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1. Higher wind (and solar) shares ...

11 states in the US and 9 in the EU >20% share of VG

Clean Power Share of Electricity Generation
US-Total: 10.7%
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2. Impacts of variability and
uncertainty

e wind smoothing impact
(size of area, dispersion)

e wind and solar
complementarity

3 weeks in France, from ENTSO-E data: *M/WMMM/\J\/M
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Improvements in data and models

e Simulated weather data has improved: future wind
scenario output time series for models

e Forecasts continue to improve

WIND ERRORS 2008-2020 = RED
PENINSULA DE ESPANA

% Mean Absolute Error / Installed power
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Capturing extreme events

e Ramp forecasting

e storms: synoptic scale weather during dates with
large forecast errors

e dunkelflaute: longer low wind events predicted 3-4
days in advance
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3. Transmission planning *

Line load factor (%)

Greater deployment of wind (and solar) yields higher line utilization,
indicating greater benefit and additional need for transmission

Investments can be partly integrated into renewals of aging assets
Public engagement with citizens is key for social acceptance

— Inlreland and Germany, a stepwise process has been developed to increase

transparency
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Regional transmission planning *

e Macro-grid discussions in US

e Enhancing existing corridors in
Europe
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Conceptual macro-grid to unite the US

power systems.

Source: ESIG. 2021. Transmission Planning for 100% Clean Electricity.
https://www.esig.energy/wp-content/uploads/2021/02/Transmission-
Planning-White-Paper.pdf
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TSOs also planning offshore grids*

— Meshed grids, hubs, and energy islands

— HVDC technology improvements to increase cost effectiveness,
reliability, and land-based grid support

Map of existing, planned:and prospective
offshore transmission lings in the North N B AT '
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More wind and solar ... more benefits in
inter-regional coordination & expansion
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4. Ensuring long-term reliability
and security of supply

Capacity value (capacity credit)
of wind

e Decreases with increasing wind
share, but trend less pronounced
across larger geographic areas

e More years of data are needed
for robust results

e |deally calculated with
probabilistic methods, LOLP,
ELCC, etc.

e Used as inputs for planning
models and capacity markets
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https://doi.org/10.1002/we.2620



Resource adequacy in future systems

* Improvements to metrics, methods, and/or tools are needed to:

Size (MW)

Frequency

Scenario 1 Scenario 2 Scenario 3
Magnitude (MWh)
7000
800
5000
<

Include coordination with neighbouring areas

Reflect extreme events, including correlated outages and multiple years of data

Capture magnitude, duration, frequency, and timing of potential loss of load

Model chronology, which is essential for resources like load participation and
storage

Duration (hrs)

Duration (hrs)

Duration (hrs)

6000

4

Plots of size, duration,
frequency of shortfall
events. Each scenario
has a different
resource mix but the
same LOLE (i.e.,
number of dots).

Source: ESIG. 2021. Redefining
Resource Adequacy.
https://www.esig.energy/resource-
adequacy-for-modern-power-
systems/



5. Ensuring short term reliability:
Operating reserve

e Adding wind and solar
uncertainty requires 4000 —— Renewable Ambition

]
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]0.025%
reserves 4000 - I Current

e How much?

— Reliability level has an
impact
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Operating reserve - experience
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4. Ensuring long-term reliability:
Stability. Concerns so far:

e Responses to fault situations — grid code settings:
— FRT; South Australia 2016 consecutive faults in storm

— Solar: 50.2 Hz issue with German PV; California 2016
Blue cut event, initiated NERC WG

e More recently: control interactions
— UK 2019 Hornsea WPP control settings

— Australia investigations which IBRs contribute

negatively/positively to system damping in observed
oscillation modes

— so far, local incidents, in the future ... need to assess



Frequency stability

e Small system: Ireland case:
limiting wind, SNSP

e Medium size systems: Nordic,
Texas, GB new tools to monitor
inertia real-time/day-ahead

e Large systems:

— US MISO — not an issue at <60%
average share of wind and solar

— European system: system splits
could happen (lberia, EU SYSflex)
Mitigation: cross-border flow
limits, ensuring DC connections
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Supporting frequency stability *

e Maintain online inertia by keeping synchronous machines
running (MRG) or other sources of synchronous inertia (SC,
synchronous condensers)

e Speed up frequency response, Faster primary frequency
response (on sync machines), Fast frequency response (FFR)

