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Motivation

Warum PV-Prognosen flir Energiegemeinschaften?

Herausforderungen in Energiegemeinschaften
* Energiegemeinschaften teilen dezentrale PV-Erzeugung
 Hohe Variabilitat der PV-Produktion erschwert Planung

 Zeitliche Diskrepanz zwischen PV-Produktion (mittags) PN
SO
und Verbrauch (morgens/abends X C%P =z
( g / ) B INPUT .\‘,::’ Q@ ol
* Fehlende hochaufgeloste, automatisierte Prognosen Satellite data Metesrelagiealidats PV data

* Bedarf an operativ nutzbaren Vorhersagen fur: - l l l

-
Eigenverbrauch PV detection Ensemble Downscaling
 Netzstabilitat PROCESING| in aerial > | solar nowcasting ? | to high resolution
imagery
* Flexibilitdtsnutzung L l l

e ] 2 //\%
OUTPUT - |—|H ‘ > (@ 1 m

Web-based Solar predictions
dashboard for energy communities
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Methodischer W orkflow

Gesamtubersicht

INPUT DATA

.

Satellite Data

MSG/MTG (2 km, 10-min)
LSA SAF DSSF, Cloud Type
Sentinel-2 (10m optical)

7

o NWP Models

AROME-RUC (1.2 km, hourly)
C-LAEF Ensemble (1 km)
CAMS Radiation

Surface Stations

270+ TAWES stations
Radiation, Temperature
Sunshine Duration

@ Auxiliary Data

Topography (DEM, DSM)
BEV Aerial Images (20cm)

SOLAR NOWCASTING

INCA System

N 2

Statistical-dynamical approach
Satellite + NWP + observations
* 15-min intervals, 12h lead time
» 1 km spatial resolution

MTG integration (INCA-new)
Best for fog/low stratus

» Data-driven ML approach

* IrradianceNet + PhyDNet
—» -+ ConvLSTM encoder-decoder
» Timestep-dropout training

» LSA SAF DSSF trained

» Best for dynamic clouds

Energy Community
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PV DETECTION

Super-Resolution

Sentinel-2 enhancement
10m - 2m resolution
* Single & multi-frame SR

U-Net / GAN architectures

" Location, size, orientation

Y

PV Module Detection

» Semantic Segmentation (pixel-wise)

PV4C - Solar Nowcasting & PV Production Workflow

OUTPUT

Uncertainty Quantification

Multi-Model
Ensemble

Lead Time

0-12 h

Resolution
1km/15min

* Pre-training on public PV datasets

* Fine-tuning on BEV aerial imagery (20cm)

\.

Solar Irradiance

* Global (GHI)
» Direct Normal (DNI)

Diffuse (DHI)

A/

PV Production

* Single-site forecasts
» LSTM / Random Forest
» Community GNN

J
N\
Reference Data
* GTIF PV layer validation
» BEV aerial images (Austria)
* Manual correction/QC )

COMMUNITY PLATFORM

Energy Community Dashboard

PV Forecasts

Real-time production
predictions

Self-Sufficiency

Household & community
level monitoring

-

Anomaly Detection

Expected vs actual
generation & load

~

Expansion

PV potential for
new members

API Interface

Integration with
external platforms

Flexibility Assets
EV, heat pumps,
storage systems

J
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Input Datenquellen

PV-Panel Detektion
e BEV-Luftbilder (Osterreich): ortho-entzerrt, UltraCam, RGB + NIR, 20 cm Bodenaufldosung BEV: Bundesamt fur Eich-
« Offentliche PV-Datensétze, z.B. BDAPPV, SolarDE, SolarDK (manuell gelabelte Dach-PV) und Vermessungswesen

* Regionale BEV-Zusatzlabels: manuelle Annotationen fiur osterreichische Dach- und Bautypen
* Mehrere Aufnahmezeitpunkte: Abbildung zeitlicher Anderungen und neuer PV-Installationen

INCA (Legacy & New)

* AROME-NWP-Modell: 2.5 km Auflésung

 MSG-Satellitendaten: Wolkentyp Level 2

 TAWES-Messnetz: > 270 Stationen (Globalstrahlung, Sonnenscheindauer)

* C-LAF-Ensemble: 1 km, stundlich; MTG (2 km, 10 min), CAMS-Strahlungsdaten
IrradPhyDNet

