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Contents

e Recommendations for how to perform integration studies:
Future power system impact studies with high shares of
renewables

e Towards 100% renewables studies
— Challenges and Mitigation options
— Status and Gaps in simulation model tools
— First recommendations for studies

VIBRES - Variable Inverter Based
Renewable Energy Sources

iea wind



IEA Wind Task 25 —
Best practice of VG integration

e Started in 2006, now 17 countries +
WindEurope participate to provide
an international forum for exchange

IEA Wind Task 25

of knowledge

iea wind

e State-of-the-art: review and analyze
the results so far (Jan 2019)

e Formulate guidelines- Recommended
Practices for Wind/PV Integration
Studies (RP Ed.2 July 2018)

e Fact sheets and integration study
time series (wind, solar, load...)

EXPERT GROUP STUDY ON
RECOMMENDED PRACTICES

Design and operation
power systems with

' large amounts of win
power

16. WIND INTEGRATION STUDIES

Final summar =
Phose ot Wind Integration Issues i

Progra

https://iea-wind.org/task25/ (old web:

https://community.ieawind.orq/task25 )



https://community.ieawind.org/task25
https://iea-wind.org/task25/

Recommended Practices —
what, why and for whom

e Recommendations on how to perform .,.,,,.,fmm
studies describe the methodologies, e
assumptions, and inputs needed to
conduct a grid integration study

— No results, just discussion on methods

e to provide research institutes, consultants,
and system operators with the best
available information on how to perform
an integration study

e can also be used as a benchmark for any
future power system study - what is taken
into account and what is not

RP16 ed 2 of IEAWInd TCP:
https://iea-wind.org/iea-publications/



https://iea-wind.org/iea-publications/

Recommended Practices for

°® Input for Wind/PV: Portfolio development: Input for other system data:
A com pIEte technology, resource, scenarios forwind / PV, load, grid, power plants, etc.
. location conventional generation,
St U d y Wi t h demand response and
storage
: Generation
| N kS ------------ Network scenarios adequacy /
b t Capacity value
e Wee n Alternatives for system
management:
p h a Se S Reserves / Operational

Methods / Markets

e Most studies

I t Distribution Transmission PTPdUICtti_On 0031
system system simulation an Input
analyse par ystem e hexibiity m—

[ Simulations

assessment

of the
impacts— | L. .,
goals and

approaches

d |ffe r Conclusions about costs, reinforcement needs,
stability constraints, as well as potential
improvements for rules and regulations

- Recommended route

— = Optional routes

—p Do another iteration

Data analysis and output synthesis

iea wind



What to study - Portfolio
Development and System

Management

S et - Of St d Input for Wind/PV: Portfolio development: Input for other system data:
u p u y technology, resource, scenarios for wind / PV, load, grid, power plants, etc.
location conventional generation,

demand response and
M storage
IVI a I n Generation
ittty Network scenarios adequacy /
assumptions — el AL
Alternatives for system
[ management:
C r I t I Ca I fo r Reserves / Operational

Methods / Markets

results!

Distribution ransmission Production cost

Future system,
how wind/PV is
added, what is

For larger shares and longer term studies:

 changes in the assumed remaining system
become increasingly necessary, and

remaining beneficial: generation portfolio and network
generation mix, infrastructure, taking into account potential &%=
operational flexibility and technical capabilities of power
practices plants. Additional scenarios for operating (’

practices recommended iea wind



Operating reserve allocation
with wind/PV

1. Synchronous wind/PV and load
. . PDD of load PDD of wind power
time series + forecast error PDD of generator outages | forecasterrors forecast errors
distributions + generation (I AR :
outage distribution

2. Calculate for appropriate time
scales, f.ex. automatically
responding (secs-mins) and

i i ' luti
manually activated (mins-hour). ' e |
Split data for categories with J
PDD of power deficits and surplus
care not to double-count e
. : : b\ LoLP=00025f%