When lower variable
A costs of MRG

Costs

S e
FFR

>

10% 20% .. 60% 70%
Source: EdF (Primes et al. 2019) Annual rate of RES/Consumption



Faster response is more valuable

e ERCOT, Texas: FFR (0.5 s)
High wind, low load:
1,400 MW of FFR
provides same response
(and reliability impact) as
3,300 MW of PFR

e Hydro Quebec event 28
Dec. 2015, frequency
nadir of 59.08 Hz, wind
power plants response
contributed to recovery
of system frequency

Avg. Regulation-Up Requirements
650
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Reg-Up Requirement, MW

350

300
Jan-11 Jul-11 Feb-12 Aug-12Mar-13 Oct-13 Apr-14 Nov-14May-15Dec-15

Texas experience, less need for
secondary frequency support after
changes in operational practices - wind
power plants fast response also helping
the need for secondary service
(Source: Julia Matevosjana, ERCOT)



Voltage stability

e Replacement of rotating,
sync generators with IBRs
decreases short-circuit
currents and widens area of
voltage disturbance

e Transient stability issues
with a reduction in
synchronising torque are

also foreseen (70% IBR
share)

Source: Terna



Voltage stability - Ireland *

e 2010 study 40% wind share, no major issues found

e 2020: Constraint of min. 8 large synchronous
machines on-load at all times must be relaxed to
reduce curtailing wind energy

e Dispersed location of wind farms (with different
capability characteristics), combined with increasing
installation of HV cables

e Voltage Trajectory Tool in control room for intra-day
and day-ahead time horizons



Stability and weak grids

e US MISO: potential for dynamic
stability issues due to weak grid
increases sharply > 20% share,
small-signal stability > 30%
share of wind and solar

e Increased need for integrated
planning and a blend of
transmission solution types — |

including IBR capabilities s ¢ & d 3

Time (s)
o Damping: tuned for HVDC Fig. Transient voltage stability for

. ] . . 70% share of IBR for Ireland
import situations (Nordic);
tuning for IBRs

Source: EU-SysFlex project



6. Maximising wind energy value;
Estimating wind's value

e Integration cost concept

— Will be outdated when looking at net zero carbon systems
of the future

— Extracting and allocating a so-called integration cost
cannot be achieved in a consistent manner

— Adding different options to a system in a different order
will change the costs incurred (!)

— More relevant to look at different options/pathways and
compare the cost of those scenarios

e Value of wind increasingly important to assess
— Beyond LCOE
— From transparent and cost reflective markets



6.
Curtailment

Maximising wind energy value;

up in Europe, down in China
Reasons: grid inadequacy, inflexibility, system limits

Solved by building grid (IT, CHI); increasing
instantaneous penetration limits (SNSP in IE)

market based curtailment, bidding down-reg (ES, DK)
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Estimating curtailment
for future wind scenarios

e Studies for 30-40% share of wind and solar — very
little curtailment seen

— Pan-Canadian wind integration study: 6.5% to 6.9% with
20% wind share

e US: 9.3% with >60% wind and solar share (NARIS LowCostVG)
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6. Maximising wind energy value
Using wind power for AS

With surplus wind and PV, important to provide
AS, otherwise risk being curtailed to commit a synchronous
generator to provide the same services

Frequency control and balancing markets as well as voltage
control from transmission connected power plants - experience
already from several power systems

Spain: 17 of 27 GW wind power complying for (mainly
tertiary) freqg control. Use of reserves from wind power is
increasingly being used:

— 14.4% of total downward reserves in 2018 and 14.8% in 2019

— 4.8% of total upward reserves in 2018 and 7.5% in 2019

Regulation /AGC and faster responses: good compliance and
value for system shown (TX, CO, HQ)



New services + paying for them *

e New: Power

oscillation damping

POD, Synchronising

power SP,
Restoration, Grid-
forming inverters
e Start paying for Source: DTU
Inertia, FFR, Ramping,
Voltage Paying for all services — many now

required in grid codes without

e Timing: introducing compensation

services when system
actually needs them



6. Maximising wind energy valu
Operational practices — grid

e Congestion management

— Avoid curtailment and increase =t

efficiency

— Using existing grid to its limits:
Setting security margins with
stochastic weather forecasts;

