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A few words about myself



Goals for today

@ What does “PV modelling” mean and what it is used for?
@ How is PV modelling actually done?

@ What loss factors impact PV output?



Context



What it means



A variety of scales: space
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A variety of scales: time

NOVENBER

0apDooaopon
gonogooooooag
Q0O00QOoopo

ol E

IS 30725 e 29 6BW

LS Tiwn 15 ‘ upx swpun
g o sunK 19 0 6 B0y ANBD
613202 Tuam sNeH
T 1850 65207
(81522 sumpA sumE 1Y KB

202530 & 1094

BALE

=
arvcr | comen |
WHs 18 Ry S NN
RN 29 WBW 6 BV
15207 SOV MK 7 WA
Hu®4nms 181
sRMsen% 2°
162550 6 132027

W51 7142

From minutes to days

From days to weeks

From months to years



A variety of scales: time

But also...

Often, terms like “estimation” or “forecast” are used to different if a model addresses the past, present or future.



A variety of inputs

Weather Own PV system Portfolio and
neighboring systems

Note: in small setups (weather station, small PV systems) data collection is done mostly through dataloggers.
However, large PV plants implement a more comprehensive Supervisory Control and Data Acquisition (SCADA) system.
More on this here, here, here, and here.



https://www.youtube.com/watch?v=XbZE0Xd5Rls
https://www.enlitia.com/resources-blog-post/what-is-scada-and-how-it-works
https://norcalcontrols.net/scada-system-architecture-for-solar-pv/
https://www.youtube.com/watch?v=jfbizG1KITA

A variety of approaches
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Diode-equivalent models Point-value models

(provide |-V curves) (provide only 1+ points in the |-V curve)

* Could also be used to post-process another model to overcome certain limitations
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Statistical models

(returns the variable we want,
as long as we measure it*)
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A variety of softwares
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What it i1s used for



Conceptual uses for PV modelling

Prospection (a project-to-be)
* what would be the best PV setup in a given context?
* how much would it generate over 30 years?

* how much can generation vary from one year to the other?

Operation (a project already installed)
* how much should it have produced yesterday / last month?

* how much will it produce tomorrow / in 20 years?

13



rospection: what for?

Solar quote details .
Project Proposal For Bank

Modules System Loan
Hanwha Q.PEAK DU System size OEEZER
©  BLKML-G10+ 400 (x38) Battery storage capacity o '59kwh
2847 procct 8 pertormance warraty ey e P AC] 1182 KW Date: [Insert Date]
Year 1 solar production @ 15207 kWh
Annual degradation @ os6x Prepared by: [Your Name/Your Company Name]
Inverter 25 year system production 354,636 kWh
Estimated cost per Kih $0156/kWh Address: |Your Address)
Enphase 107 ; 5
(2] PLUS-72-2-US (x38) [Your Phone l ]
[T ——
Cost
° 1. Executive Summary
APR 6.20%
Battery storage oo term =
Py Enphase IQ 5P (x3) Post solar annual utility bill $80 Provide a brief overview of the project and the purpose of the loan.
Solar installation cost O $52,35556
25yrproduct  pactomance warraety x
Battery system cost $18,135.00 SUmmENe the following
. Total Ioan amount D $70,490.56
System size Monthly loan payment @ saz672 * Project name
15.2 kW
: w Purpoesof e peck WESTERN WIND AND SOLAR
- G INTEGRATION STUDY:
Annual utility bill $2,835 e Duration of the loan and repayment plan .

) Current consumption 14,925 kWh

CR—— Curem onaunptn LR « Expected outcomes or benefits from the project EXECUTIVE SUMMARY
production Annual utility price escalator ® 3%
Current rate plan Schedule RS

Post Solar rate plan Schedule RS 2.Project Description
15,207 kWh Utility company Jersey central power & light
Give a detailed description of the project for which the loan is requested. PREPARED FOR:
include: The National Renewable Energy Laboratory
o A national laboratory of the U.S. Department of Energy
i i 25-year Savings Estimate

Estimated savings - « Background of the project PREPARED BY:

