Z11[0E IEA Wind 34—

IEAWINdENZERZER
REKXE ARA

20235 2H28H

F11@ IEA Wind 35— >

OIEA WindTIld., EfEHERERFZE (LLT . Task&EMFES) Z1T5C
CHBELT. BRDANEEFRMTOEERVENDFEEDE
RIEEEREICETAEAROFEE QR LEBIELTLVET,

OAREIF—TIE BHICTEBRLIS ML TS TasklZ BT %5
HOAEBREZZHBNL. ERNORNDREBFZREDOERK
[CEOTHEZLIFRTIRBTOAMSELLHIETHAFLT
BYET,

OAXFEELSGHEEEA VTAVEREDNAT)IRARKIZT
TIF—ZHELTVET . RESMEBAZERIE0% . 4
USAVSMBARAE L6504 .. MEF ERIBEET7404
DANSMENSFETT,




HEDODRAEREDEAZ(20215F)

GWEC Global Wind Report 2023 will be released on March 27 in Sao Paulo, Brazil.
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Phase I: Phase II: Phase Il
Monopile - Tank Testing Semi - Tank Testing Jacket/Tripod — Open Ocean
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/ Top of tower
782m

DeepCwind Tank Tests
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« f&EE(Validation)IZHE &=
. FARNBRABLVZTOHEAEHEICER

o 3DDT—HREEOT-HREL
« IRETIL. BREETIL(CFD), £8T—4
o OCSICTLEal—LaviEREERBRT AN ELLEMRREZS
¥5EETIL(CFD)Z BT

- BEGREEAEATHREL. ®FHITS
« IRELD HHZHAREIZT B
- TEEMIGHEEE
o TEEME(uncertainty)ZFBALMNIZT B
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“Control '

Phase I: Phase Il Phase lll: Phase IV:
Nonlinear Hydrodynamics  Soil/Structure Interaction Aerodynamics under Motion Hydrodynamic Challenges
Jan 2019 — Dec 2019 Jan 2020 = June 2020 July 2020 — June 2021 July 2021 — June 2022

(OWN TESTING) (REDWIN) (LIFES50+) (STIESDAL)
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Ultimate Loads - All Cases

- FAROEYFH—CERRE#HTO 7 [
BEDBNFEORRERS N
d—é Z 1500
+ OCS5 Phase 2 D#ERIZEDHEFT
AL —SaviERF20%D@/INEE =

i, ChiFEYF/H—CEBRAATD 7
FS% 0) ﬁlj\g¥ 1ﬁ ': (;é ° ULC33 LC34 LC35 LC41 LC42 LC43 LC44 LC45

Pitch natural
frequency

/ ‘

Wave excitation

« FRZEEEL-EER-
FRERBLI-REBRD T
faRzEMA -

Tower-bending natural
frequency

£

TwrBsFxt (kN
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0 2 4 6 8 0 1 2 3

Low-frequency PSD sum [101°N2] Low-frequency PSD sum [mz]
o RTUIVNIIVERDGEIX. 2ROBGER NES
OI=ANKNER

e EYYUKDEEIE ARLYFUOEEAL., E
BEORETIVERWNWSAMNEKL
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OCG6 Phase IV (Tetraspar floater)
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L oad Case

Load Case | Description Mooring System Run Time Notes
1.0 Equilibrium Lumped Mass Until steady | Output only one
2.93e5 kg at Hull COG state final time step
— — g’a'“ m, 0.0 m, -13.5 m) Equilibrium and static offsets
. quilibrium se . .
1.2 Surge Offset Base Output one final (assumed blade pltCh angle' 0 dEg)
time step per
position
Load Description Mooring Initial Position Blade Pitch Set | Run Time
Case System Point [s]
2.1 Surge Decay Base 8.77m 90° 800 Free decays
2.2 Heave Decay 8.59m 0° 300
23 Pitch Decay 4.62° 90° 500