Dynamic Line Ratings (DLR);

Advanced Power Flow Control;

Topology Optimisation
e TSO-DSO coordination

— Flexibility from distributed
resources, while ensuring
secure operation of DS
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Example of grid investments to active and
reactive power management in ltaly (DTR =
dynamic transmission rating). (Terna)



6. Maximising wind energy value

Flexibility
e Thermal power
— Retrofits to lower minimum on-line power helps reduce curtailment

— Combined heat and power (CHP) and heat pumps, with heat storage

e |ncreasing transmission has good cost benefit
e Hydro power

— Pumped hydro useful for longer than few hours, hydro storage costs
driven by the kW costs (cables + reversible pumps)

— Larger reservoirs enable long term storage

e Storage

— Batteries provide short-term balancing over one to some hours,
reduce the need for peaker power plants

e Demand response

— Short-term flexibility for existing loads and longer-term flexibility for
Power2X loads — with hydrogen/derivative storage



Flexibility increases wind energy
market value

“Profile losses” of wind and solar are lower when other
generation and loads operate more flexibly, according to wind
and solar availability — sharing balancing task with neighbouring

systems, using the interconnectors, helps
CNERGINET

Chanpges Belatve to Base Case. Power Prices

o ] __I - = __I
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Changes in market prices in case of non-flexible system in Denmark



Flexibility increases wind
energy market value

New demand from decarbonisation and power to X,
can be utilised especially during times of surplus wind
and solar and revive close-to-zero market prices

ENERGINET
P2X CAN INCREASE THE VALUE OF WIND/ PV

DKW — electriciy price duration curve GCA 2040 (ref + P2X)
EUR gy /MW
Mo P2 in the basecase.

200
In P2¥ scenario there is:
134 - 750 MW electrolysis in DK
- Ca2eGWinDE, UK, NL
7 | * elektrolyse (Pux) and DK in total

GCA 2040 batecasa —

,:} 1
1 1001 2001 3001 4001 3001 G001 OO01  E001

=== A My PLY [elekirohse lipprs S0€MWh) =34 Reference

The average annual seftlement price for wind and PV in DKW increases

from ~20€/ MWh to 40€/ MWh inthe P2X scenario

Source Energinet



6. Maximising wind energy value:

Market design

e Flexibility to avoid low price energy; also larger and
faster markets

e Grid support from wind and solar

— bidding close to delivery (for example, hour ahead)
— bidding smaller amounts of MW and only down-reg
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Increasing wind energy value
to the market using different
approaches: strategic bidding
based on probabilistic forecast
(SB), aggregation (Agg.),
shorter gate closure and
balancing products

(Source: Algarvio & Knorr,
2017).



7. Pushing the limits
Denmark operating the system
without central power plants

ENERGINET

First time in 2015, and several
times since then, all central - hourly dispatch 31 August - 6 September 2015
power plants shut down. mw 600
Necessary system support 5000
obtained from:

 HVDC link: 700 MW
Denmark-Norway

4000 -

3000 -

2000

2nd September 2015 without central plants

mWind +PV
H Local Plants
B Primary Plant:

* synchronous compensators “ Import
4 in DK-W and 2 in DK-E
0
* and small-scale power
-1000
plants ' * * 7 %7 121 145 Hour during week

Monday Tuesday Wednesday Thursday Friday Saturday Sunday



Small island power system:

Kauai in Hawaii
e Quick-start diesel

reciprocating engines

™ Average of Hydro m Average of Bio
| IlAvoraoeofou Average of Solar

3

— Fast reserves (start up in
minutes); one engine
operating in synchronous
condenser mode: inertia -~
and system strength

LA R AP IR K T B R . K B S B T S0 S I R I R R

e PV/battery hybrids for
fast response

g

s

— (Passing cloud events of

order of seconds) hold KIUC system dispatch on 3/14/20 with 8 hours

50% of real-time output as of 100% renewables operations. Purple shows
.. . PV/battery hybrid output. (Source: Brad
spinning contingency Rockwell, KIUC).

