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A1. Appendix A summary  

This Appendix to AEMOõs Renewable Integration Study: Stage 1 report1 provides additional technical detail 

related to the overview information in Chapter 3 of that report. 

A1.1 Overview 

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 from 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 to adequately manage 

system security matters.  

The significant majority of the DPV fleet is currently passive, meaning that it is uncontrollable, and invisible to 

the system operator (behind the meter and unmonitored in real time). 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 power 

system operation, especially in regions with higher DPV uptake relative to local load. 

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

A1.2 Distribution network challenges 

¶ Distribution networks in the NEM are beginning to experience technical challenges associated with 

increasing penetrations of passive DPV generation. The scale and nature of these challenges differ across 

networks, depending on penetration levels and specific local network factors, but are generally more 

significant in regions with higher DPV penetrations relative to local load and network capacity, such as 

South Australia and Queensland. 

¶ All distribution network service providers (DNSPs) have started to experience voltage management 

challenges in their low voltage (LV) networks in locations with sufficiently large clusters of installed DPV 

capacity.  

¶ DNSPs are implementing a range of measures to improve DPV hosting capacity within their networks:  

ð Network strategies  ð remediating and reconfiguring network assets, augmenting network capacity 

and flexibility to securely accommodate the impact of the DPV generation profile. 

ð Behind-the-meter strategies  ð 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 ôsoak upõ excess DPV generation in the daytime.  

¶ DNSPsõ ability to effectively integrate DPV generation is severely hampered by a lack of visibility of the LV 

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. 

https://www.aemo.com.au/energy-systems/Major-publications/Renewable-Integration-Study-RIS
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¶ From the bulk system perspective, AEMO expects the growth in regional DPV generation to continue as 

uptake continues to grow, and DNSPs implement such measures. 

A1.3 Bulk system challenges 

As penetrations of passive DPV continue to increase and become significant at the regional level, the 

aggregated impact affects almost all core duties of the bulk system operator in some way, due to: 

¶ An increasingly 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 of DPV systems.  

¶ The ongoing reduction in the daytime system load profile due to continued growth in distributed 

solar generation , contributing to : 

ð Reducing availability of stable load blocks necessary for the effective operation of emergency 

mechanisms such as emergency frequency control schemes and system restart. 

ð Reducing system demand, potentially to the point of insufficient load to support minimum 

synchronous generation levels necessary for system strength, inertia, frequency control, and other 

services required for system security. 

ð Reducing load at transmission network connection points serving locations with high DPV generation 

relative to load, introducing voltage control challenges in the daytime. 

¶ An increasingly large source of variable generation , resulting in increasing ramps associated with daily 

diurnal solar profile at the regional level, and faster, less predictable ramps in significant PV clusters at the 

sub-regional level due to cloud movements. 

¶ An increasingly 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 AEMO even 

under extreme, abnormal system conditions. 

Due to its relatively high DPV penetration and low load base, the passive nature of DPV is already affecting 

bulk system operation in South Australia today. Under current DPV uptake projections, these issues will also 

be increasingly prevalent in other NEM regions by 2025. 

A1.4 Summary of actions 

The actions listed in Table 1 are supported by this report. Section A5 has a detailed 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 aggregate performance of the DPV 

fleet is becoming increasingly critical as 

penetrations increase. Without action, the 

largest regional and NEM contingency 

sizes will increase due to DPV 

disconnection in response to major system 

disturbances. 

2020-21: AEMO to fast-track requirement for short duration voltage disturbance 

ride-through for all new DPV inverters in South Australia (and Western Australia, 

with other NEM regions encouraged) and investigate need for updating existing 

DPV fleet to comply with fast tracked short duration voltage disturbance ride-

through requirement. 

¶ Section A4.1: Sets out the impact of 

plausible DPV disconnection behaviour on 

contingency sizes and the impact on power 

system security.  

¶ Section A3.4 and A4.5: Considers the role 

of autonomous grid support functionality 

from DPV inverters in assisting to manage 

distribution network and bulk system 

challenges associated with increasing DPV 

generation.  

¶ Section A5.1.1 Discusses this action in more 

detail. 

Action  3.1  

2020-22: AEMO to collaborate with industry, through Standards Australia 

committee, to progress update to national standard for DPV inverters 

(AS/NZS 4777.2) to incorporate bulk system disturbance withstand and 

autonomous grid support capability. 