Load | Description | Condition | Wind | RPM Blade Pitch | Target Target Hull | Target Hull
Case Speed Starting My [N-m] | Surge [m] Pitch [deg]
[m/s] Point
3.1 Rated Moored 9.89 12.2 -6.2 7.66e7 20.76 4.84
3.2 | Post-Rated Platform | 24,05 | 13.3 18.7 2.88e7 13.35 0.89 i
3.3 | 50-yr Storm 2462 |idle |89 2297 | 10.27 0.66 Wind-only
3.4 Rated Fixed 9.89 12.2 Use Angle | N/A
35 Post-Rated Platform 2405 | 133 From LC
3.6 50-yr Storm 44.62 | Idle 31-33

IEA Wind 37— 2023/2/28

Load Case

Load | Description Wave Wave Period |y r Mooring | Duration
Case Spectrum Height [m] | [s] Tor. | JON. [s]
4.1 Post-Rated Regular 8.31 12.41 - - Base 3934 Wave-only
4.2 Rated Torsethaugen | 1.46 6.73 2.7 2.3 10977 (assumed blade pitch angle: 0 deg)
4.3 Post-Rated Torsethaugen | 8.00 1248 | 2.7 22 10977
(12.20)
4.4 50-yr Storm Torsethaugen | 12.81 15.79 39 33 Yaw 10977
Bridle
Load | Description | Wave Wave | Wave Wind | Turbulence | Mooring | Duration
Case Spectrum Height | Period | Speed | Intensity [s]
[m] [s] [m/s]
5.1 Post-Rated | Regular 8.31 12.41 24.05 |2.51% Base 3934
52 Rated Torsethaugen | 1.46 6.73 9.89 2.40% 10977 Wind and waves
5.3 Post-Rated | Torsethaugen | 8.00 12.48 24.05 | 2.51% 10977
(12.20)

5.4 50-yr Torsethaugen | 12.81 | 15.79 45.22 | 8.89% Yaw 10977

Storm Bridle

IEA Wind £33 — 2023/2/28
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4 | i
-0 = 0
@
=
o4 1 08+ 1§ ot
o
k]
- . B 3-0.8 ¥ 1 >‘: 0.05F
E o— = = | 8
2 B | || s §
@ § alb | o 0_.~_,___.__L__._-_ Note about the keel
= = = :
= a E lines:
3 0.5 1 E = When the platform is
<12 1 2 -0.05 held fix at the top, the
% keel drops 0.065 m with
41 | 14F ] @ 01t regarding to the
= tetrahedron (upper part
& of the floater).
16F 1 0.15F 1
-1.5 1
-18F 1 02
b X T S Y S Y S S S 025b—
O ™= ™ >~ W N QI o-—w}rmn_aggz O-—N>v—|.un|_13§:|:
0 Q = T 0Qz k= x O 0 Q = x O
$8853" 38837 $4953"32E07 $9853"3%E87
a8 = i =L @oo o
NTNU: proper buoyancy? IFE: Proper mass? CSSC1, C55C2: proper RNA? Proper Check regarding the floater behaving as

hydrostatic pitch restoring?

a rigid body. Relative rotation between
hull and keel should be almost null.

107 LC1.0
15219

Theoretical bending moment assuming no platform
pitch motien, nor tower deflection:

RMNA = 2.615E5 kg

o
&

Weight

(=]

[
-

Moment balance:
X M’;‘:uwer Base — 0
2.615E5%9.80665%(-2.65) = -6.8E6 Nm

"
-l
(5]

The platform negative pitch rotation would induce
an additional distance and weight projection. This
would also contribute to the tower deflection.

All these factors will make the bending moment at

Tower Base My Bending Moment [Nm]
S
w

'
[+

Theoratical (when tower is upright) |
i the tower base more negative than -6.8E6 Nm.

'2 5 A 1 . - | 1 i . .
: b ™ = w — =2 o o
g O O z = L w Z Z I : :
= g :.3 o 8 == o = Q 3 In this case there is no cable bundle, so the
s O O = = E = umbilical does not impact the tower base results.
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Hull Surge. Relative motion from equilibrium [m]

-4

Hull Heave. Relative motion from equilibrium [m]

0 100

200 300
Time [s]

400

500

600

10 T T T T T

-4

LC 2.X: Free-Decays

0 50 100 150 200 250 300
Time [s]

Linear damping in surge and sway: 4E4 N/(m/s) applied at the (0,0,0) location.
Quadratic damping in heave: 7.5E5 N/(m/s)?2 applied at the (0,0,0) location.

