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Important notice  

PURPOSE 

AEMO has prepared the Final 2020 Power System Frequency Risk Review Report ð Stage 1 under clause 

5.20A.3 of the National Electricity Rules.  

This report is based on information available to AEMO up to 29 May 2020, and takes into account 

subsequent feedback received from consultation on a draft version of this report. 

DISCLAIMER 

This document or the information in it may be subsequently updated or amended. This document does not 

constitute legal, 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 every reasonable effort 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 document: 

¶ make no representation or warranty, express or implied, as to the currency, accuracy, reliability or 

completeness of the information in this document; and 

¶ are not liable (whether by reason of negligence or otherwise) for any statements or representations in this 

document, or any omissions from it, or for any use or reliance on the information in it. 

 

 

© 2020 Australian Energy Market Operator Limited. The material in this publication may be used in 

accordance with the copyright permissions on AEMOõs website. 

http://aemo.com.au/Privacy_and_Legal_Notices/Copyright_Permissions_Notice
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Executive summary  

AEMO, in consultation with Transmission Network Service Providers (TNSPs), undertakes a Power System 

Frequency Risk Review (PSFRR) and prepares a PSFRR report for the National Electricity Market (NEM) at least 

every two years in accordance with rule 5.20A of the National Electricity Rules (NER). AEMO published the last 

PSFRR report in 2018.  

The PSFRR reviews the potential for ônon-credibleõ power system contingency events to cause frequency 

swings large enough to initiate uncontrolled plant disconnections, that could in turn result in widespread 

transmission outages or a black system. AEMO consults with TNSPs and, where relevant, distributors, on the 

performance of existing emergency frequency control schemes (EFCSs) and other arrangements in place to 

manage the risks associated with these events. Where AEMO identifies a need for additional or alternative 

management measures going forward, the PSFRR also assesses feasible options and makes appropriate 

recommendations for future management. 

The 2020 PSFRR considers forecast power system conditions over a five-year outlook period, to 2025. 

 

AEMO is undertaking the PSFRR for 2020 in two stages. Stage 1 of the PSFRR (this report): 

¶ Reviews the status of actions recommended in the 2018 PSFRR. 

¶ Looks back at power system events and changes since the publication of the 2018 PSFRR, including: 

ð How the power system in each NEM region has changed in ways that could have adverse impacts 

on frequency control, including changes in generation mix, level and timing of maximum and 

minimum demand, interconnector flow patterns, and inertia. 

ð The impact of climate conditions in each region on the likelihood, potential consequences, and 

effective management of non-credible contingency events.  

ð A review of non-credible contingency events since the 2018 PSFRR with potential for uncontrolled 

frequency changes to result in cascading outages or a black system. 

ð An initial assessment of the adequacy of current EFCSs and other arrangements available to 

manage or mitigate the impacts of these events. 

¶ Identifies the non-credible contingency events and associated management arrangements to be 

prioritised for more detailed assessment and option analysis in Stage 2 of the 2020 PSFRR. 

¶ Highlights one set of immediate high priority  recommendation s for non-credible contingency 

events that could result in a separation of the South Australia region from the rest of the NEM power 

system. These recommendations are drawn from ongoing studies that AEMO has been conducting in 

consultation with ElectraNet, SA Power Networks (SAPN), and the South Australian jurisdictional 

system security coordinator. As a result of this work, AEMO has identified: 

ð A range of recommended options to increase the capability and effectiveness of South Australian 

under-frequency load shedding (UFLS) schemes, for implementation from late 2020 onwards. 

These include adding more load to the UFLS scheme and introducing dynamic arming for UFLS 

circuits in reverse flows. 

ð A recommendation for a new protected event  for the non-credible separation of South Australia, 

that will initially allow Heywood interconnector flows into the region to be limited in periods when 

the UFLS schemes in South Australia are not effective enough to prevent cascading failures and a 

potential black system.  



   

 

© AEMO 2020 | 2020 Power System Frequency Risk Review ð Stage 1 3 

 

ð Interim arrangements to mitigate the cascading failure risk in these periods until a protected event 

is declared, by modifying existing constraints needed under South Australian regulations.  

ð That these risks would be more comprehensively and transparently managed under the NER 

protected event framework; AEMO therefore plans to make a recommendation to the Reliability 

Panel by early 2021.  

Stage 2 of the 2020 PSFRR (due for completion in December 2020) will include simulation studies of the 

priority non-credible contingencies identified in Stage 1, with more detailed assessment of the adequacy 

of EFCSs and other existing management arrangements, analysis of future management options, and 

recommended options for EFCS improvement and further protected events if warranted. Stage 1 has 

identified one possible protected event for further analysis in Stage 2, in connection with a Queensland 

protection scheme. 

 

AEMO summarises below: 

¶ The key findings of Stage 1 of the PSFRR. 

¶ The consultation process from here on Stage 1 of the 2020 PSFRR. 

¶ The plan and timeline for delivery of Stage 2 of the 2020 PSFRR. 

Status of 2018 PSFRR recommendations  

This is the second PSFRR for the NEM, following the initial PSFRR report published in June 2018. AEMO made 

a number of recommendations in 2018 for action by TNSPs or AEMO. The 2018 PSFRR recommendations and 

their current status are summarised in Table 1.  

Table 1  Summary of 2018 PSFRR recommendations and current status  

PSFRR recommendation   Action   Status (June 2020)  

Implement an upgrade to the recently commissioned System Integrity 

Protection Scheme (SIPS) in South Australia, to reduce the likelihood that a loss 

of multiple generators in South Australia will lead to separation and a black 

system. 

ElectraNet In progress 

Amend the existing Central Queensland to Southern Queensland Special 

Protection Scheme (CQðSQ SPS), to be effective for higher southerly flows that 

are anticipated as new generation projects connect in North Queensland. 

Powerlink In progress (the 2020 PSFRR 

identifies potential for a 

protected event to mitigate 

risks in the interim) 

Declare a protected event comprising the loss of multiple transmission lines in 

South Australia during destructive wind conditions.  

AEMO Completed 

Commence a joint study between Powerlink and AEMO to evaluate the risk of 

major supply disruption following the non-credible separation of the 

Queensland ð New South Wales Interconnector (QNI) during high export to 

New South Wales.  

AEMO/Powerlink Completed 

 

Review of the power system in NEM regions  

General observations  

¶ Increasing inverter-based resources (IBR) and reduced operation of traditional synchronous generating 

systems has continued in all regions, reducing inertia and system strength that support the stable 

operation of the power system.  
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¶ In some areas, the proliferation of distributed photovoltaic (DPV) generation is leading to reduced power 

flows from upstream substations, and in some cases even reverse power flows. During an under-frequency 

event, disconnection of such feeders because of UFLS action will reduce the effectiveness of existing UFLS 

arrangements and potentially exacerbate frequency disturbances.  

¶ Analysis of inertia levels in each region and interconnector transfer between regions highlight the risk of 

high interconnector transfer during periods of low inertia. This operational scenario could result in high 

power system frequency excursions following a non-credible contingency event involving the loss of an 

interconnector. 

¶ As a consequence of the large uptake of IBR in areas of limited transmission capacity, the number of 

Special Protection Schemes (SPSs) employed to increase the transmission capacity is growing. The system 

now relies even more on these schemes for managing system security. Further, the operating conditions 

considered in designing and testing of some existing EFCSs have changed over the last 5-10 years. Some 

frequency events during 2018-20 highlighted the need to further review the design and operation of 

EFCSs and SPSs which may impact AEMOõs ability to manage frequency stability. 

Quee nsland ð po tential need for new protected event declaration  

As outlined in Table 1, there are increasing risks associated with the existing CQðSQ SPS in Queensland. 

Modifications to the existing SPS are required for the scheme to be effective during period of higher 

southerly flows, which are becoming increasingly frequent as new generation projects come online in north 

Queensland. AEMO will continue working with Powerlink in Stage 2 of the PSFRR to improve projections of 

the emerging risks and timing of these changes. This work will help to determine whether a protected event 

recommendation is warranted to allow AEMO to manage the risk through operational measures ahead of 

changes to the SPS.  

South Australia ð UFLS improvements and new protected event declaration  

AEMO recently released analysis exploring the management of credible contingencies in low load, high DPV 

periods in South Australia1.  report presents complementary analysis that explores the management of 

non-credible events in low load, high DPV periods, specifically exploring the effectiveness of UFLS in the 

event of a non-credible separation of South Australia. 

In conjunction with SAPN and ElectraNet, AEMO has identified an urgent need to implement measures to 

improve the adequacy of UFLS arrangements in South Australia. Following a non-credible separation, in 

periods with low load or high DPV generation, the UFLS may not be adequate to arrest frequency decline or 

prevent cascading failure. This risk is increasing with the ongoing growth in DPV, which reduces the net load 

available to be disconnected by existing UFLS schemes.  DPV also demonstrates under-frequency 

disconnection behaviour, which further compromises UFLS effectiveness in arresting a frequency decline.   