Action  3.2 

Governance structures for the setting of 

DER technical performance standards, and 

enforcement of these standards, are 

inadequate. Currently there is: 

¶ No formal pathway to ensure power 

system security and other industry 

requirements are accounted for within 

technical standards set by consensus. 

¶ Inconsistent compliance with technical 

performance standards across the DPV 

fleet today and a lack of clarity around 

enforcement. 

2020: AEMO to collaborate with the ESB, Australian Energy Regulator (AER), 

AEMC, and industry to: 

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

for DER in the NEM (with similar reforms to be proposed for Western Australiaõs 

SWIS) covering aspects including power system security, communication, 

interoperability, and cyber security requirements.  

¶ Develop measures to improve compliance with new and existing technical 

performance standards and connection requirements for DPV systems, 

individual DER devices, and aggregations in the NEM (and SWIS). 

 

¶ Section A5.1.2: Discusses this action in 

more detail. 

Action  3.3 

System dispatchability is decreasing as 

invisible and uncontrolled DPV increases to 

levels not experienced elsewhere globally. 

In 2019, South Australia operated for a 

period where 64% of native demand was 

supplied by DPV; by 2025, all mainland 

NEM regions could be operating above 

50% at times.  

2020-21: AEMO to collaborate with industry to: 

¶ Mandate minimum device level requirements to enable generation shedding 

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

Western Australia encouraged).  

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

aggregators could implement this as soon as possible. 

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

generation shedding requirementsA. 

¶ Section A4.2 Sets out the need for 

curtailment capability for some portion of 

the DPV fleet during extreme, abnormal 

system conditions. 

¶ Section A5.2: Discusses this action in more 

detail.  

Action  3.4 
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Challenge  Proposed action  Reference to this appendix  Reference to 

main report  

2020-21: AEMO to collaborate with DNSPs to establish aggregated predictability 

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

consistent real-time SCADA visibility for all new commercial scale (> 100 kilowatt 

[kW]) systems. 

¶ Section A3.4.3 Discusses the importance of 

enhanced DPV generation visibility and/or 

predictability for improving distribution 

network hosting capacity and secure bulk 

power system operation.  

¶ Section A5.3 Discusses this action in more 

detail. 

Action  3.5 

A. For the purposes of maintaining adequate levers for secure system operation in abnormal operating conditions during high DPV generation periods, AEMOõs work to date has found: 

¶ Generation shedding capability as a òback-stopó measure is essential. This is required in addition to ongoing investment in storage and development of distributed markets for daily efficient market 

operation. 

¶ When it is required, the necessary change in the supply-demand balance that needs to be managed could be very large and increasing as DPV generation continues to grow. 

¶ Harnessing load and storage flexibility may reduce the amount of DPV generation shedding necessary. However, given uncertainties in the availability of this flexibility in real time, this does not remove 

the need for the generation shedding capability to be available in the first place. 
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A2. Introduction  

A2.1 Scope and structure of this Appendix 

The structure of the Appendix is as follows: 

¶ Section A2 provides a summary on the context of DPV in the NEM and presents forecasts for its continued 

growth.  

¶ Section A3 provides a snapshot view of the current challenges that are being experienced by DNSPs from 

increasing amounts of DPV on their networks.  

¶ Section A4 details the challenges that are forecast to be experienced at the bulk system level with 

unrestricted, uncoordinated, and uncontrolled DPV. This section also considers the forecast penetration of 

DPV and overlays the various impacts identified, to visualise how challenges might emerge in each region 

of the NEM. 

¶ Section A5 considers the interdependencies around distribution and transmission level challenges, to 

combine these learnings to provide a number of key actions that will support customers and DNSPs, and 

allow AEMO to continue to manage the power system in a secure and stable operating state. 

This Appendix and the case studies focus on the NEM regions that are most susceptible out to 2025. Without 

any actions, many of these issues are forecast to have impacts on other regions in the NEM and Western 

Australiaõs South West Interconnected System (SWIS).  

This study is focused on the system limits to distributed, passive solar PV, due to its high levels of uptake and 

expected ongoing growth. AEMO acknowledges that other emerging DER may also create potential 

challenges if their integration is not properly managed. However, if integrated effectively, these technologies 

can help address the system challenges associated with DPV and increase overall system flexibility. AEMOõs 

DER Program2 has been established to address the effective market and technical integration of DER into the 

electricity system. 