IEA Wind 37— 2023/2/28

Hull Pitch. Relative motion from equilibrium [m]

T T

s Expenment

NREL (Cd = 1.5, Om = 2, inear and quadratic mpinp}‘

100 200 300

Time [s]

400

500
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> HHRIRE

Lis £, 10 DUIYE Fred-uecay (k) DIspidauemene o0 mj

Hull Surge. Relalive motion from equilibrium [m]

Time [s]
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Participants removed from the
plot due to inconsistent outputs:
WE&UG, DUT2, EDF, CCSC1.
Slightly wrong initial conditions:
TECN2 (9.06 m), 4SUB (8.39 m).

Participants using quasi-static
mooring lines: DUT2, DUT1 (is
DUT1 using MAP++ instead of
MoorDyn in OpenFAST?)

Any other active participants?

MAR2 slightly different surge
equilibrium position than in LC 1.1.
It could be due to the seabed
friction.




LC3.4 RS AL AEFT—EAE—AVE

LC 3.4 (Verification): Turbine Thrust Rated Condition (V_ =9.89 m/s, ©2 =12.2 rpm, [ = -6.2 deg). Fixed Platform

TECN2: Results not consistent

x 105 % 'If;'ﬂIII
[ CSSC2: Results not consisten

101 5

o
oxd
o

Analytical verification:

k-]
N

RNA = 2.615E5 kg
Hub -~ 4

Fx —DYI/I\ T4
1 Weight k
d Umbilical
ba:

Moment balance:
x&(]‘-(mpau. = Fx + 76.97 — LE15ES » 9.80665

i »
] n w w

Aerodynamic Rotor Thrust [N]
o
&

* 265 4+ Uxe13.38

Tower Base My Bending Moment [Nm]

Easy check: Due to the tower deflection, the tower
aero and the umbilical, participant tower base
bending moment must be slightly higher than:

Fx + 7697 — 2.615E5 + 9.80665 + 2.65

This is denoted with the black arrows in the Tower

=
n

(=]

o o o _ o T I [s) oy _ & T o Base My Bending Moment plot. Results are
§ 8 5 & 5 % 3 E 8 ? 6 % 3 consistent except for CS5C2 and TECN2,
5 g = = g B £ s 8 = § P B
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« WP1: Validation M ###5%
« 3DMT—A%EFE o= EE(Engineering model, CFD, E&)
« FELRRRITHRERK =KL
« BRILAT—2tyrDIERK
« WP2: Recommended Practice (RP)D{ERk
ETIVIEDAE
ETINDF1—=2Y
ETIILDIREE
RERDGFE
FHEEM O FFEMUQ)
« WP3: ERX4S— L THOREEE. KIEEEREDEL
- FEROHKH
o ETAIDETE
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2023%2H28H(KEH) . 11:30 - 12:05

F110TEA WindtE374—|

>ERRIXIF—HEI(IEA) (&, RAEMHRATOY S LGBSEHFH IEA Wind TCP)Z XL TUL\ 5.
Task44:J1 R J 7— LD RIS EE

W OA (Operating Agent)

Paul Fleming (NREL), Jan-Willem van Wingerden (TU Delft)

B Web Page
https://iea-wind.org/task44/
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2
5 FLOW CONTROL 0 0 -
~1 What is the wind turbine
wake phenomenon ?
Near wake region Transition region Far wake region
ncomingfiow o™ e —
Interaction with nacelle
Helical tip vortex Brake down vortices - -
] ¢ 2 5 - y ' Approximately:
2 @ + -axisymmetric
yi 0 R . -seli-similar
T -Gaussian
AL S a ‘ )
Interaction with tower Mumonned by T0e0el

Shear layer Wake edge




WIND FARM
FLOW CONTROL

IEA Wind Task 44

Wind farm control is an active and| | D« R D7 —LAHEHIZ. B AOFREMRA
growing field of research in which the | | D&% D RE D HIEENMEZEFHELT.
control actions of individual turbines in a | | BEEE VIV DHEEERER/IRICHIZ
wind power plant are coordinated to| | 2. ;&R CTCHREUCVL\IHAEDETF CTH D,
minimise wake interactions.