First-year energy bill savings: © s$2389 o o Business objectives and goals GE Energy

First-year Susi program payments: ) $1,203 o MAY 2010

First-yaar loan payments: © -s3921 s  Products or services involved

First-year net savings: D s

25-year savings: @ s18913

Copyright @ EXAMPLES.COM

Project design & quoting Project financing Grid integration studies
& insurance

On project design: links from pvcase, detrasolar, and glintsolar

On project financing: links from TrinaSolar, borrego, skyspecs; and insurance: links from k\Wh Analytics, PV Tech, Sinovoltaics

On grid integration: links from Power and Energy Magazine, Greening the Grid, NREL



https://pvcase.com/blog/building-solar-farm-basics
https://pvcase.com/blog/building-solar-farm-basics
https://detrasolar.com/the-importance-of-design-in-pv-project-development/
https://www.glintsolar.com/solar-preliminary-design-analyses/
https://www.trinasolar.com/us/resources/blog/solar-project-financing-101
https://www.youtube.com/watch?v=1AEOBxjI-z4
https://skyspecs.com/blog/project-finance-101-webinar/
https://kwhanalytics.com/from-niche-to-necessity-insuring-renewable-energy/
https://www.pv-tech.org/the-role-of-insurance-and-risk-management-in-solar-power-project-financing/
https://sinovoltaics.com/solar-basics/an-introduction-to-solar-panel-pv-insurance/
https://ieeexplore.ieee.org/document/6049628
https://docs.nrel.gov/docs/fy16osti/66504.pdf
https://www.nrel.gov/grid/wwsis

Prospection: what for?

But can also be used as a passive tool for raising awareness / customer engagement:

IN SUN

WE TRUST

v

Nantes
Metropole

LN Choisisser votre surface de pose

e "
om' A0y sun

% Résultat économique sur 20 ans

€ X\ G

145000€ 124500€ 20500¢
g Résultat énergétique sur 20 ans

: L 1380 750 1229
e KWh 66 kWe tonnes

Soit 1 dquivalent
e ™

You may also want to take a look at Google’s Project Sunroof and IRENA’s SolarCity Simulator.
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https://sustainability.google/stories/project-sunroof/
https://www.irena.org/Energy-Transition/Project-Facilitation/Renewable-potential-assessment/SolarCity-Simulator

Prospection: what for?

But can also be used as a passive tool for raising awareness / customer engagement:

1. solis

LISBOA
E--NOVA

250 > \ The best stadium

in Lisbon
The FCUL campus
Find here the Solis website

16


https://www.solis-lisboa.pt/

Operation: what for?

Maintenance Market bidding
and insurance claims

On project maintenance: links from Oviedo Hernandez (2022), Micheli (2021)

Market bidding: example from Iberian day-ahead market from Antonanzas (2017)

On grid integration: links from Power and Energy Magazine, Greening the Grid, NREL

0

Better time matching
PV and demand
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https://iopscience.iop.org/article/10.1088/2516-1083/ac7c4f
https://doi.org/10.1016/j.energy.2020.119018
https://doi.org/10.1016/j.solener.2017.09.043
https://doi.org/10.1016/j.solener.2017.09.043
https://ieeexplore.ieee.org/document/6049628
https://docs.nrel.gov/docs/fy16osti/66504.pdf

Operation: what for?

Performance warranties, the case of the module fabricant:

100%
97 %

90% . . . .
Verifying this requires accurate

and credible generation estimates
under “normal working conditions”

Warranted Power

80% -

5 10 15 20 25 30
Year

I Liner performance warranty from Amerisolar
Standard performace warranty

More on module warranties here

Read Hsi et al. (2024) introduction to know more about warranty fund reserves in PV industry

18


https://www.cleanenergyreviews.info/solar-panel-warranty
https://doi.org/10.3390/su16093880

Operation: what for?

It can also enable peer-to-peer trading

B} SOLAR SURPLUS SELLER X

Peter is selling 1 kWh in 2 hours (only 10 cents!)

Buy

Ignore

You might want to take a look at IRENA’s Peer-to-peer electricity trading or Neves (2020).

