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Al. Appendix A summary

Thi s AppendiRenevalle IMegritiondSsudyStage Ireport! provides additional technical detail
related to the overview information in Chapter 3of that report.

Al.l Overvi ew

Distributed photovoltaic (DPV) is revolutionising the operation of the power system. Until recently, power
flowed in one direction, from large-scale controllable generators to households. Today, power also flows in
the opposite direction, from uncontrolled DPV at household level through distribution feeders to
neighbouring customers.

With higher penetration levels of DPV, power fron these devices will ultimately flow into parts of the higher
voltage sub-transmission and transmission networks. Significant amounts of uncontrollable DPV generation
will replace large scale generators, requiring new techniques and potentially services idequately manage
system security matters.

The significant majority of the DPV fleet is currentlpassive, meaning that it is uncontrollable and invisible to
the system operator (behind the meter and unmonitored in real time) The passivenature of the majority of
the DPV fleet in the NEM today is beginningo pose challenges to both distribution network and bulk power
system operation especially in regions with higher DPV uptake relative to local load.

Proper integration of DPV across thenetwork will be required to manage the needs of the power system.

Al.2 Di st rninkedatwiod Kk chall enges

9 Distribution networks in the NEM are beginning to experience technical challenges associated with
increasing penetrations of passive DPV generatio.he scaleand nature of these challenges differ across
networks, depending on penetration levels and specific local network factordut are generally more
significantin regions with higher DPV penetrations relative to local load and network capacity, such as
South Australia and Queensland.

9 All distribution network service providers DNSP$ have started to experience voltage management
challengesin their low voltage (LV) networks in locations with sufficiently large clusters of installed DPV
capacity.

1 DNSPs aremplementing a range of measures to improveDPV hosting capacity within their networks:

0 Network strategies 0 remediating and reconfiguring network assets, augmenting network capacity
and flexibility to securely accommodate the impact of theDPV generation profile.

0 Behind-the-meter strategies & reconfiguring settings or limiting export from DPV systems and
activating other distributed energy resources DER in the LV network, such as loads and storage
devices, to 0s gendatianmibedagimee ss DPV

T DNSPs&6 ability to effectively integr atwsibidfofthggt¥ner at i
network . Most are undertaking measures to improve visibility of locations with higher penetrations.

1 At https://www.aemo.com.au/energy-systems/Major publications/Renewable Integration- Study-RIS
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1 From the bulk system perspective, AEMO expects the growth in regional DPV generation to continue as
uptake continues to grow, and DNSPs implement sucmeasures.

Al3 Bul k sy ®thgmschall

As penetrations of passiveDPV continue to increase and beome significant at the regional level, the
aggregated impact affectsalmost all core duties of thebulk system operator in some way due to:

1 Anincreasingly large c omponent of generation not currently subject to the same bulk system
disturbance withstand requirements as utility -scale generation, resulting in increasing contingency
sizes following transmission faults due to the potential mass disconnection dPV syséms.

1 The ongoing reduction in the daytime system load profile due to continued growth in distributed
solar generation , contributing to:

0 Reducing availability of stable load blocksnecessay for the effective operation of emergency
mechanisms such agmergency frequency control schemes and system restart.

0 Reducingsystem demand potentially to the point of insufficient load to support minimum
synchronous generation levels necessary for system strength, inertia, frequency contrahd other
services required for system security.

0 Reducing load at transmission network connection points serving locationsith high DPV generation
relative to load, introducing voltage control challengesin the daytime.

1 Anincreasingly large source of variable generation, resuting in increasing rampsassociated with daily
diurnal solar profile at the regional level, and faster, less predictable ramps in significaBV clusters at the
sub-regional leveldue to cloud movements.

1 Anincreasingly large source of generation that cannot be curtailed , resulting in a less dispatchable
power system.Unlike large-scale generation,most DPV generation cannot be curtailed by AEMQven
under extreme, abnormal system conditions

Due to its relatively highDPV penetrationand low load base, the passive nature oDPVis already affecting
bulk systemoperation in South Australia today. Under current DPV uptake projections, these issues will also
be increasingly prevalent in other NEM regions by 2025.

Al4 Summarayc tofons

The actionslisted in Table lare supported by this report. Section A5has adetailed discussion of these
actions.
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Table 1 Summary of DPV challenges and proposed actions

