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Goals for today’s session

@ Introduce key photovoltaics (PV) concepts
@ Go through a typical physics-based PV modelling chain

@ Discuss urban shading and set the stage for tomorrow’s demo
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Layers of information at play

Covered by the main skills of each ATARRI partner
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ATARRI

Superstructure shading PV conversion
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Layers of information at play

ATARRI

Dust plays two major roles

3

Within the atmosphere And a PV counterpart
(mostly other ATARRI partners) (Ulisbon/Mines Paris)
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ATARRI
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Receiving surface geometry Superstructure shading PV conversion
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High-level workflow

Weather

In-plane, incident
radiation

PV generation
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Several variables of interest

Weather ‘ Aerosols

"
O

In-plane, incident

radiation D \_)
b 9,

PV generation Solar radiation Air temperature Wind speed
(usually less important)

Many diferente sources for data (c.f. annex slides)

- —
M Bursatene A ) % I h s
i) (@B S GRASP 4 &, | psLx C| @== pmod wrc Workshop #3 | 17-18.06.2025 | Limassol | Cyprus 9



Several variables of interest

Solar apparent position

s SG2 algorithm:
= Blanc and Wald (2012)
» doi: 10.1016/j.solener.2012.07.018
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» @https://github.com/gschwind/sg2
In-plane, incident o
radiation
Solar elevation angle June 16th 2025, degrees Solar elevation angle 2025 at 10:00 UTC, degrees
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https://github.com/gschwind/sg2

Weather

In-plane, incident
radiation

Utility-scale power plant Lisbon rooftops
PV generation
— ———
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PV modules are not horizontal
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Weather

Incidence angle

R

In-plane, incident TN
radiation

g

Need to account for modules inclination and azimuth (e.g. 30°S)

Most likely our base radiation data will not match this geometry

PV generation

= Transposition models (transposing from one angle to another)
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The many sides of solar radiation

Solar radiation, e.g. for horizontal surface

Beam horizontal irradiance (BHI)
Weather Diffuse... (DHI)

Global ... (GHI = BHI + DHI)

direct
diffuse
In-plane, incident diffuse
radiation
PV generation
— ———
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Ideally, a transposition model should address
each irradiance component separately (more in annex)
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In-plane, incident
radiation
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Weather

In-plane, incident
radiation

! GH| = Diffuse and Beam —:—> Global Tilted
: Horizontal (DHI, BHI) Irradiance

Decomposition model

PV generation

\ .
More in annex
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//’“~\§‘ Barcelona /’_‘\ T
s @“ﬂrmw = GRASP | /s M,{{{S psLx |C| @== pmod wrc Workshop #3 | 17-18.06.2025 | Limassol | Cyprus 15

Centro Nacional de Supercomputacion on .
\SEE?V Ciéncias
ULisboa



! Conversion efficiency

ATARRI

PV efficiency in standard test conditions (STC)

T Jink&“ Specifications (STC)
Maximum Power — Pmax [Wp]
Weather tre Maximum Power Volta e—VTn V]
TT Neo Maxi P C gt | pA
60HL4-(V) ammtfm 'owelr urrent — Imp [A]
475-500 vatt Open-circuit Voltage - Voc [V]

MONO-FACIAL MODULE

Short-circuit Current — Isc [A]
N-type Module Efficiency STC [%]

In-plane, incident W NL ﬂns‘ ° ® ” Power Tolerance

Q - N-type Technology HOT 3.0 Technology .
radiation , ey B Temperature Coefficients of Pmax
UD/LETIO degradation and botter low hght.  effickncy. " | N
2 2 | Temperature Coefficients of Voc
Durability Against Mechanical Load

Temperature Coefficients of Isc
STC: Irradiance 1000W/m?, Cell Temperature 25°C, AM=1.5

Extreme Environment  Enhanced

2400 Pa rear side max static test load
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. SMBB Technology Anti-PID Guarantee ® € B
PV generatlon n B e e J:(::iso:?mum"lu
v Varies from module to module
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Sun
ray First reflexion

main contribution to 1AM loss

A
/ Second reflexion
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In a nutshell

Weather

PV conversion

In-plane, incident PV =GTI XA Xn

o == Geometrical "adaptation”
radiation

Overall efficiency

n= Foptics X Nstc X Flow—rad X Fthermal X Felectric
PV generation == Conversion loss factors
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In a nutshell

Weather

The modelling choices depend greatly on:
* the available data, and

In-plane, incident * the geography of interest

o == Geometrical "adaptation”
radiation

Just testing these and the influence of dust
for the Cypriot context is already interesting

PV generation == Conversion loss factors
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And now, the urbanistics...
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Receiving surface geometry Superstructure shading PV conversion
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éﬁ Sources of shading

