Minimum operational demand
thresholds in South Australia

May 2020

TechnicalReport

Advice prepared for the Government of South Australia




Important notice

PURPOSE

This document summarises h e r e s ul tpselimonbry idvEsi@idreanto minimum operational
demand levels in South Australiain response to a request for information from the South Australian
Government.

Thisdocument has been prepared by AEMO using information availablesat April 2020.

DISCLAIMER

This document or the information in it may be subsequently updated or amended. This document does not
constitute legal or business advice, and should not be relied on as a substitute for obtaining detailed advice
about the National ElectricityLaw, Nationd ElectricityRules or any other applicable laws, procedures or
policies. AEMO has made every 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:

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

1 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.

VERSION CONTROL

Version Date Changes

1 7 May 2020 Report 8 handed to SA Government

© 2020 Australian Energy Market Operator Limited.



Executive summary

The Government of South Australishasrequested advice from AEMO on the risks of electricity supply
disruption associated with reducing minimum operatonald e mand | evel s i n Sowhich Aust r e
is contained within this technical report

Distributed photovoltaic (PV) installations aregrowing rapidly, with more than 200 MW per yearbeing
installed in South Australiaat present,trackingi n | i ne wHt §h ABERG Wihgewtla r i o
continuing in line with that scenario, gerational demand could reach zero in South Australia within the next
1-3yearsTo AEMOGs knowl ed the firssSgmawathscake paver systeninahe world to
approach zero operational demand due to such high proportions of demand met by distributed resources

AEMO has conducted a preliminary investigation obperational challenges under low load high distributed

PV generation periods. Given the novelnature of power system operation under these conditons A E MOG& s
work to explore system security will be an ongoing processThistechnical report presents findings to date,
covering the development of new dynamic models that capture the behaviour of load and distributed PV

during systemdisturbances and initial analysis of impacts on power system securityispatch studies were

also undertaken toexplore the minimum load required for operation of a South Australian island

Scope of analysis

The holistic development ofmarkets, power systems and customer engagementmechanismsthat effectively

integrate distributed energy resources (DER} a considerable exercistAEMO haslaunched aprogram to

work towards this objective’. The DERprogram seeks to ensure a smooth transition from a onewvay energy

supply chain(starting with large-scale generation units to consumeryto a world-leading system harnessing

electricity and energyrelated services from DER devicedistributed throughout Australian homes and

businesses into the electricity gridThe aim is to maximis¢ he val ue of DER for Australd]i
while supporting energy system reliability and security

This report represents a contribution to that program under the DER Operatiors strean®. It will be integrated
into the broader body of work, as one piece of the puzzle thathelps to inform solutions, market design, and
enduring policy frameworks The scope of thisanalysisprimarily focuses on

1 The South Australian region 9 analysis is also progressing in parallel for WesterAustralia andis
underway for other National Electricity Market (NEMYegions.

1 System security impacts & market design regulatory frameworks, and customer engagementn two-way
marketsare essentialcomplementary aspects which will eventuallyprovide many of the long-term
solutions to these challengesThese aspectare being explored inparallel inthe Markets and Framework
workstreami n AEMO&s DER program

1 Actions required prior to 2023 & the Markets and Framevork streamis informed by these shortterm
challenges, and igdeveloping enduring policy frameworks that deliver efficient desigrand solutionsto the
identified challengesin the medium and long term.

1 Management of credible contingency events 4 the impacts of distributed PV onnon-credible events
(such as the doublecircuit loss ofthe Heywood interconnector)is under investigation but could not be
completed in time for this advice.

1Based on the2020 Integrated System Plan (ISP).

2 AEMO, Distributed Energy Resources Program, https://aemo.com.aulinitiatives/major-programs/nem-distributed-energy-resources der-program.

3 AEMO, DER Operations, dittps://aemo.com.au/initiatives/major- programs/nem-distributed-energy-resourcesder-program/operations.

4 AEMO, Markets and Framework, atttps://aemo.com.au/initiatives/major-programs/nem-distributed-energy-resources der-program/markets-and-
framework.
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Thef i ndings outlined in this r ep owmorkstrbamyaon DERantegratonh ut ed t o
reflected i n AEMO<uchavtheRenewalpeuliegratioraStuityd heysupport and echo the
recommendations identified there as priorities, including:

1 Continuingt he design and deployment of the Energy Securit
with particular focus on dayahead and system security services markets;

1 New standards and setting to maximise the potential contribution of distributed solar PV; and

9 Construction of required transmission resources identified in the Integrated System Plan.

System security challenges identified

Two key challenges have been identified

Disconnection of distributed PV

There is now considerable evidence that many distributed PV invertedisconnect in response tovoltage
disturbances.Analysis inthis report demonstrates that asevere but credible fault near the Adelaide
metropolitan area could cause disconnection ofup to half the distributed PVin the South Australian region
This could occur coincident with the sudden loss of a large generating unitsuch thatthe disconnection of
distributed PV increassthe size of the largestcredible contingency.

The possiblenet loss of distributed PVin South Australiais estimated to already bein the realm of
100300 MW, and could reach as high as @0-400 MW by the end of 2020 with the continuing growth in
distributed PV installatiorspr oj ect ed i n AEMO®ds High DER scenari o.

To maintain power system security andeduce the risk of separation related to a large loss of distributed PV,
imports on the Heywood interconnector need to be limited in some periods A preliminary constraint has
been implemented, andElectraNet is completing analysis taefine the network limit advice.

When South Australia is operating as an island, is now almost impossible to maintain the frequency
operating standard for certain credible fault eventsif they causedistributed PV disconnections This means
that AEMO may no longer have themeansto operate a South Australian island securelyat times of high
distributed PV generation and as such mitigation actions are required urgently. Security risks will grow
rapidly as more distributed PV is installed ithe mitigating actions discussed below are not implemented.

Minimum load required to operate under islanded conditions

When South Australia is operating as an islandhere is a need for sufficient demand tomatch the minimum
output of the synchronous generatingunits needed to provide required levels of system strength inertia,
frequency control and voltage management AEMO estimates thatunder some conditions,the threshold level
of operational demand required will be around 550 MW in late 2020 (with two synchronous condensers
installed), reducing to around 450 MW from late 2021 (with four synchronous condensersnstalled). Thislevel
of demand allows for island operation with a subsetof possible generating unit combinations, depending on
system conditions.

South Australia has already experienced operational demanas low as 458 MW, and this is expected to
reduce further by spring 2020. That means there is an urgent need toestablisha back stop that allows AEMO
to curtail distributed PV whenextreme and unusual operational circumstances aris@he need for generation
shedding capability should be considered analogous to load shedding capability it is a last resort
mechanism used to maintain system security in exceptional circumstancesll large-scale generation output
is controllable. Thisis now an essential capabilityfor distributed resources given they supply a large
proportion of generation in South Australia at some times

5 AEMO (April 2020) Renewable Integratio Study, athttps://aemo.com.au/energy-systems/major publications/renewable-integration-study-ris.

6 Occurring on 10 November 2019.
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Back -stop mechanism

Frameworks for efficient integration of DER will require two elements:

1. Mechanisms forthe daily operation of active two-way markets, engaging customers and unlocking
value from DER assets

2. Abackst op mechani sm that retains AEMOds ability
the generation is being provided by DER. This allows AEMO &hed generationfrom DER inabnormal
system conditions,when necessary for system security.

Both are essential elements of a secure, reliable and efficient power system with high DEEMO is
working towards establishingenduring frameworks for two-way markets in the Markets and Framework
stream of the DER program. This report focuses on establishment of the bactop generation shedding
mechanism, and seeks to quantify how large this backtop needs to be to allow adequate levers for the
power system to be operated securely.

Demand recovery reserves as back -stop

This analysis shows thalemand recovery reserves need to be urgently established in South Australia to
provide this back stop mechanism.Demand recovery reservesnvolve either increasng load (perhaps utilising
storage), or decreasng distributed generation.

Demand recovery reserves will onlye required when South Australia is operating as an island, when
there are unusual power system outage®r other abnormal conditions, or if unexpected major load
reduction occurs If the other mitigating actions recommended in this report are implemented, they
should not need to be activated on aregular basis.

AEMO estimates that around 200500 MW of demand recovery reserve is required as a baektop by
spring 2020, and up to 1 GWmay be required as a backstop by spring 2024 if distributed PV growth
continues at current rates.

The quantity of demand recovery reserve requiredor this back-stop is very large (achieving 206500 MW of
response byspring 2020 is ambitious, and 1GW of response byspring 2024 is large in absolute terms)but as
noted above, will rarely be activated. This has implications for the economics and feasibility of different
solutions, as discussed below.

Increasing load

Options for increasing load were exploed. This includedshifting customer hot water and pool pumpsto
daytime, shifting or increasing the loads oflarge industrial customers moving water pumping loads, and
flexibility of desalination plantoperation. A range of challenges were identified thatare likely to limit the
potential back-stop response from these sourcesThereare many complexities in engaging customers, and
limitations on the flexibility of customer loads.Customers may not want (or be able) to move or increase load
when required. There will also be interactiors with retail offerings, and possible impacts on customer amenity.
Given these challenges,exuring a guaranteed 200-500 MW of load increaseresponseby spring 2020, and

up to 1 GW byspring 2024 is unlikely to be technicaly feasible (by comparison, the total demand in South
Australiais typically inthe range of 1-3 GW).

It is important to distinguish between the narrow objective of ensuringa generation shedding back-stop
(allowing AEMO to maintain system security even in extreme abnormal conditions), and the ultimakmlistic
objective of establishing flexible loads and tweway marketsasan underpinning component of future
efficient markets that fuly integrate distributed resources Allowing customers to actively participate and
benefit from aligning their load with power system needs will unloclefficiencies on a daily basisLarge
guantities of flexible customer response may become availabléo participate if the right frameworks are in
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placeeThi s is under development in AEMO&6s Mar lseekimtoand Fr a
establish enduring policy frameworks to access this potential.

In the longer term, options for increasing flexble load in South Australia could includeintroducing customer
incentives to invest in electric vehiclesestablishment of hydrogen technologies, andsupporting the opening
or expansion oflarge industrial customers. The benefits of such approaches are weihderstood, and will
assist in creating efficientflexible markets.

Thus, ativating load response is clearly a valuable objective, but it isot suitable in isolation to achieve the
narrow objective of establishinga back stop generation shedding mechanism(which is the need identified by
the analysis in this report) Approaches for enabling flexible load response should be pursued in paralleWith
establishment of ageneration shedding back-stop mechanism with both parts complementary towards the
broader goal of creating the markets and frameworkdo effectively integrate DERfor the long term.

Storage as a oO0sol ar soakbo

Battery Energy Storage Systems (BESS) and Virtual Powe
the excess energy generated by distributed PV to be utilised at other time3hisprovides a valuablesupport

to system normal operation,facilitating daily shifting of load and generation. This analysis has assumed that

the capacity of VPPs in South Austra doubles each year over the next few years, and contributes to power

system management.The utility-scale BESS in South Australia were also assumed to deliver their full suite of

valuable system services

Although they provide valuable solar soak servicefor system normal periods BESS and VPRsannot provide
an economic substitute for the back-stop generation shedding capabilitiesidentified as necessary in this
analysis The storage capacity of most BESS and VPPs is far less than requitedeliably store excess
distributed PV generationfor 6-8 hours a day, under all conditions. For example the Hornsdale Power
Reserve povides up to 100 MW of capacity with a ~Jhr duration, at a total construction cost of $90 million.
More than 10 times thisamount would be required to fully deliver the necessary200-500 MW of guaranteed
load increase responseby spring 2020, and up to 1 GW byspring 2024. Furthermore, if commissionedfor this
purpose, BESS operatiorin the market would need to be heavily restrictedto ensure they are in an
appropriate state of chargeon the rare occasionswhen required for system security

As for load response, it is important to distinguish between theneed to establish a backstop generation
shedding mechanism togive AEMO the todls to maintain system security even in abnormal conditiongwhich
is the need identified in this study) versus theobjective of developing holistic frameworksand marketsfor
efficient DER integrationInvestment in further BES@&nd VPPsn the NEM will undoubtedly bring
considerable benefits to the power system, ira myriad of ways.BESS technologiesan provide many system
security benefits.As one example, this report demonstrates tk considerable valueof fast frequency response
(FFR)which isalready essential for management of frequency control in South Australia, and forms a critical
component of emergency frequency response scheme8ESS can also assist with managing ramping, load
shifting and fast response to dispatch signalsin addition to daily solar soak capabilitiesand other benefits.
Distributed storage can also provide valuable system serviceore x ampl e, AEMOG6s trials of
Plants (VPPs) have demonstrated that thetpo can deliver effective frequency response servicés

BESS and VPPs should be considered valuable cadhtrtors of solar soakand other services in periods of
normal daily operation, to be implemented in parallel with establisling generation shedding capabilities that
provide the essential backstop to manage system security inabnormal power system conditions.

Generation shedding

Curtailment of distributed PV is clearly unfavourables a daily management mechanismdue to impacts on
customers The objective of efficient power system operation should be tallow customer assets to operate
with as little restriction as possibleaccording to customer preferencesHowever, establishinggeneration

TAEMO ( MarcEMDOYD)taal Power P lhtgps/taemDd.eomaui-Anediadilesieleatridity/nea/tder/2019/vpp-
demonstrations/aemo-knowledge-sharing stage- 1- report.pdf?la=en&hash=50B02E668A57A9B5257951537F431134
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shedding capabilities for distributed PVi s hi ghl y su-st aplbe ma & bausedl Beagcakely
for system security It can be achieved atlow cost, can delivera large capacity of response rapidly, and the
impacts on customers are very low since this will be utilisedery rarely.

AEMO®s preliminary explorati on indadisncae metesremoteat ut i | i sir
energisation capabilities could mean that any future distributed PV installed can be actively managed when

required. It appears likely that thiscan be implemented towardsthe end of 2020, applying to any new PV

installed from that date. SA Power Networks$APNi s al so i mpl ementing sophistica
Export capabilities for new DER from 2023 (as part of their regulatory proposal), afmuoposes a suite of

complementary measures that would provide generation shedding capabilities for a proportion of the legacy

distributed PV installed and streamline the management of larger customersThishas the potential to

provide almost 300 MW of generation shedding response by late 2020, and almost 1 GW of response by

late 2024.

These options arevery cost effectiveas ageneration shedding back-stop for the purpose of managing rare
periods where unusualconditions ariseand can deliver the level of respose requiredin the timeframe
required.

Establishinggeneration shedding capabilities as a system security baektop should be viewed as an essential
complement to ongoing investment in BESS and VPP capacitgnd ongoing efforts to establish effective twe
way marketsand dynamic load response Storage and flexible load will delivery daily benefits and services,
and generation sheddingwill be utilised on very rare occasions wherehiis additional capability is required for
system security.

Recommended action s

Therecommended actionsare outlined below. These are aésigned to address theimmediate security issues
identified in this analysis specificallyfocused on mitigating the identified impacts of disconnection of
distributed PV, and on establishing generation shedding backstop capabilitiesin South Australia A wide
range of other measures willalso be required to ultimately achieve effective holistic system design for full
DER integrdion in efficient two-way markes. Thesebroader design questionsare being examinedacross
AEMO® s DE R of Rhicb tipis report forms just one component.

Essential foundational measures

AEMO recommends the followingcruciald n o r engaserdsaredimplemented during 2020-23. Theseare
essential measures thaprovide the fundamental underpinnings for future power system operability:

1 DER performance standards d improve DER performance standards, particularly targeting improved
disturbanceride-through capabilities. Improving the capability of DER to sustain operation through power
system disturbances is essential for secure power system operation with high levels of DERRER
performance standards are not rapidly improved, AEMO will no loger be able to operate a secure power
system(and this is already the case in South Australia when operating as an islandEMO has initiated a
review of AS/NZS4777.2 tacollaboratively develop the new standards required.

1 Compliance processes & develop improved processes for monitoring, encouraging and enforcing
compliance with DER performance standard€vidence from DER behaviour in recergower system
disturbancessuggeststhat 30-40% of inverters are not behaving as specified in the existingtandards
which must be addressed in parallel with improving the standards themselveAEMO will lead a
consultation process with key stakeholders to develop a plan for addressing and improving compliance.

1 Feed-in management dintroduced0 s mar t 6 c a achvely nhanagingthe gere@tion from all new
distributed resourcesin real time. This willfacilitate DER participation in tweway markets, andis also an
es®ential underpinning for future power system security Feedin management (also calledflexible exports)
provides AEMOand Distribution Network Service Provides (DNSF) with a crucial capability toactively
manage distributed PV when this is necessaryor system security(such as when South Australia is
operating as an island andoperational demand is too low to allow operation of essentialunits for system
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strength, inertia and frequency contro) or when other abnormal conditions aris¢. SAPNis proceeding
with introduction of flexible export capability as part of their regulatory determination for 2020-25, and
AEMO strongly supports this pogram. SAPN has advised that the earliest date whetiese capabilities
could come to fruition is 2023; AEMO recommends that rollout is accelerated amuch as possible
(discussed further below)

1 EnergyConnect d ensure that the EnergyConnecinterconnector proceeds connecting South Australia to
New South Wales This reduces the likelihood of South Australia islandingnd alleviates the most
challenging system security issues identified in this analysi§ EnergyConnect does not proceed, exnsive
further measures (beyond those outlined in this report) will be required to address identified system
security risksPotential further measures could include commissioning significant utilifgcale storageto
provide FFRretrofit of a large number of distributed PV systemso improve disturbance ride-through
capabilities resistor banks for managing excess distributed generation, angossiblya moratorium on new
distributed PV connections.

Implementation prior to  spring 2 020

In addition to the essential foundational measuresutlined above, AEMO recommends the following
measures be delivered prior tospring 2020 if possible (or as soon ageasible) These are required to address
the immediate operational challengesidentified.

i Stakeholder engagement & coordinated stakeholder engagement with customers and industry
participants to transparently share the identified system security risks, and proposed mitigation
approaches.Consistent messaging from AEMO, the SA Government, SAPN, ElectraNbe AER, the AEMC
and other key decision makers is required.

1 Constraints on the Heywood Interconnector 8 in response to the findings in this report, AEMO has
introduced constraints thatlimit imports on the Heywood interconnector in high PV generation periods
taking into account the potential for a largeloss of distributed PV in the South Australian region caused
by a fault and synchronous unit tripin the Adelaide metropolitan area.A constraint for system normal
conditions has been implemented and is being further refined with assistance fror&lectraNet andSAPN.
This constraintreduces the risk of South Australia separating from the NEM in response to a credible fault.

1 PV shedding capability 0 as rapidly as possible, enable PV shedding capabilities for all nedistributed PV
installed in South AustraliaOne possible approach that utilises existing infrastructurand is likely to be
low costwould involve enabling use of smart meter functionality to facilitate targeted load and distributed
PV generation shedding(when requiredas a security backstop in abnormal conditions). The first step
would involve specifyingan improved meter configuration for all new smartmetersinstalledin South
Australig, placing distributed resources(such asdistributed PV and batteiies), controlled loads (such as hot
water), and other customer load on separateswitchable elements of the meter This would mean that
Metering Coordinators would have the ability to use the smart meter to separately deenergise distributed
PV systemdqand energise controlled loads)f required for system security.Trials should be conductedto
verify reattime efficacyand coordination with the AEMO control room. Further investigation is required to
determine the pathways forenabling thisin real-time, and how this should be coordinated with NSPsThe
most suitable regulatory frameworks for supporting rollout of this capability also need to be determined
Subject to the above,PV shedding capabilitiesshould be implemented in parallel with flexible export
capabilities(interoperability) viaDNSPconnection agreementsas recommended above The DNSPflexible
exports arrangements support long-term sophisticated DER integrationarrangements,while PV shedding
capabilities can be impémented more rapidly, andprovide a foundational security backstop.