3. Combine uncertainty keeping e

the same risk level before and R A% S W e

after wind/PV T S -

4. With increasing shares, use
dynamic, not static reserves

iea wind



Results of studies for increase
In operating reserves

e Combing uncertainties results in moderate increase in operating
reserve due to wind power

e Time scale of uncertainty brings large differences in results Results
for hourly variability similar

Increase in reserve requirement A dena Germany (averags; up and
down
—~— Germany 2010/Day-ahead (pos.)
20% —~— Germany 2010/4h-ahead (neq.)
> 18% A\ />K —~— Germany 2010/1h-ahead (pos.)
g >< —=—Ireland Tertiary Res.
a 0
8 16% // A —<—Ireland Replacement Res.
E 14% —&— Sweden 1 hour
E / A Sweden 4 hours
° 12%
R /( —+— UK, 2007 distributed wind
n
g 10% / B Hydro Quebec
7] )
g 8% W —=—Minnesota 2006
=

)( [ ] / \A —=—US New England ISO
0
6% / NL hourly variability
4% ,— G”’//‘@ Finland hourly variability
-
/ /u/. —m— Sweden hourly variability
2% / @
A .*ﬁfa o Denmark hourly variability

________________._;.*——-
0% T T T T T T
0 ° 15 % 20 % 25% 30 % 3579

—e—Nordic hourly variability

Wind penetration (% of gross demand)



Trade with neighbouring areas will
help balancing more than wind add

e Sharing balancing with neighbouring
system operators in Germany has
resulted in reduction of use of

9000 . GOC reserve g
Nordposlaant s 60 310 GO iaer TSO | feervesciiation
| GCC imbalance netting g 3Ggmm_ T50s H H
o | Rl frequency control, while wind and
v
'a- GCC complete with - I h d
- e Tion Epex spor__ solar ave mcr‘ease
DI join IGCC
g EPEX SPOT start - 30,0085
1 ﬂ:!rq:dmg .......
6000 Y Yoo e
§- . A Jeration DM hlgfr 0%
A o
E 3000 ] v EXAA start 1/dhaucti
E EPEX $POT stast 0,00%
e 1/4hauction
g 1000 ighter BRP control
z E‘PE\SPG‘J‘
g e . 15,00%
. i i ;ETME?;L 20 min
i Omin within TSO
v FR join [GCC
: 10,00%
2000
- I I I I I I i
0" ors @ Source: Rena
s Positive SRL Negtive SRL  ++sssss Renewables s Kuwahata, Peter Merk,

Figure 13: Total activated German Secondary Reserves aFRR) per vear marked with e sidered m this paper W IWl?



Generation capacity

e Needed for making
consistent future scenarios e
. . scenarios for wind / PV,
(how much capacity will ATy
. storage
wind/PV replace), :
Network scenarios
e asintegration study result: " ;
ternatives for system
H H management;
capacity value of wind or R
Methods / Markets
solar PV
S
Recommendations: SN

Input for other system data:
load, grid, power plants, etc.

Generation
adequacy /
Capacity value

- Assess how much increase in load will bring

same reliability/LOLP in the system when

adding wind or solar (ELCC method)

* Input data — synchronous wind/PV/load data.

Number of years critical for robust results, more B e

than 10 years

-
0 o
Wind Power

? Amount
of




Production cost simulation —
flexibility assessment

e Impact of wind/PV on
Other power plantS' Portfolio development:

scenarios for wind / PV,

operation. Simulated with “32?’#5‘52??3&33253‘2‘#&"
. . N\ storage :
Unlt Commltment and y Network scenarios S::::n:ut:;'}
Economic Dispatch (UCED) Capacity value
Alternatives for system
e |teration loops /sensitivies Resees | Operations!
Methods / Markets
often needed: results
sensitive to base case Transission Production cost
| system ol
selection (non-wind/PV Lt assesament
case of comparison) ~
e |nput data: hourly wind/PV Ves |

data synchronous with
load (and hydro),
smoothing impact and taa wind

faracact acciiracy




Recommendations for Unit

Commitment and Economic

Dispatch (UCED)