ATARRI

Trees and vegetation Nearby obstructions Obstructions in the rooftop itself
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Blind satellites: it’s all a matter of scale

satellite pixel

|
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ATARRI

’ Lﬁ Blind satellites: it’s all a matter of scale
]

satellite pixel

100 kW PV
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Main inputs

Elevation (m)

Y (m)

Digital Terrain model (DTM) Digital Surface Model (DSM) Rooftop cadaster
decametric Higher resolution high-resolution
(e.g. SRTM, ASTER) (Google Earth, IGN@FR, DLS@CY) (OpenStreetMap, BDTOPO)
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srtm.csi.cgiar.org

The horizon profile

Sun path in Limassol, 2019

X- and Y-axis represent
the angles surrounding the
location of interest

Shaded area represents when
a certain obstruction shades
that same location
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Let’s start from scratch

Sun path in Limassol, 2019
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Let’s start from scratch

Sun path in Limassol, 2019

80 A
70 . There is a mountain
g 60 chain far away in the
g South
) 50 A
.E 40 A .
3 For each grid cell
o 307 around us, we
S 20 check the azimuth
[0y}
10 4 and calculate the
o | | | | | | | | | | | | | | | obstruction elevation
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Solar Elevation (degrees)

Sun path in Limassol, 2019

80 A

70 1

60 -

50 A

40 -

30 A

20 A

10 A

Solar Azimuth (degrees)

When there are
several obstructions
for the same azimuth
We record only the
highest elevation.

If an obstruction is
beyond the azimuth of
the solar path, it is not
relevant.

Barcelona
Supercomputing
Center
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Let’s start from scratch

A 3D perspective

Input Output
Observer point, Surface, 3D Buildings Skyl[i)ne

Observer Point
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Mapping the horizon around each pixel
(both from terrain and urban orography)
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Let’s start from scratch

Sun path in Limassol, 2019

80 - We end up with a binary mask:
70 - e obstruction(azim,elev) =1or0
E 60 A
g s0- So, for each time t we:
S 401 e calculate sun position (azim’,elev’)
5 30- * |f obstruction(azim’,elev’) =1, beam radiation =0
’—E 20 -
V] .
1o We also compute a sky-view factor:
0. * % of sky dome visible
50 100 150 200 250 300  for dome-related diffuse radiation
Solar Azimuth (degrees)
Figure from Liang et al. (2017)
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Influencing factors: location

Sun path in Limassol, 2019

80 1 q

70 - . If we consider the
g 60 other rooftop two
) grid cells to the left
9 50 -
S 40 -
& We then need to
w307 recenter the grid
§ 20 - and recompute

10 the horizon profile

" AMMMMAMAMAMAMA
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Solar Azimuth (degrees) Sl 7
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Sun path in Limassol, 2019

80 -

70 - . . So, in this case,
T 60 - both obstructions
[
5 are Eastward
§ 50 A
i
8 The blue building is
w307 farther away, so it
’—é 20 - leads to a shorter

10 - shadow

5ID 1CI]D 15IO 2[I]0 250 360
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North South

Winter shading
Summer shading

West

North Hemisphere perspective

Morning

Sha Comg

EarthSky.org

S tra,
Cast /,,, e at

On the Equinox

Noon
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The urban calculation conundrum

10 x 10 cm? 15 min Heavy Too much datal!
pixels timesteps computations!

smaller regions of interest

COMPROMISE | - store only aggregate values
- avoid repetitions/improvements
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Revisiting e-shape

ATARRI

EuroGEO Showcases Applications Powered by Europe
4 years grant (2019-2023)

Y ¥ Y ¥ & & %

i ( . -
agriculture  health reg”ﬂi":g? € ecosystem  water disaster  climate

e 'Sha pe Promoting users’ uptake of European Earth Observation resources

60 partners, 7 showcases

EuroGEQ Showcases: Applications Powered by Europe

Development of co-design pilots (33!) to deliver economic,
https://e-shape.eu/ social and policy value to European citizens
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Our solution: the SAaF-aaS

Solar Assessment and Forecasting as a Service

\‘ - - A
D 2O Ly

demand
Cloud-based Scalable ON- Interoperable
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A teaser for tomorrow

Urbanism Self-consumption
E RN 5“
Classic solar cadaster
Solar forecasting Grid integration
e
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https://nantes-metropole.insunwetrust.solar/simulateur

#2: Urban self-consumption sizing

Self-consumption: the need to temporally matching PV-demand

2017/07/04 - 05:00

Requires similar product but with
much higher temporal resolution
*  (15-60 min)

0.3
02
0.1
6689.5 K7 = g -—
355 355.05 355.1 355.15 355.2 35525 355.3 355.35 355.4 35545 355.5
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#3: Urban planning (the right to light)

In 2019, a 18-floor building project in Lisbon was rejected by locals
= Would block natural light for buildings behind, but also “kill” PV

Assessed only with few snapshot/visual
simulations (qualitative!)

