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PV modelling in urban environments
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Solar Cadaster: high resolution (metric) urban solar mapping

LISBON - annual solar irradiation [kWh/m?/year]

2000

1o A traditional output
" is a solar cadaster

Figure 4. Total annual solar irradiation on rooftops and facades in the
DSM, for the Lisbon case study.

Brito et al. (2021) Characteristic Declination—A Useful Concept for Accelerating 3D Solar Potential Calculations
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Solar Cadaster: high resolution (metric) urban solar mapping

Solar Cadasters enable to:
* Analyse the PV potential of urban surfaces

* Inform public or private decision-makers and investors

s ‘ ’

The modularity and flexibility of PV makes it very interesting for urban areas

* Exploit building rooftop and facades, parking shades, etc.
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Solar Cadaster: high resolution (metric) urban solar mapping

In Sun We Trust is providing free, accurate and easy-to-use tool for the general public to assess
solar potential of rooftop PV systems
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http://www.insunwetrust.solar/
nantes-metropole.insunwetrust.solar
http://www.soda-pro.com/

“Business as usual” for solar cadasters

* High resolution (space x time) data...
* Huge data storage needs

 Demands compromise
* Coarser temporal resolution (annual yield)
 Smaller area of coverage

* In any case, we end up with a very limited/static dataset
* Heavy computations
* Too much data

The e-shape project has received funding from the

European Union's Horizon 2020 research and
innovation programme under grant agreement 820852




That’s where e-shape comes into play

Near on-the-fly cloud-baed computation of

“static” Yearly irradiation on tilted plans intra-day irradiation on tilted plans (1-m res.)
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https://nantes-metropole.insunwetrust.solar/simulateur

e-shape

EuroGEO Showcases: Applications Powered by Europe
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e-shape - EuroGEO Showcases Applications Powered by Europe

* 15M€, 60 partners, 7 showcases, 32 pilots
* 4 years grant (2019-2023)

* ARMINES (France) coordinator — e-shape.eu
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* Promoting users’ uptake of European Earth Observation resources

* Building on Copernicus and GEOSS through the development of co-design pilots

* Built on a user-centric approach to deliver economic, social and policy value to
European citizens.
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http://www.e-shape.eu/

Pilots workflow
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Renewable Energy Showcase
Pilot #2: High PV penetration in urban area

Objective: Develop GIS-flavor tools to support high photovoltaic penetration at urban scale
by providing EO based information

Expected user community: Urban planners, grid operators, aggregators for energy trading,
researchers in Energy and citizens

Two parts of the pilot:
* ARMINES’ part : PV variability at urban scale (Pilot in Nantes)
* DLR’ part: EO-data for PV integration in the urban energy system (Pilot in Oldenburg)

Partners:
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From solar cadaster to urban-scale solar variability

As PV penetration grows, more refined information is needed
 Shifting from a PV potential-only to a broader perspective

e . I . Near on-the-fly computation of intra-day
static” Yearly irradiation on tilted plans . . .. .
(1-m res.) irradiation on tilted plans (1-m res.)
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https://nantes-metropole.insunwetrust.solar/simulateur

Earth Observation (EO) data — surface modelling

10 cm resolution Digital Surface Model from IGN
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srtm.csi.cgiar.org

Earth Observation (EO) data — solar irradiance modelling

CAMS - McClear 15-min global horizontal irradiance (W/mz)
2021-02-06:08:00 UT
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Data and Information Access Services (DIAS)

* DIAS WEKEO: reference service from the EU Copernicus for environmental data, virtual

processing environments and skilled user support.

