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PURPOSE 

AEMO publishes this Stage 1 report from its Renewable Integration Study to outline: 

¶ System security limits that affect how much wind and solar PV generation can operate at any one time, and 

what the limits are NEM-wide and for individual regions. 

¶ How close NEM regions are to these security limits now, and how close they are expected to be by 2025. 

¶ Actions that can overcome these barriers so the system can operate securely with higher penetrations of 

wind and solar generation.  

It is published as part of AEMOõs responsibilities under section 49(2) of the National Electricity Law.  

DISCLAIMER 
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Executive summary  

The Renewable Integration Study (RIS) is the first stage of a multi-year plan to maintain system security in a 

future National Electricity Market (NEM) with a high share of renewable resources. AEMOõs findings and the 

actions in this report reflect both its day-to-day experience operating the NEM power system, and the results 

of extensive RIS modelling and analysis. 

In its Integrated System Plan (ISP), AEMO identifies futures for the NEM that maximise consumer benefits at 

the lowest system cost, while meeting reliability, security, and emissions expectations. Under every ISP 

scenario, the NEMõs least-cost future features large increases in renewable generation ð utility wind and solar 

connected to the grid and distributed solar photovoltaics (DPV) installed by households and businesses ð with 

dispatchable generators, large-scale and distributed energy storage, demand side participation, and sector 

coupling (such as with gas and transport).  

This Stage 1 RIS report takes the ISPõs projections as given and investigates in detail the challenges in the 

short term, to 2025, of maintaining power system security while operating this resource mix at very high 

instantaneous penetrations1 of wind and solar generation. It recommends actions and reforms needed to 

keep operating the NEM securely, now and as the power system transitions. AEMO looks forward to 

engaging with stakeholders to refine and progress the recommended actions, including assessing the 

potential roles of both existing and emerging technologies.  

With this report, AEMO aims to provide foundational engineering perspectives for the ISP, Energy Security 

Board (ESB), industry, market institutions, and policy-makers. The RISõs technical perspectives will ideally 

inform future investments, regulations, and market designs to securely operate the NEM power system with 

very high instantaneous penetrations of wind and solar generation. 

 

In summary, this Stage 1 RIS analysis finds that, in the next five years: 

¶ The NEM power system will continue its significant transformation to world-leading levels of 

renewable generation. This will test the boundaries of system security and current operational 

experience.  

¶ If the recommended actions are taken to address the regional and NEM-wide challenges identified, 

the NEM could be operated securely with up to 75% instantaneous penetration of wind and solar2.  

¶ If, however, the recommended actions are not taken, the identified operational limits will constrain 

the maximum instantaneous penetration of wind and solar to between 50% and 60% in the NEM.  

Beyond 2025, AEMO has not identified any insurmountable reasons why the NEM cannot operate 

securely at even higher levels of instantaneous wind and solar penetration, especially with ongoing 

technological advancement worldwide. 

Given the pace and complexity of change in the NEM, the RIS highlights the need for flexible market 

and regulatory frameworks that can adapt swiftly and effectively as the power system evolves. 
 

 
1 Instantaneous penetration of wind and solar is the half-hourly proportion of underlying demand that is met by wind and solar resources. 

2 In recommending actions and highlighting positive potential outcomes, AEMO does not underestimate the extent of work that will be required to 

successfully adapt the NEM. This includes the ongoing need for system limits that at times constrain the output of various generation sources. This study 

also identified a number of uncharted operating conditions emerging in the NEM by 2025. AEMO will continue investigation and analysis to identify and 

address additional limits and barriers that emerge. 
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While this report builds on international approaches3 to operating power systems with high penetrations of 

wind and solar generation, it recognises Australiaõs unique challenges and identifies opportunities for 

Australia to continue developing world-leading expertise. The goal is to identify opportunities to break down 

barriers and maximise value for consumers from the NEMõs growing renewable fleet.  

The instantaneous penetration of wind and solar energy that can operate on the system at any time varies 

depending on system conditions. The main limits to instantaneous penetration of wind and solar are network 

congestion, system curtailment, and participant spill4.  

This report and its appendices explore system curtailment limits that impact wind and solar instantaneous 

penetration in the NEM power system, specifically: 

¶ Limits that affect how much wind and solar PV generation can operate at any one time, and what the 

limits are NEM-wide and for individual regions. 

¶ How close NEM regions are to these limits now, and how close they are expected to be by 2025. 

¶ Actions that can overcome these barriers so the system can operate securely with higher penetrations of 

wind and solar generation.  

Limits related to network congestion and participant spill, and other important areas, are out of scope for the 

RIS, because they are being studied or managed elsewhere and/or do not relate to a system curtailment limit 

on renewables. Subjects out of scope for this study include: 

¶ Assessing adequacy of firm supplies of energy and storage to meet demand. This is being considered in 

AEMOõs ISP, Electricity Statement of Opportunities (ESOO), Energy Adequacy Assessment Projection 

(EAAP), Medium Term Projected Assessment of System Adequacy (MT PASA) processes, and the Retailer 

Reliability Obligation (RRO). 