Quantitative studies would be more
comprehensive and support compensations
when such projects are implemented
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#4: Urban PV forecasting

In a not so futuristic vision, we may see

Forecasting = business enabler

EB SOLAR SURPLUS SELLER X

Upgrading a naive satelite-based forecasting
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#5: Distribution grid studies

ATARRI

Distribution grid operators need to know how much energy is injected

Example: urban area of of 1.5 km x 1.5 km
35 feeders of ENEDIS (French DSO)

Temporal evolution of PV power
potentially injected within a day

14 ha of PV rooftop systems (~20 MWp) 1000
(o]
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1000 ) : ) " — 3500 ;
L] 600
800
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g 600 %’
> 400 2500 9 20
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% 200 2000 E -
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| 400} 1000
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ATARRI

e THANK YOU

This project has received funding from the European Union’s Horizon Europe Framework Programme under
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Suggested materials

Fundamentals of

Solar Cells and

Photovoltaic Systems

Barcelona
Supercomputing
Center

Gentro Nacional de Supercomputacion

Engineering

Edited by

a Victoria
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pvlib python

pvlib python is a community developed toolbox that provides a set of functions and classes for
simulating the performance of photovoltaic energy systems and accomplishing related tasks. The
core mission of pvlib python is to provide open, reliable, interoperable, and benchmark

implementations of PV system models.

The source code for pvlib python is hosted on GitHub. Please see the Installation page for

installation help.

For examples of how to use pvlib python, please see Package Overview and the Example Gallery.

The documentation assumes general familiarity with Python, NumPy, and Pandas. Google

searches will yield many excellent tutorials for these packages.

The pvlib python GitHub wiki has a Projects and publications that use pvlib python page for

inspiration and listing of your application.

There is a variable naming convention to ensure consistency throughout the library.
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Then, the photovoltaics

Solar Cell

Solar Module

Solar system

A
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In-situ

Weather

Pyranometer + shadowband Pyrheliometer Weather station

In-plane, incident
radiation

[

A 4
S’
PV generation ~—
Numerical

Cloud radar Satellite Airborne data Weather Model

\ :
Remote sensing Models
—
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| Wm-2sr-ipum-1
4 " 1200
More radiation

Weather

900

. . 600

In-plane, incident

radiation

300

. Less radiation
PV generation i
Isotropic Anisotropic
assumption reality
o ~—=—
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Transposition models

Beam/direct is isotropic, so it’s mainly geometric:

Weather BTI = BNI X cos(AOI)

For diffuse, there are many approaches:

oser—comin ——ondtor

In-plane, incident
P Liu-Jordan Full isotropy Very cloudy skies

radiation
Temps-Coulson Full anisotropy, near-horizon and circumsolar Clear skies

Klucher Tries to merge previous two All skies

Perez Both (an)isotropy, more detailed modelling All skies

PV generation

pvlib: a great Python package for this
https://pvlib-python.readthedocs.io/en/stable/reference/irradiance/transposition.html
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Decomposition models

ATARRI

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

Weath - . .
SEEE Decomposition: how much is total diffuse even?

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

In-plane, incident
radiation

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

Reindl Includes solar zenith angle as input (as a kind of proxy to AOD)
PV generation DIRINT Semi-empirical, derives direct irradiance and adds air mass to inputs.
de Miguel Similar to Orgill & Hollands, but adjusted to North Mediterranean Belt
\ 4
s
VN Barctons %) o e
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PV performance losses

|
Module glass
Weather
PV conversion

Inverter & cabling

In-plane, incident

radiation
|
PV generation
— —
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Optical losses

Sun
ray First reflexion
Module glass main contribution to 1AM loss
Weather /
Inverter & cabling Glass .
In-plane, incident — —
1ati I
radiation BV coll
. . . Configuration
Martin-Ruiz model, doi: 10.1016/S0927-0248(00)00408-6
Marion model, doi: 10.1016/j.solener.2017.03.027 igﬁggzgﬁ
PV generation Alrjelass/SI02/51 -
Air/glass/triple coat./Si
Air/glass/ZnS/Si

This is also impacted by the dust on the module surface. Aic/glossa SEH/AS

pvlib is a good starting point. Look for IAM Air/glass/TTO(d1)/a-Si:H/Ag
Air/glass/ITO(d2)/a-Si:H/Ag