Challenge Proposed action Reference to this appendix Reference to
main report
The aggregateperformance of the DPV 2020-21: AEMO to fasttrack requirement for short duration voltage disturbance 9 Section A4.1: Sets out the impact of Action 3.1
fleet is becoming increasingly critical as ride-through for all new DPV inverters in South Australia (and Western Australia, plausible DPV disconnection behaviouon
penetrations increase Without action, the with other NEM regions encouraged) and investigate need for updating existing contingency sizes and the impact on power
largest regional and NEM contingency DPV fleet to comply with fast tracked sbrt duration voltage disturbance ride- system security.
S|.zes will |n.cre.ase due to DPV . through requirement. q Section A3.4 and A4.5: Considesthe role
disconnection in response to major system of autonomous arid support functionalit
disturbances. 2020-22: AEMO to collaborate with industry, through Standards Australia } g . PP L y Action 3.2
. . . from DPV inverters in assisting to manage
committee, to progress update to national standard for DPV inverters N
. . . distribution network and bulk system
(AS/NZS4777.2) to incorporate bulk system disturbance withstand and . L .
. " challenges &sociated with increasing DPV
autonomous grid support capability. -
generation.
9 Section A5.1.1Discusses thisction in more
detail.
Governance structures for the setting of 2020: AEMO to collaborate with the ESB, Australian Energy Regulator (AER), 1 Section A5.1.2 Discussesttis action in Action 3.3
DER technical performance standards, and AEMC, and industry to: more detail.
ﬁgg;ceurzteemcfrtr:ifle ;t:\:edia;rds are 1 Submit a rule change establishing the setting of minimum technical standards
quate. Y for DER in the NEM (withsni | ar reforms to be prop
9 No formal pathway to ensure power SWIS) covering aspects including power system security, communication,
system security and other industry interoperability, and cyber security requirements.
requirements are accounted for within . . . . .
. 1 Develop measures to improve compliance with new and existing technical
technical standards set by consensus. . .
performance standards and connection requirements for DPV systems,
9 Inconsistent compliance with technical individual DER devices, and aggregations in the NEM (and SWIS).
performance standards across the DPV
fleet today and a lack of clarity around
enforcement.
System dispatchability is decreasing as 2020-21: AEMO to collaborate with industry to: 1 Section A4.2 Sets out the need for Action 3.4
invisible and uncontrolled DPV increases to curtailment capability for some portion of

1 Mandate minimum device level requirements to enable generation shedding
capabilities for new DPV installations in South Australia (other NEM regions anc
Western Australa encouraged).

levels not experienced elsewhere globally.
In 2019, South Australia operated for a
period where 64% of native demand was
supplied by DPV; by 2025, all mainland 1 Establish regulatory arrangements for how distribution NSPs (DNSPs) and
NEM regionscould be operating above aggregators could implement this as soon as possible.

50% at times.

the DPV fleetduring extreme, abnormal
system conditions.

9 Section A5.2: Discusses thisction in more
detail.

1 Investigate the need for updating the existing DPV fleet to comply with regional
generation shedding requirements.
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Challenge Proposed action Reference to this appendix Reference to

main report

2020-22: AEMO to collaborate with DNSPs to establish aggregategredictability 9 Section A3.4.3 Discusses the importance of Action 3.5
or real-time visibility requirements for DPV systems available for curtailment, and enhanced DPV generation visibility and/or
consistent reattime SCADA visibility for all new commercial scale (> 100 kilowatt predictability for improving distribution
[kW]) systems. network hosting capacity and secure bulk
power systemoperation.

9 Section A5.3 Discusses thisaction in more
detail.

A. For the purposes of maintaining adequate levers for secure systemp er ati on i n abnor mal operating conditions during high DPV generatio

fTGeneration sheddi ngtogppa bmelaistuy eas sa eslsa&mnk i al . This is required tohdistabditddinarketsror daily effciengmarketg i nvest ment
operation.

1 When it is required, the necessary change in the supplgemand balancethat needs to be managedcould be very large and increasing as DPV generation continues to grow.

1 Harnessing load andstorage flexibility may reduce the amount of DPV generation shedding necessary. However, given uncertainties in the avaiighdf this flexibility in real time, this does not remove
the need for the generation shedding capability to be available in theifst place

© AEMO 2020 | Renewable Integration Study Stage 1 Appendix A: High Penetrations of Distributed Solar PV 9



A2. Introduction

A21 Scope and shrsescAppendf x

The structure of the Appendix is as follows:

1 Section A2 provides a summary on the context of DPVin the NEM andpresents forecass for its continued
growth.

9 Section A3 provides a snapshot view of the current challenges that are being experienced BYNSPsfrom
increasing amounts ofDPV on their networks.

i1 SectionA4 details the challenges thatare forecast tobe experienced at the bulk system level with
unrestricted, unmordinated, and uncontrolled DPV. Thissection also considers the forecast penetration of
DPVand overlays the various impacts identified, tovisualise how challenges might emerge in each region
of the NEM.

9 Section A6 considers the interdependencies aroundlistribution and transmission level challengesto
combine these learnings to provide a number of key actions that will support customerand DNSPsand
allow AEMO to continue to manage the power system in a secure and stable operating state.

This Appendix and the case studies focus othe NEM regions that aremost susceptibleout to 2025. Without
any actions, many of these issues are forecast to have impacts on other regions in the NEM and Western
A u s t r Solth Véest snterconnected SystenfSWIS.

