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Important notice

Purpose

This publication provides stakeholders with an overview of engineering challenges and associated actions that will need to
be undertaken to operate the National Electricity Market (NEM) for the first period of 100% instantaneous penetration of
renewables, and an indication of actions required to satisfy more regular operation at 100% renewable penetration.

Responsibility for undertaking these actions and meeting the technical requirements identified in this report will ultimately be
shared across many parties, including AEMO, network service providers, market bodies, market participants, and
governments. This report does not seek to allocate new responsibilities. Instead, it seeks to provide AEMQO’s perspective of
the actions needed and promote discussion on the priority and relevance of these actions, to facilitate their efficient
implementation over an appropriate timeframe in the long-term interests of consumers.

This document has been prepared by AEMO using information available at 21 November 2022. Information made available
after this date may have been included in this publication where practical.

This document uses many terms that have meanings defined in the National Electricity Rules (NER). The NER meanings
are adopted unless otherwise specified.

Disclaimer

This document or the information in it may be subsequently updated or amended. This document does not constitute legal,
investment, business, engineering or technical advice. It should not be relied on as a substitute for obtaining detailed
advice about the National Electricity Law, the National Electricity Rules, any other applicable laws, procedures or policies or
the capability or performance of relevant equipment. AEMO has made reasonable efforts to ensure the quality of the
information in this document but cannot guarantee its accuracy or completeness. Accordingly, to the maximum extent
permitted by law, AEMO and its officers, employees and consultants involved in the preparation of this publication:

® make no representation or warranty, express or implied, as to the currency, accuracy, reliability or completeness of the
information in this publication; and

e are not liable (whether by reason of negligence or otherwise) for any statements, opinions, information or other matters
contained in or derived from this publication, or any omissions from it, or in respect of a person’s use of the information
in this publication.

Copyright

© 2022 Australian Energy Market Operator Limited. The material in this publication may be used in accordance with the
copyright permissions on AEMO’s website.

Version control

Version Release date Changes

1 1/12/2022 Initial publication

AEMO acknowledges the Traditional Owners of country throughout Australia and recognises their continuing
connection to land, waters and culture. We pay respect to Elders past and present.
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Introduction from the CEO

1 Infroduction from the CEO

Preparing Australia’s power system for tomorrow

Australia’s energy transition is underway and gathering pace due to a combination of technological innovation, government
policies, market forces and consumer preferences. As Australia’s independent system and market operator and system
planner, AEMO’s role is to ensure safe, reliable, and affordable energy today, and enable the energy transition for the benefit
of all Australians.

The Australian Government has legislated a target of net-zero emissions by 2050 and, by 2030, a 43% reduction in
2005-level emissions, aiming to have 82% of energy in the NEM from renewable sources by then. This target complements
individual state and territory government energy policies and renewable energy zones and targets.

As Australia moves rapidly away from its traditional dependency on coal generation, our energy future will be built on four
pillars:

1. Low-cost renewable energy, taking advantage of the abundant wind, solar and hydro resources that Australia has to offer.

2. Firming technology like pumped hydro, batteries, and gas generation, to smooth out the peaks and fill in the gaps from that variable renewable energy.
3. New transmission and modernised distribution networks to connect these new and diverse low-cost sources of generation to our towns and cities.

4. Power systems capable of running, at times, entirely on renewable energy.

This Engineering Roadmap to 100% Renewables report focuses primarily on the fourth point. That is, to tackle the question of what needs to be done, from an
engineering perspective, to enable Australia’s main interconnected power system to run reliably and securely at times without fossil fuels. In answering this, the report
touches on aspects of the other three pillars of this power system transformation, due to their interdependency.

This report delves into the preconditions that must be met in order to operate the National Electricity Market (NEM) power system at up to 100% instantaneous
penetration of renewable generation.