AEMO forecasts that spring 2020 will see more periods where there is insufficient (net) load available for 

disconnection by UFLS relays. In some cases, UFLS action could even exacerbate the disturbance by 

disconnecting circuits operating with reverse power flows.  

To mitigate the risk, AEMO is presently working with ElectraNet to develop a power system constraint 

designed to limit imports into South Australia on the Heywood interconnector to the level where there is 

confidence that cascading failure will be avoided if a non-credible separation event occurs. This will be 

introduced under regulation 88A of the Electricity (General) Regulations 2012 (SA), in conjunction with limits 

advice from ElectraNet, to keep the rate of change of frequency (RoCoF) below 3 hertz per second (Hz/s) for 

the non-credible trip of both Heywood interconnector circuits. It should be noted that RoCoF would exceed 

3 Hz/s once cascading failure starts to occur, so the constraint would be designed to avoid frequency falling 

to 47 Hz during periods when UFLS schemes are unlikely to be effective.  

 
1 AEMO, Minimum operational demand thresholds in South Australia ð technical report, May 2020, at https://www.aemo.com.au/-/media/Files/Electricity/

NEM/Planning_and_Forecasting/SA_Advisory/2020/Minimum-Operational-Demand-Thresholds-in-South-Australia-Review. 

https://www.aemo.com.au/-/media/Files/Electricity/NEM/Planning_and_Forecasting/SA_Advisory/2020/Minimum-Operational-Demand-Thresholds-in-South-Australia-Review
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Planning_and_Forecasting/SA_Advisory/2020/Minimum-Operational-Demand-Thresholds-in-South-Australia-Review
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Although regulation 88A allows for an interim solution, AEMO considers it preferable to manage the 

identified risks under the NER protected event framework, because this would: 

¶ Provide greater transparency, and 

¶ Allow consideration of all non-credible contingency events that could cause separation of the South 

Australia region, and a wider range of options to mitigate this issue.  

The PSFRR therefore recommends the declaration of a protected event to appropriately manage the risk of 

cascading failure and a black system in South Australia.   

The extent of any management actions, such as constraints on power flows through the Heywood 

interconnector, would be a function of the effectiveness of arrangements in place at any point in time to 

interrupt load and/or increase generation in response to a separation event, to meet the protected event 

standards.  

AEMO intends to prepare a submission to the Reliability Panel requesting declaration of the proposed 

protected event by early 2021.  

Identification and review of non -credible contingency events  

AEMO has considered selected reviewable operating incidents involving frequency excursions resulting from 

non-credible contingency events that occurred since the 2018 PSFRR. These have been categorised by 

reference to the extent of the frequency excursion with respect to the Frequency Operating Standard (FOS): 

¶ Minor event ð frequency remained within the applicable normal operating frequency excursion band 

(49.75-50.25 Hz for the mainland NEM and Tasmania). 

¶ Moderate event ð frequency exceeded the applicable normal operating frequency excursion band but 

remained within the applicable operational frequency tolerance band (49.0-51.0 Hz for the mainland NEM 

and 48.0-52.0 Hz for Tasmania). 

¶ Major event ð frequency exceeded the applicable operational frequency tolerance band, or the 

contingency resulted in a separation event, involved the operation of EFCSs, or resulted in the power 

system no longer being in a secure operating state. 

Table 2 shows a summary of the outcomes of the review, highlighting that South Australia recorded the 

highest number of ôMajorõ events since June 2018, while other regions recorded mostly ôModerateõ or ôMinorõ 

events. Although not all non-credible contingencies had a significant power system frequency impact, in 

some cases this could be due to favourable power system operational conditions when events occurred. 

Table 2  Number and category of relevant non -credible contingency events since 2018 PSFRR  

Region  Category (number of occurrences)  

Major  Moderate  Minor  

Queensland  1 0 8 

New South Wales  2 1 0 

Victoria  3 2 2 

South Australia  6 0 2 

Tasmania  0 3 1 

 

Identification and review of emergency frequency control schemes and protected events  

The EFCSs being used in the NEM to prevent frequency collapse include:  
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Ɓ UFLS schemes, which automatically disconnect consumer load to arrest frequency decline and prevent a 

black system.  

Ɓ Over-frequency generation shedding (OFGS) schemes, which co-ordinate the tripping of generators in a 

pre-determined manner to prevent unco-ordinated cascading tripping of generators leading to a black 

system.  

Ɓ Additional schemes to reduce effective contingency sizes, or to respond to specific contingency events to 

prevent system separation and uncontrolled frequency excursions in the resulting islanded sub-networks. 

A detailed review of existing EFCSs and their adequacy will be undertaken as part of Stage 2 PSFRR. 

At present there is only one protected event in the NEM, which exists in South Australia and was declared 

following the recommendations of the 2018 PSFRR. The protected event is: 

òThe loss of multiple transmission elements causing generation disconnection in the South Australia region 

during periods where destructive wind conditions are forecast by the Bureau of Meteorologyó. 

AEMO is currently managing the risks associated with this protected event by limiting the maximum flow into 

South Australia on the Heywood interconnector to 250 megawatts (MW) during forecast destructive wind 

conditions.  

Consultation process for Stage 1  

AEMO sought submissions from interested parties on a draft of the PSFRR stage 1 report in early July 2020 

and also held an industry forum to facilitate feedback.  

Section 1.5 of this report outlines the feedback provided and how it has been addressed.  

Plan for Stage 2 of 2020 PSFRR 

The Stage 2 PSFRR assessment and reporting will build on the reviews undertaken in Stage 1, and will involve: 

¶ Detailed analysis and simulation studies of priority non-credible contingency events which AEMO finds are 

likely to involve uncontrolled frequency excursions leading to cascading outages or major supply 

disruption. The non-credible contingency events prioritised for review in Stage 2 are: 

ð Loss of double-circuit Queensland ð New South Wales Interconnector (QNI), leading to New South 

Wales and Queensland separation. 

ð Loss of multiple single-circuit interconnectors between New South Wales and Victoria, leading to New 

South Wales and Victoria separation. 

ð Loss of double-circuit Heywood interconnector, leading to Victoria and South Australia separation 

ð Loss of double-circuit Calvale ð Halys transmission line between Central Queensland (CQ) and South 

Queensland (SQ), leading to a complete separation of CQ from SQ. 

Ɓ Assessment of the performance and adequacy of existing EFCSs for management of potential frequency 

risks in the next two years (until the 2022 PSFRR). 

Ɓ Review of options for future management of such events, which may include new or modified EFCSs, 

declaration of protected events, network augmentation, and non-network alternatives to augmentation. 

Ɓ Consideration of the scope and processes associated with the PSFRR, including recommendations to 

deliver system security outcomes and consumer benefits.  

Figure 1 shows the timeline for delivery of Stage 2 and how it relates to Stage 1 assessment.  
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Figure 1  Timeline  for delivery of 2020 PSFRR ð Stage 1 and Stage 2  
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1. Introduction  

1.1 Purpose  

The Power System Frequency Risk Review (PSFRR) is an integrated review of power system frequency risks 

associated with non-credible contingency events in the National Electricity Market (NEM). AEMO undertakes a 

PSFRR for the NEM at least every two years, in accordance with rule 5.20A of the National Electricity Rules 

(NER). The review is conducted in consultation with Transmission Network Service Providers (TNSPs), and with 

Distribution Network Service Providers (DNSPs) and other parties where appropriate.  

1.2 Management of frequency  

Managing the power system frequency sufficiently close to its nominal value of 50.0 hertz (Hz) is critically 

important for maintaining the security of the power system and safety of the connected equipment.  

Most plant connected to the power system, in particular connected generating plant, is designed to operate 

most efficiently at the nominal frequency. When connected plant is operated at a frequency significantly 

outside the nominal operating value, it may mal-operate and is susceptible to damage. Large connected 

plant, including generating plant, therefore have protection systems to isolate from the grid when the power 

system frequency falls outside safe operating limits. Uncontrolled tripping of generating plant could lead to 

either partial or total system collapse. 

The specific frequency requirements AEMO must meet under different power system conditions are set out in 

the Frequency Operating Standard (FOS)2 for the mainland NEM and Tasmania, determined by the 

Reliability Panel. The FOS includes defined frequency bands and timeframes in which the system frequency 

should be contained and recover following different types of events, including credible contingency events 

(such as tripping generation or load, or an unplanned network outage) and non-credible contingency events 

(such as the loss of multiple generation or network elements or a regional separation event). The FOS 

requirements inform how AEMO operates the power system, including through applying constraints to the 

dispatch of generation or enabling frequency control ancillary services (FCAS). 

The power system frequency is maintained by the balance of the generation and load  connected to the 

power system. Any imbalance will lead to either increase or decrease in frequency, until remedial action is 

taken to restore the balance. A large imbalance in generation/load could create a very rapid fall or rise of 

frequency. Therefore, the remedial actions for mitigating such frequency variations require activation of pre-

planned actions within a very short time. The pre-planned actions could be activation of additional 

generation response (for example, FCAS) or activation of load (for example, under-frequency load shedding 

[UFLS]). 