91 Accelerated test for DER voltage ride -through & introduce a new performance test for voltage ride
through, as a condition of connection for all new distributed PV inverters installed inc&uth Australia. The
required capability is being defined by AEMO in consultation with stakeholders, andan be required as a
new and additional condition of connection by SAPNThis should be introduced ahead of (and eventually
included under) the broader suite of changes being implemented in theAS/NZS 4777.2 reviewThis will
limit further growth of the amount of distributed PV that disconnects during disturbances. AEMO also
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recommends exploring mechanisms for retrofit of improved capabilities for legacinverters, where
economically and practically feasiblé€such as through remote firmware upgrades)

1 Enhanced voltage management & SAPN has identified that introducing dynamic finegrained voltage
control capability would improve distribution voltage management and reduce customer impacts related
to high voltages. As a side benefit, this also introduces the capability to improve stgsn security through
the ability to induce a temporary slight increase in voltages to cause a controlledhedding of distributed
PV. It is anticipated this would be enabled very rarely for short periods, undebnormal conditions only.
SAPNGOG s isrofithisicapability indicate that it is effective, safe, and has minimal customer impact.
SAPN estimates that this could provide a largaggregate response, delivered rapidly (some available by
Spring 2020), with minimal complexity in implementationThe unique benefit of this approach is that it
can facilitate sheddingcapabilitiesfor legacy distributed PV without the cost and complexity of retrofitting
individual customer sitessAEMO strongly recommends that this is pur
network as extensively as possible, contingent on SAPN trial outcomes.

Implementation during 2020 -23

Full deployment of the above proposed measureswill extend beyond spring 2020, into the 2020-23 period.
The following additional actions could also be exploredover the subsequent period

1 Frequency control 8 improve frequency control arrangements in South Australia, to alloveffective
management of the increasedsize of credible contingencies AEMO isimplementing this at present.

1 BESSor Fast Frequency Response (FFR)d considerways of encouraging further investment in BESSn
South Australiashould insufficient market investments occurto deliver increasedFFRThe FFR
contributions of BESSare particularly valuablefor maintaining system security in South Australia

1 Load shifting 8 explore options for shifting load to daytime. Around 80-120 MW of load has been
identified that may be flexible and feasible to shft to high PV periods, subject to further analysis

1 Demand response mechanism & a demand responsemarket mechanism could be developed to
encourage increasedcustomer load during high PV generation periods subject to further analysis This
could include tariff reform to improve alignment of customer incentives withsystem security needs, for
example considering the structure ofdistributed PV Feedin Tariffs.

These mechanisms do not replace the need foDERgeneration shedding capabilities as dack-stop for
secure power system operationor reduce the need to eliminate distributed PV disconnection behaviour)but
they could reduce the amount of generation sheddingthat needs to be enabledin abnormal conditions They
are therefore proposed as seond tier priorities.

Development of enduring policy frameworks

Beyond the nearterm measures outlined above, lolistic NEM-wide enduring policy frameworks for successful
integration of DERare required. The Markets and Frameworks workstrearis developing a two-way energy
market, the concept for which was developed in consultation with DNSPs through an initiative called Open
Energy Networks$. This aims towards a future market and power system wherdistributed assets participate
actively. The above measures W support and complement these efforts.

Next steps

The full list of recommended actions idisted in Section13 in Table 9 AEMOlooks forward to collaborating
with the South Australian Governmety SAPN and ElectraNet talevelop and executea detailed planto
deliver these actions and to continue working together to maintain a secure and reliable power system for
South Australian consumers and market participants.

SAEMO, 0Open EneéjragiyntNedovos kklst at i on wi t h htEsy/ewwgagmoNarntawiaitiakves/majorgrograms/nena 6 , at
distributed-energy-resources der-program/markets- and- framework/open-energy-networks-joint- consultation-with-energy- networks-australia
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1. Background

1.1 Context

Minimum operational demand® has been consistently reducingin South Australia over the pastears

In 2012 minimum operational demand occurred for the first time in the daytime, influenced by growing
generation from distributed rooftop photovoltaic (PV). Since that time, minimumoperational demand has
declined by an average of80 MW per year, reaching a record minimum of 458 MW at2.00 pm AESTon
Sunday, 10November 2019.

Theinstalled capacityof distributed PV is continuing to grow rapidly across the Australian National Electricity

Market (NEM), and particulaly in South Australia Distributed PV increased in South Australia by 185 MW in

the 2018 19financial year, and by 29MW in the 2019 calendar yearThis equates to 1520 MW of new

installations per month, on average There is now more than 1,200 MW of distributed PV installed behind the

meter (on consumersd premises) in the distribution net

Projecting forward with a simple assumption ofcontinuing growth of distributed PV at the 2018 19financial
year rate of 185 MW per year, South Australia could reach zero operational demand within the next three to
four years.Operational challengesare likely to be encountered before operational demand reaches zeroThis
indicates the timeliness of investigding power system operability in low demand conditions, so appropriate
action can be taken if required.

This report focuses on South Australia, to address the request for information from the South Australian
Government. However, challenges related to ineasing levels of distributed PV will be experienced in all NEM
regions. The situation in Western Australia is highlighted below, and other NEM regions are anticipated to
follow in the near future.

Western Australia case study

In a number of aspectsminimum demand trends in South Australiamirror the experience of the South West
Interconnected System (SWIS) in Western Australia.

In March 2019, AEMO released report'?indicating that operational limits in the SWIScould be breached
within five years unless measures are taken to accommodate increasing volumetdistributed energy
resources DER and utility-scale renewable resourcesThe report advised thatif no remedial action was
taken:

1. Voltage in the SWIS couldchot be controlled within technical limits as the level of minimum operational
demand (referred to asmarket load) approaches 700 MW

2. Emergent system security risks would increase as utiligcale renewable generation continued to displace
the dispatchabke thermal generators presently providng all essential system security services such as
inertia, frequency control, system strength and voltage control.

9 Scheduled demand in a region is demand that is met by local scheduled and serscheduled generation and by generation imports to the region.
Operational demand in a region isequal to scheduled demand plus demand met by norscheduledwind/solar generation of aggregate capacity 30 MW
and excludesthe demand of local scheluled loads. Underlying demand means all the electricity used by consumersyhich can be sourced from the grid
but al so, increasingly, from other sources including codtemsmeeeSEMOr ooftop PV &
6Demand Ter ms i n E MigsS/winaaenao.cdvhoad-éredia/Filea/Electricity/ NEM/Security_and_Reliabilitiispatch/Policy_and_Process/
Demand-terms-in-EMMS Data-Model.pdf.

10 AEMO (March 2019), Integrating Utiliyscale renewables and distributed energy resources in the SWIS, htps://www.aemo.com.au/-/media/files/
electricity/wem/security_and_reliability/2019/integratingutility- scale renewables and-der-in- the- swis.pdf?la=en&hash=3A7FEBC1FO0FOFDE97
DB8213AD58@88.

11This was provided as an indicative level, based on an assessment of the voltage control capability, system inertia, and ditplmitations in the SWIS.
Refer to Appendix 3 of the report.
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The report highlighted that the technical standards, regulatory framework and market constructs needed
urgent but careful redesign to enable new technologies like synchronous compensators, energy storage and
improved inverter capabilities to be used to manage system security through the efficient utilisation of
existing and future electricity sources.

The Western Australian Governmeng&nergy Transformation Taskforce e cent ly rel easéidd a O0DE
identifying a number of DER integration challenges that need to be solved to set the system up for a high

DER future AEMO is contributing to delivery of this Roadmap, including through analysis of similar challenges

to those identified in South Australia, such as DEimpacts on minimum load thresholds, emergency

frequency control schemes, and system restart.

The SWIS reached an alime record minimum market load of 1119MW on 4 January 2020, andminimum
load is anticipated to continue to reduce over time as more dstributed PV is installed.

Like the SWIS, ANEM regions will require analysis similar to that presented in this reportyith holistic
approaches to DER integrationSouth Australia isthe first NEM region to approach very low levels of
operational demand, but should not be considered unique. Bduring policy frameworks will ultimately be
required for all regions.

1.2 Request for advice

The Government of South Australishasrequested AEM@ advice onminimum demand operating thresholds
that the South Australian network can operate at in a secure and reliable state, and potential conditions that,
when coupled with minimum demand, would put South Australia at a risk of the supply of electricity being
disrupted to all or part of the South Australian community.

This report pr domaldeéviee IAdBrive@eas, AEMO is only able to provide high level advice at
this stage.For example, AEMO is not yet able to provide detailed advice on the minimum operational
demand threshold that will be sufficient for thepower system to ride through a non-credible loss of the
Heywood interconnector. This requires extensivenodelling, which could not be completed in time for this
report. The primary focus of the advice in ths report is on managing credible contingency everts.

This report does aim to provide a preliminary indication of he lowest minimum operating demand threshold

that South Australiads net wor k c @aandthe potential toaditians that,n a s ec
when coupled with minimum demand, would put South Australia at risk ofmajor electricity supply disruption

It is anticipated that these findings maychange as the South Australian power system evolves, and as AEMO

completes further analysis.

1.3  Structure of this report

This report is strudured as follows:
1 Section2di scusses AEfdOingnurh demand ia Soutls Australia.

1 Section3 outlines the approach AEMOhas applied for this analysis to determine the minimum demand
threshold in South Australia and explore system security issues

1 Section4 summarises findings on thebehaviour of distributed energy resourcesduring power system
disturbances.

i Section5 summarisesfindings on system security impacts of the behaviour of distributedPV during power
system disturbances.

1 Section6 summarises findingson minimum demand thresholds for operation of South Australia as an
island.

2Western Australian Government (December 2019) o0Distributed Energy Resources
https://brighterenergyfuture.wa.gov.au/www.wa.gw.au/government/distributed-energy-resourcesroadmap/
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1 Section7di scusses potential considerati onoscredible Sout h Aus
separation event.As the focus of this reportis on the management ofcredible contingency events this
section providesinitial high level observations only.

i Section8 outlines recommended mitigation measures hat should be considered essential and
foundationa. These are oOno regretsoOd measur es sedcuresoperasohad ul d pr
the South Australian power system.

9 Section9 outlines recommended mitigation measures that assist further with managing disconnection of
distributed PV.

i Section10outlines recommended mitigation measures that provide demand recovery reserves, to assist
with secure operation of a South Australian island under low load conditions.

Section 11outlines several further recommended mitigation actions.
Section12provides comment on the need for enduring policy frameworks.

Section13outlines next steps, and summases the recommended mitigation actions.

== = =A =4

Acronymsand abbreviations are summarised inAppendix AL
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2. Minimum d emand
forecasts

In determining when operational challenges are likely temerge, AEMO needs to determine both the
minimum demand threshold at which security challenges may occur, and the time at which demand may fall
tothatlevel, Thi s section therefore explores AEMOO&6s forecasts

Demand de finitions
Demand is referred to by a number of different definitions®

1 Underlying demand means all the electricity used by consumers, which can be sourced from the grid but
also from DER.

1 Operational demand is demand that is met by local scheduledyeneration, semischeduledgeneration
and non-scheduled wind/solar generation of aggregate capacity< 30 MW, and by generationimports to

the region, excluding the demand of local scheduled loads.

1 Scheduled demand is demand that is met by local scheduled ad semi-scheduled generation andby
generation imports to the region. Scheduled demand differs from the other key demands in that it
excludes the demand met by norscheduled (wind/solar and norrwind/non-solar) generation and exempt
generation, and includesthe demand of local scheduled loads.

Underlying demand is relatively unaffected by growth in distributed PVOperational demand and scheduled
demand will both reduce as more distributed PV is installedScheduled demand is thetype of demand that
AEMO nezds to operate a securepower system, and maintain sufficient units online to provide system
strength, inertia, frequency control and other system service$t AEMO can curtail larger norscheduled
generation (x 30 MW), scheduled demand can be recovered tdhe level of operational demand.Therefore,

forecasts of operational demand are the most useful in understanding the emergence of operational
challenges.

Integrated System Plan

The Integrated System Plan (ISP) &1 outcome of AEMOG& s pr i mar essfdtlaimsitmsetrogtthe r o ¢

opti mal devel opment path for Australiads energy future
potential breadth of plausible futures impacting the energy sectof. Scenario modelling does not set out to

suggest that any onescenario is more likely or more preferred than others, but rather seeks to effectively

manage risks when planning in a highly uncertain environment.

This report draws from two scenarios modelled in the 20220 ISP; the Central scenario and High DER
scenario. The Central scenariceflects the current transition of the energy industry under current policy
settings and technology trajectories while the Hgh DER scenariaeflects a more rapid consumetled
transformation of the energy sector relative to the Central scenario.

For each scenario, AEMO develops input assumptions such pstential changes in underlying demand,
growth in distributed energy resources of different types, and the resulting impacts on minimum demand.
These assumptions and scenarios have been used as the basis for this report.

BAEMO (January 2019) oDemand t éttpsosvwi.aemotcbneau M i iled/BlectaicityWNikl/Sdcudity arad tReliability/
Dispatch/Policy_and_Process/Demanterms-in-EMMS Data-Model.pdf.

1 More information on the scenarios used in AEMO planning is atittps://www.aemo.com.au/Electricity/Nationai Electricity Market- NEM/Planning-and-
forecasting/Inputs-Assumptions and-Methodologies.
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Growth in distributed PV

For the 201920 ISP, AEMO engaged the CSIRO to develop projections of possible uptaf DERIn each
scenario.The capacity of distributed PV in South Australia forecast in the Central and High DER scenarios is
shown below in Figure 1 A simple forward projection calculated by SA Power Networks $APN)by
extrapolating current installation rates is also included, for comparisomhis SAPN projection is used for
internal analysisto understand implications of current installation rates continue.

Thereis a significant difference between the twdSPscenarios

1 The Central scenario shows distributed PV growth slowing and plateauirig the near future, reaching a
total installed capacityaround 1,400 MW by 202425.

1 In contrast, the High DERscenario shows a shorterm acceleration in distributed PV growth, followed by
continued growth similar to historical rates.lt reaches a total installed capacity aroun®,200 MW by
2024-25.

As discussed further below, the COVIEL9 pandemic may result irsignificantly lower than anticipated demand
levels.This may mean that even if distributed PV installations slownderlying demand may fall to lower
levels, even in the Central scenario.

S A P Nextrapolation of current growth rates isbased on linear growth at a rate similar to that experienced in
the 2019 calendar yearand shows distributed PV capacity reaching 2,700 MW by 20225. Uncertainty
around the possible growth in distributed PV capacity in South Australia is therefore a significant source of
uncertainty in estimating the possible timing of challenges related to minimum demand in South Australia.

Figure 1 Actual and projected capacity of distributed PV in South Australia
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The latest installation data ér distributed PV, which includes the period up to and includingJanuary2020,

indicates distributed PV is growing faster than projected in the Central scenario and at a rate closer to that

projected in the High DER scenaricsS AP Nd s o b sredistibaitedi PY coanection applications and their

internal extrapolationisr oughl y consi stent wi t hrhisAsEgyedts that PViingtallationE R s c e
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rates appear to be proceeding in line with the High DER scenario at presefiti n | i ne wi t h SAPNOGs

extrapolation).

In 201920 to date, the minimum operational demand of 458 MW occurred at 2:30pm AEST on Sunday
10November 2019.The impact on operational demand from increasing amounts of generation from
distributed PV is shown belowin Figure 2 This figure shows the operational demand on 18lovember 2019
projected forward with an annual growth rate in distributed PV of 219MW. On this basis, uth Australian
operational demand in the middle of the day is projected to continue to decrease as distributed PV levels
increase, potentially reaching zero by late 2022.

Figure 2 Effect on South Australian operational demand from increasing distributed PV generat ion
(10 November 2019)
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Minimum demand projections

These distributed PV growth projections were used as inputs to estimating minimum demand level&.E MO 6 s
minimum demand forecasts aim to present the minimum demand with a 90% probability oéxceedance
across the simulations conducted for each scenari@

These projections are shown irFigure 3 for the Central and High DER scenario§he High DER scendo
includes the significant projected growth in distributed PV discussed above, and also assumes growth in
distributed storage, which is assumed to be partially charging at times of minimum demand, and therefore
somewhat increase minimum demand levels.

Minimum demand levels can show significant interannual variabilityf there is acoincidence of mild
temperatures, clear skies, and low economic activit§such as on a public holiday)minimum demand levels

5More informationonthemet hodol ogy wused i n AEM®&hs/wdveaaaxncdn.duionediatFdes/ElectricitysNE M/t

Planning_and_Forecastin®lEM_ESOQ/2019/Electricitipemand-Forecasting Methodology -Information-Paper.pdf
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can be considerably lower This means the minimum &mand experienced in any given year can be highly
dependent on weather conditions that occur on a select number ofpublic holidays inspring and early
summer!® (or on Sundays, to a lesser extent)f temperatures are hotter or cloud coverpredominates on
public holidaysand Sundays the lowest possible minimum demand levels may not eventuate.

For this analysisit is important to capture the absolute minimum possible demand that could be achieved in
eachyear s o t hat Soutriystéucanbe prdpared dossugh anveeentuality=or this purpose,
the weather and underlying demand conditions on2 October 2017 were used, witldistributed PV generation
scaled up according to forecast capacity. The conditions on this day typifyneextreme low minimum demand
day: it was a public holiday(Labour Day)with mild temperatures and clear skiesThe resulting range of
possible minimum demand levels is shown in the shaded grey area figure 3

This shows that under the most extreme conditionga coincidence of mild temperatures and clear skies with a
public holiday), with ongoing distributed PV growth as per the High DER scenario, operational demand in
South Australia could reach zero asoon aslate 2020.

Figure 3 Minimum operational demand projections for South Australia
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The minimum operational demand experienced in the 201920 financial year was 458 MW, occurring at
2.00pm AEST on Sunday, 10 November 2019. This is below the minimoperational demand of 555 MW that
was forecast in the Central scenario and is consistent with thi@gher growth in distributed PV observed.

Scheduled demand has reached as low a405 MW (on Sunday 3/11/201pin South Australia As discussed
above, if required for system security scheduled demand can be increased to the level of operational
demand by curtailing non-scheduled generation This can make a substantial contribution in some periods in
South Australia, where there i889 MW of non-scheduled wind generation.For this rea®n, operational

16 Late summer/autumn appears less likely to deliver extremely low demand records, despite a higher nugttof public holidays compared with the spring
period. This is possibly due to the sun being further from the solstice in late summer/autumn than it is from mid spring toagly summer.
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demand is the more relevant measure of minimum demand thresholds, and is referred to throughout this
report.

These forecasts are alsdlustrated in Figure 4

1 The middle forecast is an estimate of the 90% probability of exceedandg® OE)minimum demand based
on the High DER scenario from the 20120 Integrated System Plan (ISP).

9 The upper sensitiiy (dotted line) is an estimate of the 90% probability of exceedance minimum demand
based on the Central scenario from the 201-20 Integrated System Plan (ISP).

1 The lower sensitivity (dotted line) is an estimate of the lowest minimum demand that could ocr, if there
was a coincidence of mild temperatures and high solar insolation on a summer public holiday (as was
observed on ChristmasDay 2017) and PV installations proceed as per the High DER scenarithe lower
sensitivity has been calculated for the pevious historical years (2018 and 2019), indicating how low South
Australian operational demand could have been, if the same conditions had occurred in those years
based on the amount of distributed PV installed

As indicated in the lower sensitivity, tiere is a possibility that operational demand could reach close to zero in
South Australia by late 2020, ithe installation of distributed PV continues at present rates, and ihild
temperatures and high solar insolation occur on apring or summer public holiday.

Figure 4 Minimum o perational demand in South Australia
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Impact of COVID -19 pandemic

The impactof the evolving COVID 19 pandemic on minimum demand has not been explicitly modelledn this
analysis The potential impacts remain unclear at this stage, but could include:

1 Lower demand & lower levels of economic activity due to the pandemic will likely reducelemand.
Minimum demand levels fell approximatelyl(-30% in Northern Italy, Spain, andCaliforniain the weeks
following enforced social distancing measuredn the industrial region of Northern Italy, midday
operational demand has fallen 37%, though thisegion does not record its minimum demand in daylight
hours due to a lower level of distributed PV uptake.

i Distributed PV uptake & the weakening Australian dollayreduced consumer confidence and increasing
unemployment may slow PV uptake in the residential sectarHowever,the safety of investment in
distributed PV relative to other asset classesnay increase interest

1 Government stimulus d government responses to the pandemic, particularly to stimulate economic
activity and support businessescould have varying impact. Some of the stimulus may be directed towards
the industry sector and could act to increase demand in South éstralia.

