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Abstract—Increasing the penetration of distributed energy
resources (DER) in Australian power systems and especially
small-scale photovoltaics (PV) has significantly impacted the
day-to-day operation of distribution networks. As many parts of
the network reach their operational limits, system operators
impose constraints on customers’ exports and/or delay the
customers’ PV connections. The updated Australian regulatory
frameworks require distribution network service providers
(DNSPs) to enable customers to export their solar generation
and prepare annual expenditure strategies that demonstrate
their actions to support DER connection. This necessitates a
thorough analysis of the hosting capacity (HC) of the network
and performing a cost/benefit analysis of various mitigation
techniques. This paper reviews the existing Australian
regulations on DER enablement, outlines some practical aspects
of performing the HC studies, and presents illustrative case
studies for HC analysis.

Index Terms—Australian regulations, DER valuation, hosting
capacity, mathematical modelling, PowerFactory.

I. INTRODUCTION

The significant increase in small, medium and large-scale
PV in electricity networks has required special actions to
maintain the proper operation of the local and bulk power
networks. At the distribution level, distribution network
service providers (DNSPs) face different problems with the
increasing PV penetration including voltage issues, thermal
overloads, reverse power flows, and protection problems.
Hence, the concept of hosting capacity (HC) has been
introduced to guide the operators when determining the
amount of distributed generation that a network can
accommodate. In technical terms, the HC of a network is
generally referred to as the capacity of distributed energy
resources (DERs) that can be integrated into the network
before any violation in network performance indices occur [1].

The HC studies can target different time horizons from
hours to years, different system levels from a distribution
feeder to the whole distribution system, and can be used for
either operation or planning of networks. Various factors can
affect the HC of a specific network. Different sensitivity
analyses have been performed to understand the impact of
these factors. For instance, studies by Electric Power Research

Institute (EPRI) [2] show that both grid and DER
characteristics are important factors in determining the
maximum acceptable PV on a feeder. These include load
characteristics (including the peak, distribution, and timing of
the loading), feeder and transformer characteristics (including
the conductor resistance and reactance and transformer
parameters), grounding practicing and phase unbalance, and
location, size, and control method of DER.

HC analysis requires various modelling techniques and
assumptions which affect the accuracy of HC estimations. The
results of HC studies are used for the identification of the
existing or future problems in the network that need to be
addressed by a cost-effective solution. Therefore, analysing
the enhancement strategies is a key step in HC study.

The HC assessment and enhancement has been the target
of an increasing number of academic literature [3] [4] [5] and
adopted in network operational routines in some parts of the
world such as the United States [2], [6]. In Australia, the HC
estimation and HC enhancement strategies have become ever-
increasingly important due to the rapid increase of small-scale
PVs adopted by customers. Furthermore, new regulations and
guidelines are coming into effect that mandate DNSPs to
assess their HCs and report on the ways they can enable
customers to export their solar generation.

In this paper, firstly, the recent changes in the Australian
regulatory environment which require DNSPs to perform HC
studies and propose customer solar enablement solutions are
reviewed. Next, some of the main considerations in terms of
modelling the networks for HC analyses are reported. Lastly,
some of these concepts are further illustrated through case
studies.

II.  AUSTRALIAN REGULATORY FRAMEWORK

A. Background

In 2021, the Australian Energy Market Commission
(AEMC) made a draft determination [7] for electricity and
retail rules to integrate distributed energy resources (DERs)
more efficiently into the grid. Several key areas are addressed
in the draft rule including i) the clarification on distribution
services to include export services, ii) enabling two-way
pricing to value DER export based on the export time, and iii)
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encouraging settlements for rewarding/penalising distribution
networks based on their performance in delivering export
services. Overall, this determination emphasises the
importance of utilising solar generation by DNSPs and
facilitating customer export in a systematic manner.