- ———
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https://doi.org/10.1016/S0927-0248(00)00408-6
https://doi.org/10.1016/j.solener.2017.03.027
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Module glass
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PV conversion

o
N

Beam Incidence Angle Modifier

— Fp, a,=0.13

o
o

Inverter & cabling

Angle-of-Incidence, AOI (°)

In-plane, incident

80

radiation

— F4, n=1.3

Diffuse Incidence Angle Modifier

[

Surface tilt (°)

80
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ARMINES  MINES PARIS

= GRASP = pmod 'wrc

Gentro Nacional de Supercomputacion

Workshop #3 | 17-18.06.2025 | Limassol | Cyprus




Module glass
Inverter & cabling

In-plane, incident

radiation

PV efficiency in standard test conditions (STC)

www.jinkosolar.com Jinl( 8!«7

Tio22Neo
60HL4-(V)
475-500 watc

MONO-FACIAL MODULE

N-type

& )
N-type Technology HOT 3.0 Technology

JinkoSolar's HOT  SRL.

LIDLeTIO degradation and betterlowight  effickncy,

@ o] ‘
Durability Against Mechanical Load }3____‘ _30..|_1- ‘0.40..
Extreme Environment  Enhanced R
PV generation n & o
SMBB Technology Anti-PID Guarantee ® € &
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PV conversion
Inverter & cabling

In-plane, incident
radiation

PV generation

www jinkosolar.com

TizezNeo
60HL4-(V)
475-500 watt
MONO-FACIAL MODULE
N-type
& ]
N-type HOT 3.0 Tech
o 2
ainst Load

Extreme Environment  Enhanced

.linK3

12—| 30—‘ 1 ‘0.40-
== e | |

% @
SMBB Technology Anti-PID Guarantee

and
sty of el producion technckogy and material
controt

1SO45001 018 Ocupatons heath and
Sakty rarageemert sptems

® € &
ClE Qresees

JKMATS-SOON-60HLA-(V)-FB8-EU

First, PV efficiency in standard test conditions
Module glass

Specifications (STC)

Maximum Power - Pmax [Wp]

Maximum Power Voltage - Vmp [V]

Maximum Power Current — Imp [A]

Open-circuit Voltage - Voc [V]

Short-circuit Current - Isc [A]

Module Efficiency STC [%] I

Power Tolerance

Temperature Coefficients of Pmax

Temperature Coefficients of Voc

Temperature Coefficients of Isc

STC: Irradiance 1000W/m?, Cell Temperature 25°C, AM=1.5

Varies from module to module

—
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Then, account for low-irradiance losses
Module glass
 Example from Beyer model:
) 1.0
Inverter & cabling ool

Relative efficiency under various irrad. levels

In-plane, incident 06

radiation 07 -

0.6

0.5 1

0.4

PV generation 6 200 40 60 800 1000
Incident irradiance, W.m 2
p—
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Then, account for thermal losses
Module glass
* Depends on module, but generic -0.45%/°C
Inverter & cabling o0

Relative efficiency under various Tpy

In-plane, incident 0.96 -
radiation
0.92 -
0.88 1
0.84 -
i ' T ' L ' ' ' ' s e &
PV generation 25 30 35 40 45 50 55 60 f e
PV cell temperature, °C
— ———
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Thermal losses

Need to calculate PV cell temperature
Module glass

 Many models @pvlib with different input needs

* Can depend on air temperature, GTI, wind speed,
type of installation (e.g. rooftop vs ground-based)
Inverter & cabling

In-plane, incident
radiation

PV generation

Different levels of back ventilation

- —
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Also impacted by spatial arrangement
Module glass
Weat h er velocity
PV conversion
Inverter
In-plane, incident
radiation g - —e— PVi—8— PV2=8— PV3—o— PV4
o (b)
E —~ 25
z £
2 g
S 3
PV generation 5
<
4 [§ 8 10 12 4 5 6 7 8 9 10 11 12
wind speed (m/s) wind speed (m/s)
(a) Average temperature (b) Maximum temperature difference
p—
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Inverter and electric losses

Electric conversion losses
Module glass

Inverter & cabling (=)— _] —@—»
In-plane, incident DC power AC power
radiation
PV module Inverter
PV generation
= S
M Bervelane ) % | iy
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Module glass An inverter efficiency curve

100%
PV conversion 98% L/ i Very low at Pin <10%
%% //i/_f * Peaks at a certain %
. g 9%
Inverter & cabling 4 — 2005 * Then slowly decreases
=  929% — 2015
In-plane, incident o [ — 2030
radiation
88%
. / . Source:Braun (2007)

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

PV generation

According to Aurora Solar, cabling losses vary between 1-2%
https://aurorasolar.com/blog/

cccccccccccccccc
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https://aurorasolar.com/blog/
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