Depending on the type of contingency and the probability of occurrence, AEMO follows different approaches 

to manage frequency3: 

¶ Events which are relatively common and, although unexpected in timing, generally anticipated to occur, 

are credible contingency events , such as the loss of a single generator, a single load, or a single line in 

the network. AEMO is expected to have sufficient generation or load procured and available to maintain 

the power system frequency within the ôoperational frequency tolerance band; after a credible 

contingency event, and return the frequency to the ônormal operating frequency bandõ within a short 

period of time.  

 
2 Reliability Panel AEMC, Frequency Operating Standard, Effective 1 January 2020, at https://www.aemc.gov.au/sites/default/files/2019-12/Frequency%20

operating%20standard%20-%20effective%201%20January%202020%20-%20TYPO%20corrected%2019DEC2019.PDF. 

3 Australian Energy Market Commission (AEMC), Fact sheet, òWhat is a protected event?ó, at https://www.aemc.gov.au/sites/default/files/content/e5a68389-

611d-4e15-b89b-41ee5a74c3c5/Fact-sheet-What-is-a-protected-event-%28FINAL-PUBLISHED-VERSION%29.pdf. 

https://www.aemc.gov.au/sites/default/files/2019-12/Frequency%20operating%20standard%20-%20effective%201%20January%202020%20-%20TYPO%20corrected%2019DEC2019.PDF
https://www.aemc.gov.au/sites/default/files/2019-12/Frequency%20operating%20standard%20-%20effective%201%20January%202020%20-%20TYPO%20corrected%2019DEC2019.PDF
https://www.aemc.gov.au/sites/default/files/content/e5a68389-611d-4e15-b89b-41ee5a74c3c5/Fact-sheet-What-is-a-protected-event-%28FINAL-PUBLISHED-VERSION%29.pdf
https://www.aemc.gov.au/sites/default/files/content/e5a68389-611d-4e15-b89b-41ee5a74c3c5/Fact-sheet-What-is-a-protected-event-%28FINAL-PUBLISHED-VERSION%29.pdf
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¶ More rare events may cause a large imbalance in load and generation and could cause significant 

frequency deviations. These events, which are considered unlikely, are known as non-credible 

contingenc y events; examples are the simultaneous loss of multiple generators, or multiple transmission 

circuits. AEMO may use corrective actions such as controlled load or generation shedding, together with 

any FCAS procured for managing the credible events, to limit the consequences of a non-credible 

contingency event. The corrective action, including settings for any Emergency Frequency Control 

Schemes (EFCSs), should be designed to contain frequency within the ôextreme frequency excursion 

tolerance limitsõ, and progressively return. 

Under certain conditions AEMO can also reclassify a contingency event  from non-credible to credible. 

AEMO makes a reclassification when a non-credible contingency is more likely to occur due to any abnormal 

conditions prevailing at the time, such as in the presence of bushfires or increase in lightning strikes near 

transmission assets.4  

Non-credible events identified as having high-impact consequences requiring additional management to 

avoid cascading failure can be declared by the Reliability Panel as protected events . To maintain the FOS 

following the occurrence of a protected event, AEMO may take various measures including purchase of FCAS, 

constraining generation, or controlled shedding of generation or load5.  

In some areas of the grid, AEMO is seeing the proliferation of inverter-based resources (IBR) reduce the 

effectiveness of existing backup arrangements which were designed to protect the system against high 

impact low probability events. This is giving rise to a greater need to review those arrangements and consider 

declaring protected events as either short-term or long-term measures.  

AEMO may propose the declaration of a non-credible event as a protected event if recommended as an 

outcome of the PSFRR and after considering the options and costs of managing the event. The Reliability 

Panel determines whether to declare a protected event, having undertaken its own cost-benefit assessment.  

1.3 2018 PSFRR  

In June 2018, AEMO completed a PSFRR assessing frequency risks in each region of the NEM. Below is a 

summary of recommendations made as part of the 2018 PSFRR, and their current status: 

¶ Implement an upgrade to the recently commissioned System Integrity Protection Scheme (SIPS) in 

South Australia, to reduce the likelihood that a loss of multiple generators in South Australia will lead 

to separation and a black system. AEMO and ElectraNet  estimated that the modification could be 

completed within two years.  

ð In collaboration with AEMO, ElectraNet is upgrading the existing SIPS to a Wide Area Protection 

Scheme (WAPS)6 in which Phasor Measurement Unit (PMU) technology will be used to develop the 

enhanced scheme. A pilot scheme has been commissioned to trial the technology and understand its 

quality and performance as fit for use in a protection scheme. In parallel, a study is also underway to 

consider the feasibility of development of the WAPS using PMUs, which includes development of a 

significant number of power system simulations for analysis and development of the WAPS. This 

feasibility study is expected to be completed by December 2020, after which AEMO and ElectraNet will 

review and make a decision on implementing the WAPS. 

¶ Amend the existing Central Queensland (CQ) ð South Queensland (SQ) Special Protection Scheme (SPS) to 

be effective for higher southerly flows that are anticipated as several new generation projects connect in 

 
4 Refer to AEMOõs Power System Security Guidelines SO_OP_3715, at https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-

nem/system-operations/power-system-operation/power-system-operating-procedures. 

5 AEMC, Information Fact Sheet, 2017, at https://www.aemc.gov.au/sites/default/files/content/e5a68389-611d-4e15-b89b-41ee5a74c3c5/Fact-sheet-What-is-

a-protected-event-%28FINAL-PUBLISHED-VERSION%29.pdf. 

6 ElectraNet, South Australia Energy Transformation Regulatory Investment Test ð Transmission (RIT-T), May 2019, at https://www.electranet.com.au/wp-

content/uploads/projects/2016/11/2019-05-22-SAET-SPS-Report.pdf. 

https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/system-operations/power-system-operation/power-system-operating-procedures
https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/system-operations/power-system-operation/power-system-operating-procedures
https://www.aemc.gov.au/sites/default/files/content/e5a68389-611d-4e15-b89b-41ee5a74c3c5/Fact-sheet-What-is-a-protected-event-%28FINAL-PUBLISHED-VERSION%29.pdf
https://www.aemc.gov.au/sites/default/files/content/e5a68389-611d-4e15-b89b-41ee5a74c3c5/Fact-sheet-What-is-a-protected-event-%28FINAL-PUBLISHED-VERSION%29.pdf
https://www.electranet.com.au/wp-content/uploads/projects/2016/11/2019-05-22-SAET-SPS-Report.pdf
https://www.electranet.com.au/wp-content/uploads/projects/2016/11/2019-05-22-SAET-SPS-Report.pdf
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North Queensland. AEMO and Powerlink estimated that the modification could be completed within 

two years. 

ð When amending the SPS for secure operation, Powerlink identified a requirement to trip 

inverter-based generation ahead of synchronous generation to maintain system strength. However, 

given the variable nature of such generation (including different cloud cover patterns and transitions 

from afternoon to evening), implementation is challenging. Powerlink has advised it is planning to 

deploy the first phase of the new scheme by mid-2021 with around 600 megawatts (MW) of renewable 

generators along with the existing CQðSQ SPS, which will continue to trip Callide units.  

¶ Declaration of a protected event in South Australia. Following the 28 September 2016 black system event 

in South Australia, AEMO initiated an operational action plan to limit flow on the Heywood interconnector 

during destructive wind conditions in South Australia (under NER 4.3.1(v)). For transparency, and to 

provide certainty to the market, AEMO recommended that this condition be declared a protected event. If 

approved by the Reliability Panel, AEMO expected this protected event to be activated approximately 

twice per year, based on historical weather conditions.  

ð After the AEMO submission, on 19 June 2019, the Reliability Panel declared ôthe loss of multiple 

transmission elements causing generation disconnection in the South Australia region during periods 

where destructive wind conditions are forecast by the Bureau of Meteorologyõ as a protected event7.  

ð The SIPS being upgraded by AEMO and ElectraNet also assists in managing the protected event.  

ð Since the declaration of the protected event, AEMOõs records indicate it has occurred twice (on 8 

August 2019 and 22 January 2020) for a period of around 24 hours in total.   

¶ AEMO/Powerlink joint study into Queensland over-frequency risk. AEMOõs studies showed that 

Queensland may, in future, be at risk of over-frequency leading to cascading outages following the 

non-credible trip of the Queensland ð New South Wales Interconnector (QNI) during high export to New 

South Wales. AEMO recommended a joint study between Powerlink and AEMO to evaluate the risk of 

major supply disruption due to this event. This study should incorporate projections from AEMOõs 2018 

Integrated System Plan (ISP). AEMO anticipated that an over-frequency generation shedding (OFGS) 

scheme would be the preferred option to manage this risk.  

ð AEMO and Powerlink have completed a joint study which considers the major supply disruptions which 

could lead to over-frequency events in Queensland. The study concluded that the recommended 

measures in the AEMOõs final report for the 25 August 2018 separation event will mitigate the risk of 

over-frequency. 

