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» Intro: ES 2050 & Swiss demand

v

What does the Swiss wind resource look like?

v

Potential assessment with COSMO-1

v

high-resolution modeling of wind in complex terrain
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Switzerland electricity mix - 2015

@ Hydro @ Nuclear @ Thermal+other (including wind, solar, geothermal)

Source: Swiss Energy Authority

Energy Turnaround
National Research Programme
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Average wind velocity

at hub height
| 2000—2005 [m/s]
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. s Schaffner and Kunz, 2005

Countries outside

Alpine Space Wind Map

EEA 2009
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POTENTIAL IN COMPLEX TERRAIN A

- 6.1-

(Mott & Lehning 2010)

= 8.1-14.0

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

'Gap winds and orographic

waspessims - ChaNNels
- 03

= 31-

= 51-6.0

so could outperform offshore wind’
80 (Draxl & Mayr 2011)

P
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~ o pass winds
P1 ~
P " Geostrophic
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Clifton et al. 2014
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12 T T T T T T T T T
— Demand

— Run-of-River production

== Constant production (e.g. geothermal)

— Reservoirs' inflow (converted to power)

= Mean storage hydro production

— Deficit left to PV,wind and stora e hydro
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PATTERNS DIFFER GREATLY
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1.0
k=
@
£
§0'5 = exp.fit CH

= lin.fit CH
5 — EU (Giebel 2000)
= = Scandinavia (Holttinen 2005)
© - 'USA (Katzenstein 2010)
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Distance [km]
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Low-WIND CONDITIONS

time series transformation

2. Extreme value theory to
calculate 10 year return levels:

1314

speed [m/s]
2
1

time [hr]

1. Create a metric for the
lenght of no-power intervals

Return Level [hrs] 250 500 750 00 T MIS = SWN
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1000- RA2: 0.43 4
A

) A
E 750- m A l l
= ...higher winter mean speeds
E 2501 (=more power in winter)
& L .., Re032 a
T oo & 50%
1000 2000 3000 g
Altitude [m.a.s.l] » . P
o 25% 4 A oaa e
 IMIS 4 SMN > L
g o
. < - A )
...shorter no-power periods 2 0% 4A%
5 RA2: 0.43 a 8 A 4
& : = R
=75 <-25% L Aa
s : 1000 2000 3000
25,0 AC T o G Altitude [m.a.s.I]
o
3 *IMIS » SMN
w2s =
N ST » wind power at elevation can
c . aA " s e .
<00 1000 2000 3000 bring stabilising benefits
Altitude [m.a.s.l]
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...more power, despite lower air density
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WIND CHARACTERISTICS IN CH oo o T

» .. differ greatly from those in flat areas
» Low correlation

» Distinct influence of topography on diurnal and seasonal
wind pattern

— can help to mitigate winter gap
» With increased elevation:

» Lower risk of sustained periods without power production
» increased power production

» increased winter production

» Wind power could prove important for the Swiss energy
transition
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» Fully physical
, > ableto
simulate terrain
induced flows

Can we use a mesoscale NWP
model to assess wind power
potential in Switzerland?
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COSMO1 2016 mean speed @ 100m

Latitude

8
Longitude

» horizontal resolution of 0.01° (1.11 km N-S & 0.74 10 0.78
km E-S)

» Running from 10/2015 = ca 2 yrs data @ 1h resolution
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» Verification: 10 m COSMO-1 speeds against IMIS
stations

» vertical interpolation between model levels to attain 100 m
wind speeds

» simple power model: E82 power curve
— capacity factors and power time series

» Model of the renewable Swiss power system:

» 53% Hydropower
» 47% Wind, PV, geothermal (2.2 TWh/a)
» 2 years of simulation, but presented as annual

Different wind siting scenarios: calculate import etc

v

"Dujardin 2017, Bartlett 2018
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Distribution of Root Mean Square Errors Distribution of Mean Bias Errors
IMIS vs COSMO1 wind speed IMIS vs COSMO1 wind speed
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data from 2015-09-30 09:00:00 to 2017-12-31 23:00:00 data from 2015-09-30 09:00:00 to 2017-12-31 23:00:00

MAE of annual mean speeds: 0.83 m/s
(vs 1.5 m/s for the Wind Atlas)
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Capacity Factors for Wind Power in Switzerland

475
$47.0
2
5
46.5
46.0
6 7 8 9 10
Longitude
B ¢
0.1 0.2 0.3 0.4

Range: 0.01 to 0.42

Includes availability factor of 96% [Williams, 2014].

Based on the powercurve of Enercon E82 Turbine @ 100 m & A
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Rather than calculating wind power potential, what would it take
to realize a certain wind power production target?

Method:
» production target (4, 6, or 12 TWh/a)

» populate locations with highest capacity factors until target
is reached.

