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Diode equivalent models+ (e.g., PVsyst):

• Describe a PV module in detail

• Get full I-V curve which is relevant for PV system design

• Requires many PV inputs* (often specifying equipment)

+ Find more here.

* E.g., series and shunt resistances, band gap, short-circuit and open-circuit voltage in STC.

Relevant for designing arrays
(with series and parallels) and
their connection to the inverter

https://pvpmc.sandia.gov/modeling-guide/2-dc-module-iv/single-diode-equivalent-circuit-models/pvsyst-module-model/
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The SAPM point-value approach only considers 5 points from
which the whole I-V curve can be derived.

• Still is input-demanding* (and, likely, specifying equipment)

* Requires equipment-specific empirical coefficients defined by Sandia National Laboratory.
(but database only has a limited scope)

https://pvpmc.sandia.gov/modeling-guide/2-dc-module-iv/point-value-models/sandia-pv-array-performance-model/
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In turn, PVWatts assumes a simplified approach focusing on
power output and “maximum power” conditions.

• Works rather well from a power perspective

• Ignores current  and voltage, needed for proper system design

• Good solution for high-level or “first guess” studies

𝑃𝑜𝑢𝑡 =
𝐺𝑇𝐼𝑒𝑓𝑓

1000
𝑃𝑆𝑇𝐶

https://pvpmc.sandia.gov/modeling-guide/2-dc-module-iv/point-value-models/pvwatts/


PV conversion: STC efficiency
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PV efficiency in standard test conditions (STC)
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Chef Ramsay, PV expert

Parameters change 
from module to module



PV conversion: thermal losses

6

Typically modelled as a linear loss factor 𝛾
𝜂 = 1 − 𝛾 × (𝑇𝑃𝑉 − 25)

Depends on module, but -0.45 %/°C as a generic (outdated) 𝛾 value
-0.30 %/°C for Tiger Neo 60HL4-V

Weather

In-plane, incident 
radiation

PV conversion 5% difference

More on this topic in appendix.



PV conversion: thermal losses
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Need to calculate PV cell temperature
• Various models, with different degrees of complexity* / input needs

• Grows rather linearly with incident radiation
Weather

In-plane, incident 
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PV conversion

*More complex solutions also account for wind speed or relative humidity

Slope depends on:
• backside material
• wind conditions

200                 400                  600                  800              1000
                  Incident solar radiation, W.m-2

https://pvpmc.sandia.gov/modeling-guide/2-dc-module-iv/cell-temperature/
https://pvpmc.sandia.gov/modeling-guide/2-dc-module-iv/cell-temperature/


PV conversion: thermal losses
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Need to calculate PV cell temperature
• Various models, with different degrees of complexity* / input needs

• A classic example*:

Skoplaki et al. (2009) list k values
for PV setups with different degrees
of back ventilation

Weather

In-plane, incident 
radiation

PV conversion

𝑇𝑃𝑉 = 𝑇𝑎𝑖𝑟 +
𝐺𝑇𝐼

800
× 𝑁𝑂𝐶𝑇 − 20

= 𝑇𝑎𝑖𝑟 + 𝐺𝑇𝐼 ×
𝑁𝑂𝐶𝑇−20

800−0

TPV @ GTI = 800 W/m2

Tair=20°C
ws=1m/s
open back side

Ross coefficient, k
(°C increase per W/m2)

*More complex solutions also account for wind speed or relative humidity

https://pvpmc.sandia.gov/modeling-guide/2-dc-module-iv/cell-temperature/
https://pvpmc.sandia.gov/modeling-guide/2-dc-module-iv/cell-temperature/
https://doi.org/10.1016/j.renene.2008.04.009
https://doi.org/10.1016/j.renene.2008.04.009


Inverter and other electric losses
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Electric conversion losses: inverter, cabling, and others.

PV module Inverter
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Inverter and other electric losses
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Inverter efficiency curve

• Very low at Pin < 5-10%
• Peaks at a certain Pout

• Then slowly decreases

Source: Braun (2007)

This means that inverter losses are dynamic, vary in time.

Engineering practice of oversizing module capacity wrt inverter.
One of the advantages: overall increase in inverter efficiency.

Electric conversion losses: cabling, inverter, and others.

https://www.researchgate.net/publication/43607141_Reactive_power_supplied_by_PV_inverters_-_cost-benefit-analysis
https://www.sma.de/en/large-scale/oversizing-higher-profitability
https://www.sma.de/en/large-scale/oversizing-higher-profitability
https://www.sma.de/en/large-scale/oversizing-higher-profitability
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According to Aurora Solar, DC cabling losses can be lower (1%)
when short/thicker cables are used
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An aggregate value of 0.917
(more than 8% losses)

Optimistic values at the time
would be around 0.946 (5.4% loss)

From a 2005 NREL study (should be seen as outdated/pessimistic)

https://aurorasolar.com/blog/understanding-pv-system-losses-part-2-wiring-connections-and-system-availability/
https://docs.nrel.gov/docs/fy05osti/37358.pdf


Today’s focus was on a more generic framework.

However, more niche applications may require some “add-ons”.

More specific nuances
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For bifacial PV, take a look at Sandia, Ernst (2024), Nygard (2025), and Brecl (2025).

For floating PV, take a look at Kjeldstad (2021) and IEA PVPS Task13 report.

