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Correlations in renewable energy sources (CorRES)




Wind speeds in CorRES

Utilizing high-resolution resource wind data



High
Scaling ER

-resolution wind resource data:
5 with Global Wind Atlas v2 (GWA?2)
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High-resolution wind resource data:
Scaling ERAS with Global Wind Atlas v2 (GWA2)
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Impact of using high-resolution wind resource data
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A Sometimes small impact ,. iy

A Especially in simple terrain
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Impact of using high-resolution wind resource data
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A GWA2 improves validation for most countries
A Especially in more complex terrain

Sweden onshore
CF = capacity factor (annual)

EMD measures how well the
generation distribution is
captured (smaller is better)




Impact of using high-resolution wind resource data
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A GWA?2 improves validation for most countries

A Especially for some Southern European countries

using raw ERAS5 wind speeds yields unrealistically
low CFs

Italy onshore
CF = capacity factor (annual)

EMD measures how well the
generation distribution is
captured (smaller is better)




Impact of using high-resolution wind resource data

CF Error Error in Std of 1hr ramps
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A Pan-European validation of 10+ countries shows a clear benefit of GWA2 scaling 1

A Especially for onshore wind
A GWA3 showed poorer performance than GWA?2
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Power curves in CorRES

Getting to plant-level power curves



Generic power curve model

A Generic power curve model !
A Large-scale modelling with
limited information about wind
installations

A Improved turbulence intensity
(T1) modelling

A A power curve is estimated for
each wind power plant

A Including wake losses

A We run around 10k wind
power plants in a pan-
European run

1E. Simutis, et al .,

generation-modeling-with-turbulence-intensity)

Parameter Space [min, max]
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Time Series of
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Generic power curve model

Single Turbine Power Curve

Single Turbine Power Curve
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Generic power curve model
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Generic power curve
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Tl 0of 0.1 (10 %) is our generic
onshore wind assumption

Tl 0of 0.05 (5 %) is our generic
offshore wind assumption
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The impact of turbulence intensity (TI)
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Dynamic unavailability modelling

Histogram of TTF of WT Availability of a single WT
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Impact of wakes and dynamic unavailability

Measured No wakes & static 10% unavailability = Detailed wakes and dynamic unavailability
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A Wake loss modelling is important
A Especially for offshore wind
A More detailed wake loss modelling outperforms simpler models
A Dynamic unavailability improves representation of high generation
values
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Impact of wakes and dynamic unavailability

Measured No wakes & static 10% unavailability = Detailed wakes and dynamic unavailability
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A Wake loss modelling is important
A Especially for offshore wind
A More detailed wake loss modelling outperforms simpler models
A Dynamic unavailability improves representation of high generation
values
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Use of stochastic simulation

Sub-hourly resolution and forecast errors



Simulation of VRE forecast errors:

The two important parts

VRE generation at time t:

yt = yt,forec + et

The error is thus:

et - yt - yt,forec

Both available power (y;) and the
forecast (Y;orec) N€E t0 bE
simulated in detail

For any forecast horizon of
interest

< < o
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T

Standardized gen.
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Sub-hourly simulation in CorRES

A The reanalysis wind speeds do not
include all high frequency information

A Due to smoothening in the models o}

A The resulting power time series do
not model ramp rates accurately

Wind speed [m/s]

A Stochastic simulation is used to add the

—WRF + Flucts (param. A)

missing variability to reanalysis data in 4  WRF +Flucts (param, B)

CorRES ' ' ' '
) _ _ 0 5 10 15 20
A Sub-hourly simulation resolution Time [h]
A Currently available for wind
A In development for solar

NemmAOPAOB.038)n f or model i ng wind gener at
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Sub-hourly simulation in CorRES

Yt = Yimer T Yifiucts
A YimeT IS meteorological model wind
speed (e.g., WRF or ERAS) at time t