ð AEMOõs analysis of system behaviour on the 25 August 2018 event demonstrated that a progressive 

reduction in the provision of primary frequency response (PFR) by the generation fleet over several 

years has increased the chance of under-frequency load shedding and over-frequency generation 

shedding following non-credible contingency events. 

ð The study recommended NER changes to increase the control of frequency closer to 50.0 Hz. The 

Australian Energy Market Commission (AEMC) made a final rule effective on 4 June 2020, that will 

require all capable generating systems to provide PFR within performance parameters set out in 

primary frequency response requirements (PFRR) established by AEMO. 

ð At present, there is no OFGS in Queensland. Over-frequency is currently managed through the FCAS 

lower markets. For events exceeding the design criteria of the levels procured under FCAS, the 

frequency will be maintained through the uncoordinated generator over-frequency protection. AEMO 

and Powerlink plan to review this requirement further as part of the QNI upgrade. 

 
7 Reliability Panel AEMC, Final report AEMO request for protected event declaration, June 2019, at https://www.aemc.gov.au/sites/default/files/2019-

06/Final%20determination%20-%20AEMO%20request%20for%20declaration%20of%20protected%20event.pdf. 

https://www.aemc.gov.au/sites/default/files/2019-06/Final%20determination%20-%20AEMO%20request%20for%20declaration%20of%20protected%20event.pdf
https://www.aemc.gov.au/sites/default/files/2019-06/Final%20determination%20-%20AEMO%20request%20for%20declaration%20of%20protected%20event.pdf
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1.4 Scope of 2020 PSFRR 

In accordance with NER clause 5.20A.1, the scope of the 2020 PSFRR includes: 

¶ Identification and review of priority non-credible contingency events which AEMO expects are likely to 

involve uncontrolled frequency changes leading to cascading outages or major supply disruption.  

¶ Review and assessment of current arrangements for managing such non-credible contingency events, 

including the performance of existing EFCSs. 

¶ Identification and assessment of technically and economically feasible options for future management of 

such events, which may include new or modified EFCSs, declaration of the event as a protected event, 

network augmentation, and non-network alternatives to augmentation. 

¶ Assessment of the adequacy and costs of managing existing protected events, including consideration of 

whether to recommend revocation. 

1.5 Stage 1 Consultation 

In the 2020 PSFRR Draft Report published on 3 July 2020, AEMO requested stakeholder feedback on the 

development of the final PSFRR and its recommendations. AEMO received written submissions from SA 

Power Networks (SAPN) and CS Energy which are published on the AEMO website8. As part of the 

consultation process, AEMO also conducted a Q&A session on 9 July 2020 to provide a further opportunity 

for stakeholder input and feedback.  

AEMO has considered feedback provided through the written submissions and Q&A session in finalising the 

PSFRR Stage 1 report. The key matters raised are summarised below, together with AEMOõs responses.  

Key feedback  relating to Stage 1  

1. Comment: The high frequency event that occurred on 28 January 2020 was omitted from the PSFRR 

report. 

Response: For the purposes of the PSFRR, AEMO reviews selected operating incidents involving 

frequency excursions due to non-credible contingency events. The frequency event that occurred on 

28 January 2020 did not meet the selection criteria. However, AEMO acknowledges this event had an 

impact on power system frequency and has therefore included commentary in Section 5.3.  

2. Comment:  AEMO is encouraged to consider both the necessary immediate and long-term prudent 

capabilities required in the redesign of the South Australian UFLS scheme, to avoid re-work in future. 

Response:  AEMO will conduct analysis in close collaboration with SAPN to develop a comprehensive 

plan for redesign of the South Australian UFLS, including consideration of dynamic arming capabilities.  

This will take into account both the short-term power system needs and the longer-term capabilities 

required, to minimise overall cost impact to consumers. 

3. Comment: Define FAPR, referenced in the report. 

Response: FAPR (Fast Active Power Response) is defined as a sub-second active power response 

provided by inverter-connected resources, such as battery storage or solar farms. This definition has 

been included in the relevant section of this report. 

Key feedback relating  to Stage 2 

1. Comment: Need for review of protection scheme effectiveness (including lightning protection and special 

protection schemes) to account for changing climatic and power system conditions. 

 
8 AEMO, Power System Frequency Risk Review Consultation, June 2020, at https://aemo.com.au/en/consultations/current-and-closed-consultations/2020-

psfrr-consultation. 

https://aemo.com.au/en/consultations/current-and-closed-consultations/2020-psfrr-consultation
https://aemo.com.au/en/consultations/current-and-closed-consultations/2020-psfrr-consultation
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ð Response: AEMO will consider this feedback as part of the Stage 2 PSFRR, including in the 

development of recommendations related to the framework for assessment of power system risks, and 

priority areas for review of protection schemes. The Stage 1 PSFRR has identified risks relating to the 

impact of DPV on UFLS schemes, the potential adverse impacts of synchronous machine tripping 

schemes, and changing power system dynamics on the efficacy of existing schemes. These factors 

should be considered when reviewing the performance of special protection schemes in place to 

manage power system events.  

2. Comment: Implementation of wide deadband frequency response could offer some benefits compared to 

OFGS schemes.  

ð Response: AEMO will consider this feedback as part of the development of any recommendations 

relating to OFGS schemes.  

3. Comment: Several comments were made regarding the potential to broaden the scope of the PSFRR to 

cover general power system risks, other than those relating to non-credible contingency events. One 

stakeholder voiced concerns that expanding the scope to general risks could potentially end up being too 

broad.  

ð Response: AEMO acknowledges the feedback and will consider this in the development of the Stage 2 

report. AEMO notes that the AEMC has received a rule change proposal to convert the PSFRR to a 

general power system risk review, and it would be appropriate for AEMO and interested parties to 

contribute their views to the rule change process once initiated9. 

4. Comment: AEMO to consider if the current protected event framework may be too onerous in particular 

circumstances.  

ð Response: AEMO will consider this in development of the Stage 2 PSFRR. This might include a 

recommendation to introduce an alternative (streamlined) process that allows additional power system 

security parameters to be relaxed in relation to some protected events. This would allow the Reliability 

Panel the flexibility to determine prudent and cost-effective actions to manage the critical risks or 

changes driving the recommendation. AEMO also notes that a second rule change proposal received 

by the AEMC will consider changes to the protected event processes, in particular to reduce the time 

needed to declare a protected event10. 

5. Comment: AEMO to describe the relationship between models developed to deliver the PSFRR and 

changes anticipated through implementation of the primary frequency response requirements (PFRR) rule 

change.  

ð Response: As the part of PSFRR, AEMO is planning to adopt simplified governor models for those 

generators where site-specific models are unavailable. This is the case for many NEM generators for 

legacy reasons. The models to be developed will be configured in line with anticipated performance to 

delivered through implementation of the PFR Rule Change. Models will be rudimentary only and do 

not obviate the need for more detailed models to represent plant performance.  

6. Comment: What are the potential benefits of frequency control exercised from customer appliances? 

ð Response:  AEMO is aware that there may be options for UFLS type capabilities from devices at the 

customer site. In the context of South Australia, AEMO has requested advice from SAPN on the 

potential to increase UFLS response utilising such capabilities. 

7. Comment: What is the interplay of FAPR with Office of the Technical Regulator (OTR) requirements in 

South Australia? 

ð Response: The OTR has requirements for a type of fast frequency response (also sometimes termed 

synthetic inertia) for new installations in South Australia. This is similar to the FAPR discussed in this 

 
9 AEMC, Implementing a general power system risk review, at https://www.aemc.gov.au/rule-changes/implementing-general-power-system-risk-review. 

10 AEMC, Enhancing operational resilience in relation to indistinct events, at https://www.aemc.gov.au/rule-changes/enhancing-operational-resilience-

relation-indistinct-events.  

https://www.aemc.gov.au/rule-changes/implementing-general-power-system-risk-review
https://www.aemc.gov.au/rule-changes/enhancing-operational-resilience-relation-indistinct-events
https://www.aemc.gov.au/rule-changes/enhancing-operational-resilience-relation-indistinct-events
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report, which may provide an effective complement to UFLS response. Improved frameworks for 

procuring FAPR may be required to facilitate optimal use of these capabilities. 
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2. Approach  

2.1 Approach for 2020 PSFRR  

AEMO is undertaking the PSFRR for 2020 in two stages. Stage 1 of the PSFRR (this report): 

¶ Looks back at power system events and changes since the publication of the 2018 PSFRR, including: 

ð How the power system in each NEM region has changed in ways that could have adverse impacts on 

frequency control, including changes in generation mix, maximum and minimum demand levels with 

their expected timing, interconnector flow patterns, and inertia. 

ð The impact of climate conditions in each region on the likelihood, potential consequences, and 

effective management of non-credible contingency events.  