A2.2 Objectives of this study 

The study reported in this Appendix looks specifically at power system challenges during operation with high 

penetrations of passive DPV.  

The study aims to form a view on the various system limits DPV will encounter as its penetration increases 

across the network, and the extent to which these limits may constrain PV export into the broader distribution 

and transmission systems.  

The key objectives are to: 

¶ Gather a snapshot of the current challenges being experienced by DNSPs due to the increasing uptake of 

passive DPV. 

¶ Identify and evaluate the future limits to increasing that DPV generation in the bulk system and provide a 

perspective on how NEM regions might experience these issues by 2025. 

 
2 For more about AEMOõs DER Program, see https://www.aemo.com.au/initiatives/major-programs/nem-distributed-energy-resources-der-program. 

https://www.aemo.com.au/initiatives/major-programs/nem-distributed-energy-resources-der-program
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¶ Consider possible means of managing these challenges to define possible solution frameworks. By 

identifying the challenges across operational environments, this study seeks multi-faceted solutions 

delivering efficient outcomes. The solutions proposed will consider customer, distribution, transmission, 

and bulk system needs, while respecting the timeframes and frequency of the challenges identified. 

A2.3 Background 

In the context of this study, DPV includes all grid-connected solar 

installations that are not part of central dispatch. AEMO classifies these 

devices under the following groupings: 

¶ Rooftop PV  captures systems up to 100 kilowatts (kW) in size, with 

systems up to 10 kW labelled residential and systems from 10 kW to 

100 kW labelled commercial. 

¶ PV non-scheduled generators (PVNSG) refers to systems larger 

than 100 kW and smaller than 30 megawatts (MW)3 (the current 

threshold for semi-scheduled status).  

DPV falls within the broad class of DER located behind the customer 

meter. This report is focused specifically on the implications of increasing 

levels of DPV on the power system, because it is the dominant form of 

DER in the Australia today, and given the high (by global standards) 

levels of uptake and projections for this growth to continue.  

Other forms of DER ð such as storage and electric vehicle charging, and 

demand response ð can also assist by ôsoaking upõ excess DPV 

generation in the daytime, but could also create their 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 decade, from fewer than 100,000 

systems in 2010 up to over 2.2 million by the end of 20194. Some parts of the county are now at world-leading 

installation levels5. 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 AEMOõs Draft 2020 Integrated System Plan (ISP) Central and Step Change scenarios in 2025. The recent 

development of DER since the projections were developed has trended towards the higher 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 levels6.  

Figure 1 shows historical and projected DPV uptake in the NEM, under AEMOõs Draft 2020 ISP Central and 

Step Change scenarios.  

 
3 This is generally 5 MW but more commonly 30 MW. AEMO allows an exemption of generating systems (except battery storage) with a total nameplate 

rating of at least 5 MW but less than 30 MW, to register as a Generator, but must apply for an exemption. See https://www.aemo.com.au/-

/media/Files/Electricity/NEM/Participant_Information/New-Participants/Generator-Exemption-and-Classification-Guide.docx. 

4 See http://www.cleanenergyregulator.gov.au/RET/Forms-and-resources/Postcode-data-for-small-scale-installations#Smallscale-installations-by-

installation-year. 

5 AEMO, Maintaining Power System Security with High Penetrations of Wind and Solar Generation: International Insights for Australia, October 2019, at 

https://www.aemo.com.au/energy-systems/Major-publications/Renewable-Integration-Study-RIS. 

6 AEMOõs 2020 Electricity Statement of Opportunities (ESOO) forecasts, currently under development, will provide revised DER uptake forecasts taking into 

account these recent observed trends. The impacts of COVID-19 will also be considered, particularly the potential impact the pandemic is having and may 

continue to have on customer installations. 

Distributed energy resources  (DER) 

comprise devices and capability 

behind the meter that offset  or shift 

individual customer demand, 

including:  

¶ Generation: both renewable 

(such as  rooftop solar, wind 

turbines, biofuels) and non -

renewable ( for example,  diesel 

generation) . 

¶ Demand response: sh ifting or 

activating loads at certain 

times, for example, pool pumps, 

hot water systems , and 

appliances such as air -

conditioners . 