¶ Assessing system limitations at the local, sub-regional level, including generator connection issues. This is 

being addressed in other projects, such as AEMOõs work managing challenges in the West Murray area5. 

¶ Changing requirements for voltage control. These are being considered as part of the ISP and other 

ongoing AEMO and network service provider (NSP) network planning activities. 

¶ Ensuring the power system can restart following a black system event. This is being considered as part of 

AEMOõs system restart work. 

Stage 1 of the RIS was established to be a technical analysis of system security limits NEM-wide and for NEM 

regions. While it identifies recommended actions that would meet the systemõs technical needs, it does not 

investigate the costs of proposed actions or all the specific mechanisms that could be implemented. These 

questions will be explored further as part of future work and other workstreams such as the ISP and the ESBõs 

and Australian Energy Market Commissionõs (AEMCõs) market reform processes. 

This study has not considered the impact the COVID-19 coronavirus may have on supply or demand in the 

forecast horizon. This situation is rapidly evolving, and the consequences for the NEM are uncertain. 

Western Australiaõs South West Interconnected System (SWIS) will experience similar challenges as the NEM 

as its penetration of wind and solar generation increases. While the unique characteristics of the SWIS will see 

challenges evolve in different ways, common approaches may be taken to resolving the issues. The RIS 

findings will support AEMOõs ability to transition through challenges in the SWIS and contribute to ongoing 

electricity reform processes in Western Australia6.  

 
3 AEMOõs October 2019 RIS report on how Australia compares with other international power systems is at https://www.aemo.com.au/energy-

systems/Major-publications/Renewable-Integration-Study-RIS. 

4 Network congestion is when the network is not capable of securely transporting the output from one or several wind or solar resources.  

  System curtailment is when renewables are limited due to a need to maintain minimum levels of essential system services for system security.  

  Participant spill is when renewable generation removes itself from the market (self-curtails) due to market signals. 

5 At https://aemo.com.au/-/media/files/electricity/nem/network_connections/west-murray/transforming-australias-energy-system--west-murray.pdf?la=

en&hash=ED13D8375B1E37626EEAFC86C59622EE. 

6 For more information, see https://www.wa.gov.au/organisation/energy-policy-wa/energy-transformation-strategy. 

 

https://www.aemo.com.au/energy-systems/Major-publications/Renewable-Integration-Study-RIS
https://www.aemo.com.au/energy-systems/Major-publications/Renewable-Integration-Study-RIS
https://aemo.com.au/-/media/files/electricity/nem/network_connections/west-murray/transforming-australias-energy-system--west-murray.pdf?la=en&hash=ED13D8375B1E37626EEAFC86C59622EE
https://aemo.com.au/-/media/files/electricity/nem/network_connections/west-murray/transforming-australias-energy-system--west-murray.pdf?la=en&hash=ED13D8375B1E37626EEAFC86C59622EE
https://www.wa.gov.au/organisation/energy-policy-wa/energy-transformation-strategy
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The changing  NEM, now and in 2025  

The NEM power system already has 17 gigawatts (GW) of wind and solar capacity installed7. Parts of the NEM 

have among the worldõs highest levels of wind and solar, including one of the highest levels of residential 

solar PV8.  

By 2025, the NEM is expected to have transformed even further. AEMOõs Draft 2020 ISP forecasts, in its 

Central scenario9, that by 2025 there will be 27 GW of wind and solar ð both utility solar and DPV ð 

generation capacity in the NEM. 

Figure 1 shows actual wind and solar penetration in the NEM for each half-hour period in 2019 (historical data 

which includes all lost energy). The 2025 projections indicate the potential instantaneous penetration by 2025 

under the ISPõs Central and Step Change generation builds (these forecasts include lost energy from network 

congestion, but do not include system curtailment or participant spill).  

This figure highlights significant forecast growth in the maximum potential instantaneous penetration of wind 

and solar, from just under 50% in 2019 to over 75% in the Central and 100% in the Step Change scenario. This 

report explores the extent to which these outcomes might be achievable from a system security perspective, 

and the actions needed to enable them. 

Figure 1  Instantaneous penetration of w ind and solar generation, actual in 2019 and forecast for 2025 

under  ISP Central and Step Change generation build s  

 

Note: Penetration on this graph represent NEM half-hourly wind and solar generation divided by the underlying demand which includes 

demand response, energy storage, and coupled sectors such as gas and the electrification of transport. 

Identifying and quantifying existing and emerging limits , and actions to manage them  

As the penetration of wind and solar on the system increases, operation of the system becomes significantly 

more complex. The power system is being operated closer to its known limits more frequently, with 

increasingly variable and uncertain supply and demand, and declines in system strength and inertia.  

The knowledge, tools, and market frameworks of the past are becoming less effective, and operators must 

adapt processes and tools, and train operators to be able to keep the system of the future secure. 