19


https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/IRENA_Peer-to-peer_electricity_trading_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/IRENA_Peer-to-peer_electricity_trading_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/IRENA_Peer-to-peer_electricity_trading_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/IRENA_Peer-to-peer_electricity_trading_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/IRENA_Peer-to-peer_electricity_trading_2020.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Jul/IRENA_Peer-to-peer_electricity_trading_2020.pdf
https://www.sciencedirect.com/science/article/abs/pii/S0360544220311300

How it is done



Suggested materials

Sandia Research | Earth, Energy, & Environmental Science |
National

laooies PV Performance Modeling Collaborative (PVPMC)

Modeling Guide « Datasets v Model Validation +  Tools + PVMAC  Workshops & Publications v About ~ f X o @O @M

Fundamentals o X
' Modeling Guide Modeung Guide

> Weather and Design
0 a r e S a n This modeling guide is a series of pages that describe the PV performance modeling process from
> B Y E e defining weather, irradiance, and module and system design inputs to models used to calculate
> DCArray IV irradiance on the plane of the array, module temperature, IV curves, and system output power. The
E . I
English he Search Site

navigation menu guides you through these steps.
Edited by Christana Honsberg
y

and Stuart Bowden

v

DC 10 AC Conversion

v

AC System Output

b

Welcome to PVCDROM

Photovoltaics is a most elegant energy source. Light shines on a crystal and produces electricity. Its as
simple as that. There are no moving parts. The fuel source (sunlight) is free, abundant and widely
distributed, available to every country and person in the world. At over 165,000 TW the solar resource
dwarfs the world's current power usage of 16 TW or even our projected future usage of 60 TW.

Welcome

The many advantages of photovoltaics lend itself to being the ultimate energy source. However, it
required the semiconductor revolution and advances in manufacturing before photovoltaics could begin
to reveal its full potential

For the last two decades, photovoltaics has been the fastest growing industry for its size. Continuing at
the present growth rate of 40% for the next two decades will allow photovoltaics to be the worlds largest
energy source. To keep growing at 40% a year, however, will require that everyone learn a little bit about
how photovoltaics works and for today’s engineering students to be conversant in the principles and
technologies that will make this growth possible. This site provides casual readers an opportunity to
research this new technology and students of physics, engineering, or energy policy the opportunity to
deeply explore photovoltaics

This site is an electronic book on PV. It can either be read from start to finish as a course on

https://pvpmc.sandia.gov/modeling-guide/

https://www.pveducation.org/pvcdrom/welcome-to-pvcdrom


https://www.pveducation.org/pvcdrom/welcome-to-pvcdrom
https://www.pveducation.org/pvcdrom/welcome-to-pvcdrom
https://www.pveducation.org/pvcdrom/welcome-to-pvcdrom
https://www.pveducation.org/pvcdrom/welcome-to-pvcdrom
https://www.pveducation.org/pvcdrom/welcome-to-pvcdrom
https://www.pveducation.org/pvcdrom/welcome-to-pvcdrom
https://www.pveducation.org/pvcdrom/welcome-to-pvcdrom
https://www.pveducation.org/pvcdrom/welcome-to-pvcdrom

High-level workflow

“Modelling” could include all of this

Weather

In-plane, incident
radiation

PV generation

22



Several variables of interest

/- Aerosols & clouds

Weather

]
I
v
In-plane, incident -
radiation —
—°
PV generation Solar radiation Air temperature Wind speed

‘ Other variables like relative humidity may be used, but less common

23



Weather: several sources of data

In-situ Remote sensing

Weather

In-plane, incident Pyranometer Weather station Satellite
b

radiation

PV generation Many many more sources, see appendix! ##

Numerical

Weather Model

Models

24



Solar apparent position

h — solar height

a, — azimuth angle

pvlib Python package includes
several algorithms

Weather &
N
E
-90°
In-plane, incident Sun elevation example @Minicampus, Lisbon
ra d |ati O n - Sun elevation angle during a day, degrees . Sun elevation angle at local noon, degrees
35 70 1
30
55 60
20 50 4
. 15 1 40 -
PV generation 101
5 -
0 20 T T T T T T T T
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 0 50 100 150 200 250 300 350
17-Nov

|
\

Day of the year

One algorithm outside of pvlib: SG2, Blanc and Wald (2012), https://github.com/gschwind/sg2