1 Infrastructure commissioning delays d there may be delays in the delivery and commissioningf major
infrastructure, such as the synchronous condenserand the Battery Energy Storage Systems (BESS)
assumed to be delivered in the forecast horizon. The assumed entry dates of these assets underpin
A E M Oahalysisand any material changes will affect the outcomes

1 Generation outages 6 COVID 19 infectionscould affect essentialoperational staff at power stations and
in the fuel supply chain creating potential for outages or reduced operation of certain generators or
groups of generators. Some generation assetsare extremely important to provide dispatch flexibility in
minimum load periods.

AEMO is in the process of examining these potential impacts and developing management strategies.

Olympic Dam expansion

BHP has advised AEMO of plans to increase electricity consumption at Olympic Dam due to a planned
expansion of its operations(t h Browdfield Expansion Projed. This expansion has been included in the ISP
forecast minimum demand and the possible range of minimum demand levelgas illustrated inFigure 3and
Figure 4). This was calculated by increasing the underlying demand in each year according to tiegpansion
plans (as outlined in Table ). If the expansion does not proceedor is delayed or if Olympic Dam is
consuming less power than usual, the minimum demand mgbe lower than forecast.

Distributed battery energy storage systems (BESS) and electric vehicles (EVS)

Distributed BESS and EVs can increase minimum demand levels by charging during times of high distributed
PV output. The expected contribution to load fom forecast distributed BESS and EVs has been factored into
the ISP forecast minimum demand levels. An uptake of distributed BESS or EVs that is lower than forecast
would increase the likelihood of minimum demand also being lower than forecast for that sagario (possibly

in the grey shaded area shown in Figure 5). However, the contribution from distributed BESS and EVs to
increasing minimum demand levels is expected to be mild due to its shallow storage capacity.
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3. Approach

3.1 Factors for consideration

Determining minimum demand thresholds for the South Australian power system requires consideration of
the system needs for secure and reliable operation in different types of periods

1 System normal d operation when fully connected to therest of the NEM in an intact system

1 Credible risk of separation 9 operation when there is a credible risk of islandindsuch as when only one
circuit of the Heywood interconnector is available)

1 Separation events & the processof separation of South Australia from the rest of the NEM at the
Heywood interconnector and the correct functioning of relevant control schemes during that event

1 Islanded operation 0 operation of South Australiaas an island possibly for an extended peiod (for
example, if there is damage to interconnector assets)

For each of these types of periods, the followingaspects are relevant

1 Combined flow limits on the Heywood and Murraylink interconnectors, and any constraints that may affect
those flow limits.

1 The ability to maintaina sufficient quantity of synchronousgenerating units online for minimum levels of
system strengthand grid forming capability.

1 The ability to meet the frequency operating standards (FOS)which requires:
0 Sufficientinertia.

0 Adequate headroom to operate the units required forfrequency control, when this needs to be
provided locally in South AustraliaWhen operating as an island, this includes regulation, and
contingency raise and lower services, delivered in 6 secdn60 second and 5 minute timeframes.

0 Fast Frequency Response (FFR) can assist with maintaining frequency within required limits, particularly
when inertia levels are lower.

i1 The ability to maintain voltage stability and steadystate voltages within requirel limits.

1 The effectiveness of under frequency load shedding (UFLS) and other emergency frequency control
schemes during a separation process.

1 The behaviour of distributed energy resources (DER) during power system disturbances, and how this may
affect eadh of the above security requirements.

All the relevant factors are complexand multifaceted. ToA E M Okihn@vledge, South Australia is the first
gigawatt scale power system in the world toapproach zero operational demand due to such high
proportions of demand met by distributed resources Analysing these types of periods requires the
development of new sophisticated models and pioneeringof new approaches.Within the short timeframe
requested, AEMO has aimed to provide the best advice possiblérom the studies it has been able to conduct.
However, AEMO expects that this work will be ongoing andassessments will beefined over time as better
models and more information become available.

Some aspects also require investigation by ElectraNet and SAPRheseinclude:
1 Interconnector limit advice.
1 The ability to maintain voltages within transmission and distribution networks

1 The efficacy, costs, and implementation pathways for various mitigation measures.
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AEMO has sought advice on these topics from ElectraNet @nSAPN, and anticipates collaboration will be
ongoing.

3.2  Power system dynamic studies

Power system dynamic studies are used to determine whether the power system remains stable for credible
faults and other power system disturbancesAEMO uses dynamic models extensively to examine system
stability in a wide range of operational conditions,validate planned transmission networkdevelopment,
assesghe system security impact of newmarket participant connections, and develop operational
constraints.

In very low demand periods, distributed PV is a large component of the power system, and its baviour has
a significant impact on power system outcomesThis means it is importantto accurately captue the
behaviour of distributed PV and load in disturbances.

There is now considerable evidence that large quantities of distributed PV and load discoact from the
power system following voltage disturbance¥’. Distributed PVtripping in response to a voltage disturbance
associated with agenerating unit trip within the Adelaide metropolitan areacould increase the size of the
contingency, which affectsmeasures for frequency control.

Since mid2017, AEMO hasad a program of work to establish data sources to understand and analyse the
behaviour of distributed PV and load during disturbances, and develop suitable power system models of this
behaviour, for incorporation into standard planning and operational studies A preliminary version of these

models has now been developed and validated in PSBE  ( A E MO 8 sypesi powel sestem simulation

based on RMStype modelling9, but not yet in PSCAE ( AEMO®s mor e tpeopowes dystema t e d
simulation based onEMT-type modelling). EMFtype studies areimportant to conduct this analysis accurately
given the low system strengthand inertia conditions at times of minimum load. To achieve this, stdies were

run initially in PSS®Eo determine the disconnection behaviour of distributed PV and load, and this was then
emulated in PSCAD models.

The approach applied can be summarised as follows

1. Detailed models for load anddistributed PV dynamic behavour during power system disturbances were
developed and validated in PS®E.

2. Dynamic power system studies were conducted in P& Various levels of load and DER generation were
explored, as well as different levels of Heywood interconnector flows, differéicombinations of
synchronousgenerating units operating, and various levels of reactive power support fromvind farms. A
unit trip and credible two phase to ground fault was simulated in various locations.

3. The quantity of distributed PV and load disconnecting during each ofthese scenarios was quantified.

4. Dynamic power system studies were then conducted in PSCADhe basicdistributed PV and load
responses observed in the PSSBE studies were replicatedThese PSCAD studies were used &xamine
power system stability and operational outcomesgiven the higher level of accuracy and sophistication of
the PSCAD model, and the improved ability to model low inertia and low system strength conditions.

The following criteria were used in PSCAD studig to determine system stability
i After a contingency the FOSare maintained.

i1 The high voltage transmission network voltage profile at key transmission buses sesleithin 0.90 p.u. to
1.10 p.y.based onoperational practice®®

7 AEMO (April 2019) Technical Integration of Distributed Energy Resoassd Improving DER capabilities to benefit consumers and the power system, at
https://www.aemo.com.aut/media/Files/Electricity/ NEM/DER/2019/Technicalntegration/Technicat Integration- of-DERReport.pdf.

18RMS (Root mean square) models do not explicitly represent all three phases, or have the ability to accurately represent phraeoa at very fast timescales.
In contrag, EMT (Electromagnetic transient) models are more sophisticated and do represent all three phases, and can more accuratepture
phenomena on very fast timescales.

19 A brief excursion outside 0.90 p. u and 1.1 up is permitted, but was not observed irighanalysis.
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1 All online generators returned to steadystate conditions following fault clearance.
1 After a contingency, the terminal voltages at all online generators settle within 0.90 pu to 1.1 pu.

All power system models represent a simplified and aggmgated view of the power systemA E M ORSS®E
distributed PV model represents voltage tripping behaviour to within #% or less, validated across six
observed disturbancesThe load model is accurate forsome events investigated, with work ongoing to
improve accuracy for all operating conditionsLoad modelling is inherently challenging, due to the constantly
changing composition of NEM loadand the wide range of customer load devices which behave in different
ways in response to disturbancesCapturing this diverse behaviour has been a challenge facing power system
operators around the world for decades.This means tre load model is a significant source of uncertainty in
this analysis.This uncertainty has been represented explicitlthroughout the report, and results presented
can be considered a reasonald approximation of the range of possible outcomes, including the possible
most pessimistic response of the South Australian power systertt.is prudent to explore and model the
worst-case out@mes, so that reasonable endeavours can be developed to address any identified riskéeeEMO
has an ongoing work program to continue to develop and improve the accuracy of these models.

PSCAD is not currently capablef simulating conditions with zero or negative load, and whetherPS® E can
accurately represent periods of zero or negative load is yet to be verifiedlhe development of detailed
models for load and distributed PV behaviour in PSCAD is requiredand AEMO is proceeding with this work.
Studies presented in this report are restricted to analysis of periods of low load only (with operational
demand above 200 MW).

3.3 Minimum load thresholds

In addition to the power system dynamic studies outlined above, AEMO has analysed the minimum
operational demand required for secure operation of South Australia as an island-hisis the most onerous
operational condition, and therefore defines the highest threshold for operational demand that may be
required to maintain system security A range of possible combinations of generating units necessary for
maintaining system security accounting for aspects such ag/stem strength, inertia, frequency control and
other system services were determined, and the minimum load for each combination of units calculate@he
approach for this analysis is outlined in detail irBection6.1

3.4  The evolving South Australian power system

In conducting this analysis, AEMastaken into account anticipated changes to the South Australian power
systemthat could be expected to affect minimum load thresholds,including those listed in Table 1 No
allowance has been madeor any commissioning delays or other changes to the power systerthat may
result from the COVID 19 pandemic.

Tablel  Anticipated relevant changes to the South Australian power system

Retirement of Torrens May be revised due to COVIB19or Decreases number of system strength combinations and
Island A units other factors, but below dates assumed  frequency control availability
for this analysis:

1 A2 & A4 unavailable frommid 2020
9 Al & A3unavailable from mid 2021

Commissioning of 1 Units 1&2 8 Q4 2020 (Davenport) i Providessystem strength and inertia capability

ElectraNet synchronous ) ) .
condensers 1 Units 3&4 6 Q2 2021 (Robertstown) 1 Providesvoltage control capability

i May mean fewersynchronousgenerating units are
operating in many periods, reducingavailablefrequency
control if islanding occurs.
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Commissioning of new i Lake Bonneyd 25 MW (now fully I Increasesfrequency control availability

battery storage and mmission . . .
oth ern;re que%cy il L2 ssioned) 9 New batteries assumed to register similarly to Hornsdale

providers 1 Lincoln Gapd 10MW (providing fast frequency response)

i Virtual Power Plants

i Hornsdale Expansiord 50 MW
(committed)

i Other new entrants
Commissioning of 2023 to 2024

EnergyConnect
interconnector

Substantially reduces risk of islanding
Increasessystem strength

Increasesimport and export capabilities

=l = = =)

Reduces risks associated with nerredible contingencies
(such as loss of the Heywoodnterconnector)

1 Reduces need for local frequencyand inertia services

Expansion of Olympic The Brownfield Expansion Project may Affects minimum demand forecasts.
Dam load increase demand at the Olympic Dam
site over the coming year$®. A modest
increase has been assumed
commencing from 2021.

1 May affect requirements for contingency lowerservices
depending on their ability to curtail load if South
Australia islands.

Analysis has focused on thespring period (October to December) each year. Based on observations from the
past two years,this is when minimum demand typically occurg§on a sunny Sunday or public holiday with mild
temperatures) AEMO has applied the following assumptions for each year, as listed rable 2below.
EnergyConnectis tentatively projected for commissioningin July2023. The analysis forOctober to December
2023 has been conducted assuming a possible delay inommissioning this interconnector, to explore the
possible measures that may need to be in place for secure operation under that eventuality.

Table2  Assumptions applied

Oct -Dec 20 Oct -Dec 2020 Oct -Dec 2021 Oct -Dec 2022 Oct -Dec 2023

Frequency control As registered As registered As registered As registered As registered
providers +BIPS +BIPS +BIPS +BIPS
82 x TIPSA -4 X TIPSA -4 X TIPSA -4 X TIPSA
Utility - scale batteries 9 Hornsdale 1 Hornsdale 1 Hornsdale i Hornsdale i Hornsdale
roviding frequenc
gc))ntrol )g - d (L) i Dalrymple 9 Dalrymple 9 Dalrymple 9 Dalrymple
Il [PENRTITEE i Hornsdale i Hornsdale i Hornsdale i Hornsdale
(30 MW) . - . .
Expansion Expansion Expansion Expansion
(GO i Lake Bonney ¢ Lake Bonney 1 LakeBonney
T k/lakv\g Belgees i Lincoln Gap 1 Lincoln Gap 1 Lincoln Gap
(10 MW)
Virtual Power Plants 2 MW 5 MW 10 MW 15 MW 20 MW
(providing frequency
control )
Synchronous condensers None Two installed All four installed  All four installed  All four installed
(Davenport)

20 BHP, https://www.bhp.com/our -businesses/mineralsaustralia/olympic-dam/
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3.5 Advice from Network Service Providers

AEMO relies on advice frormetwork service providers (NSPs)n a number of matters, including their ability
to maintain network voltages within the required limits, and limit advice for interconnectorsAEMO has
sought advice from ElectraNet and SAPN otthese matters.

Based on preliminary modelling ElectraNet has advised that the present export limit for South Australia
remains valid for system normal operating conditions, with South Australian networkeinand reachingas low
aszero megawatts.On this basis, AEMO has applied present network limits for this analysis.

AEMO understands thate | e ¢ t radvideedbed mot take into account the behaviour of distributed PV and
load, because detailed models of tlis behaviour were not available at the timeof analysis.

Further analysis is required to validate these resulti particular the import limit on the Heywood
Interconnector may be affected by the behaviour of distributed PV
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4. Behaviour of distributed
resources

This section describedindings from PSS®E studies on load and distributed PV behaviour in response to
severe faults.

4.1 Evidence of distributed PV disconnection

Solar Analytics data from historical disturbances

AEMO analysed distributed P\disconnection behaviour from historical voltage disturbances that occurred in
periods with meaningful levels of distributed PV operating during 2016 to 2020~or each disturbance, data
from a sample of hundreds of individual distributed PV inverters was provided by Solar Analytics, under a
joint ARENA funded project’ Data was anonymised to ensure that system owner and address could not be
identified. Many inverters were observed to reduce power to zerdindicative of disconnection)immediately
following a voltage disturbance.The proportion of distributed PV inverters demonstrating this behaviour in
each historical event was calculated. Inverters were categorised by installation prior to October 2015 (under
the ASINZ4777.3:2005 standard), or after October 2016 (under the AS/NZ4777.2:2015 standaBadth
categories showed similar disconnection behaviour.

Distributed PV disconnection behaviour was confirmed to be related to the severity of the voltage
disturbance, asillustrated in Figure 52

Figure 5 Percentage of distributed PV sites in a region observed to disconnect following historical voltage
disturbances
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2L ARENA, Enhanced Reliability through Short Time Resolution Data hdips://arena.gov.au/projects/enhanced reliability-through-short-time-resolution-
data-around-voltage-disturbances/.

22 Uncertainty estimates in Figure 5 are based on the Solar Analytics sample sizes compared to the installed capacity in the region, &i85% confidence
interval.

© AEMO 2020 | Minimum operational demand thresholds in South Australia 27


https://arena.gov.au/projects/enhanced-reliability-through-short-time-resolution-data-around-voltage-disturbances/
https://arena.gov.au/projects/enhanced-reliability-through-short-time-resolution-data-around-voltage-disturbances/

In the most severe voltaye disturbance analysed, disconnection of more than 40% of distributed PV in the
region was observed. Individual cases may deviate from the linear trend line if the fault location was
electrically remote from distributed PV centres, or if the high speed moitor used to estimate the severity of
the fault was remote from distributed PV centres (therefore providing a less accurate estimate of the voltage
experienced by distributed PV during the disturbance).

The amount of distributed PV disconnection observedn eachvoltage disturbancewas used to calibrate
AEMOG&s PSS mvidoeddistibances wereused to validate the PSS®E modebn a case by case
basis with distributed PV modelled at individual load busesand taking into account the proximity of the fault
to metropolitan centres (where distributed PV is located)The disturbance modelled in the PSS®E studies
described in the following section involves a twephase-to-ground fault. AEMO has not yet observed a fault
of this severity occurring in a peria with high PV generation, close to metropolitan centresAEMO examined
this fault for these modelling studiesbecause it is the most onerous voltage disturbance that is considered
credible.

Laboratory bench testing of inverters

Distributed PV disconnection behaviouwas further validated by bench testing of individual inverters under

laboratory conditions, conducted by UNSW Sydné¥. Their analysis has shown that 14 out of 25 inverters

tested (including a mix across both the 200&and 2015 standards) disconnected or significantly curtailed when

exposed to a 100 ms voltage sag to 50 V[he detailed behaviours observed during thesdaboratory studies

were used as a key input t,andusedtdodetermineemadyd Mendodel PSSEE mo ¢
parameters

4.2  Assumptions

PSS®Estudies were conducted, modelling al00 msline-line-ground (two phase)fault on the high voltage
(275 kV) side of the generator transformer for aorrens Island Power Station BT{PS B unit, or a Pelican
Point gas turbine unit*. This network fault causes disconnection of the relevant generating uniThis fault
occurs close to the Adelaide metropolitan area, and the resulting voltage disturbance therefore has the
potential to lead to significant disconnection ofload and distributed PV.AEMO examined thisfault because it
is the most onerous voltage disturbance thais considered credible.

Different levels of underlying demand and distributed PV generation were exploredvith combinations
resulting in operational demand levels at 206300 MW.

The baselinedispatch of synchronous generators was assumed to be the same as the minimum demand
period in 2019 (10 November), with two Torrens Island B units, ande Pelican Pointgas turbine (GT) and
steam turbine (ST)nline and operating at minimum loading levels (withother combinations considered
where indicated).Thisdoes not necessarily reflecthe minimum number of units that may be onlineat a time
of minimum demand, but does represent one possible dispatch irthese periods.

It was assumed that the four new synchronous condensers were fully commissioned (two at Davenport, two
at Robertstown).Reactive power support from South Australian wind farmssolar farmsand the Hornsdale
power reserve BESSwas also assurad.

4.3  Findings

The amount of distributed PV and loadreduction observed in PSS®E studiesn various power system
snhapshotsis illustrated inFigure 6 Each point onthe chart represents a simulationrcase with varying levels of
distributed PV andunderlying load prior to the disturbance. The studies indicate a linear relationship for the

23 UNSW Sydney, Addressing Barriers to Efficient Renewable Integratidinverter Bench Testing Resultst http:/pvinverters.ee.unsw.edu.au/

24 The assumed duration of the fault is based on transmission protection clearance times for 275 kV (NER Table S5.1a.2, Colymn 2

25 The Hornsdale Power Reserve wasaumed to be operating in voltage control mode. Other BESS in South Australia were not modelled in these PSS®E
studies.
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quantity of distributed PV and loadreduction, which suggests that for this parttular fault and set of units
operating, the amount of distributed PV and loadreduction can be reasonably predicted based on a
percentage of the distributed PV generation andunderlying load prior to the disturbance. The percentage
rangesquoted are basedon the estimated uncertainty in the dynamic load model and distributed PV model
respectively, determined from validation studies.

PS®E studies indicate that the most onerous credible fault in the Adelaide metropolitan area, with this set of
units dispatched, causes:

1 1428% of underlying loadin the South Australian regionto disconnect.
1 49-53% of distributed PV generationin the South Australian regionto disconnect.

In some periods, with a large amount of generation from distributed PV, the loss of distsuted PV can be
larger than the loss of load, meaning that this can result in a fault causing a net loss of generation.

Figure 6 Reduction of distributed PV and underlying load in response to a severe credible fault  in PSS®E
studies
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A number of sensitivity cases were exploredl’he load and distributed PV disconnection behaviour was found
to be relatively insensitive to he following variables:
1 Flows on the Heywood interconnector

1 Whether there are two synchronous condenserqat Davenport) or four synchronous condensergtwo at
Davenport and two at Robertstown) operating.

1 System strength in the Adelaidemetropolitan area, tested by bringing additional synchronous generation
online (such asdispatching the Osborne gas and steam turbines)and also exploring the addition of four
more synchronous condensersnstalled in the Adelaide metropolitan area (two atCity West, and two at
Northfield), with identical characteristics tahose being installed at Davenport and Robertstown

1 Comparing low generation from large scale wind farms versus no generation from largecale wind farms.

AEMO will undertake further eploration of other possible factors’® that may influence this behaviour.

