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Motivation of this study

Increased share of solar and wind energy in European energy
production

Solar radiation and wind depending on weatherand are highly
variable

Analysis of the variability of produced energy by calculating capacity
factors for Germany

_ produced energy
installed capacity

> Particularly the very low energy production events, so-called
shortfall events are problematic

> how often?
> Occurrence at which GroBwetterlage (GWL)?
> Balancing effects in Europe?
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Solar Capacity Factor

Data Climatological Solar Capacity Factor
Germany, 1995 - 2015

based on CM SAF SARAH-2 data record
» global / direct radiation

Resolution
Temporal: 30 minutes
Spatial: 5 km x 5 km

Coverage
Germany, 1995 - 2015

Auxillary Data
2m-temperature (COSMO-REA6) ) %1 P ]
Assumption tilt angle: angle distribution* ~

» centered: 20° inclination angle,
southward azimuth angle
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Solar Capacity Factor - Methods

Calculating radiation on tilted surface
R-package “solaR” (Lamiguerio, 2016)
Modelled PV-modules
Standard Test Conditions

e
(HUId und GraC|a Am|”0, 2015) https://M.biquéEcéasoftha‘:e.wm
Sensitivity Studies
Optimum Inclination and Azimuth Angle Angle distribution of modules
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Assumption tilt angle
Frequency distribution
(Saint-Drenan et al. 2018)
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Y.-M. Saint-Drenan et al. 2018, Huld, T. and Gracia Amillo A.M., Lamiguerio, 2016,
Adv. Sci. Res., 15, 51-62, Energies 2015, 8, 5159-5181; R-Package solaR, 5

doi:10.5194/asr-15-51-2018 doi:10.3390/en8065159 version 0.44, 2016-04-16
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Wind Capacity Factor
Data

Based on regional reanalysis COSMO REA6

> 100m-wind speed
Resolution

Temporal: hourly

Spatial: 5 km x 5 km
Coverage

Germany, 1995 - 2015

Calculated power curve
E-126 /7,580 kW

B Power coefficient
® Calculated power curve
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Power P [kW]
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Wind speed v at hub height [m/s]

Climatological Wind Capacity Factor
Germany, 1995 - 2015

¢ | I A/e %‘f

Assumption

Power Curve* of a modern wind
turbine (116m height);
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Implementation in R package “"bReeze”
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wAx  *https://www.enercon.de/en/products/ep-8/e-126/

Graul and Poppinga, 2018,
R-Package bReeze,
version 0.4-2, 2018-01-05
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Open Power System Data

web platform with energy data
https://open-power-system-data.org/

Data

Collection of publicly available data

> Quality-checked, processed and documented
Content

> Time series data of installed capacity

> Actual power generation

> Individual power plants

@%
o

Open Power Systemdata. 2018. Data Package Renewable Power
Plants. Version 2018-03-13. https://data.open-power-system-
data.org/renewable_power_plants/2018-03-13/.
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EMHIRES Data Set

SATELLITE radiation data
CN SAF SARAH

Radiation at incined plane

web platform with European CF
httDS://Setls,eC_eurODa_eu/EMHIRES_datasets TECHNICAL POTENTIAL

|
\ ;
Spatial distribution
‘ PVGIS model ot
|
N

Data

Technical Potential
+ Orientation

+ Existin
» Land-use avallabiity

> Collection of publicly available data o g

\ BZNNUTSI TS | T50-based Analysis )
> Solar CF based on CM SAF SARAH ( _.
> Wind CF based On MERRA ‘ bédding zone, NUTS-1 and NUTS-2 levels ? ’

Content
> Time series data of 28 European countries from 1986 - 2015
> Actual power generation

Gonzales Aparicio et al.; EMHIRES dataset. Part I: Wind power generation,

2016; EUR 28171 EN; 10.2790/831549 8
“A» Part II: Solar power generation, 2017; EUR 286291 EN; 10.2760/044693 -


https://setis.ec.europa.eu/EMHIRES-datasets
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Data Processing — Time Series
Example SOLAR

Solar Capacity Factor in Germany Electrical Capacity of Solar Plants per Gridcell

Spatial Sum for

02.05.2015 09:00 UTC in Germany, 2015 Germany
(o]
bl 5
1.0 _ Qwu 200 Weighted Fieldsum, Diurnal Cycle
S _b‘“d;b - > 02 May 2015, Germany, 30min Data
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= mean installed

Consider locations and capacity 2015
installed capacity from 2015
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Calibration of the simulated Capacity Factor

Measurement data based on Open Power System Data (OPSD)

> Temporal resolution: hourly

Simulated CF are calibrated with linear fit (normalised at 2015)

High correlation between simulated solar and wind CF and the CF
from measurement data

Correlation of simulated CF and OPSD, 2015
- Germany, Hourly Data, Weighted Spatial Average

10

Solar
® Solar corrected
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Correlation of simulated CF and OPSD, 2015

Germany, Hourly Data, Weighted Spatial Average
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Simulated Generated Power

Conversion of CF in produced energy Correlation of Simulated and Actual Energy
Production, 2015, Germany, Daily Sums

800

> Mean installed Capacity 2015:
- 38 GW Solar
- 40 GW Wind
> Produced Energy 2015:
- 35 TWh Solar
- 75 TWh Wind

® Solar
e Wind
Solar+Wind

cor., slope, mae
— 0.99,1.02, 6.86
— 0.99,1.01, 1559

0.99,1.01, 184

1

= 110 TWh Sum . 200 400 600 800

Mean Actual Energy Production [GWh]

Simulated Energy Production [GWh]
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Results
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Annual Sum / Mean Monthly Sum 1995 - 2015

