high UV resistance,

of monofacial module) increase of layer thickness, UV-cut encapsulant
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Thank you for your attention!

Supported by the Swiss Federal Office of Energy
ALIENCE - Alpine PV Competence, S1/502711-01

Ziircher Hochschule

fur Angewandte Wissenschaften
Schweizerische Eidgenossenschaft
Confédération suisse

Confederazione Svizzera

Confederaziun svizra

Bundesamt fiir Energie BFE O S T

Office fédéral de I"énergie OFEN Ostechwairer
Fachhochschule

To share your experiences or learn more, please contact:
Hartmut Nussbaumer - nusu@zhaw.ch (Project Coordinator)
Ebrar Ozkalay - ebrar.oezkalay@supsi.ch

SUPSI PVLab
Virtual Tour:

Applied Photovoltaic Research
Swiss Solar Competence

www.pvlab.solar
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Extra Slides
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