See this video if you are wondering about the “apparent” in the title means

25


https://pvlib-python.readthedocs.io/en/stable/reference/generated/pvlib.solarposition.get_solarposition.html
https://www.sciencedirect.com/science/article/abs/pii/S0038092X12002800
https://github.com/gschwind/sg2
https://www.youtube.com/watch?v=SnTGUln51bA

The need to transpose solar radiation

Solar radiation is often measured in the horizontal plane

/. Need to account for module’ inclination and azimuth (e.g. 30°S)

Weather - :
Transposition models (transposing from one angle to another)

In-plane, incident
radiation

Scattered Light

Direct Light

PV generation

Reflected Light

4--l-l-l-

26



PV modules are rarely horizontal

Utility-scale power plant
(fixed) (tracking™)

In-plane, incident

radiation

[

‘ Rooftops Vertical PV

*There are several tracking setups (see more here).

Floating PV

27


https://sinovoltaics.com/learning-center/csp/

PV modules are rarely horizontal

And within tracking setups, there are tracking strategies!

Weather

Standard SAT Tracking

In-plane, incident 7
radiation
SAT Backtracking ’

SRS (5 N 5 e 5 s e e Ant-tracking

PV generation

Read more about backtracking here and anti-tracking here.
28


https://sinovoltaics.com/learning-center/csp/
https://www.sciencedirect.com/science/article/pii/S1364032123008766

The need to transpose solar radiation

Weather

In-plane, incident
radiation

PV generation

.
]
=S
-i

When oversimplified:

1JUST NEEDA'SINUS lllj COSINUS

* %

EASY'PEASY-RIGHT?Y

lnDIESi!lNII‘GENTlEMEN
T .

»

A

A
LET'S GET IIEA\IIY 10 RUMBLE!
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The need to transpose solar radiation

Solar radiation is “angularly” heterogeneous

Weather

In-plane, incident
radiation

Sky dome <=

Horizon brightening <=

PV generation

Ideally, a transposition model should address
each layer separately. A decomposition modelis also
needed when only GHI is available (see appendix)

30



Optical losses: from atmosphere to PV cell

Sun
ray First reflexion ]
main contribution to 1AM loss Configuration
1
Weather /' Second reflexion Air/glass
/< 1% of the first reflexion Air/glass/Si
Air/glass/Si0, /Si
Air/glass/triple coat./Si
Air/glass/ZnS/Si

Air/glass/a-Si:H/Ag
Air/glass/ITO(d1)/a-Si:H/Ag
Air/glass/ITO(d2)/a-Si:H/Ag

In-plane, incident

radiation

Martin-Ruiz model, doi: 10.1016/S0927-0248(00)00408-6
Marion model, doi: 10.1016/j.solener.2017.03.027

PV generation

Both models available in pvlib. Look for IAM (Incidence Angle Modifier)

31


https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/j.solener.2017.03.027
https://doi.org/10.1016/j.solener.2017.03.027

Optical losses: from atmosphere to PV cell

Anti-reflective coating, an example from Martin-Ruiz model*:

Fraction of direct radiation absorbed

Weather 1.0

0.8 A

0.6 - +0.5% gains @ 50°

.. +5% gains @ 75°
In-plane, incident 0.4 1 g
radiation lllustrative example 0.2 — Glass / bare silicon cell
—— Same + anti-reflective coating
0.0 T T T T
0 20 40 60 80

Incidence angle, degrees

PV generation

For diffuse radiation, average losses are often considered
| near constant (4% and 3%).

*Martin and Ruiz (2001), https://doi.org/10.1016/S0927-0248(00)00408-6

32


https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/S0927-0248(00)00408-6

Optical losses: from atmosphere to PV cell

We can also add soiling to the “party”.

* Many sources, but very location-dependent

Weather
* Snow is intermittent, but with drastic impacts, rest is more progressive.