In this report, “instantaneous” means a half-hour period. Naturally, these half-hour periods will become more frequent, as the duration operating entirely on renewables
extends to hours or days at a time.
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The reason AEMO is seeking to define the necessary engineering changes is that our forecasts indicate that by

2025 there will start to be sufficient renewable resource potential in the NEM to, at times, meet 100% of demand. Measuring instantaneous penetration of
This report should be read in conjunction with AEMO’s long-range development plan for the NEM, the Integrated ienewables

System Plan (ISP) and other major publications, such as the electricity and gas statements of opportunities, system ¢ AEMO measures the instantaneous
security reports, and Quarterly Energy Dynamics reports. penetration of renewables by

determining the percentage of total
generation produced from renewable
sources over a 30-minute period, using
meter data sent to AEMO by larger
generators and estimated data for

While this Roadmap is focused on the east coast NEM, learnings are being applied to Western Australia’s South
West Interconnected System (SWIS) and Wholesale Electricity Market (WEM).

Preparing for high instantaneous penetrations of renewables — and the first period of 100% instantaneous operation
—is a critical part of enabling future power system operability at net-zero emissions.

Operating at intervals of 100% renewable power means the NEM, catering to the energy demands of 23 million smaller generators such as rooftop
people, will need to be able to operate securely and reliably without coal or gas. photovoltaics (PV).

At these times, coal generators will be offline; either intentionally decommitted, unexpectedly offline for maintenance * Renewable sources include grid-scale
or failures, mothballed, or retired. Coal plants take many hours, or even days, to restart operation, so once taken wind and solar, hydro generation,
offline, they can't be relied on to meet immediate intraday energy demands, or provide system restart services. biomass, storage, and rooftop PV.

Operating regularly with 100% renewable power also means reducing the need for regular reliance on gas-fired
generators to firm the electricity supply.

Operating a gigawatt-scale power system at 100% instantaneous renewable generation is a feat unparalleled worldwide.

Relying on variable power generation from the sun and the wind is a technical challenge on two major fronts — the quantum of generation and the attributes of the
electricity flow:

e First, the output of solar and wind generation is as changeable as the weather itself. Complementary engineering solutions in the form of firming technologies, such as
battery storage or pumped hydro, are needed to smooth out the ups and downs of variable renewable generation.

e Second, energy from the sun and wind is converted to electricity via inverters, which don’t inherently deliver all of the same stabilising attributes that traditional
synchronous generators provide to the power system.
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The power system will require additional engineering solutions to provide essential system services to maintain a stable electrical voltage and frequency and ensure a
secure state of operation. Proven technologies such as synchronous condensers will play a role, alongside newer technologies such as grid-forming inverters.

The human dimensions of this transition are as important as the technical requirements.
The power system exists to serve energy consumers, and therefore, the interests of consumers must be at the centre of planned engineering solutions.
This position is recognised in the National Electricity Objective, which requires that investment in the power system must be in the long-term interests of consumers.

AEMO is working with other market bodies, including the Australian Energy Regulator, the Australian Energy Market Commission and the Energy Security Board, to
ensure this is the case, given the cost of energy is fundamental to the cost of living.

AEMO wants to help signal to the energy industry and policy makers the efforts needed to ensure AEMO and network service providers (NSPs) are ready and able to run
the grid with a high level of renewable power. It is, after all, the cheapest form of energy, which will help keep downward pressure on energy prices for consumers and
help meet Australia’s emission reduction commitments.

Daniel Westerman

Chief Executive Officer, AEMO
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2 Key messages

Purpose of this Engineering Roadmap to 100% Renewables

The increasing proportion of renewable energy generation in the NEM, alongside the decommissioning of fossil fuel generation, is leading to a once in a lifetime change in
the way the energy system is designed and operated. However, new renewable generators are seldom installed at the same network locations as retiring fossil fuel
generators, and the power system support capabilities between these generation classes differ. As such, the transition is not a ‘straight swap’ of generation assets, with
changes required to the supporting infrastructure and management of the energy system to maintain a secure energy supply in an evolving landscape.

The Engineering Roadmap to 100% Renewables provides an overview of the engineering challenges and associated actions that will need to be undertaken to operate
the NEM for the first period of 100% instantaneous penetration of renewables, and the actions required to satisfy more regular operation at 100% renewable penetration.
Responsibility for undertaking these actions and meeting the technical requirements identified in this report will ultimately be shared across many parties, including
AEMO, NSPs, market bodies, market participants, and governments. This report does not seek to allocate new responsibilities. Instead, it seeks to provide AEMQO’s best
current perspective of the actions needed and promote discussion on the priority and relevance of these actions, to facilitate their efficient implementation over an
appropriate timeframe in the long-term interests of consumers.