ð A review of non-credible contingency events since the 2018 PSFRR with potential for uncontrolled 

frequency changes to result in cascading outages or a black system. 

ð An initial assessment of the adequacy of current EFCSs and other arrangements available to manage or 

mitigate the impacts of these events. 

¶ Identifies the non-credible contingency events and associated management arrangements to be 

prioritised for more detailed assessment and option analysis in Stage 2 of the 2020 PSFRR. 

¶ Highlights one set of immediate high priority recommendations for non-credible contingency events that 

could result in separation of the South Australia region from the rest of the NEM power system. These 

recommendations are drawn from ongoing studies that AEMO has been conducting, in consultation with 

ElectraNet, SAPN, and the South Australian jurisdictional system security coordinator. As a result of this 

work, AEMO has identified: 

ð A range of recommended options to increase the capability and effectiveness of South Australian UFLS 

schemes, for implementation from late 2020 onwards. These include adding more load to the UFLS 

scheme and introducing dynamic arming for UFLS circuits in reverse flows. 

ð A recommendation for a new protected event for the non-credible separation of South Australia, that 

will initially allow Heywood interconnector flows into the region to be limited in periods when the UFLS 

schemes in South Australia are not effective enough to prevent cascading failures and a potential black 

system.  

ð Interim arrangements to mitigate the cascading failure risk in these periods until a protected event is 

declared, by modifying existing constraints needed under South Australian regulations, although these 

cannot cover all potential separation events.  

ð That these risks would be more comprehensively and transparently managed under the NER protected 

event framework; AEMO therefore plans to make a recommendation to the Reliability Panel by early 

2021.  

Stage 2 of the PSFRR (due in December 2020), will include a more detailed review based on PSS® E 

simulation studies of the priority non-credible contingencies identified in Stage 1, and the adequacy of EFCSs 

for managing the impact of such events. Specifically, AEMO plans to undertake the following activities in 

consultation with TNSPs as part of Stage 2: 

¶ Detailed analysis and simulation studies of priority non-credible contingency events which AEMO expects 

would be likely to involve uncontrolled frequency excursions leading to cascading outages or major 

supply disruption. 

¶ Assessment of the performance and adequacy of existing EFCSs for management of potential frequency 

risks in the next two years (until the next PSFRR in 2022). 
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¶ Review of options for future management of such events, which may include new or modified EFCSs, 

declaration of a protected event, network augmentation, and non-network alternatives to augmentation. 

2.2 Collaboration with TNSPs  

AEMO consults with TNSPs in all NEM regions (Powerlink, TransGrid, AusNet Services, ElectraNet, and 

TasNetworks) to identify non-credible contingencies and EFCSs to be included in the 2020 PSFRR. 

As part of the Stage 1 review, AEMO sought and obtained feedback from all TNSPs on the EFCSs presently 

available and planned, potential non-credible contingency events appropriate for consideration in the PSFRR, 

TNSP experience on the impact of climate change and extreme weather-related contingency events on 

frequency risks, and the impact on frequency risks of distributed photovoltaic (DPV) generation and 

generation/load inter-trip schemes. 

Further consultation with TNSPs, relevant DNSPs, and other key stakeholders is planned for Stage 2. 

2.3 Criteria for assessment  

As required by the NER (clause 5.20A.1(a)(1)), the PSFRR must identify and review: 

ônon-credible contingency events, the occurrence of which AEMO expects would be likely to involve 

uncontrolled increases or decreases in frequency (alone or in combination) leading to cascading outages, or 

major supply disruptionsõ.  

The criteria for selection of non-credible contingency events to be prioritised as part of the review include: 

¶ Whether the event fits the definition quoted above under clause 5.20A.1(a)(1) of the NER. 

¶ The likely power system security outcomes if the event occurs. 

¶ The likelihood of the event occurring.  

¶ Whether, in AEMOõs opinion, it is reasonably likely there are technically and economically feasible options 

to manage the event. 

As part of the Stage 1 PSFRR, AEMO undertook a review of selected reviewable operating incidents involving 

frequency excursions resulting from non-credible contingency events that occurred since the 2018 PSFRR. For 

the purpose of assessment and reporting, the non-credible contingency events have been categorised in 

terms of the frequency excursion with respect to the FOS: 

¶ Minor event ð frequency remained within the applicable normal operating frequency excursion band 

(49.75-50.25 Hz for the mainland NEM and Tasmania). 

¶ Moderate event ð frequency exceeded the applicable normal operating frequency excursion band but 

remained within the applicable operational frequency tolerance band (49.0-51.0 Hz for the mainland NEM 

and 48.0-52.0 Hz for Tasmania). 

¶ Major event ð frequency exceeded the applicable operational frequency tolerance band, or the 

contingency resulted in a separation event, or the operation of EFCSs, or the power system not being in a 

secure operating state. 

The non-credible contingency events which have been prioritised for review in Stage 2 are: 

1. Loss of double-circuit QNI, leading to New South Wales and Queensland separation. 

2. Loss of multiple single-circuit interconnectors between New South Wales and Victoria, leading to New 

South Wales and Victoria separation. 

3. Loss of double-circuit Heywood interconnector, leading to Victoria and South Australia separation. 

4. Loss of double circuit Calvale ð Halys transmission line between Central Queensland (CQ) and South 

Queensland (SQ), leading to a complete separation of CQ from SQ. 
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2.4 PSFRR relationship with other reports  

The PSFRR draws inputs from a number of related reports and processes, and informs and underpins several 

reports and processes owned by AEMO and TNSPs. Figure 2 shows this inter-relationship. 

The PSFRR assesses the adequacy of existing arrangements and potential risks associated with the 

management of power system frequency. For this purpose, the review considers past incidents, the operating 

conditions during the incident, trends observed in generation and demand, and generation and demand 

forecasts. The PSFRR then extrapolates this information to assess potential future risks (approximately within 

next two to five years) and determines suitable risk mitigation measures. Mitigation measures may be in the 

forms of review and revision of TNSP and AEMO operating procedures, future investments by TNSPs, network 

investments consistent with AEMOõs ISP, review and revision of EFCSs, or protected events. AEMO may also 

recommend that a previously declared protected event be revoked based on a review of the adequacy and 

costs of the arrangements for managing the event.  

Figure 2  Inputs  to and outcomes  of the PSFRR 

 
 

The PSFRR is one of a suite of documents periodically published by AEMO to inform the market on the state 

of the power system and potential risks. Figure 3 shows the PSFRR in relation to other key AEMO documents 

and processes. 
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Figure 3  Relationship of PSFRR with other AEMO documents and processes  

 
 

The recent Renewable Integration Study ð Stage 1 report11 is an example of the key Strategic Technology 

Reviews and Industry Environment Scan documents published by AEMO.   

 
11 At https://aemo.com.au/en/energy-systems/major-publications/renewable-integration-study-ris. 

https://aemo.com.au/en/energy-systems/major-publications/renewable-integration-study-ris


   

 

© AEMO 2020 | 2020 Power System Frequency Risk Review ð Stage 1 24 

 

3. Industry in transi tion  

3.1 Past and forecast future change in energy mix  

Australiaõs electricity needs were historically met by generation from synchronous machines using hydro 

power, coal, or gas as their primary energy sources. Over the last decade, a significant uptake of renewable 

(mainly wind and solar) generation has occurred, and several ageing coal-fired generating plants have been 

retired and decommissioned. More recently, several large-scale Battery Energy Storage System (BESS) 

projects have been implemented, and significantly more BESS capacity is planned for connection to the NEM.  

Figure 4 shows recent changes in the energy mix of large grid-connected generation plants in the NEM12.  

Figure 4  NEM generation  mix changes, 2015 -19 

 
  

In addition, an unprecedented change has also occurred in the connection and use of small distributed 

generation, mainly in the form of DPV, along with a small uptake of distributed small battery storage systems. 

A number of grid-connected energy storage projects, mainly battery energy storage and pumped hydro 

energy storage projects, are also being planned and proposed. Generation using stored energy is likely to 

 
12 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. Data used in this chart has been taken from the final update each year. 

 

https://aemo.com.au/en/energy-systems/electricity/national-electricity-market-nem/nem-forecasting-and-planning/forecasting-and-planning-data/generation-information
https://aemo.com.au/en/energy-systems/electricity/national-electricity-market-nem/nem-forecasting-and-planning/forecasting-and-planning-data/generation-information
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become vital for managing intermittency of the availability of renewable sources, as the generation mix 

moves from the presently available and dispatchable generation to variable renewable generation.  

To date, BESS have been shown to respond rapidly to power system frequency changes and are contributing 

positively to maintain the frequency closer to the nominal value, following power system disturbances13. 

Although operating flexibility and economic efficiencies may be gained by connecting pumped hydro 

generation via inverters, such an approach is likely to increase the risks associated with managing power 

system frequency, by reducing available system inertia (discussed further in Section 3.6).  

3.2 AEMO operational reviews  

AEMO undertakes a NEM-wide summer review that outlines the preparations undertaken by AEMO and NEM 

participants prior to summer and considers the effectiveness of these preparations in minimising disruptions. 