Annual Simulated Energy Production Mean Monthly Simulated Energy Production
1995-2015, Germany N 1995-2015, Germany
o = Solar == Wind ] = Solar == Wind
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1995 1998 2001 2004 2007 2010 2013 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

-« ~ 102 TWh mean yearly production due to solar and wind energy*
- Wind energy dominatesin fall / winter
- Solar and wind energy have an equal share in summer

*Assumption: installed capacity normalised to 2015 for all years 14
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Mean Annual Cycle 1995 - 2015

250

PV Production (GWh)

50

Mean Annual Cycle 1995 - 2015
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Wind Production (GWh)
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Mean Annual Cycle 1995 - 2015
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More energy production due to wind energy in principle, but therefore

higher variability than solar energy

Z
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Mean Annual Cycle 1995 - 2015

Mean Annual Cycle 1995 - 2015 _
— vean - Relatively constant energy

_— production throughout the
year

800

600

- All low energy production
events occur in fall /
winter

400

Solar + Wind Energy Production (GWh)
200

0

Z e s
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Impact of ,,Grosswetterlagen® (GWL)

o } ! Simulated Energy Production per GWL in Germany
Frequency of GWL [%] 1995-2015, Oct-Feb 1995-2015, Winter
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- Using GWL classification of James, P.M., 2007
- Clear dependency of wind / solar CF on weatherregimes

James, P.M., 2007, An objective classification method

of Hess and Brezowsky Grosswetterlagen over Europe, 17
Theoretical and applied Climatology, 88, 17-42 =
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Shortfall Events

Def.: Shortfall Events

> Specific period of time, where
low energy production occur
due to sun and wind

Occurence of Shortfall Events

> Considering 20 lowest energy
production events

> All shortfall events occurin
fall / winter independent on
event length

Number of Events

Number of Shortfall Events per Month,
1995-2015, Germany
24h 72h

48h —— 96h
60h —— 120h

O 18
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Shortfall Events

Frequency of GWL 1995-2015

on Shortfall Events (120h) Length of shortfall events for further

40

analysis
> 120h; taking the 20 lowest events

30

» GWL ,9" (High over Central
Europe) is the most frequent GWL

Frequency [%]
N
o
|

10 - at shortfall events
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GWL Classification
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Shortfall Events (120h) 1995 - 2015

Event Start Event End GWL Solar+Wind Solar Wind
05.01.1997 10.01.1997 HB (16)

08:00 07:00  HNA (14) 29°(39) ey | 228 ()
22.12.2006 27.12.2006

14:00 13:00 HM (9) 300 (60) 135 (27) 165 (33)
1995 - 2015 1415 (283) 455 (91) 965 (193)

- During the shortfall event (120h) only 10% of the daily mean is
produced

@O 20
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Analysis of Shortfall Event 22.-27.12.2006 (GWL 9)

Cloud cover anomaly
e : SR

MY

Wind speed anomaly [m/s]

T [ [T windspasd (ms) PR T T T I T LI T T Total Cloud Caver (%)
-5 4 -4 2 -1 1 i ] 3 4 g [Anomaly Fiald) A-A4-40-F6-32-20-24-20-16-12 8 -4 0 4 B 1215 20 24 2R 5256 40 42 g (Ancenaly Field)

- Negative wind speed anomaly in Germany leads to low wind energy
production at this event (17 % of daily mean)

- Negative cloud fraction anomaly over Germany during GWL 9 in winter;
individual events related to fog / low clouds possible

R ©=0 21
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Analysis of Shortfall Event 22. - 27.12.2006 (GWL 9)

Mean Wind Capacity Factors Mean Solar Capacity Factors
22.-27.12.2006 22.-27.12.2006
. ra
70- 70-
CF [%]
60- . 60
o ©
#

50- 50-

&
"0 ’ ] g 40-

40 0 10 20 30 40 0 10 20 30
long long

High wind CF in Scandinavia (29 %), Croatia (31 %) and Slovenia (28 %) allow
the balancing of the low wind CF (9 %) in Germany at this event

R ©mo] 22
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Mean Wind CF / Mean Solar CF in Winter at GWL 9*

Mean Wind Capacity Factors Mean Solar Capacity Factors
GWL9 GWL9

’ s

70 - 70 -

CF [%]

lat
lat

40- 40-

40 0 10 20 30 40 0 10 20 30
long long

European wind CF / solar CF distribution at the low production event is similar to
the general wind CF / solar CF distribution at GWL 9

% *All GWL 9 events from 1995 to 2015 (Winter) included 23
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Correlation of Simulated and Actual Energy

Cli logical Solar Capacity Factor

Production, 2015, Germany, Daily Sums

Summary NS
- Successfully simulate Capacity + A

50

Mean Actual Energy Production [GWh]

Factors (CF) based on satellite data e o R
(solar) and reanalysis data (wind) ¢ b

(GWh)
800

- Validation and conversion of CF in
produced energy (GWh) with Open
Power System Data

6 8 10 12 14

600

Simulated Ene p GWL Germany
1995 2015 W

400

.
B s

Production [GWh]

200

Solar + Wind Energy Production

- Clear dependency of wind / solar -
power generation on weather ullml}k Lu J “

0

Mean Wind Capacity Factors IILL ;

regimes (GWL) e ey SR

70-
Frequency of GWL 1995-2015
on Shortfall Events (120h)

- Identifying low energy production
events (shortfall events) with event
length of 120h from 1995 to 2015 5

- Balancing effects for Germany with
Scandinavia, Croatia or Slovenia
possible -

GF [%]

o
NLL =
| sweEgiE jﬁé I Iﬁﬁwg

GWL Classific:
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