Floating PVBifacial PV

https://pvpmc.sandia.gov/pv-research/bifacial-pv-project/
https://www.sciencedirect.com/science/article/pii/S0306261924009577
https://www.sciencedirect.com/science/article/pii/S0038092X25002324
https://www.sciencedirect.com/science/article/pii/S0960148125016064
https://www.sciencedirect.com/science/article/pii/S0960148125016064
https://www.sciencedirect.com/science/article/pii/S0038092X21002085
https://www.sciencedirect.com/science/article/pii/S0038092X21002085
https://iea-pvps.org/wp-content/uploads/2025/04/IEA-PVPS-T13-31-2025-REPORT-Floating-PV-Plants.pdf


Main topics for bifacial (shared by vertical PV):

Main topics for floating PV:

More specific nuances
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Ground albedoAngle of incidence Sky radiance

Thermal dynamics Soiling Waves & angle of incidence



In a nutshell
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Find the data

Geometrical "adaptation"
+ optical losses

Conversion loss factors

PV conversion

𝑃𝑉 = 𝐺𝑇𝐼 × 𝐴 × 𝜂

Overall efficiency

𝜂 = 𝜂𝑜𝑝𝑡𝑖𝑐𝑠 × 𝜂𝑆𝑇𝐶 × 𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙 × 𝐹𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

Many modelling choices to be done, these
end up being done based on:
• available data,
• geography of interest
• personal experience

Weather

In-plane, incident 
radiation

PV conversion



Final remark: blind test example
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In 2021 a blind intercomparison between PV models
raised a very interesting point:

“While most PV performance modeling results 
seem to exhibit higher precision and accuracy
as compared to an earlier blind PV modeling 
study in 2010, human errors, modeling skills,
and derates were found to still cause significant
errors in the estimates.”

Theristis et al. (2021)

https://onlinelibrary.wiley.com/doi/10.1002/pip.3729
https://onlinelibrary.wiley.com/doi/10.1002/pip.3729
https://onlinelibrary.wiley.com/doi/10.1002/pip.3729
https://onlinelibrary.wiley.com/doi/10.1002/pip.3729
https://onlinelibrary.wiley.com/doi/10.1002/pip.3729
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Intro

• pvlib is a Python library, which is free and is regularly updated

• It is not a PV model per se, but more of a repository of algorithms 
that aims to make the job of a PV modeller easier



Intro

It is a fully open-source, designed and
developed by volunteers.

Open to feedback & contributions:
https://github.com/pvlib/pvlib-python

https://github.com/pvlib/pvlib-python
https://github.com/pvlib/pvlib-python
https://github.com/pvlib/pvlib-python


pvlib main functionalities

• PV modelchains, to quickly implement 
full modelling pipelines

• Individual algorithms, for a customized 
modelling of each step of the pipeline

• APIs, to easily access weather and 
PVGIS data



First step: designing a case study

(define where your project is located)

(define your PV project)

Can do it in more detail for diode models,
or with less parameters for PVWATTS

Whenever in a document you see “parameter=something” the something is the default value assumed
by the function when no value is provided by the user (e.g. if you don’t define a surface_tilt, it will be 0 by default)



Modelchain: in a nutshell

Modelchain

Location
description

PV system
description

Weather
data A one-step complete

modelling pipeline

Final and intermediary outputs
(incidence angle, PV temperature,
DC and AC output, etc.)



Modelchain: setting up

The modelchain defines the algorithm used in each modelling step.
As you can see, there is a default configuration already set up (but unlikely to be the best)



Modelchain: running

(only requires weather data,
assumes you have horizontal
irradiance data)

(same as above, for you when have
plane-of-array irradiance data)



Individual algorithms: examples

(example of optical loss algorithm,
  pvlib.iam contains other options)

Doing step by step, with more control/customization. Examples below:

(example of radiation transposition algorithm,
  pvlib.irradiance contains other options)

(example of PV temperature algorithm,
  pvlib.temperature contains other options)



APIs: pvlib as a data facilitator

(solar radiation estimated
 by satellite, from CAMS)

(weather data for a Typical 
meteorological year, from PVGIS)

(PV and weather data, from PVGIS)

And many others: https://pvlib-python.readthedocs.io/en/latest/reference/iotools.html
                                       Jensen et al. (2023)

Access to several databases, examples below:

https://pvlib-python.readthedocs.io/en/latest/reference/iotools.html
https://pvlib-python.readthedocs.io/en/latest/reference/iotools.html
https://pvlib-python.readthedocs.io/en/latest/reference/iotools.html
https://www.sciencedirect.com/science/article/pii/S0038092X23007260
https://www.sciencedirect.com/science/article/pii/S0038092X23007260
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Appendix



PV conversion: thermal losses
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Also impacted by spatial arrangement

Weather

In-plane, incident 
radiation

PV generation



PV conversion: low-irradiance losses
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Then, account for low-level irradiance loss
• Typical in crystalline silicon, due to parasitic shunt resistance
• Example: Marion model (eq. 11)

Weather

In-plane, incident 
radiation

PV generation

Mavromatakis et al. (2017)

https://ieeexplore.ieee.org/document/4922586
https://www.sciencedirect.com/science/article/abs/pii/S0038092X17307430
https://www.sciencedirect.com/science/article/abs/pii/S0038092X17307430
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   P  o u t   =     G T  I  e f f 1000 P  S T C  


  𝛾


  𝜂 = 1 − 𝛾 × (  T  P V − 25 )


  𝛾


   T  P V =  T  a i r +   G T I 800 ×  ( N O C T − 20 )


  =  T  a i r + G T I ×   N O C T − 20  800 − 0


  P V = G T I × A × 𝜂


  𝜂 =  𝜂  o p t i c s ×  𝜂  S T C ×  F  t h e r m a l ×  F  e l e c t r i c