Under dedicated
meteorological conditions,
the wakes are visible within
a wind energy farm.

Photo taken on 12 February
2008 at the offshore Horns
Rev 1 wind farm, which has
a minimum spacing of 7.5
rotor diameters.

Graphic courtesy of
Vattenfall :

IEA Winds

WIND FARM
FLOW CONTROL
IEA Wind Task 44

Task 44 (Wind Farm Flow Control) DXJ—7
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i eawe\ enercy | Wind farm control has been a topic | 1mtroduction
. Discussion sexted: 22 March 2022 cmemiems . SCIENCE

I.:Tu"nll,n-‘t'!: (T‘E\'I-I 0 lt‘rnl-: DISCUSSIONS Of resea rCh fO r more t h an two 1.1 Main control objectives studied to date
. . e 1.2 Control approaches

Wind farm flow control: prospects and challenges decades. It has been identified as a | 13outine

Johan M . Carlo Bottasso®, Katherine Dykes', Paul Fleming®, Pieter Gebraad®, Gregor Gicbel,
I;;h:: c.::::n nl::dl zr: \::ll“tm \In \.\.r:nE\rdcn uﬁ R i core Component Of gl’and Cha”enges 2 V}:/ind farm 1:ow c;)ntrodl phyqsics:turbulence, wakes and
the atmospheric boundary layer

"KU Lemven, Mechanical Engincening, Celestinentaan 3004, B30I Lewven, Belgium H H H
*Chair of Wind Energy, Technische Universtat Manchen, Boltzmsannar. 15, 85745 Garching b. Manchen, Germany in wind e nergy science to support
lm Wind Energy, Froderiksborgy h 2

2.1 Quasi-steady flow effects
2.1.1 Axial-induction-based control

deployment and transition to a 2.1.2 Wake steering using yaw offsets
H 2.2 Wake dynamics and turbulence

clean and sustainable energy system | %2Vsed P

for the 21st centu ry. 2.2.2 Boundary-layer turbulence

° 2.3 Mesoscale effects, blockage and wind farm wakes

emewable Energy Laboratory, Boulder, Colorado, US acce|erated W|nd energy

‘Shemens Gamesa Renewable Energy. Tomsbakken 16, 2740 Skovlusde, Denmark
*Delft University of Technology, Dellt Center for Systems and Control, Mekehweg 2, 2628 CI Delft, The Netherlands

3 Control algorithms

3.1 Current practice — Open-loop control

3.2 The closed-loop paradigm

3.3 Synergies with artificial intelligence and other digitalization concepts
3.4 Controllability, observability, and sensors

4 Validation and industrial implementation

4.1 Proof-of-concept studies in high-fidelity simulation tools

In summary, the field of wind farm 4.2 Validation in wind tunnel experiments
. . .3 Validati ia field

flow control is an active area of | 43 i imolomentation

research and innovation, with many

interestin g mu l ti d ISCI p l Ina ry 5.1 Progress in wind farm design optimization research

'Y 5.2 Wind farm control co-design (CCD)
Ch a I I € nges' an d eXCItI ng p ros peCts 5.2.1 Wind farm CCD for AEP and LCoE objectives

for the increase of the total value of 5.2.2 Wind farm CCD for profitability objectives

- i . . 5.2.3 Wind farm CCD for non-economic objectives
Overview of wind farm flow control concepts and e el wind ene rgy for society. )
important elements that play a role S 6 Conclusions