This studyis focused on the system limits to distributed, passiveolar PV, due to its high levels of uptakeand
expected ongoing growth. AEMO acknowledges thabther emerging DERmay also create potential

challengesif their integration is not properly managed.However, ifintegrated effectively, these technologies

can help addressthe system challenges associated witbPVand increaseoverall system flexibility A EMO®3 s
DER Program has been established toaddress the effective market and technidaintegration of DER into the
electricity system.

A22 Objectives of this study

The study reported in this Appendixlooks specifically at power systenthallengesduring operation with high
penetrations of passiveDPV.

The studyaimsto form a view on the various system limitsDPV will encounter as itspenetration increases
across the network, andthe extent to which these limits may constrain PV export into the broader distribution
and transmission systems.

The key objectives are to:

i Gather a snapshot ofthe current challenges being experiencedby DNSPsdue to the increasinguptake of
passive PV.

1 Identify and evaluate the future limitsto increasingthat DPVgeneration in the bulk systemand provide a
perspective onhow NEM regions might experience these issueby 2025.

For more about A E MOtitss:/ M Remd.coo.gulirdtiatives/siaoeprograms/nem-distributed-energy-resources der-program.
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i Consider possible means of managing these challenges to define possible solution frameworigy
identifying the challenges across operational environmentghis study seeksmulti-faceted solutions
delivering efficientoutcomes. The solutions proposed will consider customer, distribution, transmission,
and bulk system needs, whé respecting the timeframes and frequency of the challenges identified.

A23 Background

In the context of this study, DPVincludesall grid-connected solar
installationsthat are not part of central dispatch AEMOclassifies these Distributed energy resources  (DER)
comprise devices and capability

behind the meter that offset or shift

f Rooftop PV captures systemsup to 100kilowatts kW) in size, with ?”dliVLC!Uﬁ' customer demand,
including:

devicesunder the following groupings:

systemsup to 10kW labelled residentialand systemsfrom 10 kWto

100 kW labelled commercial. Generation: both renewable

(such as rooftop solar, wind
PV non-scheduled generators (PVNSG)refers to systems larger t“rbi”esbvlbbf‘:e's) and r|‘°“ o
renew r exam 5 |
than 100kW and smaller than 30megawatts (MW)? (the current enewable (- for example, - diese

generation) .
threshold for semischeduled status). 5 o
emand response: sh ifting or
DPV falls within the broad class ofDER located behind the customer activating loads at certain
. . i . L . . times, for example, pool pumps,
meter. This report is focusedspecificallyon the implications of increasing hot water systems , and
levels of DPVon the power system becauseit is the dominant form of appliances such as air -
DER in the Australia todayand given the high (by global stardards) conditioners .
levels of uptake and projections for this growth to continue. Storage: including batteries,
thermal storage, and electric
Other forms of DERS such as storage and electric vehicle charging, and vehicle charging.

demand responsedc an al so assi st by ©6soa DPV

generation in the daytime, but could also create thei own system challenges if not harnessed effectively.

A2.3.1 Growth in DPV generation

Australia has experienced strong growth in DPV generation over the last decadigom fewer than 100,000
systemsin 2010up to over 2.2 million by the end of 2019. Some parts of the county are now at world-leading
installation levels. AEMO expects this growth to continue over the next decade.

For this study AEMO has compared the 2019 historical year against the forecast projections of DER uptake
from A E MO d s 20R0Indefrated System PlarfiSP Central and Step Change scenarios 2025. The recent
development of DER since the projections were developed has trended towards thregher end of the

forecast range, resulting in little difference between the Central forecast and historical PV installed capacities.
The Step Change analysis provided here therefore provides a more reasonable forecast estimate given
current installation levelS.

Figure 1shows Hstorical and projected DPVuptake in the NEM under A E M Odraft 2020 ISPCentraland
Step Change scenarios

3 This is generally 5 MW but more commonly 30 MW. AEMO allows an exemption of generating systems (except battery storage) véttotal nameplate
rating of at least 5 MW but less than 30 MW, to register as a Generator, but must apply for an exemption. Séétps://www.aemo.com.aut
/media/Files/Electricity/NEM/Participant_Information/NewParticipants/Generator Exemptionand- ClassificationGuide.docx

4 Seehttp://www.cleanenergyregulator.gov.au/RET/Formsand-resources/Postcodedata-for-smalk scale installations#Smallscaleinstallations by-
installation-year.

5 AEMO, Maintaining Power System Securityith High Penetrations of Wind and Solar Generation: International Insights for Australctober 2019, at
https://www.aemo.com.au/energy systems/Maja- publications/Renewable Integration- Study-RIS

SAEMOG s ElecoidtyStatement of Opportunitie€ESOQ forecasts currently under development will provide revised DER uptake forecasts taking into
account these recent observed trends. The impacts of@VID-19 will also be considered, particularly the potential impact the pandemic is having and may
continue to have on customer installations.
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Figure 1 Historical and projected installed DPV capacity in the NEM
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Figure 2shows the totalNEM system demand for each hakthour period plotted against DPV generation for

the last year(2019, and projected under the Draft 2020 ISPCentral and Step Changegeneration builds for
2025.

