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• From research to industry

TRANSFERING
75% (1 to 3 years)
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25% (5 to 10 years)
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75% (1 to 3 years)
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• CEA-INES Fact & Figures
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15 MW Module LineCell pilot line for high efficiency solar cellsDW WaferingG5-G6 DSS
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• INES platforms overviews
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• PV modules characterization

Objectives :
- What is obtained.
- What is a sun simulator made of.
- Identify important parameters to make a good indoor measurement.
- What are the limits of the label.
- How to relate the label to outdoor conditions.
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• Datasheet information

How is it obtained ?
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• Measurand and results

Measurand = produced current by a PV module as a function of the load resistance connected under
an homogenous 1000 W/m² irradiance on the whole surface with a spectral distribution defined
according to the AM1.5G spectrum at a 25°C module temperature

IV curve
Spectrum
Spatial 
distribution
Temperature

Source : PV education

Standard test conditions (STC) = 1000W/m², 25°C and AM1.5GResult of a measurement = IV curve

Isc

Voc

Pmax

Measurand = produced current by a PV module as a function of the load resistance connected under
an homogenous 1000 W/m² irradiance on the whole surface with a spectral distribution defined
according to the AM1.5G spectrum at a 25°C module temperature



11GoPV Project | SUMMER SCHOOL
PV SYSTEMS TECHNOLOGIES AND DESIGN

• Sun simulator

Light source

Module

Cables

Electronic load

PASAN

SPIRE

What do we need to obtain the IV curve of a PV module?

Examples of two sun simulators
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• Calibration

How to be sure that the irradiance is 1000W/m²?
• Buy a golden module.
• Put the golden module on the simulator.
• Set the power supply of the lamps to obtain the Isc given by the certificat of the golden module.
• Measure at the same time the current of silver cells on the simulator.
• Obtain an irradiance assessment for each flash thanks to the silver cells.

Calibration and follow up of the equipment are essential for its good use.
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• Simulators classes

Spectral distribution

IEC 60904-9 : demands for the use of sun simulators
(last update november 2020)
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Why spectal distribution is important?

Wavelength (nm)

EQ
E 

(%
)

EQE ≠
Spectra ≠ Isc ≠

Spectral Mismatch (SMM)

Isc of the golden module under the AM1.5G spectrum
Isc of the golden module under the simulator spectrum
Isc of the device under test under the simulator spectrum
Isc of the device under test under the AM1.5G spectrum
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• Simulators classes

Spatial homogeneity

Always locate the modules at the same spot with the same rotation
Even more important with half cells and shingle

IEC 60904-9 : demands for the use of sun simulators
(last update november 2020)
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• Why spatial homogeneity is important?

Mean irradiance -1%

Mean irradiance

Mean irradiance +1%

Case 0 = All the cells are completely the same
Case 1 = One string underperforming
Case 2 = One string underperforming + one string overperforming
Case 3 = One string underperforming + one string overperforming + 180° rotation

Isc Case 0 Case 1 Case 2 Case 3

1 0,99 0,98 0,98 1

2 1 1 1 1

3 1,01 1,01 1,02 1

String 1

String 2

String 3

Isc

1,01 Isc

1,02 Isc

0,99 Isc

0,98 Isc
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• Rotation

Case Isc (A) Voc (V) FF (%) Pmax (W)

2 3,930 67,27 80,35 212,39

3 3,971 67,28 79,60 212,68

Rotation of the modules can impact the measurement
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• Simulators classes

Temporal stability
Capacitive effects

Forward

Reverse

High performances modules can be capacitive. 
It is important to minimize the capacitives effects.

IEC 60904-9 : demands for the use of sun simulators
(last update november 2020)
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• Repeatability and reproducibility

Nb
mesures Isc (A) Voc (V) FF (%) Pmax (W)

Ref1 5 8,919±0,002 37,780±0,006 78,07±0,04 263,06±0,16 ±0,06%

Ref2 5 5,887±0,001 14,282±0,003 72,28±0,06 60,77±0,05 ±0,08%

Ref3 10 8,647±0,002 43,924±0,013 75,43±0,02 286,46±0,11 ±0,04%

SPIRE PASAN PASAN>
SPIRE

Pmax
forward (W)

Pmax
reverse (W)

Δ forward
reverse (%)

Pmax
forward (W)

Pmax
reverse (W)

Δ forward
reverse (%) Δ forward (%)

Ref1 262,8 262,9 <0,1 262,4 263,7 +0,5 -0,2

Ref2 317,9 318,2 +0,1 321,7 324,8 +1,0 +1,2

Ref3 289,4 292,2 +1,0 291,2 302,2 +3,8 +0,6

Ref4 87,5 87,5 <0,1 89,0 90,0 +1,1 +1,7
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Temperature

Temperature
increase

Voc

Isc

FF

Pmax

Do the measurement as close as possible to 25°C and make sure the device under test is really at this temperature.
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Temperature (°C)

25°C20°C 27°C

Tmes- Treal

V oc
,m

es

Tmes+

Overestimation of Voc

Underestimation of Voc

Tmes<Treal

Tmes>Treal Overestimation of Voc

Underestimation of Voc

What is measured :
- A Voc at the real module 

temperature, Treal
- A temperature which is

not necessarily Treal

Indoor environment in between
20 et 27°C depending on the 
seasons.
Intra-day variations occur.