» “Back-office”: providing cloud processing requested on-the-fly through asynchronous OGC
Web Processing Services (WPS)

* “Front-Office”: hosting a Jupyter Hub with Jupyter Notebooks exemplifying in Python

different use-cases. Py
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Use case #1: PV sizing for self-consumption
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Available pilot on Jupyter Notebook

& High_PV_in_urban_area-Self_ « X Q=

«)-> C o @ | £ https://notebook.oie-lab.net/userfeshape10/notebooks/High_PV_in_urban_area-Self_consumption.md B -94% ¥ in O & g =
— Jupyterhub High_PV_in_urban_area-Self consumption (autosaved) @ | sedsconnecter | Control Panel
Fichier Edition Affichage Insérer Cellule Noyau Navigate Widgets Aide Trusted ‘ Python [conda env:eshape] O

+ ¥ A B 4+ ¥ PRn B C W Makdown v| | Onodift | E Memory:

Contents C &
| ~ 1 Definition of the zone of interest
1.1 Define the polygen of interest "
1.2 WPS request for high res. GTI map G
« 2 Selection of the effective PV surface and PV yield simulation
2.1 Definition of the PV modules (efficiency, installed surface) e'Shape
2.2 Simulation of corresponding PV yield
+ 3 PV self-consumption

3.1 Global analysis for the whole years Hi h Pv penetration in urban area

3.2 Detailed PV self-consumption analysis for a given year se-case. PV Se’f-consumpﬁon in Nantes
3.3 Study of PV self-consumption for the selected year

The e-shape project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement 820852
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* Raphael JOLIVET, ARMINES / MINES ParisTech - PSL Research University, Center OIE

« Lionel MENARD, MINES ParisTech - PSL Research University, Center OIE

Contact point: lionel.menard@mines-paristech.fr

In [3): # Mandatory import to run the notebook
from datetime import date
import matplotlib.pyplot as plt
import os
import numpy as np
import datetime as dt

# Import custom code to run the notebook, see utils.py for details
from utils import map_handler, request_e_shape_S3P2_service, pv_production, visu_gti, eval_map sum gti

# Import custom code for auto-consomation analisys, see autoconso PV2.py for details
import autoconso_PV2 as acpv

# Avoid internal warning (from demandlib, mainly)
import warnings 2
warnings.filterwarnings('ignore') d fundlng from the
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vailable pilot on Jupyter Notebook

&« > C @ © & https://notebook.oie-lab.net/user/eshape10/notebooks/High_PV_in_urban_area-Self_consumption.md B -9 49 v Inmo & ¢ =
" Jupyterhub High_PV_in_urban_area-Self_consumption (autosaved) A Se déconnecter | Control Panel
Fichier Edition Affichage Insérer Cellule Noyau Navigate Widgets Aide Trusted | Python [conda env:eshape] O
+ %< @ B 4+ v PRn B C B Makdown - © nbdifi [ =] Memory:
Contents C & 1.1 Define the polygon of interest
Detintion of the zoneof erest
1.1 Define the polygon of interest In [4]: # Display the map to select area of interrest
1.2 WPS request for high res. GTI map
v 2 Selection of the effective PV surface and PV yield simulation # Check if we already have a map to avoid to reset input to default values.
2.1 Definition of the PV modules (efficiency, installed surface) if "m" not in globals():
2.2 Simulation of corresponding PV yield m = map_handler()

v 3 PV self-consumption
3.1 Global analysis for the whole years
3.2 Detailed PV self-consumption analysis for a given year
3.3 Study of PV self-consumption for the selected year m oAk

# Actually display the map
m.display()

Pont du La'Ren.

- Parc de Herblain-2
of + | [oKrene & Sk Uniliersite” Eraudiére
[ Cote d'Or
X, Cens
Barberie Petit-Party Le Port
La Bénetlére b Perverie Boyer
Qusejour Sehomen Le Plessis

sre  Tison

Tqville Le Coudray

Breil Saint.Feélix j
Barbin Les/
Nantes Saint-Pasquier & Saint-Donatien
| Métropole Cheézine Waldeck
Hauts
el Bellam;
i v 3 Pavés 4
ie SAINT-HERBLAIN J Dervaliéres Carcoet Coulmiers
/i . b | Sully
aint- T Contrie Grifoud
erblain- loncoury
Nantes-5| NANTES mmmm”s&.y_,
Guist'Hau PR RN e
Petit Bois
Durantiére 293 X Champ), [
Dobrée  Feydeal 4o piard \\
. Mellinet : foriet N\
Croix:Bofitieau Bon Port ‘G poscy st
Bellevue N de JoN"" Les Ponty
Bourderie-, R
> ipyleaflet | Map data (c) O, [o]