Figure 2 Historical (2019) and projected (2025) half-hourly instantaneous penetration of ~ DPV generation
NEM-wide
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Penetration values on this graph represent noroverlapping half hourly DPVgeneration divided by the total underlying demand across
the NEM during the same halfhours.

This showsthat the increase in installed DPV capacitis forecast to drive up both the maximum half-hourly
DPV penetrations andthe frequency of high DPV penetration events:

1 In 2019DPVwas alreadyat times supplying 25% of underlying demand in the NEM

1 By2025, theDraft 2020 ISP Centrascenarioforecastassumes enough installed DPV that it could at times
meet 41% of NEM demand.

1 Under the Draft 2020 ISPStep Changescenarig enough DPV is assumed to be installed tha50% of NEM
demand could be met by DPV for certain hakhour periods.
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Figure 3and Table 2show that projected DPV penetration levelsare even higheron a regional basis,
particularly for South Australiawith prospects of DPV at times supplyingup to 85% oft he ent i r e
demand by 2025.

Figure 3 Historical (2019) and projected (2025) half ~ -hourly daytime instantaneous penetration of DPV
generation and duration curves by NEM region
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Table 2 summarisesmaximum instantaneous penetrations for all regions for 2019 angdrojections under the
Draft 2020 ISPCentral and Step Changescenarios for 2025.

Table 2 Historical (2019) and projected (2025) maximum instantaneous penetration of distributed solar
generation for each NEM region

Maximum Historical (2019) Projected (2025, ISP scenario)

instantaneous DPV

penetration (%) Actual Central Step Change
68 85
45 66
45 57
33 48
14 21

© AEMO 2020 | Renewable Integration Study Stage 1 Appendix A: High Penetrations of Distributed Solar PV 18

regi ol



A2.3.2 Impact of passiveDPVgeneration on power system operation

The passive nature of the majority” of the DPV fleet in the NEM today is _ _

beginning to pose challenges to both distribution network and bulk The passive operation of DPV
eginning p ) 9 ) ) i i ) systems is characterised by three

power system operation especially in regions with higher DPV uptake main attributes:

relative to local load

Performance: how they
respond to fluctuations in the

As outlined in the RIS International Reviefy experience fom other power system. DPV generation

jurisdictions indicatesa typical trajectory of systemchallenges is not subject to the same grid
(summarised inFigure 4) with increasing penetrations ofpassive DPV support and disturbance
— withstand requirements as
generation: large -scale generation.
1 Atlow levels, passiveDPV participation is not necessarily a problem Visibility : how visible their
and is relatively easily accommodated within the distribution network UL [ 1) SRAE ERE T,

Given their location behind

the meter, generation from
most of the DPV fleet today is
not visible in real time to DNSPs

with little restriction or intervention.

1 As penetrations increase or concentrate in certain areas, limitations

first arise within the distribution network, typically voltage or AEMO.

management As DPV generationclusterscontinue to grow, they Controllability : whether they
eventually impact thedistribution-transmission interfacein the can respond to instructions
co-ordination of voltage control devices and the management of eI SETEN GRERETDS 1D

adjust their output. In contrast
to large -scale generation,

. L . most DPV generation cannot
1 Once penetrations have becomesignificantat the regional level,the currently be curtailed by

inability to see and actively manageDPVimpacts almost all core duties DNSPs or AEMO, even under
of the power system operator, including managing the supply-demand extreme abnormal system
balance in real time, system stabilityand recovery and restoration condifions

following major system events.

transmisson level congestion due to reverse flows.

Figure 4 Typical trajectory of system  challenges associated with increasing penetrations of passive DPV

r

>

Bulk system
Operation

Core duties of the bulk operator are impacted with h
including: system balancing,
stability, rec and restoration following major system events.

Low levels of passive DER participation is not typically a problem
and relatively easily accommodated within the distribution network
with little restriction or intervention.

Increasing penetration of passive DER

Each NEM region is at different points along thisrajectory today. The DPV penetrationutlined in
SectionA2.3.1suggest that all NEM regions will continue to progress along this trajectorylhis report
examines the technical challenges that will arise as this trajectory takes place over the next fivasse The
secure integration of DPV generation into the future will require DPV to transition from a largely passive fleet
to a more active participant in the power systemd operating in a way that better aligns with both the
distribution network and the bulk power system.

7 Some larger DPV systems have controllability through DNSP Connection Agreements; for example. SA Power Netw(84PN) requires SCADA monitoring
and curtailment for generating systems above 200 kW. For more sebttps://www.sapowernetworks.com.au/public/download.jsp?id=9565

8 At https://www.aemo.com.auk/media/Files/Electricity/NEM/Security _and_Reliability/FuturEnergy Systems/2019/AEMGRIS International- Review Oct-
19.pdf
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A3. Distribution network
challenge s

Key insights

9 Distribution networksin the NEM are beginning to experience technical challenges associated with
increasingpenetrations of passive DPV generationThe scale and nature of these challenges dédr
across networks, depending on penetration levels and specific local network factobait are generally
more significantin regions with higher DPV penetrations relative to local load and network capacity,
such as South Australia and Queensland.