The report reviews the operational measures for risk mitigation, availability of generation, performance of 

transmission assets, frequency management, and the impacts of climate changes. The Summer 2019-20 NEM 

Operations review was published on 22 June 202014. 

3.3 Distributed energy resources and composition of load  

The characteristics and composition of loads in the NEM have also significantly changed over the last decade. 

In the past, most household loads and industrial processes responded to voltage and frequency disturbances 

in a manner that lessened the impact of those disturbances, where the power consumed by the loads was 

reduced with a reduction in voltage or frequency. These quick reductions in consumed power reduced the 

stress on the power system during disturbances, aiding recovery from disturbances.  

Many modern household consumer appliances, including lighting, are now supplied through some form of 

power conditioning system (for example, a switch mode power supply) embedded in those appliances. 

Similarly, the power supply to many industrial rotating machines is now conditioned to improve their 

efficiency and performance, using some form of electronic motor drive systems. Because of these 

conditioning systems, the power consumed by these devices is less susceptible to disturbances in supply 

voltage or frequency. While the power conditioning is beneficial because it makes the devices, and therefore 

their outputs, less susceptible to power system disturbances, it (comparatively) increases the stress on the 

power system during disturbances. 

The composition of load as seen from the grid has also significantly changed, driven by two major factors: 

¶ The move of industry from a heavy manufacturing industry base to a value added service-oriented 

industry base, and the closure and reduction of large industrial loads, such as metal smelters. 

¶ The proliferation of distributed energy resources (DER) meeting at least part of the load at consumer 

premises. 

3.4 NEM-wide UFLS review  

The levels of DER, in particular DPV, have resulted in some distribution feeders operating as a net source of 

power to the transmission system under some operating conditions. As existing distribution network UFLS 

relays operate at the feeder level, and do not distinguish between downstream load and generation 

connected within the feeder, the effectiveness of such schemes is greatly reduced and may even exacerbate 

 
13 AEMO, Initial operation of the Hornsdale Power Reserve BESS, April 2018, at https://www.aemo.com.au/-/media/Files/Media_Centre/2018/Initial-operation-

of-the-Hornsdale-Power-Reserve.pdf. 

14 At https://www.aemo.com.au/-/media/fi les/electricity/nem/system-operations/summer-operations/2019-20/summer-2019-20-nem-operations-

review.pdf?la=en. 

 

https://www.aemo.com.au/-/media/Files/Media_Centre/2018/Initial-operation-of-the-Hornsdale-Power-Reserve.pdf
https://www.aemo.com.au/-/media/Files/Media_Centre/2018/Initial-operation-of-the-Hornsdale-Power-Reserve.pdf
https://www.aemo.com.au/-/media/files/electricity/nem/system-operations/summer-operations/2019-20/summer-2019-20-nem-operations-review.pdf?la=en
https://www.aemo.com.au/-/media/files/electricity/nem/system-operations/summer-operations/2019-20/summer-2019-20-nem-operations-review.pdf?la=en
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frequency disturbances. This is particularly evident in SA where there are emerging UFLS adequacy issues 

given high rates of DPV growth. 

Preliminary study findings and recommendations relating to the SA UFLS have informed the 

recommendations for managing non-credible separation of SA in Stage 1 of the PFSRR, and are presented in 

detail in the report at Appendix A1. AEMO is commencing investigation of the extent to which similar issues 

may start to impact UFLS adequacy in other regions. Any initial findings will be summarised in the Stage 2 

PSFRR report.  

It should be noted that NSPs and AEMO have ongoing responsibilities to respectively maintain and review the 

capability of UFLS to respond to significant non-credible contingency events, and to cooperate on the 

development and review of EFCS settings where necessary, regardless of the PSFRR process. 

The regulatory frameworks in the NER never envisioned a power system supplied primarily by distributed 

generation at individual customer sites, and do not provide a clear or adequate basis for investment in the 

optimal solutions for the long term. Review is required. AEMO is preparing concepts for a possible rule 

change proposal. 

In the future, an increased uptake in electric vehicles (EVs) would change the characteristics and composition 

of the load connected to the grid further. An increased uptake of EVs is also likely to result in a reduction in 

battery costs, making small-scale BESS more economical and affordable for household, commercial, and 

industrial use. With such changes, at any given time, the capacity of grid-connected BESS either charging or 

ready to be discharged would be significant. AEMO is presently investigating the potential avenues for using 

this resource for better controlling and managing frequency. 

3.5 Events causing power system disturbances  

A contingency is an event affecting the power system which AEMO expects is likely to involve the failure, or 

removal from operational service, of one or more generating units and/or transmission elements. A 

contingency event is a structural element defined in the NER which has been applied by AEMO for managing 

power system security, effectively and efficiently, since the start of the NEM.  

The NER presently define the events which cause power system disturbances in three categories:  

¶ Credible contingency events. 

¶ Non-credible contingency events. 

¶ Protected events. 

However, with changes in the electricity generation mix, load composition and climate, an increasing number 

and type of events could cause a wider range of disturbances in the power system, and the power systemõs 

capability to respond to and recover from severe or widespread events is also changing.  

This includes the effectiveness of existing backup arrangements to safeguard against unforeseen events. The 

number of small generators dispersed throughout the system is forecast to keep rising, together with 

household DPV and batteries, with controlled variable output depending on weather conditions. This means 

there can be more rapid and unexpected changes in generation, causing frequency disturbances which need 

to be managed. 

In December 2019 the AEMC completed a review on mechanisms to enhance resilience in the power system15, 

under terms of reference focused on systemic issues that caused the black system event in South Australia in 

2016 or affected the response. This review proposes changes to the regulatory framework to recognise two 

types of events ð ôdistinctõ and ôindistinctõ ð which could lead to system security risks, including management 

of system frequency. Distinct risks involve events causing the sudden unexpected failure of specific 

generating systems or network elements. Indistinct risks may be associated with distributed events, such as 

those arising from weather conditions, which act to reduce the capacity of multiple generation or network 

 
15 See https://www.aemc.gov.au/markets-reviews-advice/review-of-the-system-black-event-in-south-australi. 

https://www.aemc.gov.au/markets-reviews-advice/review-of-the-system-black-event-in-south-australi
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assets in an affected area. Exactly how this distinction will change the contingency event framework, and 

AEMOõs management of power system security, will be determined after consultation by the AEMC on the 

rule change proposal recently submitted by the COAG Energy Council16.  

3.6 Impact on system frequency  

The changes mentioned in Sections 3.1 to 3.5 have significantly impacted the performance of the power 

system, in particular its behaviour during system disturbances and its ability to recover following a 

disturbance.  

As described previously, the ability of the power system to recover following a major disturbance is 

significantly influenced by the ability of the power system to contain the frequency variations within the 

extreme frequency excursion tolerance band. This is in turn determined by the controls available to AEMO to 

maintain the balance of generation and load, and the ability of AEMO or network service providers to predict 

and plan actions necessary to manage that balance in advance, within the operational timeframes (hours) and 

the planning timeframes (years). 

The operating characteristics and parameters of the power system which have been significantly impacted by 

the changing generating mix are described below.  

System inertia  

The mechanical inertia of rotating machines connected to the power system provides a resistance to sudden 

changes in the rotating speed of the machines and therefore the frequency of the power system. A large 

proportion of the mechanical inertia of the NEM power system comes from connected synchronous 

machines.  

Solar generating units do not contain any rotating mechanical mass and therefore cannot contribute to the 

mechanical inertia of the power system. While wind turbine generating units constitute of rotating mechanical 

masses, most modern wind generating units are connected to the power system through inverters, which 

mask any influence of inertia on the power output of the generating units and therefore do not influence the 

power system frequency.  

The reduction in system inertia17 associated with the transforming generation mix has reduced the ability for 

the power system to resist changes in frequency, increasing the susceptibility to more rapid changes. The 

higher the rate of change of frequency (RoCoF), the less time there is for remedial actions (such as FCAS) to 

arrest frequency changes before the frequency moves outside the frequency tolerance band of the connected 

generators. This in turn increases risks associated with managing power system frequency and requires 

monitoring and implementation of risk mitigation actions. 

System strengt h 

System strength defines the ability to maintain the voltage magnitude and phase angle of a given node in the 

power system following a disturbance as much as possible closer to its pre disturbance values18.  

The stronger the power system, the better the ability of the connected generating plants (both synchronous 

and inverter-based) to operate stably and remain connected to the power system following a disturbance.  

Rotating synchronous plants significantly contribute to power system strength. The current fleet of inverter-

based generators does not contribute to system strength, rather it relies on system strength being above a 

certain minimum level to stably operate. 

 
16 See https://www.aemc.gov.au/rule-changes/enhancing-operational-resilience-relation-indistinct-events. 

17 AEMO, Renewable Integration Study Stage 1 report ð Appendix B, Figure 1, at https://aemo.com.au/energy-systems/major-publications/renewable-

integration-study-ris. 