¶ Storage: including batteries, 

thermal storage, and electric 

vehicle charging.  

https://www.aemo.com.au/-/media/Files/Electricity/NEM/Participant_Information/New-Participants/Generator-Exemption-and-Classification-Guide.docx
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Participant_Information/New-Participants/Generator-Exemption-and-Classification-Guide.docx
http://www.cleanenergyregulator.gov.au/RET/Forms-and-resources/Postcode-data-for-small-scale-installations#Smallscale-installations-by-installation-year
http://www.cleanenergyregulator.gov.au/RET/Forms-and-resources/Postcode-data-for-small-scale-installations#Smallscale-installations-by-installation-year
https://www.aemo.com.au/energy-systems/Major-publications/Renewable-Integration-Study-RIS
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Figure 1  Historical  and  projected  installed DPV capacity in the NEM   

 
Source: Clean Energy Regulator (actual) and AEMO Draft 2020 ISP Input and Assumptions Workbook (forecast). 

Figure 2 shows the total NEM system demand for each half-hour period plotted against DPV generation for 

the last year (2019), and projected under the Draft 2020 ISP Central and Step Change generation builds for 

2025.  

Figure 2  Historical  (2019) and projected (2025) half -hourly instantaneous penetration of DPV generation 

NEM-wide  

 
Penetration values on this graph represent non-overlapping half hourly DPV generation divided by the total underlying demand across 

the NEM during the same half-hours. 

This shows that the increase in installed DPV capacity is forecast to drive up both the maximum half-hourly 

DPV penetrations and the frequency of high DPV penetration events:  

¶ In 2019, DPV was already at times supplying 25% of underlying demand in the NEM.  

¶ By 2025, the Draft 2020 ISP Central scenario forecast assumes enough installed DPV that it could at times 

meet 41% of NEM demand.  

¶ Under the Draft 2020 ISP Step Change scenario, enough DPV is assumed to be installed that 50% of NEM 

demand could be met by DPV for certain half-hour periods. 
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Figure 3 and Table 2 show that projected DPV penetration levels are even higher on a regional basis, 

particularly for South Australia, with prospects of DPV at times supplying up to 85% of the entire regionõs 

demand by 2025. 

Figure 3  Historical (2019) and projected (2025) half -hourly  daytime  instantaneous penetration of DPV 

generation and duration curves by NEM region  

 
 

Table 2 summarises maximum instantaneous penetrations for all regions for 2019 and projections under the 

Draft 2020 ISP Central and Step Change scenarios for 2025. 

Table 2  Historical  (2019) and projected (2025) maximum  instantaneous penetration of distributed solar  

generation for each NEM region  

Maximum 

instantaneous DPV 

penetration (%)  

Historical (2019)  Projected (2025, ISP scenario)  

Actual  Central  Step Change  

South Australia  64 68 85 

Victoria  31 45 66 

Queensland  30 45 57 

New South Wales  21 33 48 

Tasmania  12 14 21 
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A2.3.2 Impact of passive DPV generation on power system operation 

The passive nature of the majority7 of the DPV fleet in the NEM today is 

beginning to pose challenges to both distribution network and bulk 

power system operation, especially in regions with higher DPV uptake 

relative to local load. 

As outlined in the RIS International Review8, experience from other 

jurisdictions indicates a typical trajectory of system challenges 

(summarised in Figure 4) with increasing penetrations of passive DPV 

generation: 

¶ At low levels, passive DPV participation is not necessarily a problem, 

and is relatively easily accommodated within the distribution network 

with little restriction or intervention.  

¶ As penetrations increase or concentrate in certain areas, limitations 

first arise within the distribution network, typically voltage 

management. As DPV generation clusters continue to grow, they 

eventually impact the distribution-transmission interface in the 

co-ordination of voltage control devices and the management of 

transmission level congestion due to reverse flows. 

¶ Once penetrations have become significant at the regional level, the 

inability to see and actively manage DPV impacts almost all core duties 

of the power system operator, including managing the supply-demand 

balance in real time, system stability, and recovery and restoration 

following major system events. 

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

 
 

Each NEM region is at different points along this trajectory today. The DPV penetrations outlined in 

Section A2.3.1 suggest that all NEM regions will continue to progress along this trajectory. This report 

examines the technical challenges that will arise as this trajectory takes place over the next five years. 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 system ð 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 Networks (SAPN) requires SCADA monitoring 

and curtailment for generating systems above 200 kW. For more see: https://www.sapowernetworks.com.au/public/download.jsp?id=9565. 

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

19.pdf. 