A Vi fues 1S from the stochastic 105 F
simulation

|

A E(Yifues) = 0, SO the stochastic ol [—wrF i
simulation does not impact long — WRF* Ameso |

|

|

PSD

——f
term wind speed distributions :

10
i ' 10° 10° 10
A Also spatial dependencies between f[Hz]

locations are considered The blue line includes the stochastic

fluctuations. The f, parameter controls that
low frequency variability is not added

M. Koivisto et al., ACombination of meteorological r e anddy $ RengnabjetEaergg, 2020 (sttpso/dohory
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Sub-hourly simulation in CorRES

A Up to 5 min resolution (in some cases even higher)
A Simultaneous running of a few hundred plants (usually applied for offshore)

10 _Measured 10 WREF (lin. interp.) 10 CorRES (Gaussian) 10 CorRES (t)
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10 min wind speed ramps in measured data (magenta) and in different stages of the CorRES simulation procedure:
interpolated from hourly weather data (green) to the final result with stochastic simulation included (red)
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Forecast simulation in CorRES

A Via a separate multivariate time -series simulation model
A Available for wind generation

A In development for Solar PV
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Forecast errors

A After simulating the available power and forecast, we can calculate the
eror: e, = Y- yt,forec
I For any forecast horizon (Y;rec Changes)

4 " " 5 . :
Measured Measured
ast [ Isimulated | | 45} [ Simulated |
4 | -
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Forecast error (standardized gen.) Forecast error (standardized gen.)
Day-ahead forecast errors Latest (few hours ahead) forecast errors
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Climate change impacts

Considering climate projections towards 2050



IPCC report in 2022
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IPCC report in 2022

Chapter 6

6.5.2 Impacts on Energy Supply

The increased weather dependency of future low-carbon electricity
systems amplifies the possible impacts of climate change (Staffell
and Pfenninger 2018). However, globally climate change impacts
on electricity generation — including hydro, wind and solar power
potentials — should not compromise climate mitigation strategies
(high confidence). Many of the changes in the climate system will
be geographically complex at the regional and local levels. Thus,
regionally climate change impacts on electricity generation could
be significant. Climate change impacts on bioenergy potentials
are more uncertain because of uncertainties associated with the
crop response to climate change, future water availability and crop
deployment. Climate change can reduce the efficiency of thermal
power generation and increase the risk of power plant shutdowns
during droughts. The potential additional cooling water needs of CCS
can increase these risks.



IPCC report in 2022

6.5.2.2  Wind Energy

Climate change will not substantially impact future wind resources
and will not compromise the ability of wind energy to support low-
carbon transitions (high confidence). Changing wind variability may
have a small-to-modest impact on backup energy and storage needs
(low confidence); however, current evidence is largely from studies
focused on Europe.

Long-term global wind energy resources are not expected to
substantially change in future climate scenarios (Karnauskas
et al. 2018; Pryor et al. 2020; Yalew et al. 2020). However, recent
research has indicated consistent shifts in the geographic position of
atmospheric jets in the high-emission scenarios (Harvey et al. 2014),
which would decrease wind power potentials across the Northern
Hemisphere mid-latitudes and increase wind potentials across
the tropics and the Southern Hemisphere. However, the climate
models used to make these assessments differ in how well they can
reproduce the historical wind resources and wind extremes, which
raises questions about the robustness of their predictions of future
wind resources (Pryor et al. 2020).