1. Impact of uncertainty on
commitment decisions with
possibilities to update forecasts
(rolling planning)

Day- ahead scheduling

2. Increased operating reserve
targets

3. Flexibility limitations and
constraints: min.generation
levels, ramp rates, part load
efficiency,..

Rolling Planning Period 2

4. Possible new flexibilities
(power2heat, EVs, storages,
demand response, dynamic line
rating)

Rolling Planning Period 1:

Stage 2

| Stage 1F———— Stage 2




Recommendations for Unit
Commitment and Economic

Dispatch (UCED)

5. Possibilities and limitations of
interconnections

— model neighbouring system or
mention assumption (over- or
underestimating transfer
possibilities)

6. Limitations from the transmission
network require modeling of
congestion and N-1 security

— Net transfer capacity, or iterative o
methods can be used. Additional | | |
stability constraints for very high
wind/PV shares.

(2]
o
©
8
<
2

88883
© © © © ©
©c ©O © © ©




Distribution network

Distribution Grid Reinforcement
Analysis: grid optimization, before
grid reinforcement, before grid
expansion

Grid Losses Analysis: a detailed study
of the grid losses for a certain
number of reference grids, which
represent other distribution grids,
combined with statistical analysis or
data-driven methods is
recommended

Stronger coordination of transmission
and distribution grid studies will be
required with higher shares of
wind/PV

Portfolio developmg
scenarnos for wind /
conventional gener:

demand response ;
storage

= Network scenan

Alternatives for sys
management:

Reserves [ Operatic

Methods / Market

Distribution
system
adequacy

y

Transmission
system

adequacy

I




Transmission network

Creating a number of credible
power flow cases: more snapsho
than peak and low load: critical
situations regarding wind and
solar power

Steady-state power flow analyse!
with N-1 security criteria:

Voltage profiles and network
loading (congestion) assessment
(probabilistic)

Time series power flows for
operation of discrete controllers
and cross border flows

]

Portfolio development:
scenarnos for wind / PV,
conventional generation,

demand response and

storage

----------- MNetwork scenarios

Alternatives for system
management:
Reserves / Operational
Methods / Markets

Distribution Transmission
system system
adequacy




Power system dynamics

Wind/PV models important,

validation also for other e re
enerators and load needed e e
g

demand response ani
storage

Transient stability: include
protection. Many mitigation | |  iTTTTTTo Network scenarios
options exist.

Alternatives for syste
management:
Reserves / Operation:
Methods / Markets

Ty

Voltage and frequency stability
at higher shares of wind/PV

Small-signal stability, Sub- e 9
synchronous oscillations also

when wind/PV displacing a lot
of conventional generators,
also transient events might
become more severe
(common-mode fault events)

iea wind



Analysing and Presenting the

Results

* |[terations provide
significant insights

* Comparisons to base
case selected may
impact results.
Integration cost
contradictory issue —
so far no accurate
methods found to
extract system cost for
a single technology

e Present the share of
wind/PV for easier
comparison with other

ctiidiec

Distribution
system
adequacy

Transmission Production cost
system simulation and
flexibility
assessment

Data analysis and output synthesis

Conclusions about costs, reinforcement needs,
stability constraints, as well as potential

improvements for rules and regulations




Input data summary

: Unit Commitment and
Capacity Value/ Power L :
Economic Dispatch Power Flow Dynamics
(resource) Adequacy (UCED)