26 For example, impacts of etwork outages such as275kV or 66 kV transformers
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Forward projection of contingency sizes

To calculate a forward projection of contingency sizes, the percentages above wer@plied to each half hour

of underlying load and PV generatio in A E M OHigh DERforecasts for distributed PV installations from the
201920 ISR assumingunderlying load and distributed PV generation patterns as observed in 2019his leads

to the net contingency sizes (due to disconnection of load and distributed®V) shown inTable 3 and Figure 7
below. In these periods, the quantity of distributed PV disconnecting exceeds the quantity of load
disconnecting, meaning that the combined(distributed PV-load) contingency is a net loss of gneration in

these periods.In the worst case, these values could be additional to the loss of a synchronous generating

unit, if they occurred as a result of a faultathel ar ge gener at.ords transfor mer

_|
QD
=
)
w

Net distributed PV & load contingency sizes (PV loss 0 load loss) & High DER forecast for PV growth
2019 (actual) 70 280
2020 190 430
2021 260 520
2022 300 560
2023 330 600
2024 370 650

2025 390 680

Figure 7 Net distributed PV and load contingency sizes (PV loss & load loss) o High DER forecast for PV
growth
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The extreme worst case estimate is shown (with maximum PV loss, minimum load loss, and in the most severe
period of the year), as well as a more moderate estimate of th€5™ percentile case (assuming a middle
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projection of possible load and DER loss, and the 85percentile of half-hourly periods in the year by severity
of the possible net contingency size)The 85" percentile case could be expected to be exceeded on 58ays
of the year.

The 85" percentile case also assumes that all >200 kW distribution connected PV has been curtailed (AEMO
requested that SAPN do this in some periods during the extended islanded operation in February 2020, when
operational demand reduced below 700 MW).In contrast, the extreme worst case assumes that distributed
PV has not been curtailed, which may be the case in system normal conditions, or where operational
conditions do not require curtailment for system security.

These contingency sizes arecomparable with (and soon exceed)the maximum size of credible contingency
for which the South Australian power systenis currently planned and operated For comparison, at present
the largest generation contingency in South Australia in anperiod is around 280 MW. Furthermore, it is
credible for these net P\fload contingencies to be added to a unit trip, making the total contingency size
even larger.At present, AEMO has limited effective tools available in real time to be able toeasonably
manage such large contingency eventsn South Australia.

Section5 outlines the system security implications of contingency sizegrowing to these levels AEMO
recommends that measures are taken to prevent thesgery large contingency sizesfrom eventuating. They
are provided here as an indication of what couldoccur if no action is taken, as a basis for analysi#.is not
recommended that the South Australian pwer system is operated with such large credible contingencies
becoming feasible.Recommended mitigation measures are discussed in Sectiof.

Basedon these findings the most severedistributed PV-load contingencies are likely to occur in periods that
have the highest levels ofdistributed PV generation, with moderate underlying demand-These represent
shoulder periods (not the minimum demand interval). For example

1 Thelowest operational demand periodhasoccurred at 1.00 pmAESTon 10 November 2019, with an
operational demand of 458 MW. In this period, underlying demand was 296 MW, and distributed PV was
generating at 838 MW, at a capacity factor of around 71%Under these conditions the possible net
distributed PV-load contingency in the event of a severe credible faulis estimatedto be in the range 44
MW & 245 MW, and the Heywood interconnector would very likely be exportingby at least70 MW
(assuming largescale solar farmsn South Australiaare operating at a similar capacity factorto distributed
PV, the operation of a minimum of three Torrens Island unitdispatched at 60 MW each and flows on the
Murraylink interconnector 0 MW). Exporting on the Heywood interconnector reducesrisk, by reducingthe
likelihood of triggering the SIPS in the event of darge generation contingency in South Australia, and also
reducing relianceon UFLSn the event of a double circuit loss of the intercomector (because the loss of
the interconnector is unlikely to cause an under frequency event).

1 In contrast, the2019period that shows the largest potential net distributed PVload contingency occurred
at 1.00 pmon 7 December 2019when distributed PV wasoperating at the higher level of 923 MW with a
capacity factor around 78% Underlying load in this period wasalso higher, at1548 MW. Operational
demand was625 MW, significantly higher than in the minimum operational demand period described in
the previous example Under conditions like thisd s h o u period, thé possible net distributed P\tload
contingency is estimated to bein the range 16 MW & 254 MW, and the Heywood interconnector could be
importing as much as30 MW (applying the same assumptions as described above)mporting on the
Heywood interconnector creates a higher risk of relyingpn the SIPS or UFLS to manage a large nen
credible generation contingency; or the double circuit loss of the Heywood interconnector, respectively.

The comparison of these two periods serves to illustrate that the highest risk periods may not be those
periods with the minimum operational demand, but rather periods withhigher levels of distributed PV
generation, combined with moderate underlying demand
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Uncertainty
There are severabources of uncertainty in these estimates

1 The first isthe continuing rate of installation of distributed PV in South AustraliaAs discussed inSedion 2,
to date, distributed PV installations are closest to thé S PMijls DER scenarioThe Central scenaridn the
ISPis considered unlikely to eventuate, given past and observed distributed PV uptakand therefore has
not been explicitly included in thefigure above.

1 The second is in the PSS®E dynamic load model, around the quantity of logénd to a lesser extent the
guantity of distributed PV)that will disconnect during a disturbance, leading to the wide band of
uncertainty within each scenario.

1 The third is the characteristics of the period in which a severe fault may occurhe level of load and
distributed PV gereration in that period strongly affects the net contingency size that could eventuate.

Giventhis considerable uncertaintya precautionary approach isrecommended, taking reasonable stepsearly
to address the most pessimistic outcomesThis is particulay important given the potentially severe
consequences of being undefprepared, and the long timelines required to implement most solutions.This
approach aims to ensure the South Australian power system &s resilientasit reasonably can be to awide
range of possible eventualities.

Dynamics of load and distributed PV responses

The dynamics of the response of load and distributed P\are also important for power system stability
outcomes, andhave beenexaminedi n AEMO®&s anal ysi s

An example is illustrated inFigure 8 Based on observations from bench testing of a selection of invertet§

and high speed distribution network date®, distributed PV has been observed to disconnect rapidly following

a voltage disturbanceThi s i mmedi ate disconnection behaviour has
illustrated in Figure §a).In contrast, load is more likely to reduce gradually due to motor stallingpehaviour (a

period of approximately seven seconds is illustrated in the example ikigure §b)). This behaviour wadnitially
simulated in PSS®E (as shown in the Figures below), and themulated in PSCAD studies using multiple

blocksin the Adelaide metropolitan area, disconnecting at different time periods following fault clearance.

Figure 8 Example aggregate response of distributed PV (left) and load (right) in PSS®E model
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27 Bench testing has been conducted by UNSW Sydney, undan ARENAfunded project with partners ElectraNet, TasNetworks and AEMGee
https://arena.gov.au/projects/addressingbarriers-efficient-renewable-integration/.

28 Data was supplied by Energy Queensland from three distribution network locations during 20418 and ongoing.
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5. Distributed PV impacts
on system security

This section outlines findings from AEMOGs power sSsyste
distributed PV disconnection on system security.

5.1 Operation as an island

Although South Australiararely operatesas an isand, it is the most onerous operational conditionfor the
region, and is therefore addressed firstThe ability to operate South Australia as an island determines the
earliest timelines on which action may be required tdacilitate secureoperation in periods with low load and
high levels of distributed PV generation.

South Australia can separate from the rest of the NEM ainy time. If separationoccurs AEMO will take
whatever reasonableactions are available, as soon as practicab® to restore all the required system
strength, inertia, frequency control, voltage control, and othersystem securityservices required for stable and
secure islanded operation in South Australia.

5.1.1 Assumptions

AEMO performed PSCAD studies for the South Australn island.Variousdispatch combinations of
synchronousgenerating units were considered, including combinations of Torrens Island Power Station B
units (TIPSB), Quarantine Power Station Unit 5, armdPelican PointGTand STcombination). Synchronous
units were dispatched with at least 20 MW of headroom / lower room availableand were assumed to have
governors enabledwith a +0.1Hz frequency deadband, to deliver a frequency responseThis ismore onerous
than unit commitments for contingency FCAS requirerents, and is intended to better represent the physical
capabilities of each unit Implementation of the recent mandatory primary frequency response rule change
which will mandate a deadbandas narrow ast0.015Hzshould lead to increased delivery of freqency
response®. Various unit trips were considered

5.1.2 Findings

When South Australia is operating as an island, thEOS*require that frequency is maintained above 4%z

for credible contingency events and that reasonable endeavours are made to keefrequency above 47Hz

for non-credible (including multiple) contingencies.As discussed inrSection9.3.JAEMOG6s i nter pretati
National Electicity Rules NER is that disconnection of distributed PV at the same time as darge generating

unit trip should be consideredpart of the same credible contingency (that is, the 49 Hz lower frequency

bound applies).

PSCAD uudies with the assumptions outlined aboveshowed that when distributed P\tload contingency sizes
exceed around 150 MWnet generation loss) combined with the loss of alarge-scale generating unit
frequencyis likely tofall below 49 Hz Enabling more FCAS proides minimal benefit, due to therapid rate of
change of frequency, and the comparatively slow response d typical FCAS providerThis means that
activation of automatic load shedding is inevitable Thisis undesirablenot only becauseit represents

22 NER 4.2.6(b) states: Following a contingency event (whether or not a credible contingency event) or a significant changeawer systemconditions,
AEMO should take all reasonable actions to adjust, wherever possible, the operating conditions with a view to returning thevger system to a secure
operating state as soon as it is practical to do so, and, in any event, within 30 minutes.

30 ABMIC (26 March 2020), Mandatory Primary Frequency Response,ttps://www.aemc.gov.au/rule-changes/mandatory-primary-frequency-response

31 Reliability Panel, AEMC, Fgeiency Operating Standard, atttps://www.aemc.gov.au/sites/defaut/files/2020-01/Frequency%20operating%20standard%20
%20effective%201%20January%202020%2620TYPO%20corrected%2019DEC2019.PDF
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customer disconnection but becauseit is unclear whether the existing UFLS scheme is capable of arrestirg
frequency decline in these conditions. Analysis indicatebere could be very little net load available to shed in
periods with high levels of distibuted PV operating. This means thatlisconnecting a large number of
customersmay have very little impact on arresting the frequency decline.Further,at present the UFLS relays
operate at a feeder levelwithout regard to the direction of flow. Some UFLSeedersalready experience
reverse flows inhigh PV periods, when operation of the relays could accelerate a frequency decline, rather
than helping to arrest it.

As indicated inFigure 7, net contingency sizesresulting from a severe faultmay have already exceeded
150MW in some periods, with the level of distributed P\alreadyinstalled in South AustraliaThis suggess
that it will not be possible to maintain the frequencyin a South Australian islandabove 49 Hzfor certain
contingencies during periods with high distributed PV generation and therefore requires urgentmitigation.

Preliminary gudies also suggest that vihen distributed PV-load contingency sizes exceed around 30@00

MW, frequency may fall outside the 4752 Hz range.As discussed further below, the addition of incrementally
more inertia or FCAS enablemenits found to provide minimal benefit under these circumstances, due to the
very fast rate of change offrequency. Cascaded tripping and major supply disruption might be inevitable
under these circumstancesAs indicated inFigure 7, in the worst case,net contingency sizes could exceed 300
MW from | ate 2020 onwar ds, under AEMOG&6s High DER

The action of the UFLS scheme has not beeaxplicitly included in this modelling. UFLSmay assist in arresting
a frequency decline below 49 Hzor may accelerate a frequency decline below 49 Hz rleverse flows are
sufficiently high on multiple UFLS feedersAEMO is conducting further analysis on the operation of the South
Australian UFLS at these times.

This indicates that AEMO may no longer have the ability to operate South Australia in a secure statile
islanded, at times of high distributed PV generation and therefore urgent mitigation is required.

5.1.3 Likelihood of occu rrence

It is noted that the operating conditions discussed in this sectiorare anticipated to occur rarely.For these
circumstances to arise, South Australia would need to experience all of the following, in combination:

1 A separation event
1 A period of high distributed PV generationand moderate to low load.
1 A severefault in or close to the Adelaide metropolitan areg causing alarge synchronous unit to trip.

The possible incidence of ach of these is discussed below.

Incidence of periods with distributed PV contingency sizes exceeding 150 MW

Based on halfhourly historical underlying load and distributed PV generation patterns in 2019, and PV
growth forecast in the ISP High DER scenariperiods where thenet PV-load contingency sizes could exceed
150 MWwere estimated Thed wo r s twascalaulatéd applying the maximum amount of distributed PV
disconnection that could occur (~50%), combined with the minimum amount of load disconnection that
could occur (~14%).

On this basis, periods with possibledistributed PV-load contingency sizes exceeding 150 MW arestimated to
occur around 12% of the time in 2020, increasing to around 20% of the time by 202 these periods, if

South Australiawere operating as an island, AEMO may no longer be able to maintain frequency above 49Hz
for the largest credible contingency Since market start in 1998, South Australia has separated from the rest of
the NEM 16times, although six have occurredin the pastfour years

If EnergyConnect proceedss proposed in 2023 this risk should be largely eliminatedbeyond that date.

Incid ence of severe faults

AEMO investigated the incidence of voltage disturbances of the kind that might cause disconnection of
distributed PV, over the past several years (2017 to 2019). Relatively sewxsnsmissionnetwork faults or
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similar events were ob®rved at a rate of at least once a week across the NEMf(sufficient severityfor AEMO
to deem it a reviewable operating incident?). In South Australia, control room logs suggest an average of
around 35 unplanned line or transmission networloutages per yea (although around one third of these
were relatively minor).

AEMO has highspeed data for a subset of voltage disturbances (mostetwork faults are not investigated in
detail, and high speed datafor most eventsis therefore not warehousedbeyond a period of two weeks).
Over a period of around two years,across the NEMAEMO has records othe voltage disturbances listed in
Table 4

Table 4 AEMO records of vol tage disturbances ( NEM 0 past two years)

Threshold (pu) Disturbances less than threshold on one  phase Disturbances less than threshol d on two phases

42 17
30 14
21 5
12 3

5 2

Voltages below 07 pu (measured aspositive sequence combined across the three phasesyould be
expected to lead to some distributed PV disconnectionyoltages below 0.6 pu (positive sequence) are
anticipated to lead to around 10% of distributed PV disconnecting across the regiomnd voltages below
04 pu (positive sequence)are expected to lead to significant DER disconnectio40% of regional distributed
PV or greater).

Although Table 4indicates that most severe faults of the kind that would lead to considerable distributed PV
disconnection (voltagesless than 0.4pu on two phasesgre currently occurring about once per year across

the NEM, South Australia may be more vulnerable to these kinds dafisturbances than other regions This is

due to the concentration of generating units and network equipment in and near to the Adelaide

metropolitan area,col ocat ed with most of the regionds distribute

For the severe consequences outlined in this seion to apply, this type of voltage disturbance would need to
occur in a period with high distributed PV generation, during islanded operationThis suggests thatit might
be appropriate to plan for high risk faults in relevant locations in South Australiat a rate of roughly once per
yearor less

5.1.4 Mitigation approaches

AEMO has very limitedreal-time options to reduce risk in these periodsA E M Osdudies suggest that options
used to improve system securityin other circumstances, such as application of network constraintgjcreasing
enablement of conventional frequency contro) or the dispatch of additional synchronous generators, do not
offer much improvement for this type of severe contingency.

Dispatching more synchronousgenerating units is often helpful for many types of security risks, because it
increases system inertia, increases system strength, and providasreasedfrequency response However, in
this case,dispatching additional synchobnous generating units assists onlymarginally, becausethe
contingency sizes are extremely large compared with the size of the South Australian islarehd the
disconnection of distributed PV occurs near instantaneouslyVhen a largeand near instantaneots
contingency occurs in a power system with low inertia, the rate of change of frequency (RoCoF) is very fast,

%2 Reviewable operating incidents include the occurrence of a netredible contingency, multiple credible contingency events, or one of a wider set of more
extreme events, such as the activation of ovefrequency protection schemes, as defined in NER 4.8.8%(
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and frequency responsefrom synchronousgenerating units cannot act in time to arrest the frequency
decline. The capabilities of emergency frequecy control schemes can also be compromised.

Adding more conventional frequency responserom synchronousgenerating units therefore assists only
marginally with improving frequency outcomes for such a largeand rapid contingency in the South Australian
island. Similarly, adding incrementally more inertia (such as, for example, addirige equivalent of another
synchronous condensersimilar to those being installed at Davenport and Robertstowpdoes not significantly
slow the frequency decline when the contigency is largeand near instantaneous

FFRfrom inverter-connected resources such as batterieand utility-scale solar farmscan contribute more
rapidly than frequency responsefrom synchronousgenerating units, and provides more assistance FFR has
been assumed to be provided by the battey energy storage systems (BES8) South Australia for this
analysis, and contributes significantly to improving outcomesn the absence of the FFR provided by batteries,
the ability to meet the frequency operating standards is diminished A number of important mechanisms are
recommended in Sectiors 9 and 10to help maximise the availability ofFFR when required.

AEMO now considers thatFFRis necessaryfor enhancedfrequency control when South Australia is operating
as an island The recentrule change introducing a mandatory primary frequency responsefrom all units,
including inverter connected resources such as BESS and solar fafffwill be an important component of
delivering thisresponse

The most important actions to mitigate the identified risks include:

1 Ensuring the BergyConnect interconnector is commissioned as soon as possibl€his significantly
reduces the likelihood of South Australia operating as an island.

1 Improving voltage ride-through capabilities of distributed PV, as rapidly as possibl&his reduces the sie
of the contingency associated with disconnection of distributed PV.

1 Enablingfurther fast frequency response fromBESS and utilityscale solar Thiscontributes meaningfully to
arresting the frequency decline.

1 Enabling feedin management capabilities for as much distributed PV as possihlevhere it is suspected
that these units may not ride through a disturbance This allowsvulnerable distributed PV to be curtaled
when South Australia is operating as an islandeducing the possible contingency size

Theseactions are discussed further in Sectior8 and Section9.

5.2  Credible risk of separation

This section summarises power system studies investigating the impacts of distributed PV behaviour in
periods where South Australias at credible risk of separation from the rest of the NEM.

5.2.1 Conditions for credible risk of separation

South Australia isdefined as beingat credible risk of separation from therest of the NEM when the

occurrence of a single credible contingency event would result ithe loss of its synchronous connection to
Victoria. This risk arises for example during outages of certain of transmission lines, including either of the

two South Eastd Heywood 275 kV lines or any 500 kV line between Sydenham and Heywood terminal

stations in Victoria. South Australia is also considered to be at credible risk of separation when the loss of any
dual-circuit transmission lines between South East and Sydenham terminal stations is reclassified as a credible
contingency.

Operational practice  when there is a credible risk of separation
When South Australia is operating with a credible risk of separation from the NEM

1 AEMO maintains a minimum inertia in South Australiaof 4,400 MWs.

33 AEMC (26 March 2020), Mandatory primary frequency response, hattps://www.aemc.gov.au/rule changes/mandatory-primary-frequency-response
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1 The maximum export limit on the Heywood interconnector is 250MW and flows are also limited by inertia
in South Australia such that the RoCoF upon loss of the Heywood interconnector remail Hz/s.

1 Contingency lower FCASare enabled in South Australia, sufficient to meet the loss of the Heywood
interconnector when exporting. Limited availability of contingency lower services in South Australia in low
demand periods could mean that cooptimised exports on the Heywood interconnector are limited toas
low as 100 MW,

1 The Murraylink interconnector has a nominal exportimit of 220 MW. However, Murraylink exports can be
limited to lower levels due to thermaland voltage stability constraints on surrounding 132 kV line8. These
limits can change dependingon flows on surrounding lines.On previous occasions with a credild risk of
separation, the Murraylink export limit has been observed at around 170 MW or low& Murraylink is not
impacted by FCASavailability.

These operating procedures aim to manage the increased level of risk associated with a credible risk of
separation.