The key system security challenges10 that are being, and will need to be, addressed as wind and solar 

generation penetration continues to rise across all NEM regions are summarised in Table 1. The table also 

contains a summary of recommended actions to address identified limits.  

 
7 The NEM power systemõs underlying demand (total demand met from all sources, including distributed resources) ranges from 16 to 35 GW. 

8 See https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/system-operations/future-grid/renewable-integration-study. 

9 Central and other 2020 ISP scenario assumptions are at https://aemo.com.au/energy-systems/electricity/national-electricity-market-nem/nem-forecasting-

and-planning/scenarios-inputs-assumptions-methodologies-and-guidelines. 

10 For definitions of terms used in this study, see AEMOõs Power System Requirements paper, at https://www.aemo.com.au/energy-systems/electricity/

national-electricity-market-nem/system-operations/future-grid. 

https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/system-operations/future-grid/renewable-integration-study
https://aemo.com.au/energy-systems/electricity/national-electricity-market-nem/nem-forecasting-and-planning/scenarios-inputs-assumptions-methodologies-and-guidelines
https://aemo.com.au/energy-systems/electricity/national-electricity-market-nem/nem-forecasting-and-planning/scenarios-inputs-assumptions-methodologies-and-guidelines
https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/system-operations/future-grid
https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/system-operations/future-grid
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The actions in this report aim to keep the power system secure and address known barriers to operating the 

NEM power system with higher levels of instantaneous wind and solar generation to 2025, based on existing 

proven technologies. Australia is already pioneering testing of new technologies to solve some of the 

challenges posed, and AEMO is committed to  collaborating and exploring the role of newer technologies in 

efficiently and securely managing the power system with high penetrations of wind and solar generation. 

In this report and the appendices, the challenges are addressed in detail under five focus areas: 

¶ Challenges for secure system operation  with increasing uncertainty and complexity (Chapter 2). 

¶ Managing the system impact of the NEMõs world-leading and growing levels of distributed solar PV  

(Chapter 3 and Appendix A). 

¶ Managing frequency  (Chapter 4 and Appendix B). 

¶ Maintaining system strength  (Chapter 5). 

¶ Keeping balance in a system in which energy supply is increasingly variable and uncertain  (Chapter 6 and 

Appendix C). 

Table 1 summarises the challenges and actions (including timing and status) from the end of each of chapters 

2-6. Figure 2 summarises the actions on a timeline. 
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Table 1  Managing power system requirements  ð summary of key challenges  and actions  

 Key challenges  Actions  Timing Status 

System 

operability  

Ability to operate 

the power 

system within 

security and 

reliability 

standards  

 

An increasing penetration of wind and solar operating in the 

system is pushing the system to minimum limits . The existing 

dispatch process for the NEM was not designed for managing 

minimum conditions (particularly managing the commitment of 

synchronous units, to maintain minimum levels of inertia and 

system strength). The current reliance on operators to balance 

factors and intervene is sub-optimal as system variability, 

uncertainty, and complexity increase. Without effective and 

standardised operational process, tools, and training to schedule 

system strength and inertia services, the risk of human error 

grows and the level of intervention becomes increasingly 

unsustainable.  

Further, the market design needs to adapt so all essential 

security and reliability services are provided efficiently, when 

required, and without operator intervention. Given the pace and 

complexity of change in the NEM, there is a need for flexible 

market and regulatory frameworks (particularly technical 

standards and frameworks for sourcing system services) that can 

adapt swiftly and effectively as:  

¶ Understanding of the changing power system evolves. 

¶ Requirements for system services change. 

¶ Technology evolves. 

2.1 AEMO to identify and evaluate standard operational process, control room tools, and 

operator training to operationalise intervention (directions/instructions) for system 

strength and inertia services under the current framework.   

2020 In progress  

2.2 AEMO to redevelop existing scheduling systems (Pre Dispatch [PD] and Short Term 

[ST] PASA) to better account for system needs, including: 

¶ Availability of essential system services, including inertia, system strength, and ramping 

requirements. 

¶ Catering for cross-regional sharing of reserves. 

¶ Better modelling of new technologies, including variable renewable energy (VRE), 

batteries, and distributed energy resources (DER ð including demand response and 

virtual power plants [VPPs]). 

2020-22 In progress  

2.3 Consistent with the outcomes of this study, the ESB considers that security 

constrained economic dispatch of energy-only is, by itself, no longer sufficient to 

maintain system security. The ESB considers that new system services need to be 

established and remunerated and an ahead market is required to ensure system security 

going forwardA. 

As part of its post-2025 market design program, the ESB is assessing market mechanisms 

that increase certainty around system dispatch of energy and essential system services 

(inertia, system strength, minimum synchronous units, operating reserves, and flexibility) 

as real time approaches. The ESB will recommend a high level design to the COAG Energy 

Council by end of 2020 for implementation by 2025. 

