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Example: climate change-driven windstorms
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Example: climate change-driven windstorms
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Resilience thresholds and
nonlinear cascading failures
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M. Panteli and P. Mancarella, "Modelling and evaluating the resilience of critical power infrastructure to extreme weather events”, IEEE
Systems Journal, vol. 11, no. 3, pp. 1733-1742, Sept. 2017
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Planning for Resilience: b
The Resilience Trilemma

Make the network more
Smarter? responsive (e.g. faster

restoration), self-

adaptive, resourceful,

etc.
Resilience
Enhancement
Upgrade Build new
existing Bi - infrastructure,
infrastructure, lgger: e.g. transmission
asset life lines,

extension, etc. substations, etc.

M. Panteli and P. Mancarella, The Grid: Stronger, Bigger, Smarter? Presenting a conceptual framework of power system resilience, IEEE
Power and Energy Magazine, May/June 2015, Invited Paper

R. Moreno, et al., “From Reliability to Resilience: Planning the Grid Against the Extremes”, IEEE Power and Energy Magazine, July-
August 2020, Invited Paper
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The “"new physics

Possible Mitigations

- Minimum inertia levels

- Compulsory droop response

- Additional amount of PFR

- Co-optimization of energy, frequency response,
(regional and system-level) inertia

- Regional allocation of reserves

New sources of fast frequency response (e.g., battegi

electrolysers)

- Management of largest contingency
flows (system at risk of region Eparation)

- Sustained frequency excursions
(regulation)

- High ROCOF following contingency

. . - Insufficient regional inertia

@nd inertia - Insufficient PFR

- Risk of low-inertia and insufficient PFR
after separation

‘Frequency control

- Better forecasting

Variability and - Large.vf'ar|at|on in net demanq - Art|f|C|.aI mtglhgence to assess reserves (e.g., dynamic
taint - Insufficient short- and medium-term Bayesian belief network tools)
uncertainty and ramping reserves - Use of more flexible resources including energy storage

(e.g., pumped hydro)
) e - z/lol:;r:\r:?;e;egﬁl) of inertia and fault current (generators
- Voltage instability

. S - Synchronous condensers
System strength - 1:Saul‘lsi'zalned voltage oscillations after SiaicoMlandisyCltolimproyer altagel=tapilt)

) Fault-ride through issues - Im.proven'_]ent_s of control loops (especially in solar farms)
- Grid forming inverters

P. Mancarella and F. Billimoria, ‘The Fragile Grid — The physics and economics of security services in low-carbon power systems”, IEEE Power and Energy Magazine, 2021
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“Finkel Review”, http://www.environment.gov.au/system/files/resources/1d6b0464-6162-4223-ac08-3395a6b1c7fa/files/power-system-security-assessment.pdf

S. Puschel, et al., “Separation event-constrained optimal power flow to enhance resilience in low-inertia power systems”, Electric Power System Research, 2020
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A stronger, bigger or smarter grid?
Resilience from new security technology
Figure 41 SA transmission-connected battery response - short-term
Hornsdale Battery - 25/8/18
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Substitutability of frequency response products:
“'synchronous” vs “"controlled” energy injections
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New technologies (batteries,
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Adapted from: S. Puschel, M. Ghazavi, S. Low, and P. Mancarella, “Separation event-constrained optimal power flow to enhance
resilience in low-inertia power systems”, Electric Power System Research, 2020
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Role of future technologies:

Resilience from hydrogen electrolyzers in Victoria

= = =No electrolyzer, Heywood trip, 997 MW UFLS. 190 MW PV trip
e 500 MW electrolyzer. Heywood stability, No UFLS, 190 MW PV trip
1.5 GW electrolyzer, Heywood stability, No UFLS, No PV trip

|
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P. Mancarella, “Fast Frequency Response from Utility-Scale Hydrogen Electrolysers”, IEEE Transactions on

Sustainable Energy, 2021
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The “"new physics

Frequency control Sustained frequency excursions - Minimum inertia levels
and inertia (regulation) - Compulsory droop response
High ROCOF following contingency - Additional amount of PFR
Insufficient regional inertia - Co-optimization of energy, frequency response, and
Insufficient PFR (regional and system-level) inertia
Risk of low-inertia and insufficient PFR - Regional allocation of reserves
after separation - New sources of fast frequency response (e.g., batteries,

electrolysers)
- Management of largest contingency and interconnector
flows (system at risk of regional separation)
Variability and Large variation in net demand - Better forecasting
uncertainty Insufficient short- and medium-term Artificial intelligence to assess reserves (e.g., dynamic
and ramping reserves Bayesian belief network tools)
- Use of more flexible resources including energy storage
(e.g., pumped hydro)