The first period of operation at 100% instantaneous penetration of renewables

e Operating the NEM power system is a real-time task, with control rooms and support functions at AEMO, NSPs and market participants working together to
maintain a secure and reliable system 24 hours a day. It is critical to prepare for the first instance of any new operational condition in advance of that condition
arising, and preparing for that first instance often also enables the system to operate under that condition on a regular basis.

e The NEM will reach the point where it can operate at 100% instantaneous penetration of renewables many years in advance of the time where it can operate at
100% renewables on an extended basis (over many weeks or months). Therefore, the average penetration of renewables will lag the maximum instantaneous
penetration of renewables as the generation and firming resources in the NEM evolve.

e This Roadmap focuses on the actions needed to prepare for the first period of operation at 100% instantaneous penetration of renewables, because these
actions are also critical for more regular operation at 100% renewables.

e The term “100% renewables’ is used throughout this report to refer to the first instance of operation at 100% instantaneous penetration of renewables.
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Key actions required to achieve operation at 100% renewables

This Roadmap has been divided into three broad themes, all of which are pivotal to operating the power system at 100% renewables:

e Power system security — maintaining the secure technical operating envelope of the power system under increasing renewable penetrations.

e System operability — the ability to securely and reliably operate the power system and transition through increasingly complex operating conditions.

e Resource adequacy and capability — building the energy resources and network capability to unlock the renewable potential and the flexible capacity to balance
variability over different timeframes.

Within each of these themes, the Roadmap unpacks the engineering and operational readiness steps required to operate at 100% renewables for the first time, by:

1. Ildentifying the preconditions that need to be satisfied to transition to and operate at 100% renewables. These can be considered ‘target end-state objectives’ that
Roadmap actions are designed to meet.

2. For each precondition, assessing current and emerging challenges associated with achieving the end state objective. This highlights both ‘present forward’ issues
relevant today and in the near term, and also ‘future back’ issues anticipated to emerge at very high renewable penetrations.

3. On this basis, identifying actions necessary to achieve the precondition, starting from today’s current state to the end state objective.

Figure 1 presents a summary view of the preconditions that need to be met before the NEM power system can operate at 100% renewables, and a small selection of key
actions to achieve these preconditions. The full Roadmap (in Section 4 and Appendix Al) provides greater breadth and depth of detail for these preconditions and
actions.
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Figure 1 Select actions and technical preconditions required to operate the NEM at up to 100% instantaneous penetration of renewables
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3 Context

3.1 The journey to date

This Roadmap represents AEMQO’s current best view of engineering and operational readiness requirements for operation with 100% instantaneous renewables, building on
the gaps and actions developed with stakeholders in previous Engineering Framework publications?®. Figure 2 summarises the Engineering Framework’s evolution to date
along with the current statuses of the gaps and actions published in previous reports.

Figure 2  Evolution of Engineering Framework to date
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Stocktake of work in Defining Future Comprehensive gap Priority actions for FY23 f Engineering \
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1 Engineering Framework reports are available at https://aemo.com.au/initiatives/major-programs/engineering-framework/reports-and-resources.
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3.2 What 100% renewable operation might look like

Projections in the 2022 ISP Step Change scenario? indicate that by 2025 there will start to be sufficient renewable resource potential® in the NEM to at times meet 100%
of demand. However, this does not necessarily mean that these periods will result in an instantaneous renewable penetration of 100%. Many factors can contribute to
actual penetration outcomes being lower than the overall renewable resource potential, including:

e Market behaviour, such as some renewable generators choosing not to generate at their full available resource potential when the wholesale price of energy is
negative, or non-renewable generators bidding themselves into the market for commercial reasons.

e Network constraints, such as limits on transmission line capacity, that mean not all this resource potential can be dispatched in the market and carried by the network
to consumers.

e System requirements, such as the need to maintain sufficient essential system services, that may currently result in fossil fuel generators being dispatched to provide
essential system services in the absence of capabilities being available from non-fossil fuel alternatives.