5.2.2 Modelling a ssumptions

PSCAD studies were performed to assess system security, emulating the disconnection of distributed PV and
load observed in PSS®E studiesAn outage of one of the two 275 kV lines betweenSouth East and Heywood
terminal stations was assumed, creating a credible risk of separatioihis is one of the most severe outages
that limits the transfer capability of the Heywood interconnector

It was assumed that the four new synchronous condensers were fully commissionedarious s/nchronous
unit dispatch combinations were considered, as outlined iable 5 These unit combinations do not
necessarily represent the minimum combinations of unitthat could be dispatchedin these periods but
ratherrepresento possi bl edé6 di spatch combinations.

5.2.3 Findings

Table 5shows PSCAD study findings for periods with a crelle risk of separation from the rest of the NEM
(only one Heywood circuit available).

Table 5 PSCAD study findings for periods with a credible risk of separation

Net contingency from Operational Synchronous generating
distributed PV & load demand units operating
(distributed PV loss 0 load loss)

Heywood Outcome
flows

2xTIPSB+QPS5+0SB 50 MW No adverse system security

Import impact observed

450 MW 2 x TIPSA + 2 x TIPSB 50 MW No adverse system security
Import impact observed

200 MW 2x TIPSB + 1PELGT+ST 50 MW Separationfrom rest of the
Export NEM is likely

200 MW 2x TIPSB + 1PELGT+ST 100 MW No adverse system security
Export impact observed

I'n this Table, the o0Net cont represents anetldssobgenemdtiosmt ri but ed PV and | oadé¢

34 This has been obsered on previous occasionsFor example, on 1 May 2019, 30 April 2019, 11 April 2019, and 9 April 2019, when South Australia was at
credible risk of separation from the rest of the NEM, NEMDE was observed to aaptimise Heywood exports to approximately 100 MV, with L6 and L60
constraints binding.

35 For example, the RobertstownNorth West Bend and North West BendMonash 132KV lines, relating to thermal constraints S>V_NIL_NIL_RBNW and
S>NIL_NIL_NWMH?2.

36 For example, on 1 May 2019, 30 April 2019, 11 April 28] 9 April 2019, when South Australia was at credible risk of separation from the rest of the NEM,
Murraylink exports were limited to 170 MW or lowerThis has been observed in low demand conditions, as well as higher demand conditions.
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These studies show that if a 400 MW distributed P\oad contingency occurs,separationfrom the rest of the
NEM could occur when Heywood is importing into South Australia, or exportindg0 MW or less.However,
South Austalia remains secure if the Heywoodnterconnector is exporting at least 00 MW from South
Australia.

Thiscan be managedin many periodswith a new constraint to require a minimum level of export from South
Australia in periods with a credible risk of separationlt is present operational practice to enable contingency
lower serviceswhen there is a credible risk of separation, and flows on théleywood interconnector are ce
optimised with the availability and cost of this lower serviceThis often means thatexports on the Heywood
interconnector are limited to around 100 MW when there is a credible risk of separatiofhis suggests thain
some periods, particularly over a longer time horizon,it may become difficult to apply interconnector
constraints that simultaneously manage the credible loss of the Heywood interconnector to within
contingency lower availability, and also reduce the risk ofeparation if there is a large disconnection of
distributed PV.

Contingency sizes in this range could occur fronas early as spring2020,in the worstcasebased on AEMOGOG ¢
forecast of distributed PV installations from the High DER scenariblowever, thereis only a risk to system
security if the Heywood interconnector is importing, or exporting less than 100 MW his is less likely in
periods with high distributed PV generation because the low demand in South Australia tends to lead to
exports on Heywood. AEMO estimates that even in the worst case, the conditionshere the net
disconnection of distributed PVand load could exceed 400 MW and the Heywood interconnector could be
exporting less than 100 MWs likely to occur approximately0.3% of the time in 2020, 1% of the time in 2021,
and 3% of the time in 2022 and 2023. The highest risk periods are not the minimum demand periods, but
rather those with moderate demand levels, and high generation from distributed PVThe percentage of
periods at risk increases somewhabver the next few yearsdue to the growth in distributed PV causing a
possibility of large amounts of PV disconnectionn a larger proportion of moderate demand periods.

In summary, these studies have showthat there is some risk of a large disconnection of distributed PV
causinga separation event when the Heywood Interconnector is operating with a single circuit. However,
these conditions rarely coincide and can be managed with constraints (which should bind very rarely and
therefore have minimal market impact and cosk It should also be possible to schedule network maintenance
away from these periods to further reduce the need to operate with a credible risk of separationduring
moderate demand and high PV generation periods

The System Integrity Protection Scheme (SIP®as designed toreduce the likelihood of non-credible
separation in system normal periodswhen both Heywood circuit are available The first stage ofthe SIPSa
fast injection from the Hornsdale BESS) is activated whemports on Heywood exceed 750 MWAEMO and
ElectraNet are exploring thepotential to expand the effectiveness of the scheme tdurther minimise risk in
periods with a credible risk of separation It may be possible tomodify the design to also trigger this first
stage when only a single Heywood circuitis in service if Heywood flows exceed a lower thresholdand
incorporating the 50 MW Hornsdale Expansion BESS

Further analysis is required to assess:
1 The nature of the constraint on Heywood flows that may assist with minimising risks.
i Different types of outages that may lead to a credible risk of separation. Other outages may be

lesssewere.

5.2.4 Likelihood of occurrence

For these risks to arise, South Australia would need to experience all of the following, in combination:

91 Operation with only a single Heywood circuit available (or other network outages that lead to a credible
risk of separaton).

1 Importing into South Australia on the Heywood interconnector (or exporting at low levels)

1 A high distributed PV generation and moderate to low load period
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1 A severe fault in or close to the Adelaide metropolitan areacausing a large synchronous unito trip.

The possible incidence of each of these is discussed below.

Incidence of operation with a credible risk of separation

BetweenMarch 2019and February 2020, South Australia was at credible risk of separation for 689 hours
owing to 65 transmission outages. This corresponds to around 8% of the year.

All but one outage was planned, indicating that most periods with a credible risk of separation cabe
planned for lower risk periods (with lower levels of solar insolation) if requireddowever, the majority of these
outages took place during daylight hours, with more than 15% of days in the past year having outages
causing a credible risk of separatin at midday (when solar insolation levels are highest). Rescheduling
outages to low solar insolation periods may incur additional costs, and have other barriers. For example,
conducting maintenance in daytime periods has advantages in labour force schedual, and safety from
working without the need for external lighting.

Furthermore, most outages in the past year occurred during July to November, with the highest number of
outages occurring in September.This is the period when the lowest minimum demandevels typically occur.
Network businesses already avoid outages during summer peak demand periods; it may become increasingly
difficult to schedule the necessary outages for commissioning and maintenance as the number of high risk
periods increases.

Of the outages leading to a credible risk of separation in the past year, 97% were on the Ausnet 500 kV
network. Most outages during this period were due to the commissioning of a new terminal station
connecting to Vi c tThishigalighas tha thdhagind/therseheédulingrokoutages is important
for both ElectraNet (South Aistralia) and AusNet(Victoria).

The ongoing commissioningactivity related to continuing growth in wind and solar generation and
associated network equipment in both SouthAustralia and Victoria is likely to continue to result in a high
incidence of periods with a credible risk of separation.

Incidence of periods with distributed PV contingency sizes exceeding 400 MW

Based on halfhourly historical underlying load and distrbuted PV generation patterns in 2019, and PV
growth forecast in the ISP High DER scenariperiods were identified where the net PV-load contingency
sizes could exceed400 MW in the worst casé’, and where exports on the Heywood interconnector could be
lessthan 100 MW under some dispatch condition®. These are periods that may be of risk ithe network is
operating with a credible risk of separation (operating with only a single Heywood circuit)lhese periods
occur rarely, becausentervals with high geneiation from distributed PV in South Australiaare generally
associated with exports on the Heywood interconnector.

This analysis suggests that tese periodscould emerge underrare circumstances from 2020(around 0.14% of
the time), growing to around 1% ofthe time by 2021.These periods will onlybe problematic if South Australia
is at a credible risk of separationPlanned network outages can be scheduled to avoid these periods
(although unplanned network outages can occur at any time).

If network outages cannot be avoided or rescheduled, rast of these periods can be managed with a suitable
network constraint that ensures exports to a sufficient level.

Thisanalysisindicates that this risk manifests very rarely, although it remains prudemo introduce network
constraints to avoid operating the network in a way that allows this risk to ariséMarket impacts are
anticipated to be very low, since this constraint should bind very rarely.

"The oOwod swas asal cul ated, applying the maxi mum amount of distribmimed PV disco
amount of load disconnection that could occur (~14%).

38 Maximum likely Heywood flows were estimated assumingtility-scale solar is generating at same capacity factor as distributed PV, all wind generation is at
0 MW, Murraylink has flows at OMW, and three Torrens Island B units are operating at 60 MW each, with a total online capaocity.80 MW.
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Incidence of severe faults

The possible incidence of seere faults of the kind that can lead to disconnection of distributed P\and load is
discussed in Sectiorb.1.3

5.2.5 Mitigation options

The most important mitigation options include:

1 Ensure the EnergyConnect interconnector is commissioned as rapidly as possible to remove the incidence
of periods with a credible risk of separation.

1 Improve the ride-through capabilities of distributed PV through improvements to performance sgandards.

1 Implement a constraint to ensure Heywood is exporting to a sufficient degree in periods with a credible
risk of separation when distributed PV levels are high

1 Enhance the design of the SIPS tprovide increased protecton against separationin periods with a
credible risk of separation

1 Work with NSPsto schedule planned outages that lead to a credible risk of separation at lower risk times
when distributed PV generation is low.

These are discussed further in Sectiorand 9.

5.3  Normal operating conditions

Under normal operating conditions (with no transmission lineoutages) South Australiacurrently has an
export limit of 700 MW (combined across the Heywood and Murraylink interconnectors).

ElectraNetis conducting further studies to explore operation under conditions of high generation by
distributed PV, to investigae whether the present South Australian export limits remain valid, particularly
taking into account the disconnection behaviour of distributed PV.

This section investigates possible security challenges that may arise in periods with low load, and high
generation from distributed PV under normal operating conditions (with the Heywood interconnector fully
intact, and no other significant transmission outages)

5.3.1 Assumptions

PSCAD studies were performed for system normal conditions, with 200 MW of operatiohdemand, and with

the same synchronous generators operating as on the most recent minimum demand period (10 November
2019):two Torrens Island power station B units (TIPSB), and one Pelican point gas turbine and steam turbine.
Thisis not intended to represent a minimumsynchronous generatingunit combination that could be

operating;i nst ead, it represents a O0possi bFindinys niay diffprdot ¢ h
different combinations of synchronous generating units operatingand wi | | be explored as
implementation of mitigation measures as discussed in Sectio®.3.1

A number of wind farms and solar farms were assumed to be erating at 50% and providing reactive power
support. The four synchronous condensers were assumed to beommissioned andavailable.

The disturbance modelled was a fault at Pelican Point gas turbine.

5.3.2 Findings

Table 6shows indings for periods in normal operating conditions (both Heywood interconnector circuits fully
available) Larger contingency sizes were explored in this analysis (compared with tlearlier sections on
islanded conditions and periods with a credible risk of separation) to alle exploration of the conditions
under which risks might emerge, particularly in future yearsAEMO recommends that such largeontingency
sizes are never allowedo eventuate (and these scenariosare modelled here only as a counterfactual to
investigate potential outcomes if no action is taken)Mitigation methods, such asimplementing new
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standards for voltage ride-through for distributed PV inverters are strongly recommended, as discussed in
Section9.1

Table 6 PSCAD study findings for system normal conditions in South Australia

Net contingency from  distributed PV & Heywood flows | Outcome
load (distributed PV loss 0 load loss)

400 MW 150 MW Import No adverse system security impact observed

150 MW Import Inadvertent load shedding and system separation likely

500 MW 50 MW Import No adverse system security impacbbserved
0 MW Export Inadvertent load shedding and system separation likely
600 MW 100 MW Export No adverse system security impact observed

100 MW Export Inadvertent load shedding and system separation likely

700 MW 200 MW Export No adverse system security impact observed

n this Table, the o0Net contingency from distributed PV and | oaddé r

These studies show:

=

Under system normal conditions (with two Heywood circuits fully available), ihe net contingency from
distributed PV and load exceeds 500 MW, and the Heywood Interconnector is importingg@ MW or more,
inadvertent load shedding and system separatiorns likely. However, if the Heywood interconnector is
importing less than50 MW, the scenario passes all required stability criteria.

==

If the distributed PV-load contingency size exceeds 600 MW, the scenario passes all required stability
criteria with Heywood exports at 100 MW, but fails with exports at 0 MW.

=

If the distributed PV-load contingency size exceeds 700 MW, the scenario passes all required stability
criteria with Heywood exports at 200 MW, but fails with exports at the lower level ofdD MW.

As indicated inTable 3 distributed P\tload contingency sizes could exceed 500 MW from as early as 2021,
exceed 600 MW from as early as 2022, and exceed 700 MW from as early as 2024, in the High DER scenario.

A power systemshould not be operated suchthat a credible contingency event could lead toinadvertent
load shedding and system separatio. Load sheddingi s i ntended as a Olpasgegent resorté
separation in the event of a large noncredible loss of generation.

5.3.3 Likelihood of occurrence

For these risks to arise, South Australia would need toe operating with high distributed PV generation and
moderate to low load period, and then experience a severe faultausing the trip of a large synchronous
generating unit in or close to the Adelaide metropolitan area.

Based on halfhourly historical underlying load and distributed PV generation patterns in 2019, and PV
growth forecast in the ISP High DER scenariperiods were identified wherethe conditions outlined above
could apply (net PV-load contingency sizes could exceed 500 M\W600 MW or 700 MWin the worst casé®,
and flows on the Heywood interconnector could be in the risk zoneunder some dispatch conditiong?). These
are periods that could have apotential risk of inadvertent load shedding and possible separation fronmthe
NEM if the Heywood interconnector is not exporting at a sufficient level

®The owenstwasasal cul ated, applying the maxi mum amount of distribmumed PV di sc¢
amount of load disconnection that could occur (~14%).

40 Maximum likely Heywood flows were estimated assuming utilitgcale sohr is generating at same capacity factor as distributed PV, all wind generation is at
0 MW, Murraylink has flows at OMW, and three Torrens Island B units are operating at 60 MW each, with a total online capaocity.80 MW.
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This analysis indicates thatitese conditionswill occur less than 001% of the time in 2023because high
generation from distributed PVis likely to coincide with exports on the Heywood interconnector.

These rare periodscan be managed with the introduction of a suitable constraint, which is expected to bind
very rarelyand therefore will have very low market impacts

AEMOrecommends that action is taken to preventconditions in the South Australian power systenfrom
evolving such that distributed P\tload contingency sizes in the realm of 500, 600 or 700 MV&ould
eventuate. Measures such asimplementing improved disturbance ride-through requirements for distributed
PV inverterswill minimise the likelihood of theseextreme credible contingenciesarising.

5.3.4 Mitigation options

This analysis suggests that under systemormal conditions, introducing a constraint on Heywood flows may
be a suitable management strategy in the near termlf Heywood is exporting to a sufficient level, studies
suggest the risk of separation from the NEM can be minimisedl'he level of the netwak constraint depends
on the anticipated contingency size, which is influenced primarily by the quantity of distributed PV operating.
A preliminary indication of the level of the network constraint which could be applied to manage this risk is
illustrated in Figure 9 Further detailed analysis is required to determine this limit more precisely, and under a
wider range of operational conditions.ElectraNet is investigang this with further detailed studies, and will

use this to develop limitadvice f or AEMOG6s due diligence.

It is likely that this constraintwill not bind often or affect market outcomes significantly, because the

Heywood interconnectoris more likely to be exporting in periods of low operational demand.However, full
NEM dispatch simulations are required to fully assess potential market impacts, and it is possible that Victoria
and other NEM regions may have similarly high levels of distributed PV andioload at these times, limiting
Heywood exports to Victoria.

Figure 9 Heywood flow limits & preliminary assessment (system normal)
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No adverse system security impact observed Unknown Trigger of SIPS likely

For this chart, a negative flow on the Heywood Interconnector should be interpreted as imports into South Australia.
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5.3.5 Voltage manage ment

Transmission voltages
Voltage management challenges can be encountered under low load conditionszor example:

1 AEMO currently encounters challenges related to high voltage management under low load conditions in
Victoria, which necessitates switchingut of up to two 500 kV transmission lines at timesSwitching out
transmission lines has market impacts, and reduces the robustness of the power systém

1 Assessment has indicated that in the absence of interventionpltages in the South-West Interconnected
System (SWIS) in Western Austral@nnot be controlled within technical limits as the level of minimum
operational demand (market load) approaches 700 MW?. This wascalculatedas an indicative level, based
on an assessment of the voltage cotrol capability, system inertia, and dispatch limitations in the SWIS.

NSPplanning processes, and appropriate network investment, shouldeduce the likelihood of similar
challenges in South Australia.

ElectraNet has advised that their preliminary stués indicate system voltages on the main 275 kV network can
be regulated sufficiently using all existing reactive power support plants and the new synchronous condensers
being installed at Davenport and Robertstown 275 kV substations, with demand as low asro megawatts.
However, they note that their studies show higher operating voltages throughout the network, and that most
SVCs are close to reactive absorption limit®llowing certain contingencies.This suggests that further studies
may be required to examine whether there is adequate reactive power capability, particularly under outage
conditions. ElectraNet emphasise that these studies are preliminaryand, most significantly,do not consider

the behaviour of distributed PV.As i | | ust r a tudies, the pehaviBuvi@ distribuset PV has a
significant influence on power system stability.

The ability to manage system voltages with negative demand has not been examined at this stage, and
requires further analysis.

This is recommended as an area fofurther analysis by ElectraNet, as outlined in Sectiohl.2

Distribution voltages

AEMO notes that possible issues could arise relating to distribution network voltages, which could have flow
on effects for the transmission system. AEMO has limited visibility of the distribution network, and therefore
limited ability to model issues of tis nature.

SAPN has advised AEMO that they ar@rogressing a range of initiatives to better manage distribution

voltages at times of highdistributed PV generation. They anticipate these measures will successfully offset the
potential for high voltages with growing levels of distributed PV, resulting in no significant change in
distributed PV curtailment.They estimate that the curtailment of distributed PV at minimum demand times
due to distribution over-voltages is approximately 2% at presentand suggest they expect this to continue at
the present level.

4 AEMO currently utilises NMAS (an-market ancillary services) generator contracts for reactive support to maintain system security under these low
demand conditions, and is also conducting a Regulatory Investment Test (RT) for additional reactive support to ensure a longerterm economic solution
will be implemented.

42 AEMO (March 2019), Integrating Utiliscale renewables and distributed energy resources in the SWIBefer to Appendix 3, at
https://www.aemo.com.au/-/media/files/electricity/wem/security_and_reliability/2019/integratingutility-scale renewables and-der-in-the-
swis.pdf?h=en&hash=3A7FEBC1FO0FOFDE97DB8213AD58D488
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6. Minimum load
thresholds

The previous section summarised findings on the impacts of distributed PV disconnection behaviour on
system security Findings showed that there are significant emergjig risks, and AEMO has limited options for
management of this risk in real time.

This section complements that analysis by investigating the minimum threshold of operational demand

required for operation of South Australia as an island, assuming a moderatgontingency size (ncluding

disconnection of up to 130 MW of distributed PV).This disturbance is less severe than the contingencies
considered in the previous section, and represents a ¢
endeavour s 0 eabtimenkisthegetore investigated to determine the threshold of operational

demand required to allow AEMO to manage this milder contingency event.

The severe voltage disturbances with large quantities of distributed PV disconnectir{gsconsidered inthe
previous sectior) are relatively rare occurring perhaps once per year in high risk locations in South Australia.
Milder disturbances, such asisgle unit trips with a milder voltage disturbance,are generally more common
Basedon records from the past two years, AEMO estimates that large synchronoggnerating units trip at a
rate of approximately 100 per year (twice a week), across the NEM.South Australia, records suggest large
synchronousgenerating units trip at a rate of approximately 10 per year (around one per month)Many unit
trip events are not associatedwith a sufficiently severevoltage disturbance toresult in extensive
disconnection of distributed PV.This makes it important to consideroperational procedures thatneed to be
implemented to allow management of this more common but less severe event.