Hourly generation time 5-minute to hourly Wind/PV capacity at Wind/PV capacity at
series for distributed generation time series of at nodes, high and low nodes, high and low
Wind/PV wind/PV energy covering least 1 year for distributed generation and load generation and load
the area. Especially for ~ wind/PV power covering the snapshots, active and  snapshots, dynamic
wind, more than 10 years area reactive power models, operational
recommended capabilities strategies
. Not needed Forecast time series, or May be needed in future Not needed
Wind/PV forecast error distribution for
Forecasts time frames of UCED
Hourly time series 5-minute to hourly time Load at nodes, Load at nodes, high and
coincident with wind/PV  series coincident with snapshots relevantfor  low load snapshots,
data, at least 10 years wind/PV, of at least 1 year  wind/PV integration dynamic capabilities
recommended
Not needed Forecast time series, or May be needed in future Not needed
forecast error distribution for
Forecasts time frames of UCED
Cross border capacity, if ~ Transmission line capacity  Network configuration, Network configuration,
Network relevant between neighboring areas circuit passive and circuit parameters,
and/or circuit passive active parameters control structures
parameters
Rated capacities and Min, max on-line capacity, Active and reactive Dynamic models of
@]1aY= a0 206} 1= gl forced outage rates start-up time/cost, ramp power capabilities, power plants

rates, min up/down times.  system dispatch
efficiency curve, fuel prices

Plants




Based on

e Recommended Practices
for wind/PV integration
studies, IEA WIND RP16
Ed.2

https://community.ieawind.org/
publications/rp

e |[EA WIND Task 25 summary
report
https://community.ieawind.org/

task25/

New web site:

https://iea-wind.org/task25/

EXPERT GROUP REPORT ON
RECOMMENDED PRACTICES

16. WIND/PV INTEGRATION STUDIES

2" EDITION, 2018

Edited by:
Hannele Holttinen
Technical Research Centre of Finland VTT
P.O. Box 1000, 02044 VTIT
Finland

With contributions by:

e Nicolaos Cutululis, DTU; Antje Orths, Peter Borre Eriksen, Energinet.dk, Denmark

e Juha Kiviluoma, VIT, Finland

¢ Emmanuel Neau, EdF, France

e Jan Dobschinski, Markus Kraiczy, Martin Braun, Chenjie Ma, Fraunhofer IEE; Steffen
Meinecke, University of Kassel, Germany

e Damian Flynn, Jody Dillon UCD, Ireland

e Enrico Maria Carlini, Terna, Italy

e Til Kristian Vrana, John Olav Tande, Sintef, Norway

® Ana Estanqueiro, LNEG, Portugal

e  Emilio Gomez Lazaro, Uni Castilla la Mancha, Spain
Lennart Soder, KTH, Sweden

e Barry Mather, Bri-Mathias Hodge, Michael Milligan, NREL; J. Charles Smith, UVIG

https://iea-wind.org/iea-publications/
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Integration/system impact
studies are still evolving,

<

towards 100% renewables

e Metrics and tools for flexibility needs of the
power system, and ways for more flexibility

e Simulation tools that consider uncertainty of wind
in different time scales, and combine network
constraints with UCED constraints

e Stability assessment with high VIBRES

e \Ways to set up simulation cases to efficiently
extract impacts and system costs — from cost of
integration to cost of inflexibility



Towards 100% RES, and VIBRES

Instant 100% will be faced already when less than
25 % on average

Example DK 2017 43 % on average
150 % | :

ENERGINET

I

100 % =

50 %




Towards 100% RES, and VIBRES Q

1. 100% VIBRES region that is part of a larger non-100%
VIBRES synchronous power system

— challenges are about balancing, local aspects of stability and
efficient sharing of electricity and reserves with

neighbouring areas. Highlights importance of how the
neighbouring regions are presented in studies

2. A synchronous system getting closer to 100% VIBRES
for short periods of time

— a challenge on top of these: system-wide stability issues
3. 100% yearly energy from VIBRES

— a challenge on top of these: the adequacy issue, to meet
high demand at low VIBRES contribution



Experience is growing

% Wind and Solar

T
Ta’u

Island

75

2

213

100
TUT

95

%VRE i

of annual energy

of hourly energy

\\* Part of a larger synchronous AC power system

St. Paul
Alaska

Denmark*

74

66

. Kauai

Raglan . q|

Mine El Hierro aul ireland @€
25

Texas
EINREL
0.0001 0.001 0.01 0.1 1 10 100 1000
System Size (GW)

Transition to a (nearly) 100% annual VIBRES system gradually during the next decades



Planning — resource adequacy

e Resilience

— More data to capture all weather related extreme events

— integrated planning and operations tools and data.