Following this determination, the Australian Energy
Regulator (AER) commissioned several studies to understand
the potential methodologies in valuing DER and published its
draft guidelines. The AER asserted that while the majority of
capital expenditures proposed by DNSPs were assessed by
existing guidelines, DER integration expenditure was not
explicitly addressed by them and varied between DNSPs.
Therefore, the AER targeted developing a DER integration
expenditure guideline along with the existing ones. In this
regard, the AER commissioned DER valuation studies
including those by CSIRO/CutlerMerz [8] and Oakley
Greenwood [9]. The AER also published the ‘DER Integration
Expenditure Guidance Note’ (July 2021) [10], ‘Issues Paper
on Customer Export Curtailment Value Methodology’
(October 2021) [11], and ‘Explanatory Statement on CECV
Methodology’ (April 2022) [12].

The regulations by the AER require each DNSP to prepare
a business case that demonstrates the taken actions and
justifies the expenses for enabling customers’ export. This
necessitates significant efforts by the DNSP to study the
network’s HC, identify the problems, and perform a
cost/benefit analysis of different enhancement solutions.
While these regulations are yet to be finalised, their overall
structure can be summarized into several key areas as
discussed in the following sections.

B. DER Integration Strategy

Based on the AER guidelines [10], [12], the proposed
DER integration strategy adopted by the DNSPs should align
with a broader, longer-term DER integration strategy. Mainly,
it should cover i) a DER penetration forecast, ii) evidence of
tariff reform, 1iii) clear breakdown of DER integration
expenditure, iv) details of the plan for the implementation of
dynamic operating envelopes, and v) evidence of DER
integration activities and expenditures.

Each DNSP should consider credible input assumptions in
its analysis, for example, the market data and DER forecast
scenarios that are published by the Australian Energy Market
Operator (AEMO). Using this data, the DNSP performs HC
analysis of the network and compares the benefits from the
identified solutions/options against a base case or business as
usual (BAU) scenario. BAU activities involve ongoing
activities that occur in the absence of an option being
implemented. The proposed option should be technically and
commercially feasible and have the lowest cost compared with
other options.

C. Value of DER Methodology

The AER guidelines suggest a methodology for valuing
the increase in HC from the unlocked DER export. The AER
provides a set of half-hourly customer export curtailment
value (CECV) for a timeframe of 20 years for each region of
the national electricity market (NEM). Under this

methodology, costs and benefits associated with the increase
in HC are identified. The major value streams for assessing
the value of HC increase are:

=  Wholesale market benefits, for instance, avoided
generator short-run marginal costs (SRMC) or avoided
generator capacity investment,

= Network benefits such as avoided / deferred transmission /
distribution augmentation,

=  Environmental benefits,

=  Customer benefits that are applicable where the customer
changes its investment (e.g. deferring investment in
batteries) due to DNSP’s investment.

While it is ideal if CECV can capture all these value
streams, in practice, the avoided marginal generator SRMC is
considered the main value stream.

The value of DER depends on the wholesale market
conditions and differs based on the time of the day specifically
due to the dispatch costs of the marginal generator. Therefore,
under the current determination [12], CECVs are estimated on
a half-hourly basis.

III. HOSTING CAPACITY ANALYSIS

Performing accurate HC studies in a time-efficient manner,
in a scale required by the AER and for tens of thousands of
distribution transformers and feeders, can be challenging for
the DNSPs. In this section, the general procedure for
performing an HC study is illustrated.

A. Considerations Prior to HC Studies

Before performing the HC studies, the operational indices
that are evaluated and their desired ranges should be decided.
Currently, overvoltage and thermal overload are the main
criteria for assessing the network HC [13]. However, other
network issues such as undervoltage, harmonics, or protection
problems can arise that, if necessary, need to be investigated.
Also, the system security and minimum demand concerns can
cause the DNSPs to curtail customer exports [12]. Australian
standards AS-60038 [14] mandate the voltage to remain
within -6%/+10% of the nominal level of 230 V at the point of
connection between the LV installation and the network.
Therefore, a studied case that results in a voltage above 110 %
of nominal voltage is flagged as a violation and will limit the
HC of the network.