2020-25 In progress  

The growth in wind and solar is increasing the complexity of 

the system. This creates challenges for existing tools and 

processes used for system security analysis and assessment. 

Tools and processes used to model the system, assess outages, 

and measure system performance are becoming increasingly 

computationally complex and more costly in time and resources. 

2.4 AEMO to develop a detailed proposal outlining requirements, timing, and method to 

achieve specified NEM high-speed monitoring (phasor measurement units) to cover more 

points, allowing better visibility of performance of the system, and help operators to 

understand the changing power system. 

2020 In progress 

2.5 AEMO to collaborate with industry and other world-leading power system operators 

to develop new operational capability, allowing better analysis of complex security 

phenomena and optimisation for a power system with world-leading levels of renewable 

generation (inverter-based, variable and decentralised), storage, and demand side 

participation. 

2020-25  In 

progress 
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 Key challenges  Actions  Timing Status 

Integration of 

distributed solar 

PV (DPV) 

Balancing 

increasing levels 

of small, 

distributed 

generation with 

power system 

requirements  

The aggregate performance of the DPV fleet is becoming 

increasingly critical as penetrations increase.  Without action, 

the largest regional and NEM contingency sizes will increase due 

to DPV disconnection in response to major system disturbances. 

  

3.1 AEMO to fast-track requirement for short duration voltage disturbance ride-through 

for all new DPV inverters in South Australia (and Western Australia, with other NEM 

regions encouraged) and investigate need for updating existing DPV fleet to comply with 

fast-tracked short duration voltage disturbance ride-through requirement. 

2020-21 In progress  

3.2 AEMO to collaborate with industry, through Standards Australia committee, to 

progress update to national standard for DPV inverters (AS/NZS4777.2) to incorporate 

bulk system disturbance withstand and autonomous grid support capability.  

2020-22 In progress  

Governance structures for the setting of DER technical 

performance standards, and enforcement of these standards , 

are inadequate . Currently there is: 

¶ No formal pathway to ensure power system security and other 

industry requirements are accounted for within technical 

standards set by consensus. 

¶ Inconsistent compliance with technical performance standards 

across the DPV fleet today and a lack of clarity around 

enforcement. 

3.3 AEMO to collaborate with the ESB, Australian Energy Regulator (AER), AEMC, and 

industry to: 

¶ Submit a rule change establishing the setting of minimum technical standards for DER 

in the NEM (with similar reforms to be proposed for Western Australiaõs SWIS) covering 

aspects including power system security, communication, interoperability, and cyber 

security requirements.  

¶ Develop measures to improve compliance with new and existing technical performance 

standards and connection requirements for DPV systems, individual DER devices, and 

aggregations in the NEM (and SWIS). 

2020 New  

System dispatchability is decreasing as invisible and 

uncontrolled DPV increases to levels not experienced 

elsewhere globally . In 2019, South Australia operated for a 

period where 64% of the regionõs demand was supplied by DPV; 

by 2025, all mainland NEM regions could be operating above 

50% at times. 

3.4 AEMO to collaborate with industry to: 

¶ Mandate minimum device level requirements to enable generation shedding 

capabilities for new DPV installations in South Australia (other NEM regions and 

Western Australia encouraged).  

¶ Establish regulatory arrangements for how distribution NSPs (DNSPs) and aggregators 

could implement this as soon as possible. 

¶ Investigate the need for updating the existing DPV fleet to comply with regional 

generation shedding requirements. 

2020-21 New  

3.5 AEMO to collaborate with DNSPs to establish aggregated predictability or real-time 

visibility requirements for DPV systems available for curtailment, and consistent real-time 

SCADA visibility for all new commercial scale (> 100 kilowatt [kW]) systems. 

2020-21 New  
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 Key challenges  Actions  Timing Status 

Frequency 

management  

Ability to set and 

maintain system 

frequency within 

acceptable 

limits  

There has been a decline in the primary frequency response 

(PFR) provided by generation in the NEM . This has reduced 

the power systemõs resilience to events at a time when events 

are becoming more complex and less predictable. It has also 

resulted in a lack of effective control of frequency in the NEM 

under normal operating conditions.   

A lack of consistency and certainty of PFR delivery from 

generation has impacted AEMOõs ability to effectively model and 

plan the system, understand the cause of power system 

incidents, and design emergency frequency control schemes.  

4.1 AEMO to facilitate implementation of the Mandatory Primary Frequency Response 

rule. The requirement for near-universal PFR enablement across the generation fleet 

should be part of any future regulatory framework as an important part of maintaining 

and strengthening system resilience.  

2020-21 In progress 

NEM inertia levels could drop by 35%. Historically, NEM 

mainland inertia has never been below 68,000 megawatt  

seconds (MWs). By 2025, inertia could drop to as low as 

45,000 MWs. This will increase the required volume and/or 

speed of frequency sensitive reserve following a contingency 

event, and the power system will operate in configurations 

where the system dynamics are different to those experienced 

today. 