5 Integrated design and systems perspective
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Atmospheric drivers of wind turbine blade leading edge erosion: Hydrometeors
https://usercontent.one/wp/iea—wind.org/wp—

content/uploads/2022/08/IEA Wind Task 46 WP2 Deliverable1l 5Nov2021 approved.pdf
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Leading Edge Erosion Classification System

https://usercontent.one/wp/iea—wind.org/wp—content/uploads/2023/02/IEA-Wind—
Task—46—Erosion—Classification—System-report.pdf
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WP4.1-report—Review—on—available—technologies—for—laboratory—erosion—testing.pdf
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Wind in Finland 2022
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Visualization of permafrost melting risk (dark brown = higher risk). Cold climate regions may have progress

towards energy transitions stilted due to melting permafrost and other resulting impediments. Thus issues facing
the implementation of wind energy technology for energy transition in cold climates are key to address.
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Task19 : finished
https://iea-wind.org/task19/

Task54 : empty now
https://iea-wind.org/task54/
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Power Sector Trends

Value * Deep de-carbonization
* Power System Value
* Consumer Value

* Siting constraints
* Use of hydrogen

Emerging Wind Technologies and Solutions

Economics * Integrated transmission

Generation of Wind External * Largerturbines

Cost effects * |ntegrated and industrialized supply chains
= LCOE * Supply chain

= Integration costs * Jobs

Performance Metrics

Holistic cost and value metrics
Metrics for new wind applications (e.g., in
consideration of hydrogen and storage)

*  Uncertainty
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Task26 TO B R

Wiser, R., Rand, J., Seel, J., Beiter, P., Baker, E., Lantz, E., and Gilman, P. 2021. "Expert elicitation survey
predicts 37% to 49% declines in wind energy costs by 2050." Nature Energy volume 6, pages 555-565.

Beiter, P., Rand, J. T., Seel, J., Lantz, E., Gilman, P., and Wiser, R., 2022. “Expert perspective on the wind
plant of the future, Wind Energy, volume 25, Issue 8, pages 1368-1378.
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Catapult, Floating Offshore Wind: Cost Reduction Pathways to Subsidy Free, 2021.
https://ore.catapult.org.uk/wp-content/uploads/2021/01/FOW-Cost-Reduction-Pathways-to-Subsidy-
Free-report-.pdf

Bottom-fixed vs Floating Offshore Wind Cost of Capital Estimates and Forecasts
16% &0

18%

12%
10%
% i "-I_ 0
-

&~ ==wooiT 5 =
" EEEEE Iy

10
2%
~ ot 111 IEANR8911111

Contof capital

Curnula tive de ployment [GW)

] b 4 s (% Ak 4 Wb -" &
M N S g L g g o
. UK cumutative OSW deployment [GW) . UK cumulative FOW deployment (GW) — C o3t of debt (real) bottom-faed

Cost of equity (real] bottom -faed — N AL C (real] bottom-fixed = = we Cout of debt [real) floating

= e e Cout of equity (real) losting - e e WACC (real) floating

Figure 5: Bottom-fixed vs floating offshore wind cost of capital
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Jansen, M., Beiter, P., Riepin, I., Musgens, F., Guajardo-Fajardo, V. J., Staffell, |., Bulder, B., & Kitzing, L.
(2022). Policy choices and outcomes for offshore wind auctions globally. Energy Policy, 167, [113000].
https://doi.org/10.1016/j.enpol.2022.113000
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The Grand Challenges of Offshore Wind Financing in the U.S.
https://orbit.dtu.dk/en/publications/the-grand-challenges-of-offshore-wind-financing-in-the-us
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Dalla Riva, A.; Hethey, J.; Barre Eriksen, P.; Llers, S.; Mak, F.; Kalash, S.; Wold, M.; Bjarnstedt, J.; Palmblad,
L.; Telsnig, T.; Stehly, T.; Rand, J.; Wiser, R.; Kikuchi, Y. February 2023. "Wind Technology, Cost, and
Performance Trends for Denmark, Germany, Ireland, Japan, Norway, Sweden, the European Union, and the
United States 2016-2019."

https://www.nrel.gov/docs/fy230sti/81246.pdf
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Figure 5. Contribution of input variables to changes in LCOE in 2016 and 2019
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Dalla Riva, A.; Haaskjold, K.; Hethey, J.; Aly, A. October 2022. "Market value of wind-battery hybrids in the
future European power system." Denmark, Norway.