* LSA SAF DSSF: globale Einstrahlung aus MSG-Satellitendaten

* Topographische Informationen: Digitale Hohenmodelle (DEM)

o Zeitkodierte Merkmale: zyklische Datums-/Zeitinformationen fiir Tagesgange
PV-Erzeugungsprognose

Historische PV-Erzeugungsdaten

Nowcasting- und numerische Modellvorhersagen

Meteorologische Beobachtungsdaten

* Anlagenmetadaten: Standort, technische Spezifikationen

@ LQ GeoSphere JOANNEUM \\\ \ Dieses Projekt wird aus Mitteln FFG
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Methodischer W orkflow

Gesamtubersicht

INPUT DATA SOLAR NOWCASTING
7
Satellite Data INCA System
MSG/MTG (2 km, 10-min) > o :
LSA SAF DSSF, Cloud Type StatlsFlcaI—dynamlcal appror?\ch
Sentinel-2 (10m optical) * Satellite + NWP + observations
\_ * 15-min intervals, 12h lead time
’ » 1 km spatial resolution
NWP Models » MTG integration (INCA-new)
% » Best for fog/low stratus y

AROME-RUC (1.2 km, hourly)
C-LAEF Ensemble (1 km)
CAMS Radiation

\
4
Surface Stations
270+ TAWES stations
Radiation, Temperature
Sunshine Duration
\
4

@ Auxiliary Data

Topography (DEM, DSM)
BEV Aerial Images (20cm)

» Data-driven ML approach

* IrradianceNet + PhyDNet

* ConvLSTM encoder-decoder
» Timestep-dropout training

» LSA SAF DSSF trained

» Best for dynamic clouds

Energy Community

)l GeoSphere

family /= Austria
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Super-Resolution

Sentinel-2 enhancement
10m - 2m resolution
Single & multi-frame SR
U-Net / GAN architectures

" Location, size, orientation

Y

PV Module Detection

» Semantic Segmentation (pixel-wise)
* Pre-training on public PV datasets

* Fine-tuning on BEV aerial imagery (20cm)

J/

\.

~\
Reference Data

* GTIF PV layer validation
» BEV aerial images (Austria)

* Manual correction/QC

Energy Community Dashboard

PV4C - Solar Nowcasting & PV Production Workflow

OUTPUT

Uncertainty Quantification

Multi-Model
Ensemble

Lead Time

0-12 h

Resolution
1km/15min

Solar Irradiance

Global (GHI)
Direct Normal (DNI)
Diffuse (DHI)

A/

PV Production

Single-site forecasts
LSTM / Random Forest
Community GNN

4 ™ 4
PV Forecasts

Real-time production
predictions

Self-Sufficiency

Household & community
level monitoring

~

-

Anomaly Detection

Expected vs actual
generation & load

~

Expansion

PV potential for
new members

API Interface

Integration with
external platforms

Flexibility Assets
EV, heat pumps,
storage systems

J
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PV-Panel Detektion

An Satz & M Od EI Ie Binare Klassifikation (ja/nei) Bounding Box Detektion

Ziel
* Erkennung von PV-Anlagen
e Grundlage fur Kapazitatsschatzung

Evaluierte Detektionsansatze

* Binare Klassifikation auf Bildausschnitt-Ebene (224x224)

* Inception-V3, EfficientNet A, ;

. . . EV Othophoto ww.bev.gv.at
* Objekterkennung mit Bounding Boxes (BBox)

* YOLOR
* Pixelweise semantische Segmentierung
* U-Net, U-Net++, SegFormer
Modellauswabhl
* Fokus auf Segmentierung
* Evaluierte Architekturen: U-Net, U-Net++, SegFormer
 Mask R-CNN als Benchmark (GeoAl Model) fir Cross-Domail-Analyse

@ & GeoSphere JOANNEUM \ Dieses Projekt wird aus Mitteln
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PV-Panel Detektion

Trainingsdaten & Domain Shift W,/

Zieldomane ¥ ,
Source: BEV

* Osterreichische Luftbilder o~
(Bundesamt fir Eich- und Vermessungswesen - BEV) :