DPV behaviour, inverter -based resources (IBR) behaviour, 

and run -back schemes are making the system more complex.  

These emerging issues will further exacerbate post-contingent 

outcomes for credible and non-credible events. Non-credible 

contingencies are expected to result in higher rate of change of 

frequency (RoCoF), the effect of which is not yet fully understood 

for the NEM. 

4.2 AEMO to publish a detailed frequency control workplan covering tasks and 

timeframes to: 

¶ Revise ancillary service arrangements to ensure the required speed and volume of PFR 

match the size of the Largest Credible Risk (LCR) and Frequency Operating Standard 

(FOS) containment requirements for the range of expected future operating conditions. 

¶ Investigate the introduction of a system inertia safety net for the mainland NEM, under 

system intact conditions. This minimum level safety net should be progressively revised 

as operational experience is built and additional measures are put in place to ensure 

system security. Investigation should include specifying the initial value and how the 

safety net will be maintained. 

¶ Investigate the effect of higher RoCoF on DPV, utility-scale generation, switched reserve 

providers, and protection relays used in various network functions. The result of this 

investigation will be a recommended system RoCoF limit, or set of RoCoF limits, in 

addition to existing generator ride-though requirements. Investigation should include 

assessment of the adequacy of Emergency Frequency Control Schemes (EFCS), 

including Under Frequency Load Shedding (UFLS), under decreasing levels of inertia. 

¶ Continue investigation into DPV penetration into UFLS load blocks. 

¶ Apply appropriate limits to the total proportion of switched reserve. This is needed to 

ensure there is a minimum amount of dynamic frequency control. 

¶ Investigate appropriate regional contingency frequency control ancillary services (FCAS) 

requirements, particularly for South Australia and Queensland.  

¶ Update AEMOõs existing system frequency model to be able to predict post-contingent 

frequency outcomes based on generating unit dispatch. Development of this model will 

benefit from the capture of high-speed generator output and network quantities on a 

routine or ongoing basis.   

2020 New  
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 Key challenges  Actions  Timing Status 

Stable voltage 

waveform 

(system strength)  

Ability to 

maintain the 

voltage 

amplitude, 

waveform and 

phase angle 

under system 

normal and 

contingent 

conditions within 

specifications  

The NEM is at the international forefront of managing issues 

associated with low system strength;  AEMO has so far 

declared system strength gaps and worked with local 

transmission NSPs (TNSPs) to address shortfalls in South 

Australia, Tasmania, Victoria, and Queensland. Localised system 

strength challenges are also creating increasing hurdles for 

generators seeking to connect in weaker parts of the grid. 

5.1 AEMO to pursue opportunities to improve the minimum system strength framework 

and improve system strength coordination across the NEM, including: 

¶ AEMO to contribute latest findings and insights into ongoing ESB and AEMC reviews of 

system strength frameworks. 

¶ Following conclusion of the AEMCõs investigation into system strength frameworks in 

the NEM, AEMO to assess the need for changes to the System Strength Requirements 

Methodology and System Strength Impact Assessment Guidelines. 

¶ AEMO to progress planned actions (see Section 5.3.3) as part of the Final 2020 ISP.  

2020 In progress 

Resource 

adequacy 

(managing 

variability and 

uncertainty)  

A sufficient 

portfolio of 

energy 

resources to 

balance supply 

and demand in 

every 5 -minute 

interval  

The magnitude of peak ramps (upward/downward 

fluctuations in supply/demand) is forecast to increase by 

50% over the next five years as a result of increasing wind and 

solar penetration. Operators need to ensure there is adequate 

system flexibility to cover increased variability across all times. 

AEMO is investigating redeveloping its PASA systems (PD and ST) to better account for 

system ramping requirements. See recommendation 2.2.  

 In progress 

There is a limit to the accuracy of deterministic forecasts of 

expected ramps, even using current best practice approaches. 

Forecasting limitations increase uncertainty and the need for 

greater ramping reserves.  

6.1 AEMO to improve understanding of system uncertainty and risk, particularly during 

ramping events, by exploring:   

¶ Trialling and implementing a ramping forecast and classification prototype.  

¶ Deploying additional weather observation infrastructure that is fit for purpose for the 

energy industry.  

2020-21 New 

Ensuring sufficient flexible system resources are available to 

enable increased variability at times of high wind and solar 

penetration will beco me increasingly challenging . Times 

characterised by low interconnector headroom (spare capacity) 

or ôcoldõ offline plant will be particularly difficult to manage.  

The ESB is exploring options for explicitly valuing flexibility and incorporating this into 

scheduling and dispatch mechanisms. See recommendation 2.3.  

 In progress 

6.2 Improve the reliability of information provided by participants (loads, and scheduled 

and semi-scheduled generation) to support security-constrained dispatch. The ESB is 

coordinating several interim measures to improve the visibility of and confidence in 

resources in the NEM, to ensure security can be maintained while new market 

arrangements are developedB. 