https://www.ea-energianalyse.dk/wp-content/uploads/2022/04/IEA-Wind-Task-26_Value-of-
WindHybrids_Technical-Report.pdf
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Figure 18, Value factor of HWST wind, LWST wind and hybrid with
storage sizes (4h, 8h, 12h) in selected countries.
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The Demand for a Domestic Offshore Wind Energy Supply Chain, 2022
A Supply Chain Road Map for Offshore Wind Energy in the United States, 2023

https://www.nrel.gov/wind/offshore-supply-chain-road-map.html
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Initial Conversation: Jan Hildebrand — in September 2021
Participating countries: Denmark, Germany, Japan, US, Canada, Ireland
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Initial Conversation: Joe Rand — September 2021

Participating countries: US, Japan, Ireland, Sweden, Switzerland,
Finland
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Initial Conversation: Tom Cronin
Participating countries: Japan, Ireland, Germany, U.S.
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Initial Conversation: Started by Suzanne — early 2021, now Garry
Participating countries: All, Ireland with help from Wind Europe

Deliverable due June 2021 —Wind Energy Science Conference (https://www.wesc2021.org/)
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Initial Conversation: Garry Keegan — first meeting October 2021

Participating countries: Ireland, Canada, Japan, UK, Denmark, Norway,
Netherlands, Germany, U.S.
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Deliverable due March 2021
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https://iea-wind.org/task28/t28-publications/

Deliverable due June 2021
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IEA Wind Task 28 Information Resources
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Design and Operation
Power Systems with

About Task 25

Task 25 Publications

https://community.ieawind.org/task25/home
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Task Objectives & Expected Results

* Objectives: recommend methodology to assess the impact of
wind (and solar) power on energy systems, and mitigation

* Outcomes: RP16 Ed 3 / articles /fact sheets / bibliography /
benchmarking simple tool / reference systems +
collaboration: IEA Paris, Inter-TCP, G-PST

200e-0¢)

State-of-the art
Comparison of studies

N o
20)) 2|7
Recommended
Practices RP16. ~~. (% wind&solar
Fact sheets
) OJJ_. ] 2 Hourly time series,
~), smoothing impact,
Hdigher share studie

Best practice of
Methodology
+Experience
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= WP1: Planning Topics %z tE)
= Transmission Planning
= Generation capacity expansion and security of supply
= Energy System Integration

= WP2: Balancing Topics /6% (eoZ2E4)
= Balancing the system

= Need for flexibility and options to provide flexibility
= Smart sector integration

= WP3: Stability Topics ZEE (eo|EERRE)
= Operation and stability of low-inertia RES power systems

= Design and operational requirements
= Reliability services

= WP4: Market Topics & /15
= Ancillary Service marts to energy markets and capacity market
= New market products, such as flexible ramping products.
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Design and operation of
energy systems with large
amounts of variable
generation

Final summary report, IEA
Wind Task25, Phase 5

Design and operation

=« https://publications.vtt.fi/pdf/ et bbb

variable generation

technology/2021/T396.pdf
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. Introduction

RENEE T ERMS

. Variability and uncertainty of power system

. Transmission planning %5115

REARERRE

. Ensuring long-term reliability and security of supply

. Ensuring short-term system reliability 52 H(){S#8=

[B. 7 DiTME

. Maximising the value of wind power in operations

. Pushing the limits: Toward 100% share of renewables

100% B I RfRK

. Conclusions
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Flexibility chart 2.0: An accessible visual tool to evaluate flexibility e

TR P— resources in power systems
" s =
Yoh Yasuda ™, Enrico Maria Carlini ”, Ana Estanqueiro *, Peter Bgrre Eriksen ¢, Damian Flynn ¢,

Lars Finn Herre', Bri-Mathias Hodge %, Hannele Holttinen ", Matti Juhani Koivisto f
Emilio Gémez-Lézaro ', Sergio Martin Martinez ', Nickie Menemenlis’, Germéan Morales-Espana *,
Christoph Pellinger !, Andrés Ramos ™, Charlie Smith ", Til Kristian Vrana®