Herausforderungen 2
* Starker Domain Shift

e Sensorik & Auflésung

4

Source: ESRI

 Aufnahmewinkel & Saison
* Regionale Dachtypen

* Geringe Ubertragbarkeit 6ffentlicher Datensatze ‘

* Geometrische Verschiebungen (keine True-Orthophotos)

Konsequenz
 Offentlich verfligbare Labels = unzureichend
* Bedarf an BEV-spezifischen Trainingslabels

\Oj & GeoSphere JOANNEUM \\ \ Dieses Projekt wird aus Mitteln
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PV-Panel Detektion

Training & Active Learning

Trainingsstrategie (mehrstufig)

1. Vortraining mit 6ffentlich verfigbaren PV-Datensatzen
2. Transfer auf BEV-Daten
3. Iteratives Active Learning APPEND

TRAIN
: 3 Add newly labeled \ Train N models
ACtlve Lea rn I ng examples to training data on labeled training data

e Auswahl informativer Samples tuber Modell-Unsicherheit

* Fokus auf U-Net++ & SegFormer Active Learning

Loop

e 7 Active-Learning-Zyklen
 Manuelle Eingriffe (Zyklus 1 & 4) zur Korrektur von Model Drift

ANNOTATE

* 50-250 neue Bildausschnitte (Labels) pro Zyklus Human experts annotate

QUERY

Use acquisition function to
selected examples select examples from

Zwei Active Learning Strategien " uniabeled data

Source: https://www.cloudfactory.com/blog/active-learning-and-autonomous-vehicles

* Fortlaufendes Fine-Tuning

* Erneute Re-Initialisierung
- Analyse von Model Drift

@ LQ Geosphere JOANNEUM \ Dieses Projekt wird aus Mitteln FFG
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PV-Panel Detektion

Visuelle Ergebnisse

Input SegFormer SegFormer U-Net++ U-Net++
(image patch) (cont. fine-tuning) (reinitialization) (cont. fine-tuning) (reinitialization)

.
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PV-Panel Detektion

Visuelle Ergebnisse

Multi-Modell-Agreement (Ensemble Learning)
* Hohe Ubereinstimmung = robuste Detektion

* Geringe Ubereinstimmung = Unsicherheit
- Unterstlitzung fiir Active Learning & Fehleranalyse

Input
(image patch)

RESEARCH

&
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(model agreement map)

Detection Overlay

Detection agreement:
1 Detected by 1 model
2 Detected by 2 models

Detected by 3 models
Detected by 4 models

Dieses Projekt wird aus Mitteln - FG
der FFG gefordert. www.ffg.at Promting fnnovaton



Methodischer W orkflow

Gesamtubersicht
PV4C - Solar Nowcasting & PV Production Workflow

INPUT DATA SOLAR NOWCASTING PV DETECTION OUTPUT
( ) - Lead Time
Satellite Data INCA System Super-Resolution Multi-Model ‘ 0-12 h \

Ensemble

) R Resolution
Uncertainty Quantification 1km/15min

MSG/MTG (2 km, 10-min)
LSA SAF DSSF, Cloud Type

Sentinel-2 (10m optical)
. J/

N 2

Statistical-dynamical approach » Sentinel-2 enhancement
Satellite + NWP + observations
* 15-min intervals, 12h lead time
» 1 km spatial resolution

» MTG integration (INCA-new)

Best for fog/low stratus

* 10m — 2m resolution
* Single & multi-frame SR
* U-Net / GAN architectures

Y

7 \
o NWP Models

Solar Irradiance

AROME-RUC (1.2 km, hourly) - Global (GHI)
C-LAEF Ensemble (1 km) PV Module Detection Direct Normal (DNI)
CAMS Radiation . . . . Diffuse (DHI)
\_ y, » Semantic Segmentation (pixel-wise)
7 N\ * Pre-training on public PV datasets v
Surface Stations * Data-driven ML approach » Fine-tuning on BEV aerial imagery (20cm)
* IradianceNet + PhyDNet — L Location, size, orientation y PV Production
270+ TAWES stations —» -+ ConvLSTM encoder-decoder
Radiation, Temperature » Timestep-dropout training 7 ~\ * Single-site forecasts