The passive  operation of DPV 

systems is characterised by three 

main attributes:  

¶ Performance:  how they 

respond to fluctuations in the 

power system.  DPV generation 

is not subject to the same grid 

support and disturbance 

withstand requirements as 

large -scale generation.  

¶ Visibility : how visible their 

output is to system operators. 

Given their location behind 

the meter, generation from 

most of the DPV fleet today is 

not visible in real time to DNSPs 

or AEMO.  

¶ Controllability : whether they 

can respond to instructions 

from system operators to 

adjust their output. In contrast 

to large -scale generation, 

most DPV generation cannot 

currently be curtailed by 

DNSPs or AEMO, even under 

extreme abnormal system 

conditions.  

https://www.sapowernetworks.com.au/public/download.jsp?id=9565
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Future-Energy-Systems/2019/AEMO-RIS-International-Review-Oct-19.pdf
https://www.aemo.com.au/-/media/Files/Electricity/NEM/Security_and_Reliability/Future-Energy-Systems/2019/AEMO-RIS-International-Review-Oct-19.pdf
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A3. Distribution network 
challenge s 

 

Key insights  

¶ Distribution networks in the NEM are beginning to experience technical challenges associated with 

increasing penetrations of passive DPV generation. The scale and nature of these challenges differ 

across networks, depending on penetration levels and specific local network factors but are generally 

more significant in regions with higher DPV penetrations relative to local load and network capacity, 

such as South Australia and Queensland. 

¶ All DNSPs have started to experience voltage management challenges in their LV networks in 

locations with sufficiently large clusters of installed DPV capacity.  

¶ DNSPs are implementing a range of measures to improve DPV hosting capacity within their networks:  

ð Network strategies  ð remediating and reconfiguring network assets, augmenting network capacity 

and flexibility to securely accommodate the impact of the DPV generation profile. 

ð Behind-the-meter strategies  ð reconfiguring settings or limiting export from DPV systems and 

activating other DER in the LV network, such as loads and storage devices, to ôsoak upõ excess DPV 

generation in the daytime.  

¶ DNSPsõ ability to effectively integrate DPV generation is severely hampered by a lack of visibility of 

the LV network . Most are undertaking measures to improve visibility of locations with higher 

penetrations.  

¶ From the bulk system perspective, AEMO expects the growth in regional DPV generation to continue 

as uptake continues to grow, and DNSPs implement such measures.  

A3.1 Impact of distributed solar PV on distribution network 

operation 

Distribution networks were historically designed for the one-way transfer of electricity generated from 

centralised supplies to customers. They are comprised of feeders (overhead lines or underground cables) and 

substations that successively transform power to lower voltages suitable for transport and end use.  

A schematic representation of key elements of a distribution network is shown in Figure 5, highlighting 

substation voltages and illustrating terminology used by DNSPs and key terms referenced in this section. 
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Figure 5  Schematic representation of the distribution network  

 
 

DPV generation in the NEM is dominated by residential installations in the LV network, with some larger, 

commercial installations connected at the medium voltage (MV) level. As more DPV capacity is installed, local 

generation eventually offsets demand to the point where power flows on the LV feeders are reversed at 

times. By introducing electrical flows in the other direction, increasing penetrations of DPV generation result 

in several integration challenges within the distribution network, summarised in Table 3 below. 

Table 3  Impact of DPV generation on distribution network operation  

Issue Requirement  Impact of distributed solar generation  

Voltage management  Managing customer voltages within 

an allowable range and quality of 

supply. 

DPV export into the grid resulting in lower load on feeders 

and consequential voltage rise in the middle of the day. 

DNSPs must also still manage voltage drops during the 

evening load peak. Voltage must be kept within allowable 

limits for an increasingly wider range of scenarios. 

Thermal ratings  Maintaining electrical flows within 

permissible loading levels of network 

elements. 

DPV generation at the LV network introduces reverse flows 

on feeders and transformers. Where this bi-directional 

cycling on distribution assets does not allow some lighter 

loading periods, the thermal limits of plant may be 

exceeded, impacting service life.  

Protection  coordination   Effective operation of protection 

schemes. 

DPV introduces fault current in the reverse direction 

impacting the ability of protection systems to see or 

discriminate between fault locations.  