Select first year 2015 Vv | Select last year 2019 v
User e-mail register@cams

In [5): # Some characteristics of the selected polygon
lon, lat = m.get_poly center()
surf poly m2 = m.get_poly area()

print('Center: ({:.4f}°N, {:.4f}°E)'.format(lat,lon))
print('Estimated surface: {:.0f} m"2'.format(surf_poly m2))

Center: (47.2278°N, -1.6021°E) - ) research and
Estimated surface: 207 m"2 L ant agreement 820852




Available pilot on Jupyter Notebook
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: Jupyterhub High_PV_in_urban_area-Self_consumption (autosaved)
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+ < @ B 4 ¥ PRin B C » Markdown j © nbdiff ‘E‘ Memory:
| 1.1 Define the polygon of interest

Contents C @&

~ 1 Definition of the zone of interest . =
In [4]: # Display the map to select area of interrest

|71 Define the polygon of interest I
# Check if we already have a map to avoid to reset input to default values.

1.2 WPS request for high res. GTl map

v 2 Selection of the effective PV surface and PV yield simulation if "m" not in globals():
2.1 Definition of the PV modules (efficiency, installed surface) m = map_handler()
2.2 Simulation of corresponding PV yield
v 3 PV self-consumption # Actually display the map
m.display()

3.1 Global analysis for the whole years
3.2 Detailed PV self-consumption analysis for a given year
3.3 Study of PV self-consumption for the selected year
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# Some characteristics of the selected polygon
lon, lat = m.get_poly center()
surf_poly m2 = m.get_poly_ area()

In [5]:

print(‘'Center: ({:.4f)}°N, {:.4£f}°E)’'.format(lat,lon))
print('Estimated surface: {:.0f} m"2'.format(surf_poly m2))

Center: (47.2278°N, -1.6021°E)
Estimated surface: 207 m"2
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Available pilot on Jupyter Notebook
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v 2 Selection of the effective PV surface and PV yield simulation
2.1 Definition of the PV modules (efficiency, installed surface)
2.2 Simulation of corresponding PV yield
v 3 PV self-consumption
3.1 Global analysis for the whole years - 1400
3.2 Detailed PV self-consumption analysis for a given year
3.3 Study of PV self-consumption for the selected year
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Available pilot on Jupyter Notebook

8 High PV in_urban_area-Seft_c. %
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Memory:
Contents = &

+ 1 Definition of the zone of interest
1.1 Define the polygen of interest

1.2 WPS request for high res. GTI map 2 Selection Of the effective PV Surface and PV yield Simulation

~ 2 Selection of the effective PV surface and PV yield simulation

2.2 Simulation of corresponding PV yield
+ 3 PV self-consumption
3.1 Global analysis for the whole years

; ! ) , 2.1 Definition of the PV modules (efficiency, installed surface)
3.2 Detailed PV self-consumption analysis for a given year
3.3 Study of PV self-consumption for the selected year

In [8): # Characteristics of the PV module

# PV efficlency at the standard conditions STC : eta PV_stc
eta PV _stc = 0.18

In [9]: # Choice of the surface for the installed PV on the selected zone
# Evaluation of avalaible surface with a minimum value of yearly irradiation (kWh/m*2)
# Scan for a range of minimum value from min gti (to be set) to max value)

map_gti_kWh_m2, v_surf_above_thresholds, max_surface m2 = eval map sum gti(file result WPS, min gti=1300)
print('Max effective surface on the selected area: ' + str(max_surface m2) + " m"2" )

Max effective surface on the selected area: 196 m"2
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In [10]: # Definition of the selected surface
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Available pilot on Jupyter Notebook
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+ 1 Definition of the zone of interest
1.1 Define the polygen of interest
1.2 WPS request for high res. GTI map
¥ 2 Selection of the effective PV surface and PV yield simulation

-g.x Definition of the PV modules (efficiency, installed surface)
2.2 Simulation of corresponding PV yield .
+ 3 PV self-consumption