reserve



Pushing the limits: 100%
renewable power system studies

e Most look at hourly energy balances, and some include the
increased electricity demand due to electrification, e.g., EU Fit for

55 study:

— Electricity will cover 57% of final energy uses directly, plus 18% indirectly
through H, and its derivatives

— Electricity demand grows from 3,000 TWh to 6,800 TWh
— Wind comprises 50% of the EU’s electricity mix (total renewables 81%)

e Transmission expansion is common theme, e.g., U.S. MIT study:
— Interstate coordination and transmission expansion reduce system cost
from 135 S/MWh to 73 S/MWh

— Cost reductions in solar, wind, and batteries lead to lowest electricity costs
for systems with transmission expansion

— Cost reductions for nuclear power or long-duration storage leads to
greater electricity cost reductions for isolated systems



Pushing the limits: carbon
neutrality

Resource Energy System (carrier, processes, devices)

e Capturing all energy

sectors and their Power System
coupling &

SolarPV i 53 District Heat
p "H Pump

e Looking at energy

balances, no

stability

e Some liquid fuels |
remain, from @'
biomaSS Or Natural

gas

electricity, different
pathways, such as
ammonia

Liquid fuels- fossil / RE ( Gasoline, Diesel, Methanol, DME etc.)

Source: Energinet

Service

Aviation



Stability of a 100% IBR grid

e GB system: 65% IBR share with modified grid-following
control; combining grid-following and grid-forming
controls to a theoretical 100% (MIGRATE D1.6, 2019)

e |reland system: ~30% of grid-forming feasible

(292MvA)  (2¥217+250 MVA) é353+292 MVA) (2*217+250 MVA)
Coolkeeragh Ballylumford oolkeeragh Ballylumford

Kilroot

Kilroot
Turleenan (2*353 MVA) (250+353 MVA)
Srananagh Tandragee Srananagh
—— ) (580MVA) _ (267 MW’.«T\ (580 MVA)
1 quq.lg-ndlmerconnector Flagford Ifl WOOdIand
jHuntstown(473 MVA) (267 MVA) B Huntstown
Mon Cashla nenais| Dublin Bay _Cashla : A (250_MVA)
oint W5 Oasmest |\~ | (500MvA)~ Moneypoint —4" | Dublin Ba
(;’*359 E———— / (359+237 MvA) B/ | (285 MVA
MVA) < | " Lerony Knockanure (250 MVA) /
‘. Great Island 237 MVA
| HALN Ballynahulla ¥ ( ", ) reat (285 MVA)
Aghada (500 MVA) Clashavoon™ 5~ Island
Whitegate (534 MVA) (359 MVA) Aghada (250 MVA) Source: U CD,
. . —  400kV e 400kV Station MIGRATE project
H Grid-Forming Converter — 975KV e 275KV Station p |

u Grid-FO”OWing Converter 290kV ® 220kV Station



Pushing the limits: Tools

e Modelling complexity
— VIBRES (variable inverter-based renewable energy source)
— Need for higher resolution (temporal and spatial)

B vicdeline Tools

e |arger areas B coameros

4 steady-State/Dynamics
v /Dy Scheduling Investment

— Entire synchronous
systems

Distribution - Interconn

e |ntegrated planning,
operational, stability
tools

ces - Distribution

e Cost versus risk

Seconds - Minutes Minutes - Seasons Years - Decades

— Price responsive demand NREL’s Scalable Integrated Infrastructure
— Differentiated reliability Planning (S11P) modeling framework.

Source: Doug Arent (NREL)



8. Conclusion

e VIBRES (wind and solar) will make a large contribution
to future decarbonised energy systems - potential to
form the backbone of future power systems when full
range of inverter capabilities are used

— New paradigms of non-synchronous power system operation
and long-term resource adequacy are being developed, with
a suite of new tools and methods for system operators
e Experience of operating and planning systems with
large amounts of VIBRES is accumulating

— Research to tackle challenges, and opportunities of inverter-
based, non-synchronous generation is on the way

— Energy transition and digitalisation also bring new flexibility
opportunities, both short and long term



IEA Wind Task 25: Design and operation of energy
systems with large amounts of variable generatinn
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