¢ Limitations on the level of distributed photovoltaic (DPV) generation to manage power system security and distribution network conditions leading to curtailment* of this
renewable resource.

This roadmap focuses on the steps needed to prepare the NEM for the first period of operation at 100% instantaneous penetration of renewables. To reach this objective,
consideration of factors other than the instantaneous penetration is also required, including the adequacy of energy supply during periods either side of the first 100%
period. Reliability requirements may mean that the first period of 100% renewable operation could need renewable resource potential well above the level required to
meet customer load at that time. This is to ensure there is sufficient capacity to meet demand at other times of the day when renewable resource potential may be lower.
Similarly, the first period where renewable resource potential is sufficient to satisfy 100% of demand may not lead to an instantaneous penetration of 100%, if that would
risk reserve margins becoming too low to meet future demand in that day.

The need to maintain a secure power system may also influence when the first period of 100% renewable penetration arises. In some cases, coal- or gas-fired generation
might need to remain online to provide essential system services, resulting in curtailment of renewables to keep these non-renewable generators online.

2 See https://aemo.com.au/en/energy-systems/major-publications/integrated-system-plan-isp/2022-integrated-system-plan-isp.

3 Resource potential refers to the total available energy from renewable generators at an instant in time given the weather conditions at that time.

4 Curtailment of DPV can occur through several mechanisms, including inverters automatically reducing their output in response to high network voltage, consumers responding to price or congestion signals
through behavioural or market-based mechanisms, or through emergency DPV curtailment schemes as directed by NSPs and/or AEMO.
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Figure 3 shows two hypothetical future days with different levels of renewable resource availability across the day, leading to different renewable resource potential
profiles. The day shown on the left has 100% renewable resource potential during the middle of the day but does not result in 100% dispatch. The hypothetical day shown
on the right includes additional renewable resource potential and assumes sufficient essential system services are available from renewable generation and network
assets to operate without coal generators online for the full day. In this case, the system can securely operate at 100% renewable penetration during the middle of the
day, with gas fired generation coming online later in the day to cover afternoon demand.

Figure 3  Hypothetical future resource mix at times of high renewable resource availability

Day where full renewable resource potential cannot be utilised Day with viable 100% renewable penetration

Renewable availability Potential market dispatch outcome Renewable availability Potential Market dispatch outcome
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Periods of 100% instantaneous penetration of renewables could be reached through a diverse range of operational conditions, and it is not yet clear which conditions and
resource mixes are likely to produce market outcomes that lead to the first period of 100% operation.

Figure 4 shows how, over the course of a hypothetical day, a broad range of resource mixes could lead to prolonged periods of 100% renewable penetration. Notably, the
resource mix around midday is driven by strong DPV generation leading to low operational demand, while in the evening the comparatively high operational demand is
predominantly met by grid-scale wind generation. These resource mixes, and the transition between them, will require distinct actions to manage the system securely in
real time.
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Figure 4  Daily resource mixes that could lead to 100% instantaneous penetration of renewables
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3.3 The first instance of 100% renewable operation

The NEM evolved from the historical integration of smaller regional power systems. The resultant layout of the NEM, coupled with evolving jurisdictional policies on
energy and carbon abatement, means that the transition to 100% instantaneous renewable penetration is occurring in some market regions ahead of others. Preparation
for 100% renewable operation needs to consider how individual regions will operate securely at high penetrations of renewables, because this will influence how the
interconnected NEM needs to operate throughout this complex transition.

The transition to the first instances of 100% renewable operation will involve an incremental decrease in the minimum number of synchronous fossil fuel units generating
into the NEM at any given time as these units adapt their operating practices to reflect market and system conditions. Some of these generators have the capability to
come online and offline throughout the day, while other less flexible generators may start to decommit their capacity from the market for longer periods of days, months,
or seasons. This roadmap aims to ensure the NEM is prepared for when 100% renewables could occur as an outcome of market dispatch, without any synchronous fossil
fuel units producing energy. This report seeks to position the NEM in readiness to operate under a 100% renewable condition.