91 All DNSP have startedto experiencevoltage managementchallengesin their LV networksin
locations with sufficiently large clustersof installed DPV capacity.

1 DNSPs aramplementing a range of measures toimprove DPV hosting capacity within their networks

0 Network strategies & remediating and reconfiguring network assets, augmenting network capacity
and flexibility to securely accommodate the impact of theDPV generation profile.

0 Behind-the-meter strategies & reconfiguring settings or limiting export from DPV systems and
activating ot her DER in the LV networ k, sDIPPV h
generation in the daytime.

T DNSPsd ability t OPVadnéraiantsiseveecly famperd by @ lack dfvesibility of
the LV network . Most are undertaking measures to improve visibility of locations with higher
penetrations.

1 From the bulk systemperspective AEMO expectshe growth in regional DPV generation to continue
as uptake continuesto grow, and DNSPsimplement such measures

A3.1 | mpact of soilPERMni dusedi buti on ne
operation

Distribution networks were historically designed for the one-way transfer of electricity generated from
centralisedsuppliesto customers.They arecomprised of feeders (overhead lines or underground cables) and
substationsthat successively transform power to lower voltages suitable fdransport and end use.

A schematic representationof key elements ofa distribution network is shown inFigure 5 highlighting
substation voltages and illustrating terminology used by DNSPsand key terms referenced in this section.
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Figure 5 Schematic representation of the distribution network
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DPVgeneration in the NEM is dominated by residential installations in the LV network, with some larger,
commercial installations connected at themedium voltage (MV) level. As more DPV capacityis installed local
generation eventually offsets demand to the point where power flows on the LV feeders are reversedt
times. By introducing electrical flows in the other direction, increasing penetrations dDPV generation result
in severalintegration challenges within the distribution network summarisedin Table 3below.

Table 3 Impact of DPV generation on distribution network operation

Voltage management

Thermal ratings

Protection coordination

A3.2 Current

Managing customer voltages within
an allowable range and quality of
supply.

Maintaining electrical flows within
permissible loading levels of network
elements.

Effective operation of protection
schemes

DPVexport into the grid resulting in lower load on feeders
and consequentialvoltage rise in the middle of the day
DNSPs mustlso still manage voltage drops during the
evening load peak Voltage must be kept within allowable
limits for an increasinglywider range of scenarios.

DPVgeneration at the LV networkintroduces reverse flows
on feeders and transformers. Where thidi-directional
cycling on distribution assetsdoes not allow some lighter
loading periods, the thermal limits of plant may be
exceeded,impacting service life.

DPVintroduces fault current in the reverse direction
impacting the ability of protection systems tosee or
discriminate between fault locations.

status

Distribution network hosting capacity limits forDPV generation are highly location-specificand depend on

severalfactors, including

1 The DPV generation that is installedd including its performance and mode of operation. This includes:

0 Capability and settingsof inverters, particulay whether smartautonomous grid support functionality
has beenenabled; invertersdcompliance with relevant standardsand DNSP connection requirements

0 Whether the systemis operating passivelyi n

a

0 s e t maanerdr aétively gostioliéd by a

facility-level or home energy management systenor aggregator (responding to price signals not
necessarily aligned with distribution network needgs

1 Local load profile ¢ including how local demand compares toDPV generation and the extent to which

they match.
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0 Commercial loads that operate during the day may act as local sinks to excess generation frobPV,
while residential load profilespeak in the morning and evening, exacerbatingreverse flows andthe
range of power flows that need to be managed.

1 Physical and electrical network characteristics @ including local network capacity and impedance.

0 Central business district€CBD and many suburbannetworks are more interconnected, span shorter
distances withhigher load density and lower impedance and canaccommodate more DPV generation
than long radial rural feeders

Current installedDPV capacity across NEM DNSPand aggregated summary statistics of thephysicalfactors
impacting hosting capacity, are shownin Figure 6below. It is important to note that such statistics are
indicative only, asthere is substantial variation in operating environments within each DNSP arerhich is not
necessarily reflected completely irsuch aggregated network-wide measures

Figure 6 Distributed solar PV penetration within each NEM DNSP and other metrics that impact hosting
capacity
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per customer transformer capacity LV line length Customer location
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Source:AEMO analysis oDNSP responses to AERegulatory Information Notices for2018and DNSP2019Annual Planning Reports

To gain a better understanding oftechnical challenges with integrating increasing levels of DPV generation
within the distribution networks, AEMO surveyd DNSP planning documents and engaged with DNSPs over a
series of workshops in June 2019.able 4setsout the issues that havebegun to emerge in each DNSP
franchise areg and summarisesthe issuesidentified in this process

The extentof integration challenges being experienced by each DNSP is specific to theize and location of
PV clusters within their networksrelative to physical networkcharacteristicsand load. Currently, South
Australia and Queensland are experiencing the most significant challenges due to their highPV penetration
levels exacerbated by these areas also having generally lower network capacity and higher impedance.