3.1 Global analysis for the whole years
3.2 Detailed PV self-consumption analysis for a given year

3.3 Study of PV self-consumption for the selected year Selected PV surface
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Available pilot on Jupyter Notebook
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Average yearly energy PV production: 15820 kWh (Capacity factor: 14 %)
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Available pilot on Jupyter Notebook
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"~ Jupyterhub High_PV_in_urban_area-Self_consumption (autosaveq) @ | sedéconnecter | Control Panel
Fichier Edition Affichage Insérer Cellule Noyau Navigate Widgets Aide Trusted 4 ‘ Python [conda env:eshape] O
+ 2 A B 4 ¥ PRn B C B Coe | @ nbdiff [ | Memory:

Contents = & 3.1 Global analysis for the whole years

~ 1 Definition of the zone of interest
1.1 Define the polygon of interest
1.2 WPS request for high res. GTI map

« 2 Selection of the effective PV surface and PV yield simulation
2.1 Definition of the PV modules (efficiency, installed surface)
2.2 Simulation of corresponding PV yield

In [14]: # Year per year PV self-consumption (simple) analysis
Typical consumption profile

'h0': 'Household',
g0': 'Commerce general',
Commerce operating weekdays from8:00 h to 18:00h°,
Industry/commerce featuring strong topredominant consumption in the evening',
'g3':'Industry/commerce with continuousactivity’,
'Shop/barber’,
: 'Bakery’,
g6 ' : 'Weekend operation’,
: 'Farms general',
'11':'Dairy farms',
'12':'Other farms'}

3.1 Global analysis for the whole years
3.2 Detailed PV self-consumption analysis for a given year
3.3 Study of PV self-consumption for the selected year
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£

Consumption_prfl = 'ho0'

# Average power of consumption (kW)
Pconso_avg_kW = 5

i Econso_yearly kWh = Pconso_avg kW*8760

print('Average power consumption: {:.2f} kW'.format(Pconso_avg_kW))
print('Corresponding yearly energy consumption: {:.2f} kWh'.format(Econso yearly kWh))

tab_yyyy = np.zeros((nb_years,1l), dtype = 'int')
tab_Self consumption_ratio = np.zeros((nb_years,1))
tab_Self sufficiency_ratio = np.zeros((nb_years,1))

print('Computation for year per year analysis:')
for k in range(nb_years):
tab_yyyy[k,0] = yyyy0 + k
print('\t- Year {:04d}/{:04d}'.format(tab_yyyy[k,0], yyyyl))
Consum = acpv.conso_demandlib(name = Prod.name,
year = tab_yyyy[k,0],
profil = Consumption_prfl,
annual_conso = Pconso_avg_kW*8760,
weather = Prod.build weather(),
timezone = Prod.timezone)
Consum.calculate_conso()
SC = acpv.site AC(Prod = Prod, Conso = Consum)
stat_SC = SC.calculate_autoconso_simple()

bd funding from the

tab_Self_ consumption_ratio[k,0] = 100.0 * stat SC['kWh'].PV_self consumed / stat_SC['kWwh'].Prod_PV ) research and
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Available pilot on Jupyter Notebook

g ngh-Pv-in—urban—araa-sglf_k x —

(€D C B © | & https://notebook.oie-lab.net/user/eshape10/notebooks/High_PV_in_urban_area-Self_consumption.md B 949 vy o e g =

— Jupyterhub High_PV_in_urban_area-Self_consumption (autosaveq) @ Ssedéconnecter | Control Panel
Fichier Edition Affichage Insérer Cellule Noyau Navigate Widgets Aide Trusted ]Python [conda env:eshape] O
+ < A B 4 ¢ PR B C W Makdown - © b Memory:

Contents C #
~ 1 Definition of the zone of interest
1.1 Define the polygon of interest
1.2 WPS request for high res. GTI map
+ 2 Selection of the effective PV surface and PV yield simulation | ' . ' ' '
= Jan Feb Mar Apr May Jun
2.1 Definition of the PV modules (efficiency, installed surface)

il Aug Sep oct Nov Dec
2015
2.2 Simulation of corresponding PV yield
v 3 PV self-consumption
2 p.' In [22]): # Time series of monthly consumption, PV production, PV self consumed, PV surplus
3.1 Global analysis for the whole years SC.plot monthly ta()
3.2 Detailed PV self-consumption analysis for a given year k = =
| 33 Study of PV self-consumption for the selected year Monthly average share of electric consumption for zone_by_default (P_pv = 13 kWc)
~@- Electric consumption
I W= Self-consumed PV production
BN === Import from electric network -
4000 - Sel s e S Surplus PV production =i
3000 - T —
]
% 2000 -
1000 -
0-
$ & & w o A 3 » o & & &
Month
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Available pilot on Jupyter Notebook

* Hands-on session recording - Youtube:
https://www.youtube.com/watch?v=Sj9eMoLFiOg

* To get an account to test the pilot:
lionel.menard@mines-paristech.fr

“\’-‘wac“
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https://www.youtube.com/watch?v=Sj9eMoLFi0g

Use case #2: PV injection in distribution feeders

» Simulating different PV penetration scenarios (for DSO, e.g. ENEDIS) EN2DiS
Example: urban area of of 1.5 km x 1.5 km Temporal evolution of instantaneous PV
20 % PV penetration: power potentially injected within a day
35 related feeders of ENEDIS (DSO) 1000y .
14 ha of PV rooftop systems (~ 20+ MWp) 800 - ~
1000 [ o : ! 3500 UL
80O * = 400
3000 E
£ 600 E 200
% 400 2500 § o
O 200 A
E_ ; 2000 % 200 -
rug?: 2001 1500 >I' 400 |
% 400 1000 600
>I- 600
500 -B00 [
1000 : 00000 800 400 00 200 0 20 40 50 &0 1000

-1000 -500 0 500 1000 X - 3652500 (EPSG:2154, m}
X -3556250.0 (EPSG:2154, m) T T T T T T T

=
=
T

Nameplate PV power injected
in the source points

=
]
T

Puizzance normalisée

[=]

L L L L L L L L L L
8 9 10 1" 12 13 14 15 16 17
UT {hour}
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Use case #3: PV now & short-term forecasting

* Relevant for energy trading with portfolio of PV rooftop systems

(e.g. Urban Solar Energy ?) Urbon Solar

* Use of Cloud Motion Vector (CMV) from two consecutive satellite images

+ CAMS aerosol / water vapor forecasting (CAMS McClear)
+ 3D shadowing effects from DSM

North-South (km)

0
East-West (km)

wWim?
3 8 8 &8 8 3 3
o o =] =3 o =3 =]

Carriere et al. (2021) A New Approach for Satellite-Based Probabilistic ‘ e
Solar Forecasting with Cloud Motion Vectors T T g
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Use case #3: PV nowcasting & short-term forecasting

e Relevant for energy trading with portfolio of PV rooftop systems

(e.g. Urban Solar Energy ?) Urbon Solar

* Use of Cloud Motion Vector (CMV) from two consecutive satellite images

+ CAMS aerosol / water vapor forecasting (CAMS McClear)
+ 3D shadowing effects from DSM

20 % PV penetration (in summer)

el Persistence
* Use of Cloud Motion Vector (CMV) from mlll!!!! | cmv

| e i T
two consecutive satellite images

|
o |m| i
ol o |II |I|||||"II IIII||III|II||| CMV + 1 PV system
0.1 IIIII
|' A R CMV + 5 PV systems

Normalized error (RMSE)

Time horizon (hour)
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EXTRA SLIDES
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Data & Data and Information Access Services (DIAS)

« Data used:
« CAMS Radiation Service (SoDA) to retrieve all-sky irradiation, aerosols, water vapor
— External request via OGC WPS (Free registration mandatory)
« Satellite-based decametric DEM (SRTM) — Internal (External possible)
» Digital Surface Model (10-25 cm resolution) (IGN) — Internal (External possible)
* Building footprints (BDTOPO® from IGN) - Internal
« MERRAZ2 temperature re-analysis — Internal (External possible ERAS)
« Consumption data (Models - Internal)