Greater overlap btw operational and planning time scale
models

e Cost versus risk: reliability interface needs revisiting
e New metrics, not just LOLP as load not fixed

— energy system coupling, flexible loads and storages: how
to take to models to assess adequacy



Balancing - flexibility

Load-Generation
Balancing: Timescales

e QOperational challenge:
increased need for
balancing in all time scales

e Also new flexibilities
available, from VIBRES,
from loads, from storages

|I .I'._
0o | 4 8 W12 16 20, 24 Time (hour)

System Load (MW)

e So far changesin
operational practices have
given more flexibility than

\/\/§ / N VIBREs have increased

I

| Day Tens of minutes to hours  Seconds to minutes
Scheduling Load following Regulation

100% renewables studies so far look at days/hours time scale balancing



Stability challenges

Abnormal Event Dynamic Responses
Cycles to Seconds

Generator Rotor Angle Swings Folloadng Disturbance

In addition to energy produced,
some power plants need to produce
‘glue’ to keep the power system
resilient to disturbances — keeping I

it stable &(degrees) I| 'I .
. re oA S \N————
e small signal stability o e e
o e . . Syitern Fredgeency Afters Generation Lass
e frequency stability (inertia/fast
responses)
f (Hz )

e voltage stability

Tiirrse (%]
Substation Voltage Profile Shawing Faulh and Delayed Recovery

Vipu.)

Tirree (sec]

If it returns to it's 1T it does NOT return to
original position it it's original position, it is
is STABLE UNSTABLE



Opportunities: development *
happening at the same time

e Load transition:

— changing the fixed load paradigm
e Smart grids, digitalization:

— prosumers; DSO role
e |nverter controls:

— rapid responses

— synchronous machine characteristics but they don’t
swing against each other (more stable)

— grid forming inverters

27



The traditional load
becomes active

e Aggregators:
ggreg e‘o\)

offering same oS
comfort/service =~ $° |

and aggregating '
flexibility

Smart Meter

A communication

* Prosumers: iy
optimise use of
(solar) generation. -
HEMS, BEMS,
energy
communities, local
markets

| Solar Photovotaic
3 kW to 4 kW solar array
on the roof to meet energy
| requirements of the home.

—

Small Wind
Supplementary renewable
generation.

Energy Efficient Lighting
High efficiency CFL, LED and
OLED lighting.

Demand Response Appliances
High efficiency Energy Star Appliances shed
load from the grid and help consumers save

money during peak demand.
GE Heat Pump
Weiter Heater Energy Storage
half the Battery storage for backup
Uses less than half tl power and peak loads.

energy of a conventional —

/ \

electric water heater. " . /] \
GE Water Filtration ( \ o
Filters, conditions and monitors \ y/
hama winter iicnne >




Sector coupling will more than *

double electricity demand

2050

Accelerated
Electrification

e Heating and cooling EUROPE'S
ENERGY SYSTEM

with air pumps

— Combined with thermal :;4_% :bSIL
storage ELECTRIFICATION
e Electric transport ﬁul ok s
— Vehicles used less than 3\
£ (O
50 % of time !fl‘ﬁ' s e \J"”é‘(ﬁ?
\©
e Electrolysers for e
ectrolysers o m-.ﬂgarﬂﬁp Wiy

synthetic gas, industry Sa“‘t@"
processes oot

EUROPE




Balancing challenge: Using more of
the flexibility solutions we know

A
High .
Cost ee Flexibility in
Supply side
Other flexibility
options
Operational < Electrification — new
practices — eiee”  loads that are more
and tools - e\\\:e\%:;@?\gws«\a flexible that the loads
key to enable \029° today
high shares, qf,
VIBRES cost
-
Low share of wind/PV High share of wind/PV

VIBREs — and loads and electrical storage
can provide the system support services
provided by generators today

of Wind Power




Long term flexibility challenge *

e Traditionally build gas turbines for back up —
expensive use as peakers <1000h/a

e With wind/solar dominating, this will be
expensive. Two other pathways possible:

— Load becomes flexible — also in weeks time scale,

electrolysers for power2X, thermal storages for
heat etc

— Electric storage becomes very cheap, and new
seasonal options for storage developed

e Probably a mix of these three?