» 6 MW /pixel (3 2MW turbines)

» repeat & vary the maximum allowed altitude for locating
turbines
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Capacity vs turbine mean elevation
++ Import
* 4 [TWhia]
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» Improvement over wind atlas: average MAE of bi-annual
mean speeds: 0.83 m/s vs 1.5 m/s for the Wind Atlas
(45%)

» The required capacity strongly depends on the elevation
at which turbines are allowed to be built

» Konzept Windenergie Schweiz: 2508 MW for 6 TWh/a

» Theoretical best (unconstrained scenario): 1824 MW for 6
TWh/a
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Can we improve on the wind speed assessments of the
COSMO model with higher resolution simulations?

Does increased resolution lead to higher wind resource
assessment due to better terrain representation?

g _ <&, cscs
'3;5 N Centro Svizzero di Calcolo Scientifico
,?Qﬂ DD @3" AN Swiss National Supercomputing Centre
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Simulation Domains

\\\\\\\\\\\\

Latity

H
Longitude

1. Gltsch (Andermatt) 2. Haldenstein (Chur)

» 77 by 78 km » 55 km (e-w) by 89 km (n-s)

» 900 kW Enercon E44 @ » 3 MW Vestas V112 @ 119
55m hub-height m hub-height

» 2340 m.a.s.l. » 540 m.a.s.l.

» very complex terrain » complex terrain- - - =
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Wealth of parameterization options:
Balance performance with computational time

>

>

>

PBL: YSU with topowind

450 m horizontal resolution

vertical resolution: 10 m to 1200 m, 80 levels (50mb top)
terrain smoothed to max 35°

no micro-physics or cumulus parameterization

small time step (0.2 - 0.3 sec)

Boundary conditions: COSMO-2 (2.2 km)
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WRF vs COSMO-2 B

»m \Hm\ \US, \\\\

Gutsch January Glitsch March

Date/Time: 2016-01-26_03:00:00 Date/Time: 2016-03-01_03:00:00

speed [m/s] speed [m/s]

Difference in mean speeds WRF - COSMO-2



INTRO & CONTEXT COSMO-1 WRF SUMMARY & OUTLOOK Annex

) S
HIGH-RES MODELING .(”l- a’f‘;

FEDERALE D LAUSANNE WSL

» increased model resolution shows higher wind speeds
» highly terrain dependent — Allow for identification of hot
spots’
» not similar under all weather patterns
» Potential in very complex terrain will be
underrepresented if terrain is not accurately simulated.
» Need for a well-informed discussion: Incorporate

high-resolution modeling into resource assessment for the
ES2050
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Complex terrain of the Alps provides promising wind
conditions: With increasing elevation:

» higher power production (/ fewer turbines)
» shorter no-power periods
» many locations with favourable seasonal profiles

» COSMO-1 is able to produce better wind resource
estimates for complex terrain than wind atlas

» capacity factors up to 0.42
» Using wind power at high altitudes requires fewer turbines

» higher model resolutions — terrain better resolved —
higher wind resource

High altitude wind power could provide a very important
contribution to ES 2050
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Wind Resource Assessment (@CRYOS)

» Towards resolutions that capture terrain features ("100 m)
» Combine multi-year (COSMO) with shorter high-res (WRF)
simulations

profile)

» clustering weather types based on COSMO-2 / stations
» more mast data for hub-height validation (and vertical wind

» simulate weather types at high resolutions w. WRF
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475
47.0-
ks
46.5-
46.0-
6 7 9 10
long
+IMIS = SMN

110 stations, 2 networks, hourly resolution
] = =
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» one turbine /power curve

» technical constraints
» shear

» turbulence
» icing

» logistical constraints (cost, installation)

» regulatory problems (State, Canton, Municipality)
» land-use conflicts (tourism, agriculture)
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GENERALISED EXTREME VALUE
DISTRIBUTION
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\mpur\ as function of wind p\aoemem scenario Import vs the ratio of winter vs annual production
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CAPACITY TO PRODUCE 6 TWH/A

Capacity required to produce 6 TWh/a wind power
Turbine siting scenarios - all produce 6 TWh/a

[ Import [TWh/a]
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Capacity vs Import

WSL
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Turbine siting scenarios - all produce 6 TWh/a
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Calculated power curve B Power coefficient
E-82 E2/ 2,000 kW ® Calculated power curve
3000 1.0
2700 0.9
2400 08 —
2100 07 &
= 1800 0.6 E
a 1500 0.5 t@
%3 1200 04 3
€ 900 \R 03 &
600 s 0.2 Gg_
300 M % 0.1
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0 5 10 15 20 25
Wind speed v at hub height [m/s]
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SENSITIVY TO WIND SPEED ERRORS & micine
How do errors in wind speed inpact the simulated power?