A3.2 Current status 

Distribution network hosting capacity limits for DPV generation are highly location-specific and depend on 

several factors, including: 

¶ The DPV generation  that is installed ð including its performance and mode of operation. This includes: 

ð Capability and settings of inverters, particularly whether smart autonomous grid support functionality 

has been enabled; invertersõ compliance with relevant standards and DNSP connection requirements. 

ð Whether the system is operating passively in a ôset and forgetõ manner or actively controlled by a 

facility-level or home energy management system or aggregator (responding to price signals not 

necessarily aligned with distribution network needs). 

¶ Local load profile  ð including how local demand compares to DPV generation and the extent to which 

they match.  
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ð Commercial loads that operate during the day may act as local sinks to excess generation from DPV, 

while residential load profiles peak in the morning and evening, exacerbating reverse flows and the 

range of power flows that need to be managed. 

¶ Physical and electrical network characteristics  ð including local network capacity and impedance.  

ð Central business district (CBD) and many suburban networks are more interconnected, span shorter 

distances with higher load density and lower impedance, and can accommodate more DPV generation 

than long radial rural feeders. 

Current installed DPV capacity across NEM DNSPs, and aggregated summary statistics of the physical factors 

impacting hosting capacity, are shown in Figure 6 below. It is important to note that such statistics are 

indicative only, as there is substantial variation in operating environments within each DNSP area which is not 

necessarily reflected completely in such aggregated network-wide measures.  

Figure 6  Distributed  solar PV penetration within each NEM DNSP and other metrics that impact hosting 

capacity  

 
Source: AEMO analysis of DNSP responses to AER Regulatory Information Notices for 2018 and DNSP 2019 Annual Planning Reports.  

To gain a better understanding of technical challenges with integrating increasing levels of DPV generation 

within the distribution networks, AEMO surveyed DNSP planning documents and engaged with DNSPs over a 

series of workshops in June 2019. Table 4 sets out the issues that have begun to emerge in each DNSP 

franchise area, and summarises the issues identified in this process.  

The extent of integration challenges being experienced by each DNSP is specific to the size and location of 

PV clusters within their networks, relative to physical network characteristics and load. Currently, South 

Australia and Queensland are experiencing the most significant challenges due to their high DPV penetration 

levels, exacerbated by these areas also having generally lower network capacity and higher impedance. 

These issues are explained in more detail in Section A3.3. 
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Table 4  Summary of DPV integration issues experienced  by DNSPs 

 
ȶ indicates the DNSP has started to experience the issue in parts of their network or planning for it to arise under current DPV 

projections. It does not provide any indication of materiality across the DNSPõs network.  

Source: AEMO analysis of DNSP 2019 Annual Planning Reports, workshops with DNSPs in June 2019.  

A3.3 Summary of technical challenges 

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 NEM distribution networks today, this is achieved as follows9: 

¶ Tap changing10 between transmission voltages (high voltage [HV] and above) are normally automatically 

controlled. 

¶ Zone transformers are fitted with online tap changers to keep the voltage output of the transformer 

relatively constant by compensating for voltage and load changes on the higher voltage side. 

¶ Some tap changer control schemes also compensate for the variable voltage drops along the lower 

voltage feeders caused by load variations (known as òline drop compensationó). 

¶ Distribution transformers are normally fixed tap, meaning they are set in a static fashion and cannot 

dynamically adjust their operation with loading on the LV circuits. To ensure customers 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 to Figure 5 in Section A3.1 for a schematic representation of distribution network elements. 

10 Transformers are used for increasing low AC voltages at high current (a step-up transformer) or decreasing high AC voltages at low current (a step-down 

transformer). 'Tap changing' refers to the mechanism which allows this voltage transformation to be selected in distinct steps and can be online/on-load 

(dynamically adjust with network loading) or offline/no-load (statically set in a fixed position). 
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¶ Line voltage regulators11 may also be used at strategic locations along long MV feeders to regulate the 

supply voltages; these can also include some line-drop compensation. 

Until recently, the distribution network has been designed and operated to manage voltage drops associated 

with serving load, not voltage rise associated with local generation12. This means that during low-loading 

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 violated. 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, but because a 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 network businesses. With increasing levels 

of passive solar generation, networks are now required to manage both extremes. This is experienced at the 

LV feeder level, where increasing DPV penetration increases the dynamic range of power flows between peak 

demand and peak export 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. 