Using the local flexibility to *
e Market based
DSO/TSO collaboration

through local flexibility ’
markets i:"
e Flexibility value as 7 ﬁ G

price signals to DER ei

 Vision: web of cells, Q ‘* g.g
with local smartness,
utilising large system “
benefits when no grid

bottlenecks ﬁ EERA -25E

Design and Operation lmnvsyn-mlum

SmrtGdJ tP ogramme



Stability challenges

Present Grid

nsforming ENERGY

Future Grid

* Less Synchronous

*s

Generators

* More Variable,

Inverter-based
Generation

More Distributed
Generation and
Controllable Loads

® -
\I
N
|
\I
5

s
2
%

Maintaining constant
steady-state voltages and
frequency
Inertia—maintaining grid
stability through physical
response

Short-circuit analysis and
protection coordination

Black start: Restoring
power after outages

NREL | 33



Frequency stability, inertia

—  Duration of total kinetic energy

60,000 —

50,000 |

/_!

40,000

30,000 —

us Inertia (MW s)

=
> 20,000 —

10,000 —

0%

Kinetlc energy (GYWs)

350

300

250

200

150

100

50

0

0O 10 20 30 40 50 &0 7O 80 90 100

Percentage of time

Wet vear (2000)
All climate years

Dry year (1969)

o B—

Inertia 2010

Inertia 2020

>

Inertia—maintaining grid
stability through physical
response

Ireland: aiming for 40%

share in 2020 — study
2010

Nordic study for 2025

Real-time (day-ahead)
estimators for inertia in
use in lreland, GB, Nordic
and Texas power systems

NREL | 34



Faster response is more valuablea

e ERCOT, Texas: FFR (0.5s)
ngh wind, low load: Avg. Regulation-Up Requirements
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 3"::I'j”a.n-11 Jul-11 Feb-12 Aug-12Mar-130ct-13 Apr-14 Nov-14May-15Dec-15
nadir of 59.08 HZ, wind Texas experience, less need for
power plants response fast frequency support after wind power
. plants provide good response
contributed to the (Source: Julia Matevosjana, ERCOT)
recovery of the system

frequency

o
&

8

550 -

8

£
L

Reg-Up Requirement, MW
£
8

[¥1)
&



Supporting frequency stability *

e Maintain 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 synchronous 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



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

e PV/battery hybrids for

g

s

LT A A I I B B S I K A SR 0 G R S S0 I S R K

faSt response \\0‘9\@0‘0‘9,&0,0059&.&“",\&"‘o&,&&@&@\\o‘o\\f\&o@o\&o‘é"y&.&a\fo,&"qf\y&\\o&
— (cloud events on the order
of seconds) hold 50% of KIUC system dispatch on 3/14/20 with 8 hours
the real-time output as of 100% renewables operations. Purple shows

PV/battery hybrid output. (Source: Brad

spinning contingency Rockwell, KIUC).

reserve.



Ireland study: ok for 80-90%

e Transient stability (as measured by critical clearing
time) first slightly improves, until around 80-90%,
where instability becomes a big issue.

a90%

8026

Q
E 70% Ireland testing
20 60% 75% SNSP since
T 50% April 2021 and
= F0% targeting 90% SNSP
e S0% I
SN =
E %0% = C T ] o) i=_-:d
O % T : — -
o\o ;@04 --.- = | - - -

0% : :