6.1  Approach

AEMO applied the following approach to calculate the minimum demand threshold in periods where South
Australia is operating as an island, for unit/load trips whre the net disconnection of distributed PV and load
remains less than 20 MW:

1. AEMO conducted PSCAD studies to determine the minimum combinations of synchronowgnerating
units that meet stability requirements in South AustraliaA minimum of three large synchronous
generating units was assumedduring daytime periods (post installation of the synchronous condenser$).
AEMO notes that these system requirements were in the process of being investigated and confirmed at
the time of development of this analyss;AE MO& s u n d e rsystera neqliremeants mdy chang as
further modelling is completed.

2. Arange of possible combinatiors of three large synchronousgenerating units were determined. The units
considered in these combinations were Torrens Island“Aand B units, Pelican PointOsborne, and
Quarantine Unit 5. Combinations containing both Pelican Point gas turbines, ocontaining both Pelican
Point and Osborne were not included, because they are much larger and artherefore considered unlikely
to be dispatched during periods of islanded operation with low load.The range of combinations
considered offer a degree of dispatch flexibility so that it is possible to manage variousietwork or unit
outages or other unforeseen circumstances.

“oLarged synchronous generating units are considered to Jbaadatehegistegedtohat are i nc
provide contingency raise and lower six second service$hisincludes the Torrens Island A & B units, Osborne, Pelican Point and Quarantifieexcludes
Mintaro and the Dry Creek units, which are not registered for the six second contingency service.

44 The retirement of the Torrens Island A units was taken into aoant, as outlined in Section3.4.
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3. For each possibleminimum combination of synchronousgenerating units that could be operating, the
dispatch of those units was optimised to meet minimum requirements for inertia andrequency control,
allowing for additional units to be dispatched if necessary to meet regirements. The following
operational procedures were taken into account:

a) Meeting the minimum inertia requirements (updated to account for introduction of the synchronous
condensers as appropriate in each time frame.

b) Sufficient headroom is allowed in unit dispatch to enable alfrequency control services locally in South
Australia. This includes a minimum of +35 MW of regulation, and adequate raise and lower
contingency services on six second, sixty second, affide-minute response timeframes®.

¢) Maximum contingency sizeswere determined based on the size of the largest loadassumed to be
Olympic Dam operating at 150 MW)and the size of the largest generating unit dispatchet?.

d) A net distributed PV and load disconnectim of 130 MW was assumed, and added to the largest
generation contingency.

e) For this analysis, it is assumed that Olympic Daitoad is curtailed to around 50 MW if South Australia
is operating as an island, to reduce contingency lower requirementt® the level of lower services
available (taking into account power system inertia).

f) Six secondcontingency requirements were calculated as a function of the inertia in the South
Australian island, based on a single mass mod€| A lower system inertia increases thamount of six
second contingencyservicethat needs to be enabledto maintain the frequency nadir above 49 Hz (or
below 51 Hz) due to the faster Rate of Change of Frequency (RoCoF) that occurs following a
contingency event.

g) Fast Frequency Response (FFR)rh battery storage systems was assumed to be delivered as per the
droop response parameters for each unit {00MW raise and80 MW lower from Hornsdale, 25 MW
from Lake Bonneyand 50 MW raise and40 MW lower from the Hornsdale Expansioh Dalrymple BESS
also provides 30 MW of frequency response, although this response is slowand more similar to a
synchronous governor, andwas modelled as such This was included explicitly in the single mass
model, and acted to reduce the requirement for six seconccontingency service

h) Sixty second and five minutecontingency requirements were calculated as the largest contingency
minus load relief (and minus 35 MW of regulation in the case of the five minute service).

i) Load relief was assumed to be 0.5%, asperAEMCs r ece®t anal ysi s

j) Thefrequencycontrolc apabi |l ities for each unit in South
trapeziums .dVind farms were excluded, because their availability in low load periods cannot be

4> The Mandatory Primary Frequency Response rule changet{ps://www.aemc.gov.au/rule changes/mandatoryprimary-frequency-response may lead to
increased delivery of frequency response from many units, and may somewhat improve findings compared with those modelled g analysis.

46 At present, Relican Point is assumed to set contingency sizes based on the dispatch of the gas turbines orily practice, when one Pelican Point gas
turbine is operating, the loss of this gas turbine will be followed by the loss of the steam turbine over the followinminute. This has been accounted for in
this analysis by determining sixty second and five minute raise requirements based on the combined dispatch of the gas tudiand steam turbine.This
increases minimum load requirements.

4" The Single Mass Model assued that only those units registered for FCAS supplied a frequency response, in line with the Market Ancillary Services
Specification (MASS)Under the Mandatory Primary Frequency Response rule change, all units will be required to enable a frequency respein line with
their individual capabilities.This has not been modelled in this analysis, and would be expected to improve outcomeghe implementation of this rule
change may take some time, and the frequency capabilities of each unit is relatively umbwn at this time, so it is difficult to quantify the additional benefit
that will be provided at minimum load times. This can be considered in future analysis.

48 AEMO (August 2019) Changes to Contingency FCAS Volumesh#ps://www.aemo.com.au/-/media/Files/Electricity/NEM/Security _and_Reliability/
Ancillary_Service/Frequencyand-time-error-reports/2019/Update-on-Contingency- FCASAug-2019.pdf Load relief was calculated based on operational
demand, as per the existing constraint equationsn future, it may be preferable to calculate load relief based omnderlying demand.
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guaranteed. Solar farms and battey systems were considered likely to be fully availabjalthough there
are no solar farms registered for FCAS in South Australia at preséht

k) Batteries were assumed to deliver their full frequency response capacity all timeframes®. Batteries
were modelled in this manner for this analysis because it was thought to better represent their
potential contributions to system security.

[) Regulation FCAS from batteries was limited te’ 5 MW each, as per operation in the recent South
Australian islanding eventThisacts to maximise battery availabilities for contingencyrequency
control.

m) All synchronousgenerating units were dispatched to at least 20 MW above their respective lower FCAS
trapezium breakpoint for fast lower service, excep©sborne which is dispatched at 10 MW above its
breakpoint. This is as per operation in the recent South Australian islanding evéen

4. The minimum operational demand required for secure operation of South Australia when islanded was
then calculated according to the expression belowT he O Pl anni ng Threshol dd repre
operational demand that AEMO should plan to be able torecover in a future year, to be able to operate a
secure Suth Australianisland in any of the wide range of possible operational circumstances that may
eventuate. This level is based ora relatively largersynchronousgenerating unit combination that could be
operating at the time of separation.Thi s | evel , in combination with AEMOGZG
dictates the amount of reserves that need to be procured to enable secure islanded operation in future
years.This is differentto th ereabtime trigger th r e s hwhictdepresents the level of operational
demand where activation of reserves is likely to be requireth real time (to increase load or decrease
distributed generation) if South Australia is operating as an islandlhe real-time trigger threshold will
depend on the precise circumstances occurring at the time of islanded operation, includg the specific
generating unit combinations operating at the time, the level of Olympic Dam operation, and the
availability of Murraylink exports.Other factors may also need to be taken into account.
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The parametersare as follows:

1 Minimum load of synchronous generators d the minimum load of synchronous generators is calculated
for islanded conditions, as outlined alove.

1 Largest load curtailment & when the largest load has to be curtailed to reduce contingency lower
requirements,the operational demand in South Australiawill fall below the forecast minimum demand.
The largestload reduction is therefore subtracted from the minimum demand threshold. The calculation
of the real-time trigger threshold, is based on actuallargest load operation at the time, and the level to
which it needs to be curtailed.For the calculation of the Planning Thresholdthere is an expected increase
in load in future years,which in turn increases the amount of curtailment required to match contingency
lower serviceavailability. AEMO assumed thatthe largest load operates at these increased levels in future
years, and will needto be curtailed to around 150 MW.

1 Murraylink exports & calculation of the real-time trigger threshold is based on actual Murraylink
availability at the time.For the calculation of the Planning Threshold, Murraylink exports were assumed to
be limited to the same level as Olympic Dam load (due to ceptimisation with contingency lower services
availability) up to a maximum of 170 MW (often observed due to thermal constraints in the surrounding

49 The Mandatory Primary Frequency Response rule changet{ps://www.aemc.gov.au/rule changes/mandatoryprimary-frequency-response will require
that scheduled and semischeduled solar farms deliver a frequency response if they are dispatched above 0 MW. However, when curtailed to 0 MW (as
may be the case in very low demand periods, particularly under islanded conditions) they will not be required tteliver a frequency response. This is
discussed further in Sectiord.2.1

50 This means that the BESS were assumed to contribute more frequency response than theigistered FCAS quantitiesFuture commercial arrangements
for batteries to deliver fast frequency response are yet to be determined, but may result in better alignment of battery capdities with the prescribed
FCAS contribution calculations outlined in te Market Ancillary Service Specifications (MASS).
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network). This means Murraylink exports are limitedo 150 MWin most scenariosconsidered in this
analysis

1 Return to secure buffer & increasingly, battery storage systems are providing large proportion of the
frequency control in South Australia.lf batteries are providing five minutecontingency lower services,
when a |l oad contingency occurs itds important that
dispatch before they reach a full state of chargeThis can be challenging at times of minimum demand,
where there are few units operating, ad units are already close to minimum loading levelsTo ensure
adequate dispatch flexibility for deloading batteries, a recovery buffer equal to the size of the largest load
contingency has been allowed (assumed to be 150 MW for this analysighis indiates an additional
guantity of dispatchable load required to be recovered within 30 minutes of a load contingencyThis
assumes that frequency could remain close to 50.5Hz for an extended period following a load contingency
event, such that the BESS providg the five minute contingency service may need to continuously charge
for up to 30 minutes before additional distributed PV can be curtailedThis would necessitate BESS
charging at approximately half the size of the load contingency(eg. charging at 75 MW). To allow them to
then return to an optimal state of charge in the following 30 minutes, an additional buffer of half the size
of the load contingency would then be required (to allow BESS talischarge at 75 MW), such that the BESS
can then gradually discharge and return to a state of charge suitable to continue to providérequency
control. Thisprovides increased confidence that the South Australian islanded power system can return to
a secure state With all frequency control services enabled) withirB0 minutes following a credible
contingency. This is examined in more detail in Section 9.2.2

1 Controlled distributed PV d SAPN advises thain minimum load periods, they typically have around 60
MW of controllable distribution connected PV (nonrmarket generators) If suitable control room protocols
are introduced, this generation can be curtailed withirB0 minutes to recover demand if islanding occurslt
is assumed that this distibuted PV generation will be operating close to full capacity at the time of
minimum demand. This capacity only accounts for existing controllable distribution connected PV; any
new installations in this category remain somewhat uncertain, and therefore araccounted for in the
demand forecasts for this analysis.

This approach has been used to calculate minimum demand thresholds for secure operation of the island,
basedon present operational practice.

The Mandatory Primary Frequency Response rule chantfenay lead to increased delivery of frequency
response from many units, and may somewhat improve findings compared with those modelled in this
analysis. Implementation of improved frequency response will be delivered in tranches, and will take some
time to proceed to completion, with the timeline uncertain at this point. There may bepossible further delays
related to the COVID 19 pandemic.The ultimate capabilities of each unit are alsaincertain at this stage.For
these reasons, this analysis has assumed tifiequency responses as petheir individual FCAS registered
capabilities with the exception of BESSwhich are assumed to deliver their fullkknown fast frequency
response.

6.2  Findings

Figure 10below shows an estimate of the minimum operational demandthe Planning Thresholdyequired
for operation of South Australia, when operating as an island, to be secure for the loss of any single unit or
single load, assuming up to BO MW of distributed PV disconnections.The range indicates therange of
minimum operational demand that AEMO needs tooperate securely with the various possible synchronous
generating unit combinations that could be operating.

51 AEMC (26 March 2020), Mandatory primary frequency response, hattps://www.aemc.gov.au/rule changes/mandatory-primary-frequency-response
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Figure 10 Minimum operational demand for secure islanded operation, for a range of possible generating
unit combinations
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Different generating unit combinations require very different amounts of load.The smallest generating unit
combination usesonly Torrens Island unitsDue to the low minimum load requirements of these units, and
their strong frequency control capabilities, a minimumSouth Australianoperational demand of ~150-200 MW
sufficesin this case(assuming some Murraylink exports, anether factors as outlined above) However, in
order to maintain the dispatch flexibility tooperate generating unit combinations that include the larger units,
such as Pelican Point oOsborne, much larger amounts of load are requiredFor the largest unit combination
considered in this analysis, around50 MW of load is required to operatein a secure sate (under the power
system conditions assumed irspring 2020). Having the larger units online leads to larger contingency sizes,
which then require more units online to provide adequate inertiaand frequency control to manage their
possible loss.

Given the small selection ofgenerating units in South AustraliaAEMO has conducted this analysis assuming
it is prudent to allow the ability to recover sufficient demand to operate the larger units (including Pelican
Point and Osborne), in some combinations, if necessaryl his allows for variousetwork or generating unit
outages, and provides a degree of dispatch flexibilityThe larger unitcombinations are not considered
optimal under islanded conditions, but are includedas a prudent planning measure.

Minimum load requirements change year to year, as the system opational requirements and capabilities
evolve over time.Under the assumptions applied in this analysighe load needed to operate the larger
generating unit combinationsis expected toreduce from spring 2021, primarily due to the entry of the inertia
from the four synchronous condensers, and further BESS capacfiyoviding FFR The power system in South
Australia is evolving rapidly, and this analysis is very senséito the frequency control arrangements in place.
As operating proceduresevolve, new units enter, and other units exit, these findings withange. For example,
AEMO recently conducted a review of load relief (discussed further iection7), and determined that it
should be reduced from 1.5% to 0.5%. This has been reflected in this analysi&requency control frameworks
in the NEM areunder broader review at present,and further changes will affect the minimum load
requirements presented here.

52 AEMO (November 2019), Review of NEM Load Relief,Htps://www.aemo.com.au/-/media/Files/Electricity/ NEM/Security_and_Reliability/
Ancillary_Service€2019Update-on-Contingency- FCASNov-2019.pdf
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The operational demand required to operate the largestunit combination considered determines the
Planning Thresholdd the amount of operational demand that AEMO needs to be able to recovefor secure
operation of South Australia as a island, with a prudent level of dispatch flexibility. As shown inFigure 10 this
level is around550 MW in spring 2020. Thisreducesto around 450 MW from spring 2021, related the
additional inertia from the commissioning of further synchronous condensers, the assundeentry of the
10MW Lincoln Gap BESSnd the retirement of the Torrens Island A units

Commissioning of the EnergyConnect interconnector (in the period 2022 to 2024) redusdhe risk of South
Australia islanding This reduces the need to prepare to operge South Australia as an island, and
considerably reduces the amount of reserves that will be required.

Figure 1Iprovides an indication of the challenges in managing increasing levels of distributed PV
disconnection under islanded conditions.The minimum demand required for eachgenerating unit
combination is shown, with different levels of net PMoad disconnectionassumed, ranging from 0 MW (no
disconnection of distributed PV or load), to 150 MWThe amount of demand requiredfor secure operation
increasesalmost exponentially for the larger unit combinations, related to the additionafrequency control
units required to address the increasing contingency size-or this analysis, AEMO has assumed afility to
manage a 130 MW net disconnection of distributed PV and load_arger contingencies become very difficult
to manage, even with almost all units dispatched.

Figure 11  Minimum demand requirements as a function of PV disconnection sizes (spring 202 0)
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6.2.1 Comparison against demand forecasts

This analysis suggests that AEMO needs to be able to recoveperational demand to around 550 MW when
required, ifislanding occurs Operational demand has already fallen below this levéiistorically, reaching a
minimum of 458 MW on 10 November 2019This indicates that further reserves are required to recover to this
level of operational demand, preferablybefore spring 2020 whenlower demand levels are likely to occur.

Figure 12below showsthe amount of additional 0 d e ma n d  resecvesreguired to increase operational
demand (or decrease distributed PV generation), in each future year, baseth AE MOG6 s mi ni mum
forecasts.These representan estimate of theadditional loadthat is required, or generation shedding
capability required, to meet the identified Planning Theshold.

© AEMO 2020 | Minimum operational demand thresholds in South Australia 49

de mar



As noted in Section2, minimum load levels are inherently difficult to forecast, given the influence of inter
annual variability,the uncertainty around distributed storage operation at these timesand the uncertainty
around the co-incidence of summer public holidays with mild temperatures and high solar insolation levels.
The future installation of distributed PV is also highly uncertailAEMO has therefore provided three forecasts
to indicate the possible rangeof reserve that may be required

1 Redd minimum load levels projected as per the 2019 ISP High DER scenario

91 Purple d a sensitivity projecting possible minimum load levels that could occur if distributed PV growth
proceeds as per the High DER scenario in th2019 ISP, but there is a coincidence of summer public
holidays with mild temperatures and high solar insolation levelssimilar to what was observedin 2017.

i Orange & a sensitivity projecting possible minimum load levels that could occur if distributed P\growth
proceeds a sprojeaians (S©ALRUNMEG growth at present rates) and there is a coincidence of
summer public holidays with mild temperatures and high solar insolation levels, as occurred in 2017.

The various projected minimum load levels a combined with the minimum operational demand
requirements from Figure 10(to meet the Planning Thresholdfor the largest generating unit combination) to
calculate the amount of additional reserves required in each year.The dotted line indicates theannounced
timing of the EnergyConnect interconnector commissioning, which should reduce the probability that South
Australia needs to operate as an islandand mitigate the need for further growth in reserves to manage
minimum demand periods.

Figure 12 0 De mand R e ceseweso requiRed to meet Planning Threshold of operational demand
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Thisanalysissuggests that actionis required immediatelyto increase the levelof reserves availableSuitable
actions could include any measures that increase minimum demand, or reduce the minimum demand
threshold. This could include:

1 Implementing generation shedding capabilities for distributed PV, so that distributed PV can bshed
when necessary for system security (such as when islanding occufBE)is allows recovery of the necessary
demand levels when required Further discussion is provided irSection10.1

1 Increasing minimum demand, through dispatchable loads, or shifting load-urther discussion is provided
in Section10.2

1 Increasing the supply offrequency controlin South Australia.This reduces the minimum demand
threshold for secure operation.Further discussion is provided irSection9.2,

It is likely that these measures would only be activated in the event of islandin@nd possibly in some cases if
there is a credible risk of islanding)if operational demand is below the threshold required for secure
operation. Island operationmay or may not coincide with periods of low demand.This means thatthese
demand recovery eservesare likely to be used very rarely(but will be essential for system securityvhen they
are required, especially if islanded operation is extended

Note that the analysisin this Sectionassumes thatSouth Australiahas surviveda non-credible islanding
event, and then needs to operate as afrequencyisland for some period of time. For example, aseparation
event could occur at a time of low PV generation (such as in the early morningput operational demand
could reduce below minimum thresholds as solar insolation levels rise over the course of the dayhis makes
it important to provide options for secure operation of the islandin low load conditions.

Analysis of South Austr al i adeslibleisapdageventyn atperiodofthighvAVyv e

generation is provided in Section7.
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/. Separation events

The South Australian Government hasequested that AEMO provide avice on the minimum operational
demand threshold that will be sufficient for the power system to ridethrough a non-credible loss of the
Heywood Interconnector (letter dated 3 February2020, Ref D20003485).

AEMO agrees that this is an important aspect for understanding security risks in South Austrajiaut has not
yet been able to complete sufficient studies to provide detailed advice on this topicThis requires detailed
modelling of emergency frequency control schemeqdEFCS$uch as UFLS, OFGS, and special protection
schemes such as the SIP3o accurately model the action of these schemes at times of minimum demand,
the behaviour of distributed PV needs to be explicitly modelled, and incorporated into the behaviour of these
schemes.This is nontrivial. AEMO is working to improveits models to take these aspects into account.

Some high level observations are provided below.

Emergency Frequency Control Schemes

SIPSUFLSand OFGSschemesare mechanismsthat either minimise the likelihood or manage the
consequencesofSout h Australiads separation from the NEM.

