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PV modules



PV modules (example c-Si)
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Figure 7.19 Cross- section of a standard module

Handbook of Photovoltaic Science and Engineering, 2011



PV module materials

Materials and Components
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Half-cut and triple-cut cells

Exhibition of Swiss PV Tagung 2021

= From 2015, half-cut and triple-cut modules became dominant because of
1-2% higher power (due to lower resistive losses)
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Module characteristics

module current [A]

I-V curve influenced by:
- irradiation intensity

- module temperature

o 5 1015 0 25 module
—— E=1000W/m2  T=25°C(STQ) voltage [V]

— E= 800W/m2  T=45°C(NOCT)
— E=1000W/m? T=460°C

= STC (Standard Test Conditions): 25°C, AM1.5 G, 1000 W/m?

= NOCT (Nominal Operating Cell Temperature):
Temperature of cells within module reached at following conditions:
Voc, 20°C ambient air temperature, 1 m/s wind speed, AM1.5, 800 W/m?2



PV module by technology

CLEAN

e Solar Cell Types and Panel Efficiency  va

Poly PERC Mono PERC Half-cut Mono PERC Shingled Mono PERC
16-17% 17-19% 18 - 20% 19-21.5%

Mono PERC MBB N-Type TOPcon N-Type HIT N-Type Back Contact

20-21.8% 21-22.5% 21-23% 21-24% 2023 data from
www.cleanenergyreviews.info www. Cleanenergyrewews. info



PV modules: efficiency & temp. coeft.
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PV Modules: power & size
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PV Modules: producers
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PV module certification

» |[EC 61215: life-time testing for crystalline silicon PV
» |[EC 61646: life-time testing for thin-film PV

l 1 module

o, B and & coefficients
determination

AV

NOCT

1 control
module {}

2 modules

Performance at STC,
NOCT and Low Irr.

Vi

Outdoor exposure
(OE)

Hot spot endurance Robustness of
(HSP) termin. (ROB)

Hail resistance
(HAR)

Bypass Diode
Thermal Test (BDT)

Final Light king (LS) / Determinati f stabilized | Coun‘esy:
Inal Light soaking etermination of stabilized power . .
A. Virtuani,

— T T —

= Accelerated life-time testing corresponds to ~20 years outdoor
= Typical warranty: 30 years for power, >20 years for product (as of 2025)
= Warranty = Lifetime (PV module can serve for 30...40 years and more...)
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PV systems



Ground mounted
- Utility scale

Floating
on vehicles, airships,

space power, ...

Pictures: from various web sites



PV systems

GRID-CONNECTED PV SYSTEM CONFIGURATION OFF-GRID PV SYSTEM CONFIGURATION
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source: EFIA,

= PV systems components: PV modules, electricity meter; AC isolator, fusebox,
inverter, charge controller, generation meter, DC isolator, cabling, mounting, etc....
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Performance ratio (PR)

PR

_ Produced energy [kWh]
~ Expected energy [kWh]

X 100%

B Actual energy |kWh]|
A [m?] x Eff[%] X Insolation [kWh/m?2]

Depends on:

Temperature of modules

Shading of modules

Shading of measurement unit
Performances losses

Efficiency of modules and inverters
Wiring losses

Mismatch

Does not depend on location, orientation or meteorological parameters

=> Quality measure for PV systems and PV plants
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Performance Ratio Development for PV Systems

Germany
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B Less variance in PR
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Source: Photovoltaics report, ISE Fraunhofer, May 2024
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PV economics
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PV Module Production by Region

Global Annual Production

Global Annual Production [GWp]
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Annual PV Production by Technology
Worldwide (in GWp)

About 703 GWp PV module production in 2024

Thin film
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Source: Photovoltaics report, ISE Fraunhofer, May 2025



Global PV installations

Global Cumulative PV Installation
By Region
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Top 10 countries by PV per capita

Netherlands
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Module Price

PV module price (all techs)
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= Price of PV modules falls by ~25% upon doubling capacity (last 44 years)



PV system cost structure
(Utility-scale PV systems in Germany, 2019-2023)
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= PV modules = 33% of the total PV system cost!