The second important consideration prior to HC analysis is
the level of detail in the modelling stage that depends on the
data availability and determines the computational burden and
accuracy of the results. Performing the studies using fine-
grained data will result in a more accurate evaluation of the
network’s HC and an understanding of network behaviour in
different time periods. However, it requires huge
computational time and resources for performing the analysis.

B.  Steps for HC Studies

A general procedure for conducting HC studies can be
summarized in three main steps.



a) Data preparation: The data used for HC studies
includes the existing and projected values of load, PV
adoption, batteries, and perhaps electric vehicles (EVs). This
data should be extracted from reliable sources. For example,
the data published by AEMO [15] considers five core
scenarios including slow change, steady progress, net zero
2050, step change, and hydrogen superpower to model the
future of the NEM power system. Each model represents
different projections for the growth of load, PV, EV, and
batteries. Once these high-level forecasts are obtained, they
should properly be broken down to more granular data
suitable to be assigned to the distribution substations/feeders.

The availability of correct electrical data of the network is
another major factor in HC studies. The network databases
usually contain the feeder impedances, transformer data,
number of customers on each feeder, and number of solar
customers. However, the details and accuracy may differ
between different DNSPs. The availability of smart meter data
also differs between different DNSPs. These electrical data
should also be transformed into a suitable format prior to
reading into power system analysis software.

b) Modelling: The distribution network electrical data
stored in a suitable database, for instance, a geographic
information system (GIS) or advanced distribution
management system (ADMS), needs to be read into the
modelling software. These data are used to model a segment
of the distribution network, for example, a distribution
transformer and its associated feeders or a larger network that
includes MV feeders up to the zone substation. The modelled
network includes single/three-phase customers and solar PV
installations. Once the model is built, the proper load and PV
curves and the inverter settings are assigned to the system. The
new Australian standards AS4777.2:2020 [16] mandate the
new PV inverters to be equipped with Volt/VAr and Volt/Watt
droop curves to actively support the network voltage.

This modelling process needs to be repeated for each year
of the study using the forecast data and, in some cases, using
bigger inverter sizes for new PV installations as customers
may prefer higher installed PV capacity due to falling costs,
higher benefits, or increased environmental awareness.

The recent AER report [12] suggests three main
approaches that DNSPs can follow for HC modeling, each
having its pros and cons. In the first approach, the DNSPs
perform the analysis based on the half-hour profiles over the
time horizon. The second and third approaches, which are
more practical, involve the use of characteristic day types.
Suggested characteristic day types can consist of different
combinations of high, medium, and low demand and PV
generation. For example, a characteristic day type can be
defined for low underlying demand and high PV generation.

¢) Analysis: The studies of the modelled network over
the defined time horizon based on the set criteria identifies
the HC level of the studied network/feeder i.e. the highest
amount of the PV that it can accommodate. It should be noted
that conducting such an analysis shows the network situation
if it continues as BAU (without implementing any mitigation

strategies). However, as part of the DER strategy, the DNSPs
are supposed to implement mitigation solutions progressively
over different years which affect the HC results for the
upcoming years. Thus, HC studies should be reflective of
such changes too.

The HC studies guide the DNSPs to distinguish the
existing and future network problems. They also show the
level of curtailment or limitation imposed by the network on
customers’ export. These data are used to estimate the value of
curtailed DER using the CECVs that are issued by the AER.

C. Mitigation Solutions

DNSPs need to explore the most cost-effective options to
alleviate the network problems based on the performed HC
studies. Various techniques have been proposed in the
literature and some have been used in practice to increase the
HC of networks.

Network augmentation such as replacing conductors and
transformers can be a solution, however, it would be a high
cost to the networks. Other commonly used solutions include
the use of smart inverter Volt/Watt and Volt/V Ar settings, the
dynamic voltage management system at zone substations,
community batteries [17], low voltage regulators [18], phase
balancing [19], and distribution FACTS devices such as D-
STATCOM [20]. Non-network solutions such as demand
response programs and more efficient tariff arrangements can
also considerably increase the HC.

It is expected that by the increased visibility over the
network and developing communications infrastructure, other
effective and innovative techniques will become more
prevalent. These include the use of dynamic operating
envelopes for smart inverters [21] [22] to remotely set the
settings of inverters based on the network situations and
utilisation of virtual power plants consisting of customers’ PV
systems and batteries [23].