The load available to be shed under theUFLSschemeis now significantly reduced at times of high PV
generation. Thisin turn reduces the capability of the power systento survive severe disturbances. The SIPS is
likely to be similarly affected. Risks may be mitigated somewhat by the low probability of high imports into
South Australia on the Heywood interconnector at times of high distributed PV generatiorAs part of that
advice, AEMO has made the following recommendations:

1 Implement a constraint to limit imports on the Heywood interconnector in periods wherethere is
inadequate load available on the UFL$ manage loss of the interconnector within the OS. This will
require:

0 Dynamic studies to determine the operational envelope for Heywood flows in low UFLS load periods

0 Declaration of a protected evert (by the Reliability Panelpr another regulatory mechanism providing
AEMO withthe ability to implement the constraint.

0 The establishment of a new SCADA feed from SAPN to AEMO providing a ret@ihe estimate of the
aggregate load on the UFLS

0 Improvements to SAPN metering to allow accurate estimation of UFLI8ad, taking into account
reverse flows on major feederghat do not have adequate bidirectional metering at present.

1 Increasethe amount of load on the South Australian UFLSThis includes:
0 Adding new customers to the UFLS

0 Investigating moving controlled hot water to daytime (exploring barriers, risks and costs and potential
customer impacts)

0 Negotiating with and incentivisinglarge customers to move load to daytime subject to assessment of
feasibility.

0 Exploring potential for large customers to provideup to 100% of their load to the UFLS (rather than
just asmallerproportion).

1 Increasing the emergencyfrequency response from other sources, including:

0 Promoting changes to AS/NZ4777.2:201fe specify an increased emergency response from distributed
storage when frequency falls below 4Hz.

0 Explore augmentation of the Murraylink interconnector to add frequency control capabilities.
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1 Implementing dynamic arming of UFLS feeders in reverséows:

0 AEMO will collaborate with SAPN to determine a threshold for the amount and duration of reverse
flows that should trigger implementation of dynamic armingat each relay.

0 SAPN will monitor flows and implement dynamic arming as individual relays reaaleverse flows.
1 Implement suitable long-term measures

0 AEMO will explore potential longterm frameworks to deliver a suitable emergency frequency response
in a power system with very high levels of DER generation.

This work program is underway

The capablity of the South Australian OFGS scheme may also be reduced at times of high distributed PV
generation, when fewer largescale generators are dispatched. This may increase the difficulty of managing a
non-credible separation event at times when 8uth Australiais exporting close to the interconnector limits.

AEMO is completing further studies on the capabilities of these schemes at present.

Load relief

AEMOGs recent analysis has also revealed thamedfhere i s
Load relief is an assumed change in load that occurs when power system frequency changkgelates to how

particular types of load (such as traditional motors, pumps and fans which use induction machines) draw less

power when frequency is low, andmore power when frequency is high.As load is becoming less dependent

on frequency (for instance, motor load is increasingly connected via variable speed drives that decouple the

speed of the motor from system frequency), load relief has been declinindlhis reduces the natural response

of the power system to assist in arresting a frequency disturbance.

This reduced estimate of load relief has been taken into account in the analysis in this repdgt load relief
value of 0.5% has been assumed throughout).

Over-frequency droop response from DER

A possible partial mitigating factor may be the overfrequency droop response from distributed PV.
Distributed PV systems installed after October 2016 under Australian Standard ASBIZ777.22015 are
required to provide an overfrequency droop response when frequency rises above 50.25 Hz. If enough
distributed PV responds quickly enough, this may assist in managing a severe ovigequency event.

Analysis from the Queensland and South Australia separation event on 25 Augt 2018 and further validated
based on South Australian separation events on 16 November 2019 and 31 January 2@flcated that some
post-2015 distributed PV systems did demonstrate this behaviour, although at least 3% of sampled
systems in South Astralia did not deliver the overfrequency droop as specified*. This suggests material
non-compliance with relevant standardsAEMO isworking with SAPN to investigatepossible pathways to
improve compliance.Analysis of more recent separation events is sb underway, to explore whether the
same trends are observed.

Primary Frequency Response

Primary frequency response frongenerating units is an important component of successfully managing a
non-credible separation.This means that themandatory primary frequency response rule changé® recently
determined by the AEMC is an important contribution to system security in South Australia.

53 AEMO (November 2019) Review of NEM Load relief, lattps://www.aemo.com.aul-/media/Files/Electricity/NEM/Security_and_Reliability/
Ancillary_Services/2019/Updat®n-Contingency- FCASNov-2019.pdf

54 AEMO (10 January 2018)rfal Reportd Queensland and South Australia system separation on 25 August 2018 hdtps://www.aemo.com.auk
/media/Files/Electricity/NEM/Market_Notices_and_Events/Power_System_Incident_Reports/2018/Qh Separation 25- August-2018 Incident-

Report.pdf.
5 AEMC (26 March 2020), Mandatory primary frequency response, hattps://www.aemc.gov.au/rule changes/mandatory-primary-frequency-response
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If no primary frequency responseis availablein the case of a noncredible separation of a region the power
imbalance following separationcan cause the frequency to rise or decline to the point where UFLS or
over-frequency generator tripping is initiated. As the load or generation tripped is in discrete sized blockshe
power balancecan sometimes beover-corrected. This means that he frequencycan swing in the other
direction and cause tripping when it reaches the opposite extremity. This pattern could continue in an
uncontrolled way until widespread loss of generation on oveifrequency or underfrequency protection
results in acascading failure.

The new rule should help maintain some level of primary frequency response in each region to reduce this
possibility.

7.1  FRequency control provision following non -credible separation

AEMOOGs pr el iindicated that the cenprassidning of the four synchronous condensers in South

Australia will assist considerably by allowing operation with fewer synchronous generating units needed to be

online for system strength and inertia, cosequently reducing the threshold for minimum demand required to

balance that generatonHowever, AEMO noted that o0a complicating f a
generating units operating under system normal conditions, it is more difficult (or impssible) to provide all

the required FCAS within an acceptable timeframe afterance r edi bl e separation evento.

The South AustralianGovernment subsequently requested information confirming the required FCAS, and
defining the o60gapédé in resourcing FCAS.

For secure operation of South Australia as an island, all of the followinffequency control servicesmust be
provided locally:

1 £35 MW of regulation.

9 Sufficient contingency raise service to cover the loss of the largest unit, in 6 second, 60 secoadd
5 minute timeframes.

9 Sufficient contingency lower service to cover the loss of the largest load, in 6 second, 60 secqrahd
5 minute timeframes.

Following a non-credible separation event, AEMO aims t@stablishthese servicesas soon as reasnably
practicable, with a targetof 30 minutes after islanding, wherepossible However,if the large synchronous
generating units online at the time of a non-credible separation eventcannot supply all the frequency control
required for secure operation of theisland, more units must be brought online to supply frequency control.
Only a subset of units in South Australia have start up times shorter than 30 minuteand many of these units
are not registered to provide FCAS (or offer limited frequency contraservices. This means that it may take
longer to enable all the frequency control servicesfor secure islanded operation when a noncredible
separation event occurs, after the synchronous condensers are installed.

This is an existing issue, unrelated to lowemand levels.For example, following the norcredible separation
event on 16 November 2019, FCAS constraints violated fone hour and 40 minutesbefore sufficient
frequency control could be provided. The number of frequency control providers in South Augralia with short
start-up times (particularly BES$is growing, and thiswill help to address this issue over time.

The most practical and useful measures to contribute to an adequate supply dfequency control in the
South Australian island following a noncredible islanding event are likely to include:

1 The addition of faststart flexible frequency control providers in South Australia (such aBES$
1 Valuing and encouraging further fast frequency response fronBESS
1 Implementation of the mandatory primary frequency response rule chang®.

These measures have been recommended in this repqras outlined in Section9.2.

5 AEMC (26 March 2020), Mandatory primary frequency response, hattps://www.aemc.gov.au/rule changes/mandatory-primary-frequency-response
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8. Mitigation : essential
foundational measures

Mitigation measures are presented irthe following categories:

i1 Essential foundational measures dthesear e cr uci et sé@nactriegns that wild/l u
operability of the South Australian power systemThey shouldall be progressed as a priority as rapidly as
possible All other actions will be complementary to these foundational measures.

1 Additional m easuresto address disconnection of distributed PV & these are additional measures
recommended to reduce risks associated with disconnection of distributed PV.

1 Additional m easures to provide demand recovery reserve & these are additional measures
recommended to allow generation shedding and/or recovery of sufficient operational demand when
necessaryto operate a secure power systenif South Australia is operating as an island.

i Other mitigation actions 9 some additional recommended actions that are alsobeneficial.

1 Enduring policy frameworks & transitioning towards a long-term, NEM-wide framework that holistically
provides a foundation for secure power system operation with high levels of distributed resources.

This section discusses the essential foundational meass:

8.1  EnergyConnect interconnector

The resultspresented in this reporthighlight the increasing difficulty of operating South Australia as an island.
With the growth in distributed resources anticipatedover the next few yearsit is likely to become infeasible
to operate a secure island inan increasing number ofperiods, if distributed PV growth is allowed to continue

The proposed EnergyConnect interconnectowill substantially reduce the risk of South Australia separating
from the rest of the NEM, and therefore the likelihood that AEMO will need to operate South Australia as an
island. Completion of the interconnector on the current proposed commissioning timelines should be
considered crucial for the ongoing securityof Sot h  Austr ali ads power system.

The AER recently approved the regulatory investment test for transmission (RT) for the EnergyConnect
project, but estimated far lower net benefits than the original proposal’. This means thatif estimated project
costs increase (which is not uncommon for a large project of this nature), the RIMmay be reassessed.

AEMO will share the results of this analysis with the AER, to emphasise the importance of EnergyConnect for
ongoing security of the South Australian power systemThis modelling was not completel in time for the
EnergyConnect proposal, and therefore has not been taken into account in its assessment to dafEMO and
ElectraNet areworking on quantifying the security value of the inteconnector, which falls across a number of
areas, including:

1 When AEMOhas to constrainHeywood flows in periods where the UFLS load is inadequate to manage
the double circuit loss of the interconnectof®, EnergyConnect will act to alleviate this constrainteducing
impacts on market participants.

SAER (24 January 2020), OABR ampgrocosin®acdtoh Awegthipalvwioa.aer.govev/ressteleaseder t est 6, at
approves-south-australia %E2%80%93nsw-interconnector-regulatory-investment test.

58 AEMO will propose a protected event in order to implement this constraint.

© AEMO 2020 | Minimum operational demand thresholds in South Australia 55


https://www.aer.gov.au/news-release/aer-approves-south-australia-%E2%80%93-nsw-interconnector-regulatory-investment-test
https://www.aer.gov.au/news-release/aer-approves-south-australia-%E2%80%93-nsw-interconnector-regulatory-investment-test

1 When AEMOhas to constrainHeywood flows in periods where distributed P\Wisconnection could cause
inadvertent load sheddingand possible separation from the rest of the NEM, EnergyConnect will act to
alleviate this constraint, reducing impacts on market participants.

1 Operating South Australia as an island is expensivEor example, n the extended island operation,the
cost of directions to scheduled participantsin the SA regioncould be around $9m®°, with FCAScoststo
customerssumming to $36.5m. By reducing the likelihood of islanding, EnergyConnectvould reduce the
incidence of these costs

i Itis becoming increasingly infeasible to operate South Australia as a secure island in periods with high
levels of distributed PV generation.EnergyConnect considerably reduces the probabilityveighted cost of
a black system event, associated with a synchronous unit trip associated with a severe credible fault and
disconnection of distributed PV, when South Austlia is operating as an island.

Much of the security benefit from EnergyConnect can be delivered even if the interconnector never has flows
above 0 MW (and are therefore additional to any benefits related toenergy transfe)). Its timely

commissioning should be consideredcritical for the ongoing secureoperability of the South Australian power
system If EnergyConnectdoes not proceed®, extreme measuressuch as an immediate moratorium on new
distributed PV installationswill likely be required (from 2020).A broad (and expensive)program of retrofit of
legacy distributed PV systemsnay also be necessaryto improve voltage ride-through capabilities and
introduce feed-in management capabilities.

If EnergyConnect does not proceed, additional measures will be required to maintain system security in South
Australia. This analysis has assumed that EnergyConnect will be commissioned as proposed, and extensive
further analysis is required to determine precisely what may be required in its absenddowever, a

preliminary indication suggests this could involve:

i1 Investment in a large capacity of utilityscale BESS (perhaps of the order ¢fundreds of megawatts
required to manage credible contingency event}, to provide frequency control, especially if new voltage
ride-through standards for distributed PV are delayed, or compliance is imperfect (this is considered
likely).

1 Possible investment in a large capacity ofasistor banks, to provide additional demand recovery reserve if
implementation of feed-in management is imperfect or delayed (this is considered likely).

i1 Possible investment in retrofit of a large proportion of legacy distributed PV systems to improve valge
ride-through capabilities and implement crude feedin management capabilities. Given the necessity of a
site visit in most casesand the need to visit a very large number of small siteghis is likely to be expensive
and will have high risks associated with customer engagement and perceptions

1 A moratorium on all new distributed PV may become necessary, until strict arrangements for feed
management and voltage ridethrough are implemented, including improved compliance procedures.
This has significant risks for customer engagementhe most significant concern to AEMO is thaif a
heavy-handed approach is applied,customerscould permanently reject the possibility of feedin
management, which is essential for longterm system operability.

1 The ongoing absence of EnergyConnect may mean that South Austraficonsumers are exposed to a
higher level of system securityrisk that cannot be managed by otherd r eas onab | e Thiscoubla v o ur s ¢
mean customers are subject to ahigher possibility of black system events and other high cost, low
probability events.

AEMO understands that the South Australian government fasupported the development of EnergyConnect
by enabling early works such as line route identification and stakefider engagement. Seeking aagoing
opportunities to underpin the successful delivery of this project on the fastest timeline possible should be
considered a priority.

59 Initial formula-based compensation for SA directions was $4.3m. Aumber of directed participants have made additional compensation claims, which are
in the process of independent expert determination.

°The AER has approved the EnergyConnect project. Ho we voenrp,a rtehde wA B Rhd SE | eescttirnaalN eet
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8.2 DER disturbance withstand standards

Evidence of distributed PV disconnection behaviour

ABMO has now collected considerable evidenceonsistentlyshowing that a significant proportion of
distributed PV disconnects in response to voltage disturbances:

91 Laboratory bench testing of a selection of inverters (conducted by UNSW Sydney in an ARElflkded
partnership with AEMO) indicates that aroundone third of inverters tested on the AS/NZ4777.2:2015
standard do not have the ability to ride through short duration voltage sags, of the type that might occur
in typical transmission fault&t

1 SolarAnalytics has provided AEMO with field data from hundreds of distributed PV systerftsfor sixteen
transmission level voltage disturbances occurring during daylight hours from 2017 to 2019, which
consistently show voltage disconnection behaviour as a functioof the depth of the disturbance®.

1 High speed data provided by Energy Queensland for selected distribution feeders with high levels of
distributed PV shows that under high solar insolation conditions, apparent load increases on a feeder
following a voltage disturbance, consistent with distributed PV disconnecting.

This broad body of evidence has been used to develop accurate dynamic models of this PV disconnection
behaviourin PSS®Ehat have formed the basis ofthe analysis in this report.

Ride-through ¢ apabilities

It is essential that new distributed PV installed in South Australia has improved capabilities to ritleough
power systemdisturbances.This analysis has particularly focused otihe implications of evidence ofpoor
distributed inverter abilities to ride through voltage disturbances.

The NER requirevoltage ride-through behaviour of all large-scale generation connecting to the NEM, and
this capability is now similarly essential for distributed resources when they are supplying a large propontio
of regional load. The results in this report show the infeasibility of operating a power system with the
disconnection behaviourobserved at present if distributed PV levels grow

Passive antiislanding requirements for inverter-connected DERare defined in Australian Standard

AS/NZS 4777.2 and imply voltage ride-through capability for short duration disturbances However,the
testing procedure in AS/NZS 4777.2:2015loes not sufficiently determine whether an inverterremains
connected for short duration voltage steps Therefore, manufacturers have not prioritised designingnverters
that deliver this capability, and the tests for compliance with AS/NS 4777.2:2015 do not identify whether
inverters meet this requirement.This means thatmany inverters have demonstrated compliancewith the
standard test procedureseven though they may not have theseride-through capabilities Laboratory testing
of inverters suggests thataround one half to two thirds of the existing inverters available in the Australian
market do ride through short duration voltage disturbances, demonstrating thathis capability can be
incorporated without additional costs, if inverters are appropriately designed.

AEMO has &unched a program of workon DER standard¥, and released a report in April 2019 to initiate

collaboration with stakeholders on improvement of ABNZS 4777.2:2015This work has been progressing,

with Standards Australia approvinga project that includlesAE MOG6 s pr o p os e dnJsene 20p9%andof wor k
a committee now working on drafting proposed changes.

This committee is currently working on the following relevant aspects

61UNSW Sydney, Addressing Barriers to Efficient Renewable Integratidmnverter Bench Testing Results, dtttp:/pvinverters.ee.unsw.edu.au/

52 Data was anonymised to ensure tht system owner and address could not be identified.

%This work was supported by an ARENA funded project, 0En fhpbetweenrdAERR® Balanbi | i ty t h
Analytics and WattWatchersFurther information at https://arena.gov.au/projects/enhanced reliability-through-short-time-resolution-data-around-
voltage-disturbances/.

S4AEMO,anodSatr ds and hRps:dvwwer.aemb.sod.au/intiatives/majorprograms/nem-distributed-energy-resourcesder-program/standards-
and-protocols.
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1 Designing appropriate undervoltage ride-through requirements, which provide accepable power system
stability, but also meet distribution network requirements for safety and suitable antislanding protection.

1 Drafting the standard in a way that is unambiguous to manufacturers

1 Improving the accuracy and stability of measurement systemgsed in these inverters to improve reliable
performance characteristics for a range of grid disturbances.

1 Designing suitable testing procedures that clearly show when an inverter {gerforming as required, or not.

1 Exploring optimised arrangements fordelivery of grid support functions (such as volvar and frequency
watt capabilities), whichwill assist with power systemmanagement in a range of conditions.

This work must be done collaboratively, because a wide range of stakeholders are affecteddluding AEMO,
NSPsin all Australian regions, the Clean Energy Councthe Clean Energy Regulatorall inverter
manufacturers,installers, solar customersand others).

AEMOunderstands thatthe committee has completed preliminary drafting of the standard. Standards
Australia then has an extensiv@ublic consultation process.They have advised that this will be completed
with publication of the standard at the earliest byDecember 2021 noting that the specification of standards is
a consensusbased process There would then need to be a delay period before the new standard is
mandatory, to allow manufacturers to adjust their inverter designThe last time ASNZS 4777.2 was changed
(in 2015), this period was one yeaiThis would suggest that new standard would not apply until December
2022, although a reduced timeframe may be achieved by ensuring that many of the functional amendments
of the standard are consistent with international pratice. As illustrated in this analysis, this timeline results in
unacceptable risks to the South Australian power system, and must be accelerated.

AEMO has proposed an alternative consultation timeline which would allow publication of the new standard
by February 2021, ands working with Standards Australia to find any further possible avenues for the
consultation process to be acceleratedThis must be balanced with the need to ensure all affected parties are
properly involved, and have adequate opportuniy to review and provide input to the process.There are a
wide range of proposed changes (voltage ridethrough is only one component). The other changesproposed
aspart of the AS/INZ 4777.2 review are also important for power system operation, and the ks of delaying
implementation of these other important components until late 2022 needs to be taken into consideration.

As highlighted in this report, risks are emerging in South Australia alreadgnd are likely toincreasein the
coming years,so this timeline need to be accelerated forthe most important capabilities, as outlined in
Section9.1.1

8.3 Compliance with DER standards

AEMO® s affield data from distributed PV systems duringfrequency disturbancesindicatesthat a
significant proportion (at least 3040%) of legacy invetters arenot behaving according to the standards under
which they should have been installeff. This is consistent with limited audits that have been conducted, and
with anecdotal evidence fromNSPs This means thatdefining improved requirements may not, by itself,
significantly improve aggregate behaviour of distributed PVExisting compliance processes require review,
including promoting installer compliance with installationprocedures, reviewing testing and certification
processes, and possiblyther aspects.This requires further investigation.