* Ilse (2019) estimated 3-4% energy losses and 3-5 bn € in revenue

In-plane, incident
radiation

A) Mineral dust

———
D) Pollen *
Wi Lo Vi

PV generation

This IEA PVPST13 report gives a nice overview on this topic.

33


https://www.sciencedirect.com/science/article/pii/S2542435119304222
https://www.sciencedirect.com/science/article/pii/S2542435119304222
https://www.sciencedirect.com/science/article/pii/S2542435119304222
https://www.sciencedirect.com/science/article/pii/S2542435119304222
https://www.sciencedirect.com/science/article/pii/S2542435119304222
https://www.sciencedirect.com/science/article/pii/S2542435119304222
https://iea-pvps.org/wp-content/uploads/2023/01/IEA-PVPS-T13-21-2022-REPORT-Soiling-Losses-PV-Plants.pdf

Optical losses: from atmosphere to PV cell

| A few quick notes:

* There are ways to measure it, based on optical or electric data.
Weather

* Exceptforsnow, itis commoninthe industry to estimate a
fixed soiling derate from historical PV generation data (Kimber)

In-plane, incident * Some physical models look at particulate matter (PM) data and
radiation try to describe deposition mechanisms (e.g. Coello and Boyle)

PV generation

Find here and here a nice take on soiling sensors.


https://www.sciencedirect.com/science/article/pii/S2542435119304222
https://pvpmc.sandia.gov/modeling-guide/1-weather-design-inputs/shading-soiling-and-reflection-losses/soiling-losses/kimber-soiling-model/
https://pvpmc.sandia.gov/modeling-guide/1-weather-design-inputs/shading-soiling-and-reflection-losses/soiling-losses/hsu-soiling-model/
https://pvradar.com/blog/choosing-the-right-soiling-sensor
https://pvradar.com/blog/common-soiling-measurement-issues

Modelling frameworks

Weather

In-plane, incident
radiation

PV generation

Diode equivalent models™ (e.g., PVsyst):
* Describe a PV module in detail
* Getfulll-V curve which is relevant for PV system design

* Requires many PV inputs* (often specifying equipment)

Current, Power *
&
L VI11 ! 1 m
%, Ieo ] [
Relevant for designing arrays
(with series and parallels) and
their connection to the inverter
Voc
O Vollage; R

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

35


https://pvpmc.sandia.gov/modeling-guide/2-dc-module-iv/single-diode-equivalent-circuit-models/pvsyst-module-model/

Modelling frameworks

The SAPM point-value approach only considers 5 points from

which the whole |-V curve can be derived.

Weather o : . . :
« Stillis input-demanding* (and, likely, specifying equipment)

In-plane, incident
radiation

=N m e

T T =1

L L
-J

Module Current (&)
(5]
b

PV generation

=
h
L

=
=

10
Module Voltage (V)

(=]
n

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

36


https://pvpmc.sandia.gov/modeling-guide/2-dc-module-iv/point-value-models/sandia-pv-array-performance-model/

Modelling frameworks

In turn, PV\Watts assumes a simplified approach focusing on
power output and “maximum power” conditions.

Weather

* Works rather well from a power perspective
* Ignores current and voltage, needed for proper system design

In-plane, incident * Good solution for high-level or “first guess” studies
radiation

Pour = =500 Fsre
PV generation

37


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

PV conversion: STC efficiency

PV efficiency in standard test conditions (STC)

Jinkd”“ Specifications (STC)

Weather

Maximum Power - Pmax [Wp]

Maximum Power Voltage - Vmp [V]

TioeeNeo

Maximum Power Current - Imp [A]