Sunshine Duration » LSA SAF DSSF trained

» Best for dynamic clouds

* LSTM / Random Forest
» Community GNN

Reference Data

* GTIF PV layer validation
» BEV aerial images (Austria)
* Manual correction/QC

@ Auxiliary Data

Topography (DEM, DSM) \_ J
BEV Aerial Images (20cm)
/ COMMUNITY PLATFORM
7 N\ Energy Community Dashboard
Energy Community
4 ™ 4 ™ 4 ™
PV Forecasts Self-Sufficiency Anomaly Detection
Real-time production Household & community Expected vs actual
predictions level monitoring generation & load
|_| |_| |_| 4: > \_ J A J A Y,
4 ™ 4 ™ 4 ™
- Expansion API Interface Flexibility Assets
/i\ PV potential for Integration with EV, heat pumps,
—o—O new members external platforms storage systems
\ v \ v \ v
/ \_ . J

\L
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Solar Nowcasting
INCA System

Datenbasis und Modellansatz
 Statistisch-dynamisches Nowcasting-System
 Kombination aus C-LAEF-NWP-Modell (1 km, stiindlich)
MTG-Satellitendaten (2 km, 10-min)

270+ TAWES-Bodenstationen

* Berechnung von Global-, Direkt- und Diffusstrahlung

* 15-min-Intervalle, Vorhersage bis 24 h

Station: WIEN/HOHE WARTE; Parametar: Global Radiation
Observation vs. MTG Analysis
R*: 1.00, RMSE: 15.05

Observation vs. MSG Analysis
R* 1.00, RMSE: 14.78

1000

Comparison of 15 min INCA ¢ .
global irradiance analyses z
with observations at Hohe t —

Warte for a selected test <
period May-June 2025. The £ _ |

difference in correlation :
comes from different satellite £

200 4

input, MSG- (left) and MTG
FCI cloud types.

T T T T T r T r T
0 00 400 L2 gon 1000 1] 00 Lot L2 o] aaa LOCHR
MSG Analysis Global Radiation [Wim™2] MTG Analysis Global Radiation [Wim™2]
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INCA 2025-05-07T12:15 (+000 min)
- ] -

Operational analysis and nowcasts (up to 180 min) of INCA global irradiance
on 7.5.2025 (initialization time at 12 UTC) calculated with the old input MSG
cloud types and AROME 2.5 km NWP Model as a first-guess.

Analysis of Total Coud Cover, Date: 05.08.2025 12:00UTC . Analysis of Global Radiaton, Date: 05.08.2025 12:00UTC -
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Analysis of cloudiness (upper left) and three radiation components implemented in INCA for 5.8.2025
12 UTC. The analyses are computed with MTG FCI cloud types and C-LAEF 1 km x 1 km NWP Model.
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S O I a r' N O W C a S t i n g Architecture oflrradf{vv%/D(Vet

DSSF (LSA-SAF) r 4
7y i

IrradPhyDNet

elevation map

+
Minute in day. Day in year
(cyclically encoded)

g

x12 time

steps

Datengetriebener Deep-Learning-Ansatz

“Physical” - PhyCell-Branch
* |Input Daten
e MSG-/MTG-Satellitendaten Tl e et el ]
* Topographische Informationen Residual” - ConvLSTM- i
Branch
* Zyklisch kodierte Zeitangaben ) “ |
¢ ConvLSTM-Encoder-Decoder-Architektur — P —
* Training mit LSA SAF DSSF-Satellitenprodukt ,_
e Timestep-Dropout zur Behandlung fehlender Zeitframes T
Wk .
Equation timestep-dropout
o, . UTm*n ifp < cC
VI e X: f(T) = {T else
X : sample of 12 timesteps T°
T : spatial timestep of shape m xn
¢ : constant threshold, ¢ € {0.1,0.25,0.5,0.75}
p : pseudo-random number drawn from U ([0.0, 1.0])
ej LQ Geosphere JOANNEUM \ Dieses Projekt wird aus Mitteln FFG
fCIm||y ((1\ AUStria RESEARCH / der FFG geférdert. www.ffg.at Promoting Innovation.