2020-21 In progress  

 

A. See http://www.coagenergycouncil.gov.au/sites/prod.energycouncil/files/ESB%20Post2025%20Directions%20Paper.pdf. 

B. For more information on interim security measures, see http://www.coagenergycouncil.gov.au/interim-security-measures. 

 

http://www.coagenergycouncil.gov.au/sites/prod.energycouncil/files/ESB%20Post2025%20Directions%20Paper.pdf
http://www.coagenergycouncil.gov.au/interim-security-measures
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Figure 2  Timeline of  actions identified in this RIS 
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Maintaining a secure NEM and maximising the potential of wind and solar  

Figure 3 shows the changing system conditions in the NEM from 2019 to 2025 (as in Figure 1). These are 

overlaid with the system limits identified11 in this study which, if not addressed, will create barriers to the 

proportion of wind and solar PV generation that can securely operate at any one time.  

To read Figure 3:  
¶ Grey dots show the actual instantaneous penetration of wind and solar generation in the NEM in 2019. 

Red dots show the forecast instantaneous penetration of wind and solar generation in the NEM in 2025 

under the Draft 2020 ISP Central generation build; orange dots show the forecast instantaneous 

penetration of wind and solar generation in 2025 under the Draft 2020 ISP Step Change generation build. 

¶ Zone A indicates where managing variability and uncertainty will become increasingly challenging. 

¶ Zone B indicates where inertia and system strength limits impact secure operation; the diagonal dotted 

lines in Zone B indicate the approximate staged progression of these limits that AEMO will seek out to 

2025, as sufficient operational experience is obtained, and necessary frequency management reforms are 

progressed. 

¶ Zone C is an aggregation of the current minimum online synchronous generation required to meet the 

minimum synchronous unit combinations for system strength in each region.  

¶ White bubbles with numbered actions (see Table 1) give an indication of the levels of wind and solar 

penetration at which they would be needed: 

ð Operational actions (2.1-2.5) ð these are already required and are progressing in some instances, and 

will require further development to securely operate the system at higher penetrations. 

ð DPV actions (3.1-3.5) ð these are already required in some states such as South Australia where the 

penetrations are very high, and will be required in other states as penetration in those states increases. 

ð Frequency actions (4.1-4.2) ð actions are required to be completed to progressively test the system at 

lower levels of online inertia into Zone B. 

ð System strength action (5.1) ð this is required to ensure coordination of system strength sources across 

the NEM and enable system operation at very high penetrations in Zones B and C. 

ð Variability and uncertainty actions (6.1-6.2) ð these are required as penetrations of variable and 

uncertain energy sources increase from Zone A onwards. 

If recommended actions are not taken to address the regional and NEM-wide technical challenges identified 

in this study, the identified operational limits will bind and constrain the output of wind and solar resources. 

This would limit their maximum contribution at any time in the NEM to between 50% and 60% of total 

generation. 

If recommended actions are taken, the NEM could potentially be operated securely out to the beginning of 

Zone C by 2025, with up to 75% of total generation coming from wind and solar resources at any time12.  

Operation in Zone C, with up to as high as 100% of wind and solar generation operating securely at times, is 

theoretically achievable in future. This would, however, require more advanced methods of system operation, 

coupled with provision of essential system services to ensure adequate system flexibility, frequency, and 

voltage management.   

  

 
11 The zones in this figure are indicative only and have been aggregated up from regional limits (Queensland, New South Wales, South Australia, Tasmania, 

Victoria). 

12 This study also identified a number of uncharted operating conditions emerging in the NEM by 2025. AEMO will continue investigation and analysis to 

identify and address additional limits and barriers that emerge. 
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Figure 3  Summary of identified system limits and remedial actions , overlaid on instantaneous penetration 

of wind and solar generation, actual in 2019 and forecast for 2025 under ISP Central and Step 

Change generation builds  

Note: Penetration values on this graph represent non-overlapping half-hourly wind and solar generation divided by total underlying 

demand across the NEM during the same half-hours. Actual 2019 penetration includes all curtailment; 2025 projections only include 

network congestion. 

Next steps  

In recommending actions and highlighting positive potential outcomes, AEMO does not underestimate the 

extent of work that will be required to successfully adapt the NEM.  

This Stage 1 RIS has been a large undertaking and explored several critical power system security questions in 

detail; however, its scope has been bound by the assumptions outlined throughout the report and 

appendices. There are also several areas for further study arising as a result of the RIS findings. This means 

there is a need for continued efforts on several fronts to build on these Stage 1 findings.  

In addition, the NEM power system and market dynamics evolve daily, and a large body of work is already 

underway across many organisations to explore different changes in the power system and energy markets. 

Given the high level of complexity and inter-relatedness of power system security challenges, AEMO sees a 

need to facilitate greater clarity among stakeholders regarding the priority focus as the generation mix 

transitions.  

Key next steps following the publication of this report include: 

¶ An open and transparent stakeholder engagement process to discuss the findings and actions arising 

from this report and priority focus areas for the future. 