60H L4'(V) Open-circuit Voltage - Voc [V]
. . 475-500 watt Short-circuit Current — Isc [A]
In-pla ne, InCIdent HONO TRCIALHOPALE | Module Efficiency STC [%] |
radiation N-type Power Tolerance
& D Temperature Coefficients of Pmax
. Y » Temperature Coefficients of Voc
e :‘ ] Temperature Coefficients of Isc
2@ 3 -
DurshiliyApsat; | (Machanicaload | 2|l 230 STC: Irradiance 1000W/m?, Cell Temperature 25°C, AM=1.5
PV ge neration e
% @
SMBB Technology Anti-PID Guarantee & C€ &
G e GE Qs Parameters change
control. JKMA4T5-S00N-60HLA4-(V)-FB-EU

from module to module

38



PV conversion: thermal losses

| Typically modelled as a linear loss factor y

n=1—y X (Tpy — 25)
Weather

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

In_plane’ incident Relative efficiency under various Tpy

rad |at|0n 1.00 1 —— Generic loss factor
—— Tiger Neo 60HL4-V

0.95 ~

0.90 1

PV generation

I 5% difference
0.85 -

0.80 T T T T T T
25 30 35 40 45 50 55 60
Module temperature, °C

More on this topic in appendix.
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PV conversion: thermal losses

Need to calculate PV cell temperature

* Various models, with different degrees of complexity* / input needs

Weather , o o
* Grows rather linearly with incident radiation

50

Open Back Side
Wind ~ 1m/s

In-plane, incident

radiation Slope depends on:

e backside material
* wind conditions

Temperature Difference (TCell - TAir), °C

PV generation

0 200 400 600 800 1000

Incident solar radiation, W.m2

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

40


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

Need to calculate PV cell temperature
* Various models, with different degrees of complexity* / input needs

Weather ,
* Aclassic example*:
> Tpy @ GTl =800 W/m?
GTI T,.,=20°C
Tpy = Tqir + 300 X (NOCT|— 20) w,=1m/s

In-plane, incident
radiation

NOCT-20

open back side

Ross coefficient, k

PV generation

(°C increase per W/m?)

Skoplaki et al. (2009) list k values
‘ for PV setups with different degrees
# of backventilation

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

41


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

Electric conversion losses: inverter, cabling, and others.
)

AC power

Weather

PV module Inverter

In-plane, incident
radiation

PV generation

42



Inverter and other electric losses

Weather

In-plane, incident
radiation

PV generation

Electric conversion losses: cabling, inverter, and others.

Inverter efficiency curve
100%

98% /-_ ——
96% // * Very low atP,, <5-10%
5 o P . i
: 94% I / T Peaks at a certain P,
£ 92% — 2015
& e * Then slowly decreases
90% -
88% / | Source: Braun (2007)
86% i —T—

0 10 20 30 40 50 60 70 80 90 100
Apparent Power (%Smax)

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.
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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

Inverter and other electric losses

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

Weather
Table 1. Derate Factors for A.C. Power Rating
ltemn Typical
g—_‘-"--dcah""g _ DD-EE'IEI'EE 1 An aggregate value of 0.917
indes and connections .
In-plane, incident Mismatch 093 i (more than 8% losses)
radiation Transformers 0.97 Optimistic values at the time
a.c. wiring 098 1 would be around 0.946 (5.4% loss)

PV generation

According to Aurora Solar, DC cabling losses can be lower (1%)
when short/thicker cables are used
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https://aurorasolar.com/blog/understanding-pv-system-losses-part-2-wiring-connections-and-system-availability/
https://docs.nrel.gov/docs/fy05osti/37358.pdf

More specific nuances

Today’s focus was on a more generic framework.

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

Bifacial PV Floating PV

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 |[EA PVPS Task13 report.
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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

More specific nuances

Main topics for bifacial (shared by vertical PV):

Sk

Downwelling
radiances

Reflected

Upwelling
radiances

Angle of incidence Ground albedo

Main topics for floating PV:

much amount of heat before temperature roised. - consanawak %

Thermal dynamics

Sky radiance

Waves & angle of incidence
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In a nutshell

PV conversion

Weather == Find the data PV =GTI XA Xn

Overall efficiency

In-plane, incident
radiation

== Geometrical "adaptation” N = Noptics X Nstc X Finermal X Fetectric
+ optical losses

Many modelling choices to be done, these

PV generation == Conversion loss factors end up being done based on:
 available data,

 geography of interest
* personal experience
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Final remark: blind test example

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.”