It is unclear which organisation is best placed to take action to address this issueurther work is required to
determine possible courses of action, and which organisations should have primary accoutity for their
delivery. AEMO proposes to lead the following actions, as a first step to initiate the required work program:

5 AEMO (10 January 2019) Final Rep@rQueensland and South Australia system separation on 25 August 2018, Htps://www.aemo.com.auk
/media/files/electricity/nem/market_notices_and_events/power_system_incident_reports/2018/efdsaseparation25-august-2018incident-
report.pdf?la=en&hash=49B5296 CF683E6748DD8D0O5E012E9QAIS0 observed in subsequent analysis of separation events on 16 November 2019 and
31January 2020, soon to be published in incident reports.
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1 AEMO to engage with industry on how standards compliance could be improved, and how different data
sources from original equipment manufacturers OEMS, distribution network service providers (DNSPS$,
Clean Energy Regulator (ER, data vendors and so on) could be better leveraged to identify non
compliance.

1 AEMO to develop a Rule change proposal to strengthetthe regulatory framework for the identification
and remediation of non-compliance with technical standards.

Improving compliance with DER standards should be viewed as a critical underpinning of future power
system operability, in parallel with improving the standards themsebs.

8.4  Feed-in management for DER

Another DER capability thais fundamental for power system operability during low load periods isthe

introduction of feed-in managementfor distributed PV, and othertypesofDER. Thi s i ncreases t|
capabilities of DER, allowing them to be activelyxurtailed in rare periods when required for management of

power system security This would allow AEMO to rapidly recover the required levels of demand when

necessary without ongoing operational restrictions on DER output at othertimes. For example, if South

Australia unexpectedly separates from the rest of the NEM, distributed PV could be curtailed to the necessary

level to minimise security risks, under that more challenging operational conditiariWVith this capability,

customers canthen continue to install and fully utilise their distributed PV assets in most periods, and AEMO

retains the ability to maintain a secure power system.

Introducing feed-in managementfor DER can be thought ofasretaih ng AEMOG6s ability to ac
and manage enough of the system with a sufficient degree of flexibility to manage system security in the

event of unplanned outages and other power system events. As the proportion of power system load met by
passive(unmanaged) DER grows, AEMO is progressively losing the ability to actively dispatch and manage

the units supplying the systemLong term, if feed-in managementis not introduced for DER, power system

operation will become extremely challenging and evenually, impossible

Feedin managementfor DERIis not standard practiceat present SAPN currently requires this capability only
from distribution-connected generationthat exports more than 200 kW. It has proposed a staged program of
work to progressivelyintroduce this capability( t e r me d 0 F Iséfar snalleeDER dupng 2021 to
2023. AEMO strongly supports this proposaproceeding, and recommends thatthe rollout of this capability is
accelerated as much as possible.

Complementaryrecommendationsfor more rapidly establishingbasicgeneration shedding capabilities are
outlined in Section9.1

Interoperability in AS /NZS 4777.2

AEMO is also pursuing NEMwide implementation of feed-in management capability for all new DER through

the ASINZS4 777 . 2 review process, Via introddudhstwillben of requi |
introduced in a second stage of theASINZS 4777.2 review, following completion of the improved ride-

through requirements discussed aboveThis willlikely involve adding high-level requirements for

interoperability in AS/INZS4777.2 with reference toother standards such as IEEE 2030fér the specific

protocol details and requirements Thisapproach allows an accelerated timeline for introducing the simpler

(and critically urgent) ridethrough requirements, and a longer timeline for design of the more complex

interoperability requirements.
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9. Mitigation: distributed
PV disconnection

This section summarises additional measures that are recommended to assist with managing the
disconnection of distributed PV.These arediscussedin several categories:

1 Reduce PV disconnection 9 actionsthat can minimise the gowth in PV disconnection behaviour

1 Improve frequency control 9 these measuresincrease the frequency control capabilities in the South
Australian power system, improving the ability to manage increasing contingency sizes.

1 AEMO system management 0 actionsthat AEMO can take under the existing regulatory framework to
minimise risks.

Each category is discussed further below.

9.1 Reduce PV disconnection

9.1.1 Fast-tracked test for voltage ride -through in South Australia

Due to the urgency of this issue in South Austradi, AEMO proposes that special measures be implemented in
South Australia in the interim, while AS/NB4777.2is updated. These special measures would introduce a
new test for voltage ride-through as a condition of connection, effective as rapidly as possle (ahead of the
full suite of changes in AGBNZS 4777.2).

The following approach is recommended:

i Extensive consultation to engage with industry and consumer representatives about the urgent need for
this new capability.This will requireconsistent messaging from AEMO, the AEMC, the AER, the ESB, and
the South Australian Government.

1 AEMO works with key stakeholders to define a compliance test that specifically determines whether an
inverter meets the existing defined voltage ride through provisionsin AS/NZS4777.2:2015This test would
likely involve demonstrating that an inverter remains connected and in sustained, continuous operation
for a short duration voltage step reduction (for example, 50 V or 20% retained voltagefor a duration of
200 ms) AEMO would publish the test procedure onits website.

1 AEMO formally communicates with SAPN about the need for this new capability to support system
security, and requess that it be included as a requirement of connectionto assist AEMOto meet and
carry out its power system security responsibilitiesinder the NER

1 SAPN updatesits connection requirements to only allow distributed inverters to connect if they meet this
new test, in addition to the standard testing procedures for AS/IN& 4777.2:2015This would become an
additional condition of connection in South Australia

1 To continue to install inverters in South Australia, manufacturers will need to have their inverters tested for
this new requirement by an AS/NZS 4777.2:2015 accredited testing provideiThe certificate demonstrating
compliance of each inverter with this new test will be provided to the Clean Energ@ouncil, who will
maintain a register of those inverters that meet this additionatequirement and are therefore approved for
installation in South Australia.

1 AEMOwill work with SAPN the Clean Energy RegulatorCER, and other stakeholdersto develop a plan
for introducing processes tomonitor compliance with this new requirement, expanding auditing and

© AEMO 2020 | Minimum operational demand thresholds in South Australia 60



assessment of complianceand utilising new data sources where possiblésuch as the DER Register),
acknowledging the inherent challenges in compliance assessments.

This process maps the existing compliance and testing process as closely as possible, and therefore should be
able to be implemented reasonably rapidly by organisations that already have suitable experience in similar
roles. It is recommended that this process is implemented as rapidly as possible; preferably in place for all

new connections fromQ1 2021.

Based on a sample of 17 inverts, developed against the 2015 version of AS/NZ&777.2,and tested by

UNSW Sydney (as a part of a joint ARENA project with AEMO, ElectraNet and TasNetworks), AEMO believes
that around one half to two thirds of the existing inverters available in the Austlian market already meet the
new requirement, and are likely to pass the new test without any changes required to the inverter design.
These 17 tested inverters represent 8% of the South Australian installed capacity of invertéfshe remaining
inverter models show performance capabilities in similar proportions to those that have been testedSouth
Australian consumers should continue to have access to a wide range of market options, albeit reduced from
the present market.

It is noted that the new test will onlyverify compliance with a requirement that is already defined in the
existing AS/NZS 4777.2:2015given the present standard does not include a specific test for this capability)
This new process will be a temporaryneasure that can be removed once the new AS/N34777.2 standard
comes into force in all Australian regionsas it is expected to includea comprehensivesuite of compliance
testsincluding tests for voltage ride-through.

Requiring a new compliance test fo inverters installed in South Australia, ahead of changes to

AS/NZS 4777.2:2015 represents a significant intervention in the South Australian distributed PV market, and
will have impacts on consumersHowever,A E M Oa&ssessment indicates that South Austtia is close to the
point where a complete moratorium on new distributed PV would be prudent, if measures of this kind are not
implemented. Implementation of this new test should be sufficient to allow South Australian consumers to
continue to access the kenefits of installing distributed PV, while adequately maintaining power system
security until the EnergyConnect interconnector is commissioned.

If adequate changes are not implemented quickly, it may become necessary to launch a program of work to
retrospectively adjust the ridethrough capabilities of previously installed distributed PV system&his is likely
to be very expensive and difficultln some cases, it may not be possible to retrofit inverters for improved ride
through capability with a firmware update (replacement of physical equipment may be required).

9.1.2 OEM firmware upgrades

Some OEMs may have the ability to remotely update firmware for legacy installationsr some cases, it may
be possible to improve voltage disconnection behaiour.

AEMO has liaised with five inverter OEMs to better understand their technical capabilities. Of thesleree
indicated they presently havethe capability to remotely update undervoltage protection settings on some
existing systems. This action may diice the amount of distributed PV that disconnects during a severe fault
and therefore reduce thecontingency size that AEMO needs to manage.

OEMs expresseatoncerns about enabling this capability andt requires further investigation to understand
feasiblity, barriers and risks, costs, and the capacity of legacy systems that could be addressed.

AEMO continues to explore this matter.

9.1.3 Increasing system strength

AEMO investigated the possibility ofincreasing system strength by dispatching additional synchimous

generators, oradding further synchronous condensers in South Australia in the Adelaide metropolitan area,
to explore whether this could assist with reducing the disconnection of distributed P\Analysis indicated this
is of limited benefit for the severe faults under investigation.The severity of the fault, and the close proximity
of many transmission network elements to the bulk of the distributed PMimits the potential of this approach.
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This is therefore not recommended at this stage as atrategy for reducing the disconnection of
distributed PV.

9.2 Improve frequency control

This section outlines a suite of measures that increase the frequency control capabilities in the South

Australian power systemAEMOG6s anal ysi s h a sfrequénoywantrot capalilities offers e asi ng
significant benefit for maintaining system security in low load periods, particularly for larger contingencies

caused by disconnection of distributed PV.

Primary Frequency Response rule change

The recentMandatory Primary Frequency Response rufé will require all new and (progressively existing
scheduled and semischeduled generators to provide frequency response whenever they are dispatched
above 0 MW and frequency is outsidea narrow deadband. The maximum deadband(as narrow as
49.985Hz - 50.015Hz) and responsespecifications will be detailed in Primary Frequency Response
Requirements PFRRto be published by AEMO.The draft PFRR’ specifies a droop less than or equal to 5%,
with no delay beyond that inherent in the plant controls.

These requirements will apply for three years from June 2020he AEMCis consulting on alonger-term
mechanism toincentiviseand reward delivery of the required frequency responsebeyond that date.

As these requirements are implementedthey should considerablyimprove frequency control, assishg with
many of the identified challenges in this report.lt may also lead to more providers registeringto deliver
contingency FCAS(since they will need to implement thenecessarycontrols to comply with the new rule).

There are, however, some limitations whiclare opportunities for improvement:

91 The rule does not require a response from BES®r solar/wind farms) that are dispatched abr below 0
MW. It is anticipated thatthese generating units are likely to be dispatched at 0 MW at times of low load
and BESS, in particular, have been identifieas extremelycapable andimportant providers of frequency
control at these times.

1 The arrangements beyond June 2023 will beritical for the long-term security of the South Australian
power system, and are yet to be determinedIntroducing arrangementsto reward higher performers
would be suitable, while maintaining aminimum requirement that all capable market participants will
provide a helpful frequency response to assist with managing rare extreme disturbances.

Implementation of the new arrangements wil take sometime and will be completed in tranches.Largerunits
will be transitioned firstin late Q3 2020 while smaller units are expected to be transitioned in 202COVID 19
may result in delays from the original proposed timetable given the need to involve generator control rooms,
which are currently heavily quarantined

Some specific opportunities to further improve frequency control arrangements are outlined in the sections
below.

9.2.1 Fast Frequency Response from BESS and solar farm s

Advantages of battery storage providing frequency control

AEMO®s anal ys iBESSianbecoming anensreasirtglg important provider offrequency control in
South Australia.BESShave the following valuable characteristics:

1 BESSan ramp very rapidlyand can be programmed to provide the desired response profile, and
therefore can provide large quantities of FFR.

SSAEMC (26 March 2020)f,r eqMemdcat aheys:imwisesagoy.aa/sites/default/files/202003/ERC0274%20
%20Mandatory%20PR%20 %20Final%20Determination_ PUBLISHED%2026MAR202Q.pdf

67 At _https://wa.aemo.com.au/consultations/currentand- closed-consultations/primary-frequency-response requirements-document-consultation.
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1 BESSan start quickly, and thereforecan supply frequency control to the South Australian islandwithin 30
minutes of a separation event

1 BESSan provide frequency control services when dispatched at zero MW, and therefore do not require
any level of minimum load for provision of frequency control services.

The analysis compléed for this report has demonstrated thatthese BESSrequency responsecapabilitiescan
be criticalto meet the FOSin South Australia when islanded.

Fast Frequency Response

With the low levels of inertia ina South Australianisland, six seconccontingency FCAS (currently definedn
the NERa s  §dregto® sldw to adequately manage a large contingency.BESSan deliver frequency
response much more rapidly. This analysis shows this is extremely important for managing frequsnn the
South Australian island, particularly with the larger contingency sizes related to disconnection of
distributed PV.

The following opportunities for improvement are identified:

1 Given thesignificanceof FFR from BES8uring a separation event or n island operation, it is important for
system security in South Australia t@nsure that primary frequency responseis provided by these
resources at all timesincluding when dispatched at or below 0 MW The new primary frequency response
rule doesnot cover those circumstances, although at present all BESS dlofact provide a response in this
range.

9 Solar farms are alsdighly capable providers of FFRas demonstrated by their responses in recent
separation events The new ruledoes not require afrequency response from solar farms when curtailed to
0 MW. This could be quite likely at times oflow demand. Under these conditions, utilityscale solar farms
could be important providers of a fast raiseresponse but there is no requirement for this reponse to
be delivered.

1 In addition to implementation of the new rule, considerable workis underway to improve frequency
control frameworksand better align the various specifications ofFFFRacrossa number of different
instruments

d InJanuary 2019, AEM@eleasedspecifications forBESS registering to provide contingency FCAS
including details of the recommended droop response, etc.

0 AEMO is exploring the potential for incentivisingFFRservice under the inertia framework in the NER, as
an inertia supportactivity. This may create a framework for ElectraNet to contract with BESS to deliver
FFR, as part of meeting the inertia requirement.

d The Generator development approval procedure published by the Office of the Technical Regulafér
in South Australiarequires the provision of inertia or FFR but the specification of FFRdefined by this
requirement is not necessarily optimabknd may be confusing.

Given the growing importance of FFR for system security, ig timely to consolidate and optimise these
arrangements, maximising incentives for BESSolar farms, and other capable providerso deliver this service
in the optimal manner to support system security AEMOis investing considerable resources towards this goal
at present.

In summaly, the following actions are recommended:
1T AEMOG6s extensive work program to improve frequency ¢

1 Options for requiring or incentivising a fast frequency response from BESS and solar farms dispatched at
or below 0 MW are pursued.

58 AEMO (January 2019) Battery Energy Storage System Requirements for Contingency FCAS Registratibtips://www.aemo.com.au/-/media/
Files/Electricity/NEM/Security_and_Reliability/Ancillary_Services/Batt&myergy Storage- Systemrequirements-for-contingency-FCASregistration.pdf.

®0of fice of the Technical Regul ator (1 Julgath@&/MWany.sagoB.eun edatatdseis/pdibile/v el opment Appr c
0003/311448/Generatordevelopment-approval procedure-V1.1.pdf
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1 The South Australian Government support measures to improve frequency control in South Australia,
including timely implementation of the mandatory primary frequency response rule, andthe design of
suitable long-term arrangementsto apply beyond June 2023

9.2.2 Management of BESS limitations when delivering frequency control

Limitations of battery storage providing frequency control

BESS also has some important limitations when deliviag frequency control services, compared with
synchronousgenerating units:

1 The ability of BESSo deliver a frequency response depend®n their state of charge; this needs to be
managed carefully to ensure they have adequate ability to charge or discharge for the required duration.

1 BESScan only deliver a charge or discharge for a limited period of timeOnce the battery is full (or empty)
it can no longer sustain a load or generation response.

These limitations mean that cation is required when battery storage is reliecon for provision of five minute
contingency lower service when South Australia is operating as an island at times of low demand.

In addition to utility-scale BESShis analysisalso takes into account the 5 MWof distributed storage
coordinated viavirtual power plants (VPPs)n South Australia at presentand growing as perTable 2 This
VPP capacity is registered to prodde FCAS, and is assumed to do so in this analysiBue to the challenges of
rapid frequency response from distributed sources, the VPR assumed to respond similarly to a synchronous
generating unit, and therefore does not provide FFR.

Manag ing state of charge of BESSor frequency control  delivery

Theimportance of managing BESS state of chargean be highlighted by an examplefrom the South Australia
islanding event on 16 November 2019. The Dalrymple batteryis registered to provide up to 30 MW of
contingency lower FC/S, but its state of charge at the time of the evenbnly allowed the provision of 3 MW

of 6 second and 60 secondower services and 2 MW of five minute lower services'> Reserving adequate
state of charge to reliably provide and sustain both raise and lower contingency services would be beneficial,
especially at times when low load conditions are anticipated.

Figure 13below shows the difference between the minimum demand thresholdor the various generating
unit combinations under islanded conditions assuming that the utility-scaleBESSn South Australid® are in a
suitable stateof charge to deliver their full frequency control capabilities versus a scenario where th&ESS
are close to fully charged andunable to offer any material contingency lower FCASThe minimum demand
threshold for secure islanded operation is~150 MW higher in the case without lowercontingency services
from the BESSThis demonstrates the importance of managing state of charge carefully under these
conditions, where this contribution is important for system security.

Managing state of charge is the responsibility of market participants, who are balancing many priorities to
meet commercial requirements Apart from a proportion of the Hornsdale battery, there is no requirement for
batteries to retain a suitable state of charge to offeffrequency control under normal conditions’.

70 AEMO (December 2019) Preliminary RepodtNon-credible separation event South Australi@ Victoria on 16 November 2019, at
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Market_Notices_and_Events/Power_System_Incident_Reports/2019/Prelimilmigent- Report--
-16:November-2019-- SA-- VIG separation.pdf

"L Charging of the Dalrymple BESS is limited after a certain number of cycles in a contractyea rer t o 0 BESS c¢ harhtyds:finvgvw.esark e s 6 i n 5.

sa.com.au/globalassets/reports/escti- sa-- project-summary-report--- the-journey-to-financial close--- may-2018.pdj, but the limit was not applicable at
the time of this event.

72 Hornsdale (100 MW) Dalrymple (30 MW), Lake Bonney(25 MW), Lincoln Gap(10 MW)and the Hornsdale expansion50 MW), assuned to be installed by
late 2022.

73 The Dalrymple BESS is subject to minimum SOC limits to ensure it can partially supply load in the Lower Yorke Peninsulagietent of a loss of supply to
the area. However, these SOC limits are for a local reliabilitgsue and do not adequately limit the SOC of the BESS to ensure it can deliver its full
contingency FCAS capability.
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Figure 13 Increase in minimum  operational demand if utility =~ -scale batteries cannot offer  contingency
lower services

Legend:
T Largest value
75t percentile

Median

25th percentile
l Smallest value

Recent operational experience

Recognising the importance of batteries in the delivery of frequeay control, AEMO issued directions to the
three utility-scale batteries to maintain their stateof-charge (SOC) within a specified range during the most
recent islanding event. AEMO issued these directions on two occasions during low demand conditions. The
first direction was issued on 2February 2020and required batteries to maintain their SOC within 45%

55%4. A second set of directions wasssued during low demand conditions on Sunday 4-ebruary.This was
the first time that such directions have been issuedin the NEM.

Available data® indicates thatBESS operatorsittempted to implement this novel direction within their control
systemsbut did not immediately succeed

From 5.00 pm AESTon 5 February2020 until the reconnection of South Australia to the NEM, AEMO
managed the SOC of batteries via constraints rather than directions. The required SOC range was
subsequentlyexpanded from 45-55% to 30-70% following further operational experience in managing the
South Australiaisland.

While these constraints were invoked, the performance of the battery operators in maintaining SOC in the
required range improved significantly, as illustrated inFigure 14below.

The extended island operation of South Australia in February 2020 has shown that the utiiscalebatteries
have the technical capability to maintain SOC within a required rangexnd provided a valuable learning
experience for AEMO and the BESS operatars

74 Directions to maintain SOC issued on 2 February 2020 applied to Hornsdale Power Reserve between &1600 hrs, Dalrymple between 1220615 hrs, and
Lake Bonney BESS between 124%20hrs AEST.

> Due to data quality issues, the information presented in tlsi report only incorporates the SOC for two of the three BESS in South Australia.
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