Mean Bias Errors in turbine performance ranges
wind stations - E82 10m specifications
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Andermatt Jan16
2016-01-26 10:00:00 to 2016-01-30 22:00:00

Turbine mean: 5.35 ms
COSMO-1 mean: 4.65 | Th RMSE: 2.15 | 1h MAE: 1.77 m/s.
154 COSMO-2 mean: 3.05 | 1h RMSE: 3.14 | 1h MAE: 2.49 mis
WRF - mean: 5.15 | 1h RSE: 1.92 | 1h MAE: 1.44 mis
z
£ 104 —COSMO-1
=10 —COSMO-2
3 —turbine
8 —
% WRF
54
o4
Jan 27 Jan 29 Jan 31
time
Andermatt Mar16
2016-03-01 10:00:00 to 2016-03-09 20:00:00
Turbine mean: 8.16 s
304 COSMO-1 mean: 7.24 | 1h RMSE: 3.12 | 1h MAE: 2.41 mis
COSMO-2 mean: 587 | 1h RMSE: 3.69 | 1h MAE: 2.85 mis
WRF - mean: 8 1 RMSE: 3.07 | 1h MAE: 2.25 mis
<27 —COSMO-1
= —COSMO-2
3 —turbine
8 —
% WRF
104
o4
Mar 02 Mar 04 Mar 06 Mar 08 Mar 10 = = =
time £ 9Hae
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CHUR VALIDATION (TURBINE)

speed [m/s]

speed [m/s]
3

3

Chur_M Jan16
2016-01-26 10:00:00 to 2016-01-31 21:00:00

Lt

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Turbine mean: 4.34 m/s

COSMO-1 mean: 4.86 | 1h RMSE: 2.72 | 1h MAE: 2.07 mis

COSMO-2 mean: 5.91 | 1h RMSE: 3.56 | 1h MAE: 3.01 mis
WRF - mean: 5.21 | 1h RMSE: 3.22 | 1h MAE: 2.59 ms

Jan 27

Chur_M Mar1é
2016-03-01 10:00:00 to 2016-03-09 21:00:00

Turbine mean: 5.73 mfs
COSMO-1 meany6.13 | 1h RMSE: 2.72 | 1h MAE: 2.19 m/s
5.43 | 1h RMSE: 3.09 | 1h MAE: 2.6 mis
Pla5 | 1h RMSE: 2.7 | 1h MAE: 2.14 mis

Mar 10

—COSMO-1
=COSMO-2
—turbine
—WRF

e
WSL *m

RN Ge
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THERMAL

12

speed [m/s]

speed [m/s]

FLOWS

Lt

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Andermatt Jul16
2016-07-17 10:00:00 to 2016-07-22 19:00:00
Turbine mean: 4.06 m/s
COSMO-1 mean: 3.49 | 1h RMSE: 2.04 | Th MAE: 1.59 mis
COSMO-2 mean: 2.7 | 1h RMSE: 2.12 | Th MAE: 1.64 mis
WRE - mean: 4.41 | 1 RMSE: 2.41 | 1h MAE: 20%m/s
18 Jul20 Jul'22
time

Chur_M Jul16

2016-07-17 10:00:00 to 2016-07-22 19:00:00

Turbine mean: 4.14 mis

COSMO-1 mean: 4.19 | 1h RMSE: 2.4 | 1h MAE: 1.83 mis
COSMO-2 mean: 4.58 | 1h RMSE: 2.68 | 1h MAE: 2.3 mis
WRF - mean: 4.81 | 1h RMSE: 2.14 | 1h MAE: 1.69 m/s

Jul 18

Jul 20 Jul 22

—COSMO-1
—COSMO-2
—turbine
—WRF

—COSMO-1
=COSMO-2
—turbine
—WRF

RN Ge
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000000000 000000000 0000000 000
WRE 4.0 S O ) o
.0 SETTINGS s \wet A%
&physics
mp_physics =@, 8, 8, @,
ra lw physics =1, 1,8, 8,
ra_sw_physics =1, 1, @, B,
slope_rad =1, 1, 8, 8, &dynamics
=1,1,80, 8, rkord = 3,
=5,5, 5,5, diff_opt = 2,
=1, 1, 1, 2, km_opt =2,
=9, 0, 8, B, diff_6th_opt =2,0, 8,8,
=1, 8, 8, 8, diff_6th_factor = B.12
=9, 8, 8, 8, damp_opt =3,
=@, 8, 8, 8, zdamp = 5@00., 5008.,
-9, 0, 0, 0, = 8.2, 8.2, 8.2
=8, w_damping =1,
=1, khdif -8, @ 8, 8,
i =1, f =9, 0, 0, 0,
surface_input_source =1, = .true., .true
num_soil_layers 4, =1,1, 1, 1,
num_land_cat = 24, =1, 1, 1, 1,
sf_urban_physics =8, 8, 8, 8, E& =1, 1, 5., 5.
topo_wind =1, mix_isotropic =1,
!
=] 5 = = £ DA
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000000000 000000000 0000000 000
!

Direct Interactions of Parameterizations

. . cloud detrainment
Microphysics <& Cumulus
cloud
non
effects convective rain convective rain
Radiation PBL
surface
emission/
albedo '
downward surface
SW, LW > Surface T, Qv, wind

Source: Dudhia - NCAR
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