Transition of fossil fuel generating unit operating practices

Operation at 100% instantaneous penetration of renewables does not mean that all fossil fuel generators have exited the market permanently. There are many
reasons why fossil fuel generators may not be online or available to generate into the system in a given half-hour, including:

e Economic dispatch — generators may be available, but not dispatched if there is more economic generation available.

e Forced outage — generators may unexpectedly disconnect from the system due to fault conditions arising on the network or within the plant itself, leading to
units tripping offline.

e Decommitment — generators may choose to decommit from the market temporarily in response to factors such as maintenance requirements, or fuel
availability.

e Mothballing — economic conditions or extended maintenance periods could lead to generators withdrawing from the market for an extended period, perhaps on
a seasonal basis or even for years at a time.

Preparation for the first instance of 100% renewable operation needs to occur ahead of the ‘last’ fossil fuel generating unit going offline for any of the above reasons. The
transition of fossil fuel generating unit operating practices means this could happen well in advance of the eventual retirement of all these units.
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Preparation requires:

e Proactive planning for plausible changes to availability of essential system services currently tied to generator availability. This could be enabled and provided by other
technologies through markets, network planning processes, or system security frameworks (including system strength, frequency control, inertia, and system
restoration).

e Resource adequacy planning and jurisdictional and commercial decisions around fossil fuel generator operating practices will need to consider how the energy and
dispatchable capacity requirements of the NEM can be met by other means.

e Preparedness of control rooms to operate the system in new conditions

Planning and enabling the investment required to efficiently, securely, and reliably operate at up to 100% renewable penetration NEM-wide will require an extensive effort
across AEMO, NSPs, market participants, and governments ahead of time.

Assessment of each of the above points ahead of the first period with no fossil fuel units online will provide the basis for ensuring the NEM remains secure, reliable, and
resilient in the absence of these generators. It is therefore critical that the NEM’s planning and operational processes pre-emptively prepare for changes in the operating
patterns of fossil fuel generators, well ahead of announced closure dates>S.

3.4 Planning for an operational transition

Planning processes in the NEM seek to ensure that the necessary asset development and investments are made to efficiently maintain sufficient network and generation
capacity and essential system services over the planning time horizon, usually up to 10 years in advance, or longer in the case of activities such as the ISP. It is important
to note that there are limitations to what can be assessed and actioned in the planning timeframe, due to uncertainties in the design and performance of assets that have
not yet been developed. These uncertainties mean that planning decisions are always a best estimate, leaving detailed analysis of power system operability closer to
operational timeframes where there is greater certainty of system parameters.

5 See AEMO, Generation Information, at https://aemo.com.au/en/energy-systems/electricity/national-electricity-market-nem/nem-forecasting-and-planning/forecasting-and-planning-data/generation-information.
6 See AEMC, Generator three year notice of closure, at https://www.aemc.gov.au/rule-changes/generator-three-year-notice-closure#:~:text=The%20rule%20is%20based%200n,t0%20the%20market%20
before%20closing.
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As the system transitions to higher levels of inverter-based resources (IBR) generation, the behaviour of the power system is less well understood, meaning the
assessment of operability is becoming more detailed and complex, requiring increased time and effort to establish operational confidence. However, in addition to
performing complex power system simulations, additional actions are likely to be required to build operational confidence in uncharted territory:

e Trialling the operation of the power system and monitoring performance in real time, with appropriate fail safe/roll back measures in place.

e Reviewing the performance of the power system following trials or system disturbances to assess the cause of instabilities. These can then be used to tune the models
used for assessing future performance

e Using engineering margin in both planning and operational decisions for phenomena that can’'t be accurately modelled ahead of time.

Ireland’s independent system operator EirGrid developed an approach to actively plan and prepare Ireland’s power system for increasing renewable dispatch through a
sequence of ‘operational trials,” successively expanding the power system’s defined limits at each iteration”. AEMO has translated this concept for the NEM in terms of a
transition through a series of operational ‘hold points’, the successful relaxation of which can be considered operational milestones.

Figure 5 illustrates the general sequence of steps needed for AEMO to prudently transition to new operating regimes associated with major hold points on the way to
100% renewables operation NEM-wide. The process recognises that:

¢ While planning solutions might be in place, the planning process may not be able to identify and address all relevant technical issues and phenomena that can occur
in operating a gigawatt-scale power system in real time.

e Each new operational milestone will correspond to a completely new, materially different, technical operating envelope for individual regions and eventually the NEM.