Fault current shortage - Minimum level of inertia and faUit—eurrent (generators
Voltage instability constrained on)

Sustained voltage oscillations after - Synchronous condensers

fault - STATCOM and SVC to improve voltage stability

Fault-ride through issues - Improvements of control loops (especially in solarfairns)

- Grid forming inverters

Source: P. Mancarella and F. Billimoria, ‘The Fragile Grid — The physics and economics of security services in low-carbon power systems”, IEEE Power and Energy Magazine, 2021
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Credible events Non-credible events

RECLASSIFICATION
Non-credible discrete contingency
reclassified as credible during

Secure for single abnormal conditions High impact low

Discrete credible probability events with
events contingency multiple outages
PROTECTED EVENTS
Discrete standing risks
Indistinct standing risks
Non- Secure for low High impact, low
traditional . L probability events with
e g s impact indistinct L
indistinct contingency multlp-le t!lsi-ilnct outages
events PROTECTED OPERATION and indistinct events

Abnormal conditions
causing indistinct risks

; Resilience expected to Material risk of black
Secure operating state avoid black system ( ) system event

Source: J. Eggleston, C. Zuur, P. Mancarella, “From security to resilience: technical and regulatory options to manage extreme events in low-carbon
grids”, IEEE Power and Energy Magazine, September/October 2021
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b_ How about markets and incentives?
2~ Running an old market with the new physics...

High wind, low prices drives system strength interventions

Directions for system strength in SA and Victoria 2000 250
High wind, low demand drives
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Source: AEMO
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F. Billimoria, P. Mancarella, R. Poudineh, “Market design for system security in low-carbon electricity grids: from the physics to the economics”, Oxford Institute for
Energy Studies, June 2020
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Concluding remarks

Low-carbon grids are naturally more fragile

In more fragile grids, security and resilience concepts
become more intertwined

The “"new physics” calls for new security and resilience
services

Starting from physical first principle and bottom-up (“from
physics to economics”)

Technical complexity underscores economic nuances
— but economic design MUST consider the physics!

The economic products of system security (and resilience)
comprise a ‘basket of goods’ with very different characteristics

Market and regulatory design should reflect all the relevant
economic nuances, but considering, most importantly:

— The physics!
- New operational solutions and technologies
— Risk-averse attitude of system operator, regulator, and consumers

The Fragile Grid, 8% EPRI-IEA Workshop, Oct 2021
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= P, Mancarella and F. Billimoria, ‘The Fragile Grid — The physics and economics of
security services in low-carbon power systems”, IEEE Power and Energy
Magazine, May-June 2021

= ], Eggleston, C. Zuur, P. Mancarella, “From security to resilience: technical and
regulatory options to manage extreme events in low-carbon grids”, IEEE Power
and Energy Magazine, September/October 2021

= F. Billimoria, P. Mancarella, R. Poudineh, *Market design for system security in
low-carbon electricity grids: from the physics to the economics”, Oxford Institute
for Energy Studies, June 2020

= P, Mancarella, “Electricity grid fragility and resilience in a future net-zero carbon
economy”, Oxford Institute for Energy Studies Forum, 124, pages 41-45,
September 2020

= M. Ghazavi, A. Jalali, P. Mancarella, “Fast Frequency Response from Utility-Scale
Hydrogen Electrolysers”, IEEE Transactions on Sustainable Energy, 2021

= R. Moreno, et al., “From Reliability to Resilience: Planning the Grid Against the
Extremes”, IEEE Power and Energy Magazine, July-August 2020

= S, Puschel-Lgvengreen, M. Ghazavi Dozein, S. Low, P. Mancarella, “Separation
event-constrained optimal power flow to enhance resilience in low-inertia power
systems”, Electric Power Systems Research, 2020, 189, 106678

= B. Skinner, P. Mancarella, M. Vrakopoulou, I. Hiskens, “Incorporating new power
system security paradigms into low-carbon electricity markets”, Electricity
Journal, 2020, 33 (9), 106837
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