Excluding Victoria, NEM DNSPs have little to no visibility of their LV networks13, meaning they cannot monitor 

LV network voltages in real time. Accordingly, voltage issues are typically first identified through customer 

complaints; however, most DNSPs are undertaking measures to improve their visibility of the LV assets. All 

DNSPs indicated they have started to experience an increase in quality of supply complaints in higher DPV 

penetration parts of their LV networks. These are most commonly voltage rise, flicker, other power quality 

issues, and DPV system disconnection. In several cases, complaints associated with high voltage now exceed 

those associated with a historical prevalence of complaints associated with low 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 their LV network. This results in unbalanced voltages across the three phases, 

resulting in unbalanced load flow and reduced efficiency of 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 networks, DNSPs have begun to: 

¶ Require reactive response capability enabled for new solar PV installations to mitigate the voltage impact 

of PV generation. 

¶ Rebalance connections such that DPV and load is evenly distributed across each phase in the LV network. 

Several DNSPs consider this to be the first consideration when addressing LV network voltage rise. 

¶ Lower zone substation MV voltage setpoints  

¶ Adjust distribution transformer and zone transformer tap settings. In some instances, there may be 

insufficient tapping range to achieve the required voltage levels on the higher voltage side of the 

transformer. 

¶ Trial distribution transformers with automatic òon-load tap changingó capability and low voltage static 

synchronous compensator (STATCOM) technology.  

¶ Trial dynamic voltage management control schemes utilising some form of LV network monitoring in the 

setting of zone substation target voltage. 

 

 
11 A voltage regulator is a system that automatically maintains a constant voltage level for any changes to the input voltage or load conditions. 

12 Voltage along an LV feeder will generally decrease during high load periods and increase during low load, high local generation periods. 

13 Discussed further in Section 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, through 

their Advanced Metering Infrastructure (AMI) or ôsmart meterõ fleet. This access to customer metering data has enabled AusNet 

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

Figures 7 and 8, extracted by 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: 

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

¶ Figure 8 highlights the voltage swings associated with managing 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 network capacity 

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  

 

Provided by AusNet Services to AEMO in April 2020. 



 

© AEMO 2020 | Renewable Integration Study Stage 1 Appendix A: High Penetrations of Distributed Solar PV 21 

 

Figure 8  Voltage swings on an LV feeder associated with peak DPV generation and peak demand  

 

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 current-carrying capacity. DPV 

generation alters current flows in the network, which may lead to violation of the loading levels of network 

elements, especially under maximum generation and minimum load conditions. Such situations may occur 

more frequently as DPV penetrations grow, owing to the relative lack of diversity of peak DPV generation 

times, compared to peak load: 

¶ Customer loads vary considerably throughout the day and year, and the periods of maximum demand 

occur when individual customer loads coincide. In most of the NEM, maximum loading conditions typically 

only occur for a few hours in a year during the summer evening peak.  

¶ By comparison, generation from DPV systems in a local area will all 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. 

Several DNSPs are projecting LV network thermal capacity constraints to emerge in the near future as DPV 

generation clusters continue to grow, exacerbated by the relatively low diversity of DPV exports compared to 

load diversity. In addition, the trend in increasing average DPV system sizes means that a householdõs DPV 

export can exceed its load requirements.  

Mitigation approaches  

To manage thermal capacity issues, DNSPs have begun to: 

¶ Augment LV network thermal capacity, by adding new distribution lines and feeders. 

¶ Replace (or reconductor) distribution lines or parts of their MV networks to increase feeder capacities.  

¶ Install network storage at well-planned locations with charging and discharging controlled based on DPV 

generation to manage network loading within limits.  
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Case study  | Ergon ôhiddenõ demand  

Ergon identified increasing DPV penetration within its LV networks. Because DPV 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 apparent if DPV 

systems ever suddenly and unexpectedly reduce their output or stop generating.  

Figure 9  Ergon Dundowran feeder: storm event example  

Figure 9 shows an example of 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 network. In 

this instance, the net result was a peak demand 

event in the early afternoon that was higher than 

the feederõs usual evening peak (see the red and 

blue lines for comparison). Eventually this swing 

may exceed the feederõs thermal limit.  

As networks are designed for supplying the 

maximum demand, increasing penetrations of 

intermittent embedded generating units will 

significantly increase the complexity of planning 

and operating networks.  

Extreme net load volatility events could result in 

excessive voltage swings, overloading of components, protection operation issues, or loss of supply if not appropriately managed. 