0% 20% 40%6 60%c 80%c 100%a

System Non-Synchronous

lrenmuuu




Challenges map

| -
]
-('Ec Control Stability, Protection Substitute for
T incl. plant & system ncluding FDLISR, trequency
control interactions new schema
N
Sim Tools and Stability
Models (relevant including load Byst. Rest. & PQ. incl. risk
to all challenges) : Black Start S
steps, _b."ttle of resonance
conditions
gque
Reactive tolerance of
GLJ Power & L ow Inertia, system
B Voltage igh RoCoF components
LCS Control

Needed Now Closer to 100%

FDLISR fault detection, location, isolation and recover;
RoCoF Rate of Change of Frequency
PQ Power Quality



Mitigation options

Legend

Distributed Caontrols
Experimental

Grid Forming Inverter

Early Commercial
Advanced Energy Management System

Commercial

Fast Storage

Inverter Synthetic Ine
Demand Response

Hour & Dt Inverter Frequency Regulation

Additional System Ancillary Services

MNetwork Expansion

Distributed Inverter Ride Thre
Voltage Regulating Devices

Mitigation Measure Difficulty

Wind & Solar Forecasting

Distributed Wind & Solar Curtailment
Utility Scale Wind & Solar Curtailment

VIBRES Share 100%

LINREL

Transforming ENERGY




Tools are impacted by fundamental
changes to maintaining frequency *

and voltages

Paradigm change for greater detail and higher resolutions
with new stability analysis tools development

Control stability, inertialess power systems and grid-forming
inverters are still evolving

Existing protection systems require modification for large
VIBRES shares with different fault characteristics

Technical disparities between inverter technologies and
synchronous generators requires the development of novel
control schemes for interoperability, new approaches for
black-start capability, and distributed control approaches for
the larger volume of generating assets



Recommendations for Stability

Ensure models are adapted to characteristics of inverted-
based generators and loads. Complex, non-linear approaches
for various load categories are increasingly required.

Update existing positive-sequence fundamental frequency
planning models for more advanced functionality (FFR, FCN).
Identify limiting conditions to predict control stability and fast
interactions, when EMT-based models are necessary.
Represent PLL control structures accurately.

Manufacturer-specific EMT models preferred, verified generic
EMT models a necessary future development.

Consider variety of control options available, with inverters
potentially incorporating multiple operating modes.

Study potential of advanced non-linear control approaches,
such as virtual oscillator controls.



Gaps in planning and
operational models

e |[nsufficient consideration of 3 sub-problems of reliability,
flexibility and stability

— New constraints in existing models or the ability to link models with
more detailed analytical tools

— No need to be complex, but must address costs and constraints that
impact dispatch (or investment) decisions. Setting up approximations
with offline studies

e |ncreasing need to consider energy sector coupling

— requires that not only the 'production’ side of a generator modeled,
but also the fuel storage and consumption side, as the fuel might be
delivered by, or have alternative uses in, a different sector

e Analysing energy adequacy

— previously of interest to hydro dominated systems, but for near 100%
renewable energy systems this will become more important

— Scheduling models need to run for decades to capture this



Recommendations: UCED

« capturing bottlenecks and curtailments for locations

Grid and Stability « Stability constraints: inertia by system non-synchronous
constraints share or rotational stored energy (MWSs) limits; frequency
control by sufficient frequency reserves, and voltage
stability by sufficient equipment in relevant locations

« deterministic and probabilistic assessment approaches for
risk-based operation, using new optimization methods and
advances in computation

Probabilistic models

» Temporal and spatial detail, long dataset

ATATa[o Re=Ta o BST0) YIS0 ] U {ol=B . forecast uncertainty integrating weather-dependent parts of
the system in multiple decision cycles

» Represent other relevant energy sectors

* Represent energy storage and price-responsive loads
within system service. Potentially complex constraints

Loads and storage relating to service availability, requiring more detailed

models of distribution systems or aggregation of

distributed resources for bulk systems

« Expand market options/products for flexibility
trading

Markets




Recommendations: capacity
expansion

* Improve representation of demand flexibility,
energy storage and sector coupling to obtain

Demand and and secto |
better future price predictions for systems with
StOI’age high VIBRES

S h O rt_te rm * Include short-term balancing in order to see the
impact of VIBRES forecast uncertainty on the optimal

balancing

capacity mix
* Improve representation of grid limitations
G rl d * Include expansion costs
« for optimal VIBRES capacity in different areas

* Improve models to account for different market

M k aspects, such as price signals for end-users, revenue
ar etS sufficiency, TSO-DSO interaction and local markets.