) <ok or v
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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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Weather: several sources of data

In-situ

Weather

In-plane, incident Pyranometer

radiation

PV generation

[ ]
L4
N\

. . Numerical
Satellite Airborne data Cloud radar Weather Model

Remote sensing Models

*Also known as a sky-camera. There are also other sensors to measure, for example, module temperature. 50



Weather: pyranometer setups

Pyranometer and variations

Weather

Horizontal + shadow band + shadowball

In-plane, incident (GHI) (DHI) (DHI)

radiation

\

PV generation

Tilted Facing down Albedometer

Pyrheliometer

“Multi-sensor”*

There are typically two kinds of solar radiation sensors: thermopiles and photodiodes (link1, link2)

*AFAIK, there is no official name for this setup, however the example shows an SPN1 from Delta-T
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https://www.sevensensor.com/pyranometers-for-irradiance-measurement-types-and-usage
https://isocalnorthamerica.com/comparing-solar-radiation-sensors-thermopile-vs-silicon-photodiode/

Solar radiation: components

Weather

In-plane, incident
radiation

PV generation

diffuse

direct

T

diffuse

Beam horizontal irradiance (BHI)
Diffuse... (DHI)
Global ... (GHI =BHI + DHI)
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Solar radiation: far from isotropic

Wm-2sripm-t

1200
H More radiation
Weather

900

In-plane, incident 600

radiation

300

PV generation

Less radiation

Isotropic Anisotropic
assumption reality
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Solar radiation: transposition models

Weather

In-plane, incident
radiation

PV generation

Beam/direct is isotropic, so it’s mainly geometric:
BTI = BNI X cos(AOI)

For diffuse, there are many approaches:

odel——TGonsigers ——Gonitor

Liu-Jordan Full isotropy Very cloudy
skies
Temps-Coulson Full anisotropy, near-horizon and Clear skies
circumsolar
Klucher Tries to merge previous two All skies
Perez Both (an)isotropy, more detailed modelling All skies

pvlib: a great Python package for this
https://pvlib-python.readthedocs.io/en/stable/reference/irradiance/transposition.html
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And, sometimes, we have limited information

At times, only GHI data may be available

Weather

In-plane, incident
radiation

So, in this context, we also need a decomposition model
(more details in appendix)

PV generation

' GHI — Diffuse and Beam —— Global Tilted

. Horizontal (DHI, BHI) Irradiance (GTI)

|

I [ =

Yy Eo===- ST TTTEs T T s s s
Decomposition model

55



Solar radiation: decomposition models

Transposition: we know total diffuse, but how is it distributed in the sky?

Weather .. . .
Decomposition: how much is total diffuse even?

in-plane, incident [l Model _[Considers

radiation Erbs Empirical linear correlation between diffuse fraction and clearness
index.
Based on observations from the USA.

Orgill & Similar as Erbs but considers piece-wise linear correlation.

PV generation Hollands
Reindl Includes solar zenith angle as input (as a kind of proxy to AOD)
DIRINT Semi-empirical, derives direct irradiance and adds air mass to inputs.

de Miguel Similar to Orgill & Hollands, but adjusted to North Mediterranean Belt
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PV conversion: thermal losses

Also impacted by spatial arrangement

Weather velocity

In-plane, incident

radiation 5
s 52 j—@— PV]—&— PV2—0— PV3 PV4
£ 4 =
g
2 44
G

PV generation g “f
]
§ 36 ~
< 1 1 1
4 6 8 10

wind speed (m/s)

(a) Average temperature

12

ATmax-min (OC)

25 F

=@— PV]=—®— PV2=—0— PV3 PV4

(b)

—
W

i

10 L L L L L L L
4 5 6 7 8 9 10 11 12
wind speed (m/s)

(b) Maximum temperature difference
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PV conversion: low-irradiance losses

Then, account for low-level irradiance loss

Weather * Typicalin crystalline silicon, due to parasitic shunt resistance
* Example: Marion model (eq. 11)

In-plane, incident
radiation

PV generation

Mavromatakis et al. (2017)

0 0.2 0.4 0.6 0.8 1
Normalized Solar Irradiance (G /G,,.)



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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