¶ Exploring the findings and insights from this work with regulatory bodies and policy-makers to help inform 

ongoing reform processes. Given the pace and complexity of change in the NEM, the RIS highlights the 

need for flexible market and regulatory frameworks that can adapt swiftly and effectively as our 

understanding of the changing power system evolves. 

¶ Incorporating relevant findings as part of the Final 2020 ISP. 

¶ Undertaking identified actions to address limits. 

¶ Scoping and commencing areas of further study, including but not limited to the resilience of a high 

renewable future system to complex system events, and a study of the latest advancements in inverter 

technology. 

¶ Building on the Stage 1 RIS findings and subsequent stakeholder engagement, developing (by Q2 2021) a 

roadmap for the secure transition to higher penetrations of wind and solar in the NEM, including key 

study areas, actions, and reforms. 
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1. Introduction  

1.1 Why AEMO is doing the Renewable Integration Study (RIS) 

The Renewable Integration Study (RIS) is the first stage of a multi-year plan to support a secure National 

Electricity Market (NEM) with high penetration of renewable resources.  

AEMOõs recent international review13 showed that parts of Australia are already experiencing some of the 

highest levels of wind and solar generation in the world, including one of the highest levels of small 

(residential) distributed solar photovoltaic (DPV) systems. 

Under all scenarios in the Draft 2020 Integrated System Plan (ISP)14, the NEMõs least-cost future will see 

continuing increases in renewable generation ð both utility -scale wind and solar connected to the grid, and 

DPV.  

Stage 1 of the RIS has primarily based its analysis on the year 2025 of the Central scenario generation build 

in the Draft 2020 ISP. This projects that wind and solar generation capacity in the NEM will increase from 

17 gigawatts (GW) in 201915 to 27 GW in 2025, as shown in Figure 4 below.  

The ISPõs Central scenario renewable generation build forecast is conservative in comparison to the Step 

Change scenario. If the generation build in the NEM develops according to the Step Change scenario, the 

observations in this study would be accelerated.  

Figure 4  Installed wind and solar capacity in the NEM for 2019, with  2025 and 2040 forecasts from the Draft 

2020 ISP Central  and Step Change  generation builds  

 
Solar is split into the capacity of utility solar farms and the capacity of DPV systems, installed behind the meter on residential and commercial consumer 

premises. Behind the meter battery includes both projected virtual power plants (VPPs) and passive batteries projected by the ISP. Utility storage includes 

both utility -scale battery and pumped hydro. 

 
13 AEMO, RIS International Review, October 2019, at https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Future-Energy-

Systems/2019/AEMO-RIS-International-Review-Oct-19.pdf. 

14 At https://www.aemo.com.au/energy-systems/major-publications/integrated-system-plan-isp.  

15 Throughout this report, the year refers to the financial year ending ð for example, 2019 means the 2018-19 financial year. 

https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Future-Energy-Systems/2019/AEMO-RIS-International-Review-Oct-19.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Future-Energy-Systems/2019/AEMO-RIS-International-Review-Oct-19.pdf
https://www.aemo.com.au/energy-systems/major-publications/integrated-system-plan-isp
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The instantaneous penetration of wind and solar energy that can operate on the system at any time varies 

depending on system conditions, the main limits and hence causes of lost energy are: 

¶ Network congestion ð is when the network isnõt capable of securely transporting the output from one or 

several resources. This could bind when the network is fully intact or during network outages. 

¶ System curtailment  ð is when providers of essential system services are required to be online, which limits 

the output from renewables. For example, certain generators may be required to be kept online to 

provide inertia, frequency control ancillary services (FCAS), system strength, voltage control, or flexibility, 

and as a result the output from wind or solar resources are curtailed. 

¶ Participant  spill ð is when participants reduce output due to market signals. For example, this could be 

due to low or negative energy spot prices or high real time FCAS prices which create opportunity or 

liabilities. 

The RIS Stage 1 focuses on system curtailment related to system security.  

Figure 5 shows: 

¶ Actual instantaneous (half-hourly) penetration of wind and solar generation in the NEM in 2019. This uses 

historical data, and accounts fully for all renewable limits.  

¶ Projected instantaneous penetration of wind and solar generation by 2025, under the ISPõs Central and 

Step Change generation builds. These forecasts account only for projected network congestion and do 

not consider system curtailment or participant spill.  

This figure highlights significant forecast growth in the maximum potential instantaneous penetration of wind 

and solar, from just under 50% in 2019 to well over 75% at times under the 2025 Central generation build and 

up to 100% under the Step Change generation build.  

Figure 5  Instantaneous penetration of wind and solar generation, actual in 2019 and forecast for 2025 

under ISP Central and Step Change gener ation builds  

 

Note: Penetration on this graph represent NEM half-hourly wind and solar generation divided by the underlying demand, which includes 

demand response, energy storage, and coupled sectors such as electrification of gas and transport. Actual 2019 penetration includes all 

lost energy; 2025 projections include network congestion but do not include system curtailment or participant spill. 