Precisely identifying the future sequence of hold points in the transition to 100% renewables is difficult ahead of time but can be considered iteratively, on an ongoing
basis in the planning process to signal the most critical and onerous to manage. It is also important to note that not all hold points may be related to minimum
synchronous generating unit combinations — others may involve factors such as number of IBR online, aggregate VRE output from new renewable energy zone (REZ)
developments or the level of uncontrollable distributed energy resources (DER). With the progression through these hold points, it is anticipated that a greater penetration
of renewable generation can be accommodated on the system.

” See AEMO, Maintaining Power System Security with High Penetrations of Wind and Solar Generation — International insights for Australia, October 2019, Section 3.8, at https://www.aemo.com.au/-
[media/Files/Electricity/NEM/Security and Reliability/Future-Energy-Systems/2019/AEMO-RIS-International-Review-Oct-19.pdf and EirGrid, Shaping our electricity future, 2021, Section 6.3, at
https://www.eirgridgroup.com/site-files/library/EirGrid/Shaping_Our_Electricity Future Roadmap.pdf.
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Figure 5 General process to be operationally prepared to ‘relax’ a hold point and move on to the next one
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A transparent, structured approach is required to manage this process within AEMO’s operational risk tolerance and not compromise consumer expectations for secure
and reliable supply.

The process has been informed by AEMO and ElectraNet’s ongoing work to assess the potential for relaxing the current two synchronous generator requirement for the
South Australian region8. The experience in South Australia has highlighted the step change in AEMO and NSP operational capability required to enable the transition to
the first 100% renewable periods.

Subsequent iterations of this process in the transition to 100% will be increasingly complex, with system dynamics determined by IBR (large and small) controls and
stabilising plant such as synchronous condensers, fewer synchronous fossil fuel generating units, and increasing aggregate impact of weather on the supply demand
balance. This underscores the importance of several activities for securely and reliably enabling the operational transition, including:

NSP engineering studies to develop limit advice, necessary to define the secure technical envelope of the power system, which AEMO requires to operationalise
through constraints in the dispatch process.

Staged implementation of new limits to successively commission the system to new operating points, with reversion to previous defined technical envelopes if issues
are identified.

Collaboration between NSPs and AEMO to continuously monitor, assess and manage high-impact, low probability (non-credible contingency) risks in an increasingly
complex operating environment.

Establishing fit-for-purpose operational visibility of the dynamic behaviour of the power system through NSP development of high-speed monitoring and necessary
communications infrastructure for integration with AEMO wide area monitoring systems (WAMS).

Developing real-time and look-ahead stability assessment capability to validate constraints defining the technical envelope and provide operators the decision support
tools they need to proactively manage operational risks.

8 See https://aemo.com.au/energy-systems/electricity/national-electricity-market-nem/system-operations/congestion-information-resource/related-resources/operation-of-davenport-and-robertstown-synchronous-

condensers.
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3.5 Interacting roadmaps and processes

As a foundation to preparing for 100% instantaneous renewables, significant work and investment will be needed across industry and government to build the generation
and transmission outlined in the ISP, meet the requirements identified in AEMO’s annual system security reports, and design and implement new regulatory and market
frameworks. Some foundational technical enablers are already well-advanced, including actions to uplift and streamline the connection process for utility-scale generation
(via the Connections Reform Initiative®), and actions to uplift AEMQO’s operational tools and processes (via the Operations Technology Roadmap1°).

The Engineering Roadmap complements these foundational efforts by providing AEMO’s integrated view of the engineering and operational readiness steps needed to
prepare the NEM for the first periods of 100% instantaneous renewable penetration, with a focus on steps that are additional to those captured in AEMO’s other
publications.

The Roadmap assessment of preconditions, and actions necessary to achieve these, directly supports AEMQO’s implementation of the Operations Technology Roadmap,
focusing on the uplift in operational capability (control room and supporting functions) to facilitate secure and reliable system operations as the power system transforms.
This includes implementation of projects underway and planned to uplift operational capabilities and efforts to prioritise initiatives to address emerging capability gaps as
operational conditions change.