18 AEMO, System Strength, March 2020, at https://aemo.com.au/-/media/files/electricity/nem/system-strength-explained.pdf?la=en. 

https://www.aemc.gov.au/rule-changes/enhancing-operational-resilience-relation-indistinct-events
https://aemo.com.au/energy-systems/major-publications/renewable-integration-study-ris
https://aemo.com.au/energy-systems/major-publications/renewable-integration-study-ris
https://aemo.com.au/-/media/files/electricity/nem/system-strength-explained.pdf?la=en
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As the generation mix has changed, with traditional synchronous generation increasingly displaced by 

inverter-based renewable generation and some ageing synchronous generating plants have retired or are 

nearing the end of their economic life: 

¶ The capacity of the rotating synchronous plants dispatch in the power system at any given point in time 

has been gradually decreasing.  

¶ The gradual reduction in system strength makes the connected generating plants more susceptible to 

instability following system disturbances, particularly non-credible events outside the relevant generator 

performance standards.  

¶ The risk of generating plants tripping following a large disturbance in the power system, resulting in a 

large frequency deviation, is therefore increased.  

¶ There is also a greater risk of cascading events occurring following non-credible loss of synchronous 

machines (or loss of transmission lines connecting sources of system strength to remote inverter-based 

generation). 

Load relief  

The sensitivity of connected load to power system frequency has been an important factor assisting 

management of system frequency following system disturbances. During under-frequency events, the 

rotating loads directly connected to the power system reduce their power consumption, complementing the 

use of other under-frequency control ancillary services to restore the generation/load balance during the 

events. This reduction in consumption is generally referred to as load relief. 

As a result of the changing characteristics of connected loads (described in Section 3.3), the sensitivity of 

power consumption to system frequency is significantly reducing. This reduction in load relief makes the 

power system more susceptible to wider variations in power system frequency and requires implementation 

of other measures such as procurement of additional FCAS for managing the potential security risks.  

Availability of UFLS  

The changes in load composition are also reducing the load that can be accessed and curtailed to manage 

the fall of frequency during an under-frequency event with the current architecture of UFLS schemes.  

The proliferation of DER including DPV is in some cases resulting in greater generation than load at customer 

premises, causing reversal of power flow over some of the high voltage feeders. During an under-frequency 

event, disconnection of a feeder in reverse flow will further deteriorate the generation/load balance and 

negate other actions taken by AEMO to restore frequency. 

The variability of the power flow in both directions (from network to consumers and from consumers to the 

network) makes the load available for curtailment during an under-frequency event uncertain, and therefore 

increases the risk in managing the under-frequency event by UFLS action. The reduction in curtailable load is 

already becoming an issue, requiring AEMO to adopt alternative measures for managing under-frequency 

events in South Australia, as discussed in Section 8.  

Operation of protection schemes  

Due to a large uptake of renewable generation in areas of limited transmission capacity, the number of 

special protection schemes (SPSs) employed to increase the transmission capacity, as well as to connect 

generators in weakly meshed areas of the grid, is increasing ð and so is the reliance on these schemes for 

managing system security.  

Due to the advent of new renewable generation connections, several new protection schemes are in 

operation which may lead to inter-trips or ramping the generation levels of the concerned generating plants 

during system incidents. Operation of such schemes can have direct bearing on system frequency. The 

co-ordination of the operation of these schemes with other protection devices, and managing the robustness 

of operation, are expected to become more challenging in future. Identification of the protection trip element 
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and cause of the contingency following a system event will become more difficult and could make the 

restoration process more complicated. 

Consultation with TNSPs has highlighted the need for employing SPSs to release transmission capacity for 

renewable generation connection, and, more importantly, the need for any interactions of different SPSs to 

be carefully considered before their implementation. Reviews of recent power system incidents have also 

highlighted the potential for maloperation or unintended operation of such protection schemes to have an 

adverse impact on frequency stability.  

Further, the operating conditions considered in designing and testing of some existing EFCSs have changed 

over the last 5-10 years. Some frequency events during 2018-20 highlighted the need to further review the 

design and operation of EFCSs and SPSs which may impact on AEMOõs ability to manage frequency risks.  

3.7 Managing frequency in 20 20-25 

AEMO is very closely monitoring the changes taking place in the industry19, and in consultation with 

stakeholders will continue to plan and implement actions required for mitigating potential risks. Actions 

already implemented to manage emerging risks associated with managing system frequency include those 

described below. 

Enhancing the frequency response contribution available from generators  

Since the implementation of market-based FCAS procurement in the NEM, the PFR previously provided by 

generation has been gradually reduced. 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. Lack of consistency and certainty of PFR 

delivery has also impacted AEMOõs ability to effectively model and plan the system, understand the cause of 

power system incidents, and design EFCSs.  

AEMO proposed a mandatory PFR rule change20, which was made by the AEMC with effect from 4 June 

202021 and is expected to be progressively implemented for capable generating systems from spring 2020. 

Declaration of system strength shortfalls  

AEMO has identified system strength shortfalls in South Australia, Tasmania, Victoria, and Queensland, and 

has requested the relevant TNSPs to implement system strength remediation solutions22. This will help 

mitigate further reductions in system strength which could lead to higher magnitude voltage step changes, 

instability of inverter-based plant, or maloperation of power system protection devices.  

Review of the frequency control risks and associated processes  

Through the PSFRR, AEMO is undertaking an overall review of the emerging frequency risks and its ability to 

monitor and assess the risks (including review of adequacy of models for assessment), and revision to its 

frequency management processes including EFCSs and protected events.  

AEMO is also working closely with and supporting efforts by the Energy Security Board (ESB) and AEMC to 

address and set up the required frameworks for managing power system security risks, through a number of 

work streams including the AEMCõs investigation of NEM system strength frameworks23.  

 
19 See https://aemo.com.au/energy-systems/major-publications/renewable-integration-study-ris. 

20 See https://www.aemc.gov.au/sites/default/files/2019-08/Rule%20Change%20Proposal%20-%20Mandatory%20Frequency%20Response.pdf. 

21 See https://www.aemc.gov.au/rule-changes/mandatory-primary-frequency-response. 

22 All system strength shortfall declarations are at https://aemo.com.au/en/energy-systems/electricity/national-electricity-market-nem/system-

operations/system-security-market-frameworks-review. 

23 See https://www.aemc.gov.au/market-reviews-advice/investigation-system-strength-frameworks-nem. 

 

https://aemo.com.au/energy-systems/major-publications/renewable-integration-study-ris
https://www.aemc.gov.au/sites/default/files/2019-08/Rule%20Change%20Proposal%20-%20Mandatory%20Frequency%20Response.pdf
https://www.aemc.gov.au/rule-changes/mandatory-primary-frequency-response
https://aemo.com.au/en/energy-systems/electricity/national-electricity-market-nem/system-operations/system-security-market-frameworks-review
https://aemo.com.au/en/energy-systems/electricity/national-electricity-market-nem/system-operations/system-security-market-frameworks-review
https://www.aemc.gov.au/market-reviews-advice/investigation-system-strength-frameworks-nem
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AEMO is closely monitoring the role of DER and their ability to provide frequency control following system 

disturbances. AEMO also supports the development and delivery of virtual power plants (VPPs) ð collections 

of distributed battery storage, which can be controlled for providing FCAS support ð and already has plans in 

place for effectively using electric vehicle (EV) battery charging systems for the same purpose.  

Through its work on the Renewable Integration Study (RIS), AEMO is also anticipating requirements to 

effectively manage the security of the power system, including frequency control aspects, in the longer term. 

AEMO intends to publish a detailed frequency control workplan in 202024 covering: 

¶ Revising ancillary service arrangements to meet the requirements of expected future operating conditions. 

¶ Investigating the introduction of a system inertia safety net for the mainland NEM. 

¶ Defining system RoCoF limits. 

¶ Continued investigation into DPV penetration in UFLS load blocks. 

¶ Applying appropriate limits to the total proportion of switched FCAS. 

¶ Investigating appropriate regional contingency FCAS requirements. 

¶ Improving AEMOõs existing system frequency model. 

 

 

 
24 For more information, see AEMO, RIS Stage 1 report ð Appendix B, at https://aemo.com.au/-/media/files/major-publications/ris/2020/ris-stage-1-

appendix-b.pdf?la=en. 

https://aemo.com.au/-/media/files/major-publications/ris/2020/ris-stage-1-appendix-b.pdf?la=en
https://aemo.com.au/-/media/files/major-publications/ris/2020/ris-stage-1-appendix-b.pdf?la=en
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4. Queensland  

4.1 Introduction  

4.1.1 Generation in Queensland  

Queenslandõs scheduled generation is predominantly a combination of coal-fired, gas turbine, and hydro 

electric generators.  

Figure 5 shows the Queensland generation mix over the past five years, based on data obtained from AEMOõs 

Generation Information page25.  

Figure 5  Queensland generation mix changes, 2015 -19 

  
Note: the contributions of some generation sources are not large enough to be visible on this chart. 