This report explores the extent to which these outcomes might be achievable from a security perspective, and 

the actions needed to enable them. 

The findings from the RIS are being incorporated into AEMOõs Final 2020 ISP, ensuring the ISP presents a 

future power system that will be operable.  
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More broadly, this report aims to provide foundational engineering perspectives to industry, the Energy 

Security Board (ESB), market institutions, and policy-makers to support their consideration of future 

investments, regulations, and market designs. 

The South West Interconnected System (SWIS) in Western Australia will experience similar challenges as the 

penetration of wind and solar generation increases. While the unique characteristics of the SWIS will see 

challenges evolve in different ways, common approaches may be taken to resolving the issues. The RIS 

findings will support AEMOõs ability to transition through challenges in the SWIS and contribute to ongoing 

electricity reform processes in Western Australia16.  

1.2 How the RIS scope was developed 

Maintaining power system security and reliability necessitates that the physical requirements of the power 

system are satisfied at all times. In simple terms, this means ensuring: 

¶ Resource adequacy ð having a sufficient overall portfolio of energy resources to continuously achieve the 

real-time balancing of electricity supply and demand. 

¶ Frequency management ð the ability to set and maintain system frequency within acceptable limits. 

¶ Stable voltage waveform (system strength) ð the ability to maintain the voltage waveform and phase angle 

at all locations in the power system under system normal and contingent conditions. 

In addition, several pre-requisites must be satisfied to enable power system operators to satisfy the power 

systemõs physical requirements. AEMOõs Power System Requirements reference paper presented an overview 

of these physical requirements and operational pre-requisites17.  

Given the increasing levels of wind and solar generation projected to connect to the NEM under all future ISP 

scenarios, as outlined in Section 1.1, the RIS has been scoped to explore the particular impacts of increasing 

levels of wind and solar generation on power system requirements. This included exploring the impacts of the 

following key drivers: 

1. Increasing wind and solar generation online, because its inverter-based characteristics change the way the 

power system responds to disturbances, and it drives increasing variability and uncertainty into balancing 

of supply and demand. 

2. Increasing DPV generation online, operated by households and businesses behind the meter, that is 

neither visible nor controllable by operators. 

3. Fewer synchronous units online, as renewable generation displaces synchronous generation and with it 

the essential system services provided by them (inertia, system strength, and operating reserve). 

Figure 6 illustrates how some of these system requirements and wind and solar characteristics apply across 

different operability timeframes. 

 
16 For more information, see https://www.wa.gov.au/organisation/energy-policy-wa/energy-transformation-strategy. 

17 At https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Power-system-requirements.pdf. 

https://www.wa.gov.au/organisation/energy-policy-wa/energy-transformation-strategy
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Power-system-requirements.pdf
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Figure 6  System requirements  and wind and solar characteristics  across different operability timeframes  

 
 

To maximise the value of the RIS to all stakeholders, AEMO considered the following factors when scoping 

RIS Stage 1: 

¶ Reviewing leading international experience in wind and solar integration ð this culminated in the RIS 

International Review published in October 201918. 

¶ Where possible, prioritising the study of power system phenomena most likely to need managing in order 

to operate the NEM at high penetrations of wind and solar generation. 

¶ Prioritising areas of study that expand the available analysis on operating a high renewable NEM, noting 

the volume of previous or concurrent investigations in the NEM19. 

¶ Using the projected generation builds under Draft 2020 ISP scenarios developed in consultation with 

industry. 

¶ Choosing a target year for detailed analysis that strikes a reasonable balance between having the potential 

for very high periods of wind and solar generation and not being too far into the future . AEMO chose 

2025 as the horizon for this study because it is far enough to provide insights into future operating 

patterns, and close enough for system conditions to be forecast with greater confidence based on existing 

mechanisms and technologies. 

Stage 1 of the RIS was established to be a technical analysis of system security limits NEM-wide and for NEM 

regions. While it identifies recommended actions that would meet the systemõs technical needs, it does not 

investigate the costs of proposed actions or all the specific mechanisms that could be implemented. These 

questions will be explored further as part of future work and other workstreams such as the ISP and the ESBõs 

and Australian Energy Market Commissionõs (AEMCõs) market reform processes. 

1.3 Stage 1 scope 

Table 2 gives an overview of the study areas AEMO identified as priorities for Stage 1 of the RIS, and the 

approach AEMO has applied in exploring them. 

 
18 AEMO, RIS International Review, October 2019, at https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Future-Energy-

Systems/2019/AEMO-RIS-International-Review-Oct-19.pdf. 

19 See Chapter 9 in this report for relevant AEMO publications into the changing generation mix. 

https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Future-Energy-Systems/2019/AEMO-RIS-International-Review-Oct-19.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Future-Energy-Systems/2019/AEMO-RIS-International-Review-Oct-19.pdf











































































