Recommendations: adequacy

New adequacy
metrics

Chronological
models

Inter-annual
resource variability

Neighboring areas

 Reliability target - which critical loads must be

served

» Use LOLH (Loss-of-load Hours) and LOLE

(Expectation), and as a first proxy to price
responsive demand how much EUE acceptable

* to ensure flexibility
* to include load and storage flexibility
* Flexibility metrics

* Energy reliabilty
* Improve data, and sensitivity to capture

extreme events.

« Recent model developments using Monte

Carlo



Summary of recommendations

Larger areas

* the entire
synchronous
system for
stability

* sharing of
resources for
balancing and
adequacy
purposes

Complexity

* increasing
computational
burden
capturing
VIBRES detall

* higher
resolution for
larger areas,
with extended
time series for
weather
dependent
events

Demand and
storage

* new types of
(flexible)
demand and
storage,

« further links
through energy
system coupling

Model
integration

*integrated planning

and operations
methodologies, tools
and data. Greater
overlap btw
operational and
planning time scale
models

*Flexibility needs and

plant capabilities
within adequacy
methods, and
stability concerns for
network expansion
planning and
operating

Cost vs. risk |

* reliability
interface needs
revisiting

* evolution of
flexibility and
price
responsive
loads




Need for research

9,
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e Stability: better understanding, which FGQL%@Q\J
improved simulation tools and generq_\.,&df‘%odels and
better predictive tools and mQt‘at?eFuture grids: DC
transmission, grid formlggﬁc\bnverters

e System operatlaxnﬁf‘glle market rules to make
revenue&gdrﬁ Solutions that are optimal for the
sys&em? also taking benefits from local trade.

152 ‘eenergy system coupling, new demands

e Adequacy: new methods to optimise the varying
generation and flexible loads (from LOLP metrics)

e New ways of modelling loads for all of these!



Based on IEA WIND Task 25
collaborative articles

e "Towards 100% Variable Inverter-based Renewable Energy

Power Systems” by Bri-Mathias Hodge, C Brancucci, H Jain, G Seo, B
Kroposki, J Kiviluoma, H Holttinen, J C Smith, A Estanqueiro, A Orths, L
Soder, D Flynn, M Korpas, T K Vrana, Yoh Yasuda. WIREs Energy and
Environment vol 9, iss. 5, €354 https://doi.org/10.1002/wene.376

e “System impact studies for near 100% renewable energy

systems dominated by inverter based variable generation”
by

H Holttinen; J Kiviluoma; D Flynn; C Smith; A Orths; P B Eriksen; N
Cutululis; L S6der; M Korpas, A Estanqueiro, ] MacDowell, A Tuohy, T K
Vrana, M O’Malley, IEEE TPWRS Oct 2020 open access
https://ieeexplore.ieee.org/document/9246271

e https://www.researchgate.net/project/IEA-Task-25-Design-and- . e
Operation-of-Power-Systems-with-Large-Amounts-of-wind-power = zserrmm=



https://doi.org/10.1002/wene.376
https://ieeexplore.ieee.org/document/9246271

Thank You!!

Hannele Holttinen
Hannele.Holttinen @r

+44 7864336354
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The IEA Wind TCP agreement, also known as the Implementing Agreement for Co-operation in the Research,
Development, and Deployment of Wind Energy Systems, functions within a framework created by the International
Energy Agency (IEA). Views, findings, and publications of IEA Wind do not necessarily represent the views or
policies of the IEA Secretariat or of all its individual member countries.
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