These issues are explained in more detail iBectionA3.3.
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Table 4 Summary of DPV integration issues experienced by DNSPs

NSW/ACT TAS

sa| ab |

SA Power
Networks
Ergon
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CitiPower
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E DPV inverter seftings ° L] [] L] [] L] [] L] ] [ ] [ ] ]
o Customer premises
.E Under voltage ° ° [ ] ° [ ] L]
[}
& Other power quality . . . . . L)
Voltage regulation ° ™ ® . ® . ] ) ] ° L] ° L]
LV feeder Phase balance ™ . . . . ® . . . . ]
= Thermal capacity . ° ® . ® . ® ° ° °
Dishibution substation | TaP sefiing i I 0 . 0 0 L .
fransformer Thermal capacity ° ™ ° . ° . ° ° °
Voltage regulation . . ® ]
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- Thermal capacity . N .
=
fransformer Voltage set point . ™ ° . ° ° ° °
Sub frans. transformer Voltage set point ™ ™ ° ° . .
Low background fault level ° ® °
Protection
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+ indicatesthe DNSP has started to experiencéhe issuein parts of their network or planning for it to arise under current DPV
projections. It does not provide any indication of materialityacross the DNSB network.
Source: AEMO analysis of DNSP 2019 Annual PlannRgports, workshops with DNSPs in June 2019

A3.3 Summartye cohfni c al chall enges

A3.3.1 Voltage management

DNSPs are responsible for maintaining voltages at customer premises within required limits. In doing so, they
must also regulate voltages throughout their networks to acceptable limits for safe and secure operation.
Across the NEMdistribution networks today, this is achievedas follows:

1 Tapchanging®between transmission voltageslfigh voltage [HV] and above) are normally automatically
controlled.

Zone transformersare fitted with online tap changers to keep the voltage output of the transformer
relatively constant by compensating for voltageand load changes on thehigher voltage side.

]

=

Some tap changer control schemes also compensate fdhe variable voltage drops along the lower
voltage feeders caused by load variation§ k nown as o0l ine drop compensationo

Distribution transformers are normally fixed tap meaning they are set in a static fashion and cannot
dynamically adjust their operation withloading on the LV circuits. To ensure cusbmers are supplied at a
reasonably steady voltage, the settings of the fixed tap transformers are designed for their location along
the MV feeder and the expected range of customer loads in the area

=

9 Refer toFigure 5in SectionA3.1for a schematic representation of distribution network elements.

1°Transformers are used for increasing low AC voltages at high current (a stayp transformer) or decreasing high AC voltages @low current (a step-down
transformer). 'Tap changing' refers to the mechanism which allows this voltage transformation to be selected in distinct sgegnd can be online/on-load
(dynamically adjust with network loading) or offline/ncload (statically setin a fixed position).
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1 Linevoltage regulators'*may also be used at strategicdcations along long MV feeders to regulate the
supply voltages these can also include some linedrop compensation.

Until recently, the distribution network has been designed and operated to manage voltage drops associated
with serving load, notvoltage rise associated with local generatio®? This means that during lowloading
conditions, maximum voltages may already be close to the allowable limits. Local generation, causing a
voltage rise, may then result in the maximum voltage limits being vidhted. In the absence of other measures,
this is one factor contributing to the LV network being able to accommodate significantly less generation
compared to the maximum amount of load that it can supply.The use of line drop compensation is one tool
that can be used to manage this, butbecausea zone substation transformer can supply numerous MV
feeders line drop compensation can be difficult to implement in practice.

Low voltage during peak demand is still a significant challenge for networkusinessesWith increasing levels
of passive solar generation, networks are now requiretb manage both extremes. This is experienced at the
LV feeder level where increasingDPV penetration increases the dynamic range of power flows between peak
demand and peak exprt and the rate at which the system can swing from one end of this range to the other
given distribution transformers are normally fixed tap

Bxcluding Victoria, NEM DNSPs have little to no visibility of their LV networksmeaning they cannot monitor
LV network voltages in realtime. Accordingly, wltage issues are typically first identified through customer
complaints, however, most DNSPs are undertaking measures to improve their visibility of the LV assetsl
DNSPs indicated they have started to experience an increase in quality of supply complaints in highaPV
penetration parts of their LVnetworks. These aremost commonly voltage rise, flickeyother power quality
issues,and DPV systemdisconnection.In several cases, complaints associated with high voltageow exceed
those associated witha historical prevalence of complaints associated witltow voltage, sometimes initially
identified by customers through poor performance of appliances

Another voltage management challenge several DNSPs are experiencing is the uneven allocation of PV
installations (and loads) within thé LV network Thisresults in unbalanced voltages across the three phases
resulting in unbalanced load flow andreduced efficiency d three phase equipment that is connected. In the
most extreme case, if all PV installations on an LV network are connected to the same phase, the resultant
voltage rise would be in excess of three times the balanced scenario.