* Processes:
« 2 “Back-office VM” 4xlarge (RAM:128GB CPUs: 32 Disk: 512GB)
« Sandbox and Production: Providing OGC WPS cloud processing
* 1 “Front-Office VM” xlarge (RAM: 64GB CPUs: 8 Disk: 256GB)
» Hosting a Jupyter Hub with Jupyter Notebooks developed in Python
* GlIS-flavor interface (OSM - ipLeaflet, Free AOI, forms)
 NetCDF-CF output data for exploitation and representation




Earth Observation (EO) data for shadow modelling

* A decametric digital terrain model (DTM) to
describe the orographic shadow effects (e.g.
SRTM, ASTER)

* A high-accuracy 10 cm digital surface model
(DSM) to provide 3D description of buildings,
vegetation and superstructures (IGN, using aerial
images correlation)

&
3

* A high-accuracy map of buildings to provide
location and contours of corresponding roofs (IGN N
- BDTOPO©) NS

B 8 R 8 4 8
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srtm.csi.cgiar.org

Earth Observation (EO) data for shadow modelling

* A decametric digital terrain model (DTM) to
describe the orographic shadow effects (e.g.
SRTM, ASTER)

Horizon IGN MNS @10cm
T T

* A high-accuracy 10 cm digital surface model
(DSM) to provide 3D description of buildings,
vegetation and superstructures (IGN, using aerial .
images correlation) ﬁ  samen

Derived horizon sﬁrax filled B°|¥ﬁ°n= comEared to the annual Sun Eath sxellow dotsi

Elevation (°)

* A high-accuracy map of buildings to provide
location and contours of corresponding roofs (IGN
- BDTOPO©)
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srtm.csi.cgiar.org

Earth Observation (EO) data for clear-sky irradiance

atmosphere.copemicus.eu

* Satellite-based all-sky solar data HelioClim-3 / CAMS Rad TN oo
(3 km, 15 min, 2004-, 15+ yea rS) - Monitoring Service

01-Jun-2014 00:00

* Based on images from SEVIRI spaceborne by
Meteosat Second Generation (MSG)

* At least one year of in-situ pyranometric
measurements for local calibration
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£
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The e-shape project has received funding from the
European Union's Horizon 2020 research and

innovation programme under grant agreement 820852




Earth Observation (EO) data for clear-sky irradiance

* From McClear (CAMS), which integrates aerosols, water /. —— ...
vapor depending on the Sun topocentric position Wy W

CAMS - McClear 15-min global horizontal irradiance (Wlmz)
2021-02-06:08:00 UT Wim?

120

The sky over Lyvon turned a dramatic colour today thanks to sand from the Sahara Desert

Longitude

The e-shape project has received funding from the

EuroGED GED SR SN crvamions Gbernicus European Union’s Horizon 2020 research and
innovation programme under grant agreement 820852




Earth Observation (EO) data for all-sky irradiance

* Satellite-based all-sky solar data HelioClim-3 / CAMS Rad NG
(3 km, 15 min, 2004-, 15+ yea rS) ] Monitoring Service

atmosphere.copemicus.eu

* Based on images from SEVIRI spaceborne by sy [—dun-2014 00:00
Meteosat Second Generation (MSG) 200
48" N 15car.vE
a7’ N ) 100 £
45° N }\ 5
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Earth Observation (EO) data for all-sky irradiance

 Satellite-based all-sky solar data HelioClim-3 / CAMS Rad
(3 km, 15 min, 2004-, 15+ years)

* Based on images from SEVIRI spaceborne by
Meteosat Second Generation (MSG)

* At least one year of in-situ pyranometric
measurements for local calibration
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WebProcessing architecture and workflow

(H PC (Shelved) ®\ 9 Synchronize

e Stora ge Q Process
* VMSandbox | @ Register
* VM-WPS :

* VM -—Jupyter Hub / (:B @ Harvest

Notebook
\ J :

g. PSL* @Almosphere Monitaring WebserVIce-Energy GEO POI’ta|
tH ~ Metadata <&+ from GEO DAB
(Search & Discovery)
% ‘% (Weekly harvest)
4 PAEA
DEMO (24/7) »

* VM - Sandbox - Jupyter
Hub/Notebook WPS -
Storage

\_ J
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