In addition to these engineering activities, a large volume of regulatory reform work is underway to refine the frameworks and markets required for the future NEM. Given
the engineering focus of the Roadmap, references to regulatory reform in Section 4 have been limited to denoting where an action is dependent on an in-flight reform.
Where such a reference is made, further detail on the relevant reform is noted in the associated section of the Appendix.

The solutions to many of the identified technical challenges throughout the Roadmap may ultimately be resolved most efficiently through regulatory and market reforms.
However, emphasis in this Roadmap has been placed on technical requirements, without presuming specific pathways for regulatory solutions. Further work will need to
be undertaken among the market bodies and with stakeholders in 2023 to explore how the Engineering Roadmap can guide future reform priorities.

Figure 6 summarises how these different engineering and reform processes are collectively contributing to building readiness for operation of the NEM at 100%
renewables.

9 See https://aemo.com.au/consultations/industry-forums-and-working-groups/list-of-industry-forums-and-working-groups/connections-reform-initiative.
10 See https://aemo.com.au/initiatives/major-programs/operations-technology-roadmap.
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Figure 8§ Roadmaps and processes helping to prepare the NEM for instantaneous operation at 100% renewables
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3.6 Next steps and engagement

AEMO welcomes feedback on this Roadmap. Given the breadth of technical content covered, combined with the dynamic nature of the energy transition, the Roadmap is
positioned as a living document. AEMO will leverage stakeholder input and monitor the progression of actions over time to help inform and periodically shape its strategic
approach.

A public webinar has been scheduled for 3 February 2023 to provide stakeholders with an overview of the Roadmap and an opportunity to ask questions of the
Roadmap’s authors. To register for this webinar, please complete the form here. Please note that this meeting will be recorded by AEMO and may be accessed and used
by AEMO for dissemination to those that cannot attend. By attending the meeting, you consent to AEMO recording the meeting and using the record for this purpose. No
other recording of the meeting is permitted.

For stakeholders wishing to provide written feedback on the Roadmap, please contact AEMO at FutureEnergy@aemo.com.au.

In addition to the stakeholder webinar, AEMO envisages the next steps following publication of this Roadmap will include:

e Continued delivery of 46 FY23 Engineering Framework priority actions*?.

e Consideration by the market bodies to explore the implications of the Roadmap on future regulatory and market reform priorities.

e Additional priority actions for AEMO that arise from the Roadmap, if not already underway, will be assessed as part of AEMO’s FY24 budget planning process.

e An update report in mid-2023 summarising the progress made on FY23 Engineering Framework priorities, and any additional engineering or operational readiness
commitments AEMO is making for FY24.

In addition to these steps in the NEM, work is underway in Western Australia to leverage the insights from this roadmap, as outlined in Section 3.7.

11 Documented in https://aemo.com.au/-/media/files/initiatives/engineering-framework/2022/nem-engineering-framework-priority-actions. pdf.
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3.7 Considerations for Western Australia’s Wholesale Electricity Market (WEM)/South West Interconnected
System (SWIS)

AEMO operates the Western Australian electricity system (SWIS) and market (WEM). The Western Australian energy transition is progressing at pace as government,
industry and consumers seek to decarbonise the energy sector. The themes presented in this report for operation of the NEM at 100% instantaneous penetration of
renewables are aligned with AEMO’s needs to achieve the same goals in Western Australia.

Like the NEM, the capability to operate the SWIS at 100% instantaneous penetration of renewables is contingent on:
e AEMO’s ability to access sufficient services and capabilities to maintain power system security and reliability while operating without synchronous generation, and
e Achieving safe transition between operational conditions in real time.

This report identifies critical underpinning capabilities AEMO would require to achieve these goals in Western Australia. These must be assessed in the specific context of
the market frameworks through which AEMO operates the WEM, and the required fleet capability and electrical characteristics of the SWIS.

The WEM is undergoing significant reform under the WA Government’s Energy Transformation Strategy, with new market arrangements developed as part of Stage 1 of
the strategy to commence by 1 October 2023. The new market will see the WEM operated though Security Constrained Economic Dispatch alongside a range of
foundational reforms, not least the introduction of a range of new Frequency Co-Optimised Essential System Services (FCESS), including a rate of change of frequency
(RoCoF) Control Service for the procurement of inertia. Stage 2 of the Energy Transformation Strategy will continue to evolve elements of the WEM to enable the energy
transition and enhance participation in the WEM.