Standard test conditions =25°C
β

Thanks to the β
temperature coefficient, 
the measure is corrected to 
25°C

• How temperature impact Voc
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• How temperature coefficients impact Voc

25°C

Overestimation of Voc

Underestimation of Voc

Temperature (°C)

V oc
(V

)

β-

β+ Overestimation of Voc

Underestimation of Voc

β-

β+

βreal

ΔT
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• How temperature coefficients impact Voc

Temperature (°C)

V oc
(V

)

25°Cβ-

Overestimation of Voc

Underestimation of Voc

The larger ΔT, the more important the 
temperature coefficients are.

ΔT

β-

β+ Overestimation of Voc

Underestimation of Voc

β+

βreal
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• Sum up

Objectives :
- What is obtained.

- An IV curve => Isc, Voc, Pmax, FF
- What is a sun simulator made of.

- A light source
- An electronic load

- Identify important parameters to make a good indoor measurement.

- The irradiance
- The spectral distribution
- The spatial homogeneity
- The temporal stability
- The temperature

- What are the limits of the label.

- Discrepancies between how is really done the measurement and the measurand are the first limit.
- STC are not outdoor conditions.

- How to relate the label to outdoor conditions.
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• Outdoor conditions

• Irradiances
• UV irradiances
• Temperatures
• Humidity

• Local performances 
• Local ageingImpact

STCSTCSTC
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S. Ransome, PVSEC, France, 2004

• Energetic losses outdoor

Same phenomena as for STC measurements.
Just worst conditions…
PR > 80% nowadays
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• Temperature correction

Temperature (°C)

P m
ax

(W
)

25°C

γ-

γ-
γ+ Underestimation of Pmax

Overestimation of Pmax

γ+

γreal

60°C

Pmax (W)

γ (%/°C) 25°C 60°C

0,28 54,9 (-0,63%) 50

0,30 55,25 50

0,32 55,6 (+0,63%) 50

Monitoring of PR and temperature corrected PR
for a module installed at CEA INES

It is possible to normalize the monotoring to 25°C but 
it does not eradicate the noise/seasonality in the data
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• Soiling

- Soiling reduces significantly the PR => cleaning methods are needed
- It depends on numerous environmental conditions (dust, birds, 

dew, wind…)

Olivares et al. (2021)
Micheli et al. (2021)
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• Spectral impact

Mismatch factor (MM) is a function of :
- The incident spectrum
- The spectral response of the device under test
- The spectral response of the reference
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• Average photon energy (APE) varies 
depending on the location, the 
hour of the day and along the year. 

• Mismatch factor could be seasonal.

• Spectral impact
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• Albedo

Direct 
front

Diffuse 
sky front

Diffuse sky back

Reflected
ground

back

Reflected
ground
front

• Albedo depends on the spectral reflection
• It can be seasonal

Riede-Lyngskaer et al. (2022)
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• Degradation vs weather

http://koeppen-geiger.vu-wien.ac.at/

• Mean degradation rate around 0.5%/year
• Degradation rate depends on the weather conditions
• Koëppen-Geiger climates zones are heplful to define

degradation areas



33GoPV Project | SUMMER SCHOOL
PV SYSTEMS TECHNOLOGIES AND DESIGN

• Degradation vs weather

• Three general degradation mechanisms
• Hydrolysis
• Photodegradation
• Thermomechanical degradation

• With the proposed model by Ascencio et al. we can assess
the degradation rate all around the world for given
parameters associated to one bill of materials
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• Degradation vs weather

- High temperature causes
- High thermomecanichal degradation
- Accelerated hydrolysis
- Accelerated photodegradation

- High humidity causes
- No significant impact on thermomecanichal
- High hydrolysis
- Accelerated photodegradation

- High irradiance causes
- Accelerated thermomechanichal degradation
- No significant impact on hydrolysis
- High photodegradation



SALT 
MISTPID

LID Thermal 
cycles

UVHumidity

DML Soiling

Develop models for PV performances degradation in outdoor conditions
Increase reliability for derisking PV investments
Enhance durability for saving energy, materials and cost

Performances 
pronostic

DesertFloating

Conditions

Perovskite Tandem

BOM

• Reliability and durability
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• Climate change and production

- Climate change causes variation of
- Temperatures
- Precipitable water
- Insolation (intensity and spectrum)

• It will results in different conditions for the same
installation in between the begin of life and the 
end of life of the installation

• It will lower the global performance of PV

Global annual changes in average energy
yield and PR in between 2006 and 2015
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• Conclusions

- To characterize a module we use the IV curve:
- Isc, Voc, Pmax, FF

- Weather impacts IV curves:
- The irradiance (clouds, AM, Albedo)
- The spectral distribution (clouds, AOI, SR, APE, Albedo)
- The spatial homogeneity (snow, soiling, shadowing)
- The temperature (ambiant temperature, wind, humidity)

- Weather impacts the durability of the module
- Model each degradation mechanism for any outdoor conditions and any BOM
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