Levelized cost of electricity (LCOE)

LCOE - average net cost of electricity generation for a generator over its lifetime
(incl. system costs, installation, maintenance, degradation, financing, subventions,..)

Figure 1: Global levelized cost of electricity benchmarks, 2009-2023
$/MWh (real 2022)
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PV Tender Scheme in Germany for Free-Standing Systems

Average, quantity weighted award value
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Data: BMA. Graph: PSE Projects GmbH 2025 — Date of dats: 0872025

* The PV tender scheme for large
ground-mounted systems started in
April 2015. The total capacity of
this scheme amounted to 21.8 GW
in December 2024 with 4.76 ct€/
kWh as latest average quantity
weighted award price.

» PV-rooftop and special tenders are
not displayed in the graph.

Source: Photovoltaics report, Fraunhofer ISE, 2025

= PV tender price is 5 ct€ / kWh (Germany, 2025)



Global primary energy consumption by source Ouriord

Primary energy’ consumption is measured in terawatt-hours?, using the substitution method®.

60,000 TWh
Qil
50,000 TWh
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Hyd
10,000 TWh it i
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iR = o ] Wind
#4 Solar
0 TWh - . : : e Other renfawablea
1800 1850 1900 1950 2000 2024 — Modern biofuels
Data source: Energy Institute - Statistical Review of World Energy (2025); Smil (2017) OurWorldinData.org/energy | CC BY

Mote: In the absence of more recent data, traditional biomass is assumed constant since 2015.
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J EASY PV

how solar outgrew expectations

On average, actual installations 600
have been more than three
times higher than their
five-year forecasts
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200
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Energy payback time (EPBT)

EPBT = Einput

Eoutput/year

Irradiation (GTI, kWh/m2/a) EPBT
<600 I
800

1000

B Rooftop PV-system using
mono-crystalline Silicon
cells* produced in China

B EPBT is dependent on
irradiation, but also on
other factors like grid
efficiency**.

1200

— 13 years

B Better grid efficiency in
Europe may decrease the
EPBT by typically 9.5 %
compared to PV modules
produced in China.

— 1.0year

Photovoltaics report, ISE Fraunhofer, may 2024

= 1 year to generate equivalent amount of energy that was used for manufacturing
PV modules (depends on technology and location)



Swiss Energy Strategy 2050

90 g7 Batteries & CAES output
20 7g R Pump hydro output
__3—#4_75 Net Imports
- - - - =
70 --ﬂ- mmmm Hydrogen fuel cells
60 3 Geothermal electric
50 Wind onshore
Solar PV
40 -
I Bioenergy & wastes CHP
30 mmmm Natural gas CHP
20 Emmm Natural gas large scale
I Nuclear
10
I Hydro (excl. pump storage)
0 Total CLI
-10 = = =Total BAU
2015 2020 2030 2040 2050 - = =Total EPOL

Electricity supply mix in the CLI scenario, TWh/a
Source: “Transformation of the Swiss Energy System for a Net-Zero Greenhouse Gas Emission Society”, ETH Zurich, 2021

= PV is predicted to become the 2nd pillar for energy production in CH by 2050



PV in Switzerland

TWh 283

Solarstromproduktion
Prognose 26,2 .

Il Alpin

B Agri-PV

B Infrastruktur

B Fassade > 100 kW

I Fassade 30-100 kW
Fassade < 30 kW
Dach > 300 kW

" Dach 100-300 kW

I Dach 30-100 kW

B Dach < 30 kW

201 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

© Swissolar | Bem, 1. April 2025

10 TWh 17%

will be produced of electricity consumption
by PV in 2026 iIn 2026 come from PV
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