These initiatives are significant in mapping the pathway to 100% instantaneous penetration of renewables and the Western Australian Government’s announced targets
for decarbonisation.

Significant milestones have been reached in the WEM in achieving resource sufficiency from renewables, with recent records in penetration of renewables (81% in
November 2022) and penetration of DPV (74% in October 2022). Critically, both these records were achieved while utility-scale renewables were economically curtailed
in response to energy market prices. AEMO estimates renewable availability exceeded 100% of total demand during the October event, as shown below in Figure 7.

AEMO is continuing to characterise the needs of the system which must be met by renewables and renewable-enabling technologies, alongside a pathway to real-time
transition to 100% instantaneous penetration of renewables. AEMO intends to release a roadmap of actions associated with the energy transition in WA in 2023.
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Figure 7 WEM renewable resource potential vs underlying demand on 16 October 2022
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4 Action roadmap

The Roadmap is divided into three broad themes, all of which are pivotal to operating the power system at 100% renewables. These three themes are: Power system
security, System operability, and Resource adequacy and capability. Content across the three broad themes is further separated into 14 distinct sections, as listed in
Table 1.

Table 1 Roadmap themes and grouping

Theme Roadmap sections

Power system security: maintaining the secure technical operating envelope of the power e Frequency and inertia
system under increasing renewable penetrations.

e Transient and oscillatory stability

e System strength and converter driven stability
e Voltage control
e System restoration

System operability: the ability to securely and reliably operate the power system and e Monitoring and situational awareness
transition through increasingly complex operating conditions.

e Operational processes

e Power system modelling

Resource adequacy and capability: building and integrating the energy resources and o Utility-scale variable renewable energy (VRE)
network capability to enable the renewable potential and the flexible capacity to balance
variability over different time frames.

e Distributed energy resources (DER)

e Structural demand shifts

e Transmission
o Distribution
e Firming

How to read the roadmap

The steps required to enable the operation of the NEM at 100% instantaneous penetration of renewables are summarised in Roadmap graphics throughout Section 4.
These Roadmap graphics sort the actions required by their associated technical precondition*?. The Roadmap graphics also provide an indication on the current status of

12 ‘Preconditions’ have been used to describe the categories of system requirements that must be met to operate the NEM at up to 100% instantaneous penetration of renewables.
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the actions, and whether they are required to be completed to meet a precondition for the first instances of operating at 100% renewables, or are more relevant for
enabling regular operation at 100% renewables. Some actions placed earlier in the timeline are intended to address current or emerging near-term issues, which are
required to effectively manage today’s power system. These actions will be critical in securely and reliably enabling the increase of renewable penetrations from today’s
levels, providing a foundation for subsequent actions in the transition to 100% renewable operation. Appendix Al provides further detail on the required actions, while
Figure 8 below provides a reading guide to support the interpretation of the Roadmap graphics.

Figure 8 Roadmap to operation at 100% instantaneous penetration of renewables - reading guide
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4.1 Power system security

Maintaining the secure technical operating envelope of the power system under increasing renewable penetrations.

The transition to 100% renewable operation will require the progressive expansion of the technical envelope of the power system to be able to accommodate this dispatch
outcome — with new approaches required to maintain many essential power system requirements. This is a major transition challenge given most of these requirements
are provided for by fossil fuel generation today, but technology transition is underway.

Power system security relates to the ability of the power system to manage ongoing variability, as well as sudden, large and unexpected disturbances. AEMQO’s power
system security responsibilities are set out in the NER2 and system standards!4, and operationalised through guidelines and procedures?®. This section of the Roadmap
lists the preconditions that need to be satisfied across AEMQO’s key system security responsibilities in the transition to 100% renewables, and actions necessary to meet
these preconditions.

A major technical challenge for maintaining power system security in the renewable transition is the changing stability and dynamics of the power system in the evolution
from a largely synchronous fossil fuel generation-based power system to one characterised by many (small and large) inverter-based techno