Climate projections included in PECD version 4

A The European Network of
Transmission System
Operators for Electricity
(ENTSO-E) uses the Pan-
European Climate
Database (PECD)

A In PECD version 4,
climate projections
towards 2100 are
included

A On top of multi-decade
reanalysis-based data

Climate Data Store Datasets Applications User guide
Climate models
Select all
[ ] CMCC-CM2-SR5 | EC-Earth3
[ ] AWI-CM-1-1-MR [ | BCC-CSM2-MR
Emission scenario Selectall
At least one selection must be made
| SSP1-2.6 SSP2-4.5 SSP3-7.0
The PECD data are openly

https://doi.org/10.24381/cds.f323c5ec

& Forum Live

| MPI-ESM1-2-HR

[ | MRI-ESM2-0

[ ] ssp5-8.5

avail abl e

a


https://doi.org/10.24381/cds.f323c5ec
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Wind speeds In climate models

The climate projection wind speeds
need scaling (bias correction)

A Just as with reanalysis data
A We do it with GWA2
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https://doi.org/10.1016/j.renene.2023.118989
https://en.wikipedia.org/wiki/Geography_of_Europe

How Iimportant is considering climate change impacts?

MEHR_SSP585, capacity factor ECE3_SSP585, capacity factor )

=]
=
=}
=1

0s /,// 05 - NU/SB’// '''''''''
0.45 '."z/.\’/// 045 | /,'/ ¥ eI
P £
% 04+ /7,/ % 04+ ///’"h
g 035 /ﬁ( g 0.35 Fioz 5
- oz g«/ e 2 02'5 //a// PLO4
. # o @“ﬁ ) / Mean CF reduction over the '
- G e ” P onshore regions  from prese
orsr 7 s ot AP time (2015-2030 mean) to 2050
9 e —— A — kel A (2040-2060 mean) for SSP 585
o Pt 91 0@ 0z oz pa ed 04 0d 03 0w 0o (the scenario with the most
warming)
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Solar PV In CorRES

Based on PVLib



Solar PV conversion to power generation

PVLib used
I Different tilt angles
I Varying orientations

T Panel & converter
selection
Overplanting can be modelled

Irradiances from ERAS (or climate
projections)

Different methods for splitting to
DNI & DHI when needed

PVLib: https://pvlib-python.readthedocs.io/en/latest/
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https://pvlib-python.readthedocs.io/en/latest/
https://pvlib-python.readthedocs.io/en/latest/
https://pvlib-python.readthedocs.io/en/latest/

CorRES in energy system planning and
flexibility analyses

Work for ENTSO-E, transmission system operators (TSOs) and more



Pan-European Climate Database (PECD) for ENTSO-E

A Pan-European Climate Database (PECD)
is used for example in:

I Ten-year network development
plan (TYNDP)

A https://tyndp.entsoe.eu e

I European Resource
Adequacy Assessment (ERAA)
A https://www.entsoe.eu/eraa/

The reference for the future
European electricity system

A Openly available European Resource
I https://doi.org/10.24381/cds.f323c5ec Adequacy Assessment

I DTU Wind produced the wind and
some of the solar data Motwa | ERAA2024
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Pan-European Climate Database (PECD) for ENTSO-E

Climate
projection wind power plant
simulated (WPP) locations
years

ERA5
simulated
years

WPP technology

Existing WPPs (2020 fleet),
individual power curve and hub
height for each WPP

All years with 2020 WPP

Existing 1950-mid 2025 2015-2100 .
locations

Onshore wind: 3 hub heights and
Two different runs based

_ 3 turbine types
Fuilire W',nd 1950-mid 2025 2015-2100 on assumptions of where
technologies

new WPPs can be sited ©ffshore wind: 1 hub height and 2
turbine types




Pan-European Climate Database (PECD) for ENTSO-E

Onshore Regions - RGB SP277_HH100 Offshore Regions - RGB SP316_HH155

Onshore and offshore wind capacity factors for example future wind technologies



Assessing system flexibility needs for Belgium

4.4 GW offshore wind integration study for
the Belgian TSO Elia

A Very dense offshore wind installations
A Wake modelling important
A Including farm-to-farm wakes

A Multiple plants may experience
simultaneous storm shutdown

A Impacts on:
A Ramp rates
A Fleet-level storm shutdowns
A Expected forecast errors Sy

DTU Wind Energy, fAReport for EIlia: MOG hitps/odidutdidempublinatia lisantogl-ip
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Assessing system flexibility needs for Belgium
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DTU Wind Energy,