Renewable and Sustainable Energy Reviews

“ Kyoto University, Yoshida-Honmachi, Sakyo-ku, Kyoto, 606-8601, Japan

" TERNA, Rete ltalia, Viale Edgidio Galbari, 70-00156, Rome, ltaly
© LNEG, Azinhaga dos Lameiros & Estrada do Pago do Lumiar, 22, 1649-038, Lisboa, Portugal
@ Ea Energy Analyses, Copenhagen, Denmark

© University College Dublin, Belfield, Dublin 4, Ireland

 Denmark Technical Uuniversity, Denmark

& University of Colorado Boulder, 425 UCB, ECOT 342, Boulder, CO, 80309, USA

" Recogis, ¢/o0 Oy Actire Ab, Jispilinkatu 18, 04250, Kerava, Finland

" University of Castilla-La Mancha, 02071, Albacete, Spain

i Hydro Quebec, Varennes, QC J3X 11, Canada

¥ Netherlands Organisation for Applied Scientific Research (TNO), the Netherlands
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ARTICLE INFO ABSTRACT

Keywords: Various aspects of power system flexibility are evaluated within the multi-country study framework of IEA Wind
Variable generation Task 25. Grid components and actions which have been adopted for enhancing flexibility in different arcas,
:\"I"d energy countries, regions are addressed, as well as how Transmission System Operators, Independent System Operators,
olar energy

Utilities intend to manage variable generation in their operating strategies. A visual assessment to evaluate the
diversity of flexibility sources, called a “flexibility chart”, is further developed to illustrate several flexibility
parameters (e.g., hydropower, pumped hydro, gas turbine, combined heat and power, interconnection and
gonal radar (fan-shaped) chart. This enhanced version of the Flexibility Chart is an “at-a-glance”

System flexibility
Interconnection

PHS (Pumped hydro storage)
CHP (Combined heat and power) battery) in a p
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HOkkaido and Interg(zrlr?gction
East Japan o s

&

Hydro

Reservoir

PHS S ~ Gas Turbine
Incl. CCGT

Peak = 5.41 GW
Hokkaido (2020)

Interconnection Interconnection Interconnection

Hydro

Reservoir

Hydro

Reservoir

Hydro

Reservoir
Wind 10.8%

- . """Gas Turbine PHS 'VﬂﬂGaS Turbine
I Incl. CCGT S Incl. CCGT
Peak = 56.04 GW Peak = 70.84 GW
Tohoku (2020) Tokyo (2020) East Japan (2020)

BHEN —— " Gas Turhine
— Incl. CCGT
Peak = 14.80 GW

ESOE1):E

Table 2: The sources and availability of existing flexibility assessment approaches

NREL System

+
DR TAL T R L ¥ —H4BI(RENA)
£

Evaluation Milligan et al., 2009 NREL Contact the author

Tool
UL GIVAR IEA, 2014 IEA Not available 'I:ler 1: Tools with

— light data

ARG eII7 Yasuda et al., n.d vasuda Contact the author requirements,

Charts et al.

FAST2 IEA, 2014 IEA Contact the IEA Tier2: Tools that

— calculate sufficiency

IRRE Lannoye et al., 2012 el Not available Of ﬂexibility based

Tier 2 InFLEXion Tuohy, 2016 EPRI EPRI (commercial) on time series and

more detailed unit
REFLEX Hargreaves et al., 2015 E3 E3 (not for sale) data or based on a

Zlex Silva et al,, n.d. EDF Not available separate dlspatCh
ssessment from an external
FESTIV Ela et al., 2011 NREL Contact the author tOOl,
REFlex Denholm and Margolis, 2007 NREL Proprietary Tier 3: Tools based
Tier 3 n di hm 1
RESOLVE CAISO, 2016 E3 E3 (not for sale) ond spatc ode S,
IRENA :
FlexTool This report IRENA IRENA (free)

(source) IRENA: Power System Flexibility for the Energy Transition, Part II: IRENA Flextool Methodology (2018)
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