Data from Ergon Energy, Distribution Annual Planning Report 2019-20 to 2023-24, December 2019, at https://www.ergon.com.au/network/network-

management/future-investment/distribution-annual-planning-report.  

A3.3.3 Protection coordination 

Distribution LV feeder protection is based around the concept of a single direction of power flow. By 

introducing current flow in the reverse direction, increasing DPV generation can impact the protection 

systemõs ability to detect faults. The DPV contribution may reduce fault current to below the pick-up current 

of the relay, resulting in the protective devices being unable to reach the ôdistanceõ required to cover its 

protection zone.  

Several DNSPs identified protection coordination issues in their LV networks associated with protection 

schemes not being able to see or discriminate between fault locations, leading to increased clearing times or 

excessive customer interruption. Reversal of power flows in the network may have a negative effect on certain 

types of tap changers and on the operation of voltage control schemes. For example, older voltage regulating 

relays may not be bidirectional. 

Mitigation approaches  

To manage this issue, DNSPs have begun to: 

¶ Reconfigure and upgrade network components to accommodate changing fault level requirements. 

¶ Upgrade protection and/or modify protection settings. 

¶ Apply modified and improved voltage control schemes in HV and MV substations, line voltage regulators, 

and switched capacitors. 

A3.4 Integration of distributed PV within distribution networks 

DNSP strategies to increase the DPV hosting capacity of their networks span two dimensions: network and 

behind the meter, as shown in Figure 10 and explained further below the figure: 

https://www.ergon.com.au/network/network-management/future-investment/distribution-annual-planning-report
https://www.ergon.com.au/network/network-management/future-investment/distribution-annual-planning-report
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¶ Network  strategies include remediating and reconfiguring network assets, augmenting network capacity 

and flexibility to securely accommodate the impact of the DPV generation profile. Section A3.4.1 provides 

further detailed examples. 

¶ Behind-the-meter  strategies include reconfiguring settings or limiting export from DPV systems and 

activating other DER in the LV network, such as loads and storage devices, to ôsoak upõ excess DPV 

generation in the daytime. Section A3.4.2 has more detailed examples. 

As Figure 10 shows, strategies across these two dimensions range from passive ôset and forgetõ actions to 

more active measures allowing dynamic adjustment depending on prevailing load DPV generation conditions 

at any given time.  

Figure 10  Measures to improve distribution network DPV hosting capacity  

 
 

LV network visibility  is a key enabler for DNSPs to be able to efficiently implement measures across both of 

dimensions. This is summarised in  and discussed further in Section A3.4.3. 

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

capacity  
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A3.4.1 Network strategies 

Network measures to increase DPV hosting capacity include: 

¶ Remediation and r econfiguration of network assets  ð mostly low-cost incremental remediation 

measures to assist in managing LV network voltages within the allowable range, including:  

ð Rebalancing customer connections across LV phases (phase balancing) and shifting open points in the 

LV network to better match DPV generation and load.  

ð Adjusting distribution transformers tap positions. 

ð Tap changing or adjusting set points on zone substation transformers.  

¶ Augmenting network capacity  ð typically more lumpy network investments to accommodate even 

higher DPV generation, including: 

ð Uprating distribution transformer capacity. 

ð Reconductoring LV feeders and/or  splitting LV feeder lengths with an additional distribution 

transformer. 

¶ Automatic regulation devices ð can automatically adjust operation based on grid conditions, including: 

ð Distribution transformers fitted with automatic on load tap changing (OLTC) capability. 

ð Automatic LV feeder voltage regulation through in-line LV regulators and STATCOMs at the end of 

long LV circuits. 

¶ Network storage  ð grid-scale storage co-located with distribution and zone substation transformers. 

¶ Operational flexibility  ð measures to enhance ôgrid intelligenceõ and enable the network to dynamically 

respond to underlying load and DPV generation conditions, including: 

ð Advanced network management systems. 

ð Intelligent devices and metering enabling remote switching and dynamic control. 

An indication of the hosting capacity improvements possible from these measures is shown in 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 Reports. 

DNSPs will generally implement the most efficient solution depending on the particular LV network situation 

and other factors in line with their asset management strategies. Incremental remediation and augmentation 

could address more immediate hosting capacity limits, but may not be the most efficient long-term solution if 

DPV generation is projected to continue increasing. More dynamic options (such as an OLTC distribution 






























