Sat-observation

S O I a r N O W C a S t i n g 07.05.2025 12:15 UTC ¢ Lead time: 15 min

IrradPhyDNet

Datengetriebener Deep-Learning-Ansatz

* |Input Daten
 MSG-/MTG-Satellitendaten
* Topographische Informationen

e Zyklisch kodierte Zeitangaben
e ConvLSTM-Encoder-Decoder-Architektur
* Training mit LSA SAF DSSF-Satellitenprodukt

* Timestep-Dropout zur Behandlung fehlender Zeitframes

1.0

—eo— |RRADPHYDNET
—— [NCA+

0.8+

0.6
[¥2]
m

0.4

0.2

400 600 800 1000

» fcstmsa ssrd (W/m2)
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family (= Austria BEREAREH J) / der FFG gefordert. www.ffg.at




Methodischer W orkflow

Gesamtubersicht

INPUT DATA

.

Satellite Data

MSG/MTG (2 km, 10-min)
LSA SAF DSSF, Cloud Type
Sentinel-2 (10m optical)

PV4C - Solar Nowcasting & PV Production Workflow

SOLAR NOWCASTING

INCA System

7

o NWP Models

AROME-RUC (1.2 km, hourly)
C-LAEF Ensemble (1 km)
CAMS Radiation

>

Statistical-dynamical approach
Satellite + NWP + observations

* 15-min intervals, 12h lead time
» 1 km spatial resolution

MTG integration (INCA-new)
Best for fog/low stratus

» Data-driven ML approach
* IrradianceNet + PhyDNet

\
4
Surface Stations
270+ TAWES stations
Radiation, Temperature
Sunshine Duration
\
4

@ Auxiliary Data

Topography (DEM, DSM)
BEV Aerial Images (20cm)

* ConvLSTM encoder-decoder
» Timestep-dropout training

» LSA SAF DSSF trained

» Best for dynamic clouds

Energy Community

AN

=
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JOANNEUM N\
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SIS

10m — 2m resolution

* Single & multi-frame SR
* U-Net / GAN architectures

PV DETECTION

Super-Resolution

Sentinel-2 enhancement

OUTPUT

Multi-Model
Ensemble

Uncertainty Quantification

Lead Time

0-12 h

Resolution
1km/15min

Y

PV Module Detection

Solar Irradiance

Global (GHI)
» Direct Normal (DNI)
Diffuse (DHI)

» Semantic Segmentation (pixel-wise)
* Pre-training on public PV datasets

* Fine-tuning on BEV aerial imagery (20cm)

A/

" Location, size, orientation

y PV Production

\.

Reference Data

* GTIF PV layer validation
» BEV aerial images (Austria)
* Manual correction/QC

Single-site forecasts
» LSTM / Random Forest
Community GNN

N

/

COMMUNITY PLATFORM

Energy Community Dashboard

f ' { ' f '

PV Forecasts

Real-time production
predictions

Self-Sufficiency Anomaly Detection
Household & community

level monitoring

Expected vs actual
generation & load

Expansion

PV potential for
new members

API Interface

Integration with
external platforms

Flexibility Assets
EV, heat pumps,
storage systems

J
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PV-Produktion Pradiktion

Beispiel: Verbrauch und Produktion

Average Consumption by 15-Minute Interval

Was ist abgebildet?

* Kleine Energiegemeinschaft mit wenigen
Erzeugern und mehreren Verbrauchern

* Typische tageszeitliche Muster von
Produktion und Verbrauch

R A SR, v LA (o
Time of Day (15-minute intervals)

Average Production by 15-Minute Interval

.....................
P T R e T R I TR I I R T T R Y R R
s > S ) N . LS R

Time of Day (15-minute intervals)

Dieses Projekt wird aus Mitteln F FG
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PV-Produktion Pradiktion

Beispiel: Verbrauch und Produktion

Was ist abgebildet?

S GeoSphere
family 92 K

Kleine Energiegemeinschaft mit wenigen
Erzeugern und mehreren Verbrauchern

Typische tageszeitliche Muster von
Produktion und Verbrauch

PV-Erzeugung mit klarer Mittagsmaxima

Zeitliche Verschiebungen bei
Erzeugungsbeginn, -Ende und Peak

Unterschiede deuten auf verschiedene

PV-Ausrichtungen und -Installationen

JOANNEUM

= Austria RESEARCH

hin

)

Production (normalized)

1.0

0.8 1

o
o

°
i
1

0.2

0.0 1

Average Consumption by 15-Minute Interval

Top Producers: 15-Minute Production Patterns (Normalized)