AReport for
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Assessing system flexibility needs for Belgium
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2002

How different wind technologies behave during a storm

Offshore wind behaviour under different wind
technology assumptions
U Inform requirements for new wind installations s

1 Application for a
.22 future scenario

oubicgersiei)ono, 2020 (°

DTU Wind Energy, fAReport for EIlia:
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Capability to quantify VRE forecast errors

Table 28. Day-head forecast error statistics.
to BE 2018
mean | sp | [Fret [ Pret [ Pret T Pret || gy A Impact of increasing
BE 2018 (877 MW) | -0.002 | 0.134 | -0.952 | -0.747 | 0.741 | 0.971 100% geograp hical smoothenin g
2.3GW -0.001 | 0.127 | -0.791 | -0.691 | 0.648 | 0.727 95% N )
< | 25m/s | -0.001 | 0122 | 0731 | -0.641 | 0.616 | 0.732 91% I Also varying VRE
5 | Moderate | -0.002 | 0121 | -0.739 | -0.646 | 0.608 | 0.682 90%
A Deep .0.002 | 0121 | -0.731 | -0.639 | 0.607 | 0.682 90% technol ogy
Sl @ | 25ms | 0001 |0121 | -0.710 | -0.637 | 0.606 | 0.698 90%
5 | Moderate | -0.001 | 0121 | 0710 | -0.637 | 0.601 | 0.679 90% ]
= | Deep | -0.001 | 0120 | 0710 | -0.642 | 0.598 | 0.678 90% A Based on 40+ years of time
< | 25mis | -0.001 | 0116 | 0702 | -0.617 | 0.589 | 0.759 87% series
§ | Moderate | -0.001 | 0115 | -0.721 | -0.616 | 0.578 | 0.673 86% _ _
5 = Deep -0.001 | 0.115 | -0.695 | -0.607 | 0.570 | 0.673 86% T 5 min resolution
2| @ | 25mis [ 0001 [0116 | 0681 | -0.605 | 0576 | 0712 87% . . )
§ | Moderate | -0.001 | 0.115 | -0.682 | -0.610 | 0570 | 0.681 86% I Different forecast horizons
[ Deep -0.001 | 0114 | -0.681 | -0.605 | 0.566 | 0.670 85%
< | 25m/s | -0.001 | 0116 | 0.700 | -0.618 | 0.601 | 0.775 87%
§ Moderate -0.001 0.115 | -0.710 -0.618 0.581 0.680 86% A Informs abo ut futu re
His Deep -0.001 | 0115 | -0.688 | -0.604 | 0.571 | 0.671 85% flexibili d
I m | 25mis [ 0001 0117 | -0697 | -0610 | 0584 | 0.728 87% exipility (an rese I’VG)
§ | Moderate | -0.001 | 0115 | 0.694 | -0617 | 0576 | 0.682 86% needs
[ Deep -0.001 | 0114 | -0.677 | -0.605 | 0.569 | 0.673 85%

DTU Wind Energy, fAReport for EIlia:
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CorRES web service

CorRES
A Applicable
globally
Correlations in Renewable A Applied already in
Energy Sources .
A time series simulation tool | E u ro p e
for variable renewable ener: ..
2 i Canada
I Australia
I South Africa
A Launch runs directly via the web service i India
I Japan

A https://corres.windenergy.dtu.dk

A No installation required

A Download results directly from the web site
A Used by industry and academia



https://corres.windenergy.dtu.dk/
https://corres.windenergy.dtu.dk/

CorRES web service

A Applicable
globally

A Applied already in
I Europe
I Canada
I Australia
I South Africa

I India
I Japan

M. Imberger, M. J. Koivisto, Esfimation of the correlation of offshore wind power generation acrossJapad, DTU Wi nd and En er ghipSiorditdelmigen/publipadond/estim@iOn2o2the{con
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