Mitigation approaches
To manage voltages across networksDNSPs have begun to:

1 Require reactiveresponsecapability enabled for new solar PV installationto mitigate the voltage impact
of PV generation

1 Rebalan@ connections such thatDPV and loadis evenly distributedacrosseach phase in the LVnetwork.
Several DNSPs considethis to be the first considerationwhen addressing LV network voltage rise.

1 Lower zone substationMV voltage setpoints

1 Adjust distribution transformer and zone transformer aip settings. In some instances, there may be
insufficient tapping range to achieve the required voltage levels on the higher voltage side of the
transformer.

T Trial distribution tr anosafdo rtmaepr sc hwai ntghi naguét ocnsiapicai bci | oi ot ny
synchronous compensator STATCOM technology.

1 Trial dynamic voltage managementcontrol schemes utilising some fom of LV network monitoring in the
setting of zone substation target voltage.

1A voltage regulator is a system that automatically maintains a constant voltage level for any changes to the input voltage load conditions.
12Voltage along an LV feeder will generally decrease during high load periods and increa during low load, high local generation periods.

13Discussed further inSection A3.4.3.
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Case study | AusNet Services voltage management implicati ons of DPV generation

AusNet Services and the other Victorian distribution businesses have a level of visibility other NEM DNSPs do not have, thhou

their Advanced Metering |Infrastructure (AMI) or &6smart met

Seavices to achieve a widespread and granular understanding of the impact of residential DPV generation on their LV assets.

Figures7 and 8, extractedby AusNet from its AMI data analytics platform, illustrate the impact of DPV generation on the voltage
profile for a particular distribution transformer for different two-day periods:

9 Figure 7 highlights the voltage rise associated with DPV generation export from customers in the middle of the day.

9 Figure 8 highlights the voltage swings associated with managim both DPV generation export in the middle of the day and
increasing load into the evening peak.

The level of visibility available to AusNet from its smart meter fleet has allowed it to proactively plan for future netwodapacity
requirements to support the projected volume of DPV connections in their network in the future, balancing the costs of doing so
against customer expectations for export.

Figure 7 Voltage rise on an LV feeder during peak DPV generation periods in the daytime
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Provided by AusNet Sevices to AEMO in April 2020.
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Figure 8 Voltage swings on an LV feeder associated with peak DPV generation and peak demand
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Source:Provided by AusNet Services to AEMO in April 2020.

A3.3.2 Thermal capacity

Each element of the distribution network is characterised by a maximum currestgarrying capacity.DPV
generation alters current flows in the network, which may lead to violation of the loading levels of network
elements, especially under maximum generatiomnd minimum load conditions. Such situations may occur
more frequently asDPV penetrations grow, owing to the relative lack of diversity of peakDPV generation
times, compared to peak load:

1 Customer loads vary considerably throughout the day and year, anthe periods of maximum demand
occur whenindividual customer loads coincide. In most of the NEM, maximum loading conditiongypically
only occur for a few hours in a year during the summer evening peak.

1 By comparison,generation from DPV systemsin a local area willall peak at the same time in the middle
of the day. High solar production often occurs from late spring until early autumn and is often coincident
with low demand conditions.

SeveralDNSPs are projecting.V network thermal capacity canstraints to emerge in the near futureas DPV
generation clusters continue to grow exacerbated by therelatively low diversity ofDPV exports compared to
load diversity. In addition, the trend in increasingaverage DPV system sizesneans thata household& DPV
export can exceedits load requirements.

Mitigation approaches

To managethermal capacityissues, DNSPs have begun to:

1 Augment LV networkthermal capacity, by adding new distribution lines and feeders

1 Replace (or reconductor) distribution lines or parts of their MV networks to increasefeeder capacities

1 Install network storage at wellplanned locationswith charging and dischargingcontrolled based on DPV
generation to manage network loading within limits.
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Case study | Er gon 0 ldénwmbe n &

Ergon identified increasingDPV penetration within its LV networks. BecauseDPV operates behind the meter, it is more challenging
to identify underlying load growth, as additional daytime load can be offset by local generation. This becomes appareifitDPV

systemsever suddenly and unexpectedlyreduce their output or stop generating.

Figure 9

Ergon Dundowran feeder: storm  event example

6000 T ———

5000

19/01/2015 - Hot storm day with
evening temperature drop

4000 +————————————————————————— L

<
3 3000
2000

1000

S 2222222222222 2=222=22=2223:2

R R T T T G S R T T e e e - - - S - -

N =S N M s N O™~ 000 NSNS N W NS0 0O o

— N o — -
Time

Figure 9 shows an exampleof the impact of an
afternoon thunderstorm on PV generation (in
green) resulting in the full customer load
needing to be supplied from the network. This
sudden change can result in large and rapid
variations in energy flows in the LV nevork. In
this instance, the net result was a peak demand
event in the early afternoon that was higher than

t he
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As networks aredesigned for sypplying the
maximum demand, increasing penetrations of
intermittent embedded generating units will
significantly increase the complexity of planning
and operating networks.