= Producer 1 (normalized)
—— Producer 2 (normalized)
= Producer 3 (normalized)
- Producer 4 (normalized)
—— Producer 5 (normalized)

Time of Day (15-minute intervals)

Dieses Projekt wird aus Mitteln
der FFG gefoérdert. www.ffg.at




PV-Produktion Pradiktion

Beispiel: Forecasting

Beispielanwendung

Example forecast for a site with near-real time access for the
snow & freezing rain event in Vienna

Beispielvorhersage flir einen Standort

mit Near-Real-Time-Datenzugang PV Power Production

Today MEASURED):

FONECHsE
Vergleich von Messdaten und Modellvorhersage { Energy: 8.0 kWh IV e Energy: 93.5 kWh

Forecast Ti:-tal.‘

Cusrrant: E_I.EH'I.I'-' Peak: 17.6 KW
Darstellung von PV-Leistung, o |
Tagesenergie und Peak :
|
Wetterereignis: P~ :
Schnee & gefrierender Regen (Wien) & H
= -
24-h-Vorhersagehorizont mit &40 ¥
laufender Aktualisierung I
|
20 : |
« |
) /

|

LIEI:CII} 12:00 00:00 12:00 00:00 12:00

15 |lan 15 |an 16 Jan 16 Jan 17 Jan 17 Jan

Time

ej LQ Geosphere JOANNEUM \ Dieses Projekt wird aus Mitteln FFG
mei|y (c Austria RESEARCH der FFG geférdert. www.ffg.at Promoting Inovation.



Methodischer W orkflow

Gesamtubersicht
PV4C - Solar Nowcasting & PV Production Workflow

INPUT DATA SOLAR NOWCASTING PV DETECTION OUTPUT
( ) " Lead Time
Satellite Data INCA System Super-Resolution Multi-Model ‘ 0-12 h \
MSG/MTG (2 km, 10-min) > Ensemble

Sentinel-2 enhancement

LSA SAF DSSF, Cloud Type StatlsFlcaI—dynamlcal appror?\ch
Sentinel-2 (10m optical) Satellite + NWP + observations

\_ J * 15-min intervals, 12h lead time
» 1 km spatial resolution

MTG integration (INCA-new)
Best for fog/low stratus

10m — 2m resolution Uncertainty Quantification

* Single & multi-frame SR
U-Net / GAN architectures

v Solar Irradiance

Resolution
1km/15min

7 \
o NWP Models

AROME-RUC (1.2 km, hourly)
C-LAEF Ensemble (1 km)

* Global (GHI)
» Direct Normal (DNI)

PV Module Detection

CAMS Radiation . . . . Diffuse (DHI)
\_ y, » Semantic Segmentation (pixel-wise)
7 N\ * Pre-training on public PV datasets v
Surface Stations * Data-driven ML approach = Fine-tuning on BEV aerial imagery (20cm)
* IrradianceNet + PhyDNet — _* Location, size, orientation y PV Production
270+ TAWES stations * ConvLSTM encoder-decoder
Radiation, Temperature » Timestep-dropout training 7 ~\ * Single-site forecasts
. Sunshine Duration ) » LSA SAF DSSF trained « LSTM / Random Forest
» Best for dynamic clouds Reference Data » Community GNN
( ) « GTIF PV layer validation
@ Auxiliary Data - BEV aerial images (Austria)
Topography (DEM, DSM) \° Manual correction/QC )

BEV Aerial Images (20cm)

/ COMMUNITY PLATFORM

Energy Community Dashboard

f ' { ' f '

Energy Community

PV Forecasts

AN

=

Real-time production
predictions

Self-Sufficiency

Household & community
level monitoring

Anomaly Detection

Expected vs actual
generation & load

Expansion

PV potential for
new members

API Interface

Integration with
external platforms

Flexibility Assets
EV, heat pumps,
storage systems

)l GeoSphere
(= Austria
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der FFG gefordert. www.ffg.at

FFG

Promoting Innovation.

JOANNEUM N\
RESEARCH )))
SIS

family



Dashboard
I

Beispie
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PV4C legt die Grundlage fur datengetriebene
Energiegemeinschaften, erschliesst neue
Wertschopfung aus dezentralen erneuerbaren
Energien und bereitet den Weg fur flexible, resiliente
und Burger:innen orientierte lokale bzw. Regionale
Energiesysteme.
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