Since 2018, Powerlink has commissioned 11 large scale solar and wind farm projects adding 1,423 MW of 

generation capacity. In addition, 40 connection applications, totalling about 8,000 MW of new generation 

capacity, have been received by Powerlink and are in various stages of connection and construction phases26.  

 
25 AEMO, Generation Information, at https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/nem-forecasting-and-

planning/forecasting-and-planning-data/generation-information. Data used in this chart has been taken from the final update each year. 

26 Powerlink, 2019 Transmission Annual Planning Report, Executive Summary, Renewable Energy and Generation Capacity, at https://www.powerlink.com.au/

sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf. 

 

https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/nem-forecasting-and-planning/forecasting-and-planning-data/generation-information
https://www.aemo.com.au/energy-systems/electricity/national-electricity-market-nem/nem-forecasting-and-planning/forecasting-and-planning-data/generation-information
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
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Further, Ergon Energy is currently managing more than 110 connection enquiries totalling more than 

3,000 MW of renewable connection to its distribution network27. 

4.1.2 Electricity demand in Queensland  

At 18:00 hrs on 13 February 2019, Queensland recorded a maximum demand of 8,969 MW28. Queensland 

maximum demand is typically occurring between 18:00 hrs and 20:00 hrs, consistent with DPV generation in 

Queensland pushing maximum demand later into the day29.  

The maximum winter demand was 7,383 MW in 2018. Winter demand normally peaks after sunset and DPV 

has no impact on winter maximum demand30.  

4.1.3 Transmission system in Queensland  

Existing transmission network  

Powerlink owns, operates, and maintains the electricity transmission network in Queensland.  

The existing 1,700 km long transmission network in Queensland is predominately radial and extends from Port 

Douglas in Far North Queensland to the New South Wales border. The network comprises31: 

¶ A 275 kilovolt (kV) transmission network that connects Cairns in the North to Mudgeeraba in the South. 

¶ A 110 kV and 132 kV transmission system in local zones and providing support to the 275 kV network. 

¶ A 330 kV network that connects the New South Wales transmission network to Powerlinkõs 275 kV network 

at Braemar and Middle Ridge substations. 

Interconnection with New South Wales  

The 330 kV double circuit transmission line from Bulli Creek to Dumaresq, known as the QNI, is the 

alternating current (AC) interconnector connecting Queensland and New South Wales. QNI has a nominal 

flow capacity of 300-600 MW from New South Wales to Queensland, while the nominal flow capacity is 

1,078 MW from Queensland to New South Wales32. 

The Terranora interconnector is defined as the flow across the two AC circuits from Mudgeeraba in 

Queensland to Terranora in New South Wales, which in turn connects to a direct current (DC) link to 

Mullumbimby. The nominal capacity of the DC link from New South Wales to Queensland is 107 MW, while 

the capacity is 210 MW from Queensland to New South Wales33. The capacity of the DC link is small and 

unlikely to have any material impact on the frequency, so the DC link flow patterns are not considered in 

detail in this review.  

The capability and power flow of the interconnectors significantly depends on the dispatch of the generation 

plants, network conditions, weather, and load levels in both Queensland and New South Wales.  

 
27 Ergon, Distribution Annual Planning Report 2019-20 to 2023-24, section 12.5, at https://www.ergon.com.au/__data/assets/pdf_file/0010/796744/Ergon-

DAPR-2019.pdf. 

28 Powerlink, 2019 Transmission Annual Planning Report, Executive Summary, at https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20

Annual%20Planning%20Report%202019%20-%20Full%20report.pdf. 

29 AEMO, 2019 Electricity Statement of Opportunities (ESOO), August 2019, Section A1.2, at https://www.aemo.com.au/-/media/Files/Electricity/NEM/

Planning_and_Forecasting/NEM_ESOO/2019/2019-Electricity-Statement-of-Opportunities.pdf. 

30 Powerlink, 2019 Transmission Annual Planning Report, Section 2.3.5, at https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20

Annual%20Planning%20Report%202019%20-%20Full%20report.pdf. 

31 Powerlink, 2019 Transmission Annual Planning Report, Section 9.1, at https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20

Annual%20Planning%20Report%202019%20-%20Full%20report.pdf. 

32 AEMO, Interconnector capabilities, November 2017, Table 2, at https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/

Congestion-Information/2017/Interconnector-Capabilities.pdf. 

33 AEMO, Interconnector capabilities, November 2017, Table 1, at https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/

Congestion-Information/2017/Interconnector-Capabilities.pdf. 

 

https://www.ergon.com.au/__data/assets/pdf_file/0010/796744/Ergon-DAPR-2019.pdf
https://www.ergon.com.au/__data/assets/pdf_file/0010/796744/Ergon-DAPR-2019.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Planning_and_Forecasting/NEM_ESOO/2019/2019-Electricity-Statement-of-Opportunities.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Planning_and_Forecasting/NEM_ESOO/2019/2019-Electricity-Statement-of-Opportunities.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Congestion-Information/2017/Interconnector-Capabilities.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Congestion-Information/2017/Interconnector-Capabilities.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Congestion-Information/2017/Interconnector-Capabilities.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Congestion-Information/2017/Interconnector-Capabilities.pdf
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Figure 6 shows the QNI flow patterns in 2018 and 2019 via flow duration curves, illustrating that QNI was 

exporting to New South Wales approximately 90% of the time in 2018 and 2019.  

Figure 6  QNI flow durati on curves , 2018 and 2019  

 
Note: positive interconnector flow indicates flow direction from New South Wales to Queensland. 

Figure 7 shows the inertia duration curves for Queensland in 2018 and 2019.   

Figure 7  Inertia duration curve for Queensland, 2018 and 2019  

 
 

There is a decrease in the inertia levels in Queensland in 2019 compared to 2018 for 90% of the time, which 

could be due to the addition of 1,423 MW of large scale wind and solar farms projects during 2018-1934. 

 
34 Powerlink, Annual Planning Report 2019, Section 6.2, at https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20

Planning%20Report%202019%20-%20Full%20report.pdf. 

https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20‌Report%202019%20-%20Full%20report.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20‌Report%202019%20-%20Full%20report.pdf
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Figure 8 presents the QNI flow and corresponding inertia levels in Queensland for 2019. The inertia level of 

Queensland remained above 20 gigawatt seconds (GWs) but below 50 GWs through the year. While more 

synchronous plants were dispatched when power export from Queensland to New South Wales was high, 

resulting in a higher level of system inertia in Queensland, there were also a significant number of dispatch 

intervals with high power export and lower levels of inertia. These dispatch periods with lower levels of inertia 

are likely to have resulted from generation from synchronous gas-fired and hydro power stations being 

displaced by generation from inverter-based wind and solar resources. 

Figure 8  QNI flow and corresponding inertia levels  

 
 Note: positive interconnector flow indicates flow direction from New South Wales to Queensland. 

Planned major network upgrades  

Powerlinkõs future network development focus is on optimising the network topology based on forecast 

demand, new customer access requirements, potential power system developments, existing network 

configuration, and safety, condition, and compliance-based risk associated with existing assets35.  

Apart from expanding New South Wales ð Queensland transfer capacity as identified in the 2018 ISP, based 

on the information available from Powerlink, all other upgrades are outside the scope of the PSFRR36.  

In the draft 2020 ISP, three upgrades were recommended to increase the transmission network capacity 

between New South Wales and Queensland. The project has progressed through regulatory approvals, and 

while it is subject to Australian Energy Regulator (AER) approval of contingent project applications from 

ElectraNet and TransGrid, the first upgrade is expected to be completed in 2021-22.37. 

The first upgrade in 2021-22 is named as Group 1 ð Minor New South Wales to Queensland upgrade. This is 

aimed to reduce the requirement for new gas-fired generation in New South Wales once Liddell retires, as 

well as more efficient generation sharing between New South Wales and Queensland by increasing the 

 
35 Powerlink, 2019 Transmission Annual Planning Report, Section 5.3, at https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20

Annual%20Planning%20Report%202019%20-%20Full%20report.pdf. 

36 Powerlink, 2019 Transmission Annual Planning Report, Section 5.7, at https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20

Annual%20Planning%20Report%202019%20-%20Full%20report.pdf. 

37 AEMO, Draft 2020 ISP, December 2019, Section D in Executive Summary, at https://www.aemo.com.au/-/media/Files/Electricity/NEM/

Planning_and_Forecasting/ISP/2019/Draft-2020-Integrated-System-Plan.pdf. 

 

Periods of low inertia coincident with  

high power flow of QNI from QLD to NSW 

https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.powerlink.com.au/sites/default/files/2019-06/Transmission%20Annual%20Planning%20Report%202019%20-%20Full%20report.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/‌Planning_and_Forecasting/ISP/2019/Draft-2020-Integrated-System-Plan.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/‌Planning_and_Forecasting/ISP/2019/Draft-2020-Integrated-System-Plan.pdf



































































































































