Extreme ret load volatility eventscould result in
excessive voltge swings, overloading of components, protection operation issuesor loss of supply if not appropriately managed.

Data from Ergon Energy, Distribution Annual Planning Report 20180 to 2023-24, December 2019, abttps://www.ergon.com.au/network/network-
management/future-investment/distribution-annuak planning-report.

A3.3.3

Protection coordination

Distribution LV feeder protection is based around the oncept of a single direction of power flow. By
introducing current flow in the reverse direction, hcreasingDPV generation can impactthe protection
systent® ability to detect faults. The DPV contribution may reduce fault currentto below the pick-up current

of the relay, resulting inthe protective devicesbeinguna b | e

protection zone.

t o

reach

the 6di stancedd

Several DNSPs identified protection coordination issuds their LV networksassociated withprotection
schemes not being able tosee or discriminate between fauliocations, leading to increased clearing times or
excessive customeinterruption. Reversal of power flows in the network may have a negative effect on certain
types of tap changers and on tke operation of voltage control schemes.For example older voltage regulating

relaysmay not be bidirectional.

Mitigation approaches

To man

age this issue, DNSPs have begun to:

1 Reconfigureand upgrade network components to accommodate changingfault level requirements.

1 Upgrade protection and/or modify protection settings.

1 Apply modified and improved voltage control schemes inHV and MV substations line voltage regulators,

and

A3.4

switched capacitors.

|l nt egr @i som P ttehd n  ahi

DNSP strategies to increase the DPV hosting capacity of their networks span two dimensions: network and
behind the meter, as shown inFigure 10and explainedfurther below the figure:

sitent whohwutkiso
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1 Network strategies include remediating and reconfiguring network assets, augmenting network capacity
and flexibility to securely accommodate the impact of the DPV generation profileSectionA3.4.1provides
further detailed examples.
1 Behind-the-meter strategies include reconfiguring settings or limiting export from DPV systems and
activating other DER in the LV network, such asloadshad st or age devices, to 06soak
generation in the daytime. SectionA3.4.2has more detailed examples.
AsFigure 10s hows, strategies across these two di mensions r
more active measures allowing dynamic adjustment depending on prevailing loa®PV generation conditions

a

at any given time.

Figure 10  Measures to improve distribution network DPV hosting capacity
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LV network visibility is a key enabler for DNSPs to be able to efficiently implement measures across both of
dimensions. This is summarised irand discussed further inSectionA3.4.3

Figure 11 Role of LV network visibility in enabling efficient improvement in distribution network DPV hosting

capacity
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© AEMO 2020 | Renewable Integratbn Study Stage 1 Appendix A: High Penetrations of Distributed Solar PV 23



A3.4.1 Network strategies

Network measures toincreaseDPV hosting capacityinclude:

1 Remediation and r econfiguration of network assets & mostly low-cost incrementalremediation
measuresto assist inmanaging LV network voltageswithin the allowable range including:

0 Rebalancing customer connections acros&V phases(phase balancing) andshifting open points in the
LV network to better match DPV generation and load.

0 Adjusting distribution transformerstap positions.
0 Tap changing or adjusting set points on zone substation trasformers.

1 Augmenting network capacity @ typically more lumpy network investments to accommodateeven
higher DPV generation, including:

0 Uprating distribution transformer capacity.

0 Reconductoring LV feedersand/or splitting LV feeder lengths with an additional distribution
transformer.

1 Automatic regulation devices & can automatically adjust operation basedon grid conditions, including:
0 Distribution transformersfitted with automatic on load tap changing (OLTC)capalbility.

0 Automatic LV feedervoltage regulation through in-line LV regulators and STATCOMat the end of
long LV circuits

1 Network storage 0 grid-scale storage celocated with distribution and zone substation transformers.

1 Operational flexibility d¢measures to enhance 6grid intelligenced al
respond to underlying load and DPV generation conditions, including:

0 Advanced network management systems
0 Intelligent devices and metering enabling remote switching and dynamic control.

An indication of the hosting capacity improvements possible from these measures ghownin Figure 12
published by the Queensland DNSPs

Figure 12 Network remediation options to address varying levels of distributed PV penetration

Source: Ergon and Energex 2019 Distribution Annual Planning Reprt

DNSPs will generallymplement the most efficient solutiondepending on the particular LV network situation
and other factorsin line with their asset management strategiesincremental remediation and augmentation
could address more immediate hosting capacity limitsbut may not be the most efficient long-term solution if
DPV generation is projected to continue increasing More dynamic options (such asan OLTC distribution
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