IV. CONSIDERATIONS IN HOSTING CAPACITY ANALYSIS

DNSPs need to consider various practical aspects in
performing the HC studies. Some of the main ones are
highlighted in the following.

a) Defining the base case scenario: As mentioned
previously, the DNSPs are required to assess the benefits
gained from the proposed solution(s) compared to the BAU
scenario. This requires defining an export limit of, for
example 3 kW, for the base case scenario. As per the AER
guidelines, this limit should not be selected arbitrarily since
assuming a low export limit would result in achieving
unrealistic high benefits from the proposed solution.
Therefore, the DNSPs should demonstrate why a certain
export limit is considered for the BAU scenario.

b) Stochastic analysis: Different uncertainties that
inherently exist in the network affect the HC studies and
neglecting them can result in under/over estimation of HC
values. These uncertain variables include PV location, size
and generation, feeder load distribution, maximum feeder
load, and feeder unbalance. Their impact can be modelled by
utilising techniques such as Monte Carlo simulation to assess



the sensitivity of HC to these parameters. This approach can
identify the minimum and maximum amount of PV that a
network can accommodate [24]. With a minimum HC, none
of the considered scenarios (e.g. PV locations) violates the
criteria of the performance index. The maximum HC is the
value where all penetration scenarios beyond it lead to
violation of the relevant operational limits. In the range
between minimum and maximum HC, certain scenarios may
violate the network constraints while others fall within the
accepted operational threshold.

Such stochastic analysis results in a profound
understanding of the network’s HC. However, it requires
analysing thousands of scenarios for a single feeder and
imposes a huge computational burden on DNSPs. Therefore,
more practical, simpler approaches are followed by DNSPs. In
the following, some of these approaches are elaborated.

¢) Load and PV curves of customers: One important
factor that affects the HC results is the definition of load and
PV curves for customers. The simplest and fastest approach is
to assign the same average load shape to all customers and
similar PV production curves to all solar owners. This
approach may be chosen when no smart meter data is
available to show the actual behavior of customers. One
problem with this method is that it does not consider the
customer diversity in consumption and hence, may result in a
higher peak flow in the distribution transformer. This issue
can be addressed by decreasing the peak of the average load
shape. If smart meter data are available (even for a percentage
of customers), a more practical approach can be followed by
initially creating a pool of load curves and then, randomly
selecting and assigning a curve for each individual customer.
For PV production curves usually considering the same load
shape is acceptable since it is assumed that all customers
belong to the same geographical area.

d) Distribution of PV forecast: The HC studies are
conducted for 10 to 20 years and in each year the increase in
PV penetration is assigned to previously non-solar customers.
The way that the new PV is distributed along the feeder (e.g.
in the middle of the feeder, near the transformer, or at the end
of the feeder) can have a significant impact on HC levels
[25]. In this regard, one simple way is to evenly distribute
new PV customers along the feeder.

e) MV side effect: The MV side voltage has a direct
impact on the HC. When the model does not include the MV
feeder, the assumed MV side voltage variations and source
impedance (Thevenin model) can affect HC results. Nominal
values of voltage and typical impedances can be used and
sensitivity studies can be performed to assess the impact on
the final results.

) Duration and severity of breach: Currently, the
determination of HC level relies mostly on any occurrence of
a violation of an operational index. However, as part of HC
analysis, it is advantageous if other correlated parameters
including the duration and severity of the breach are assessed.
For instance, [26] observes the duration of the breach as the
LV grid’s annual average number of hours per day, with at

least one customer in breach, and the severity of the breach as
the increase in annual maximum observed voltage at
customer’s premises as PV penetration increases. In [13], the
violation is determined based on the voltage level and the
duration time. For example, a violation is flagged when the
voltage is between 1.05 and 1.06 p.u. for more than 3
analysed snapshots (for a 24-hour simulation divided into 15-
min snapshots) and above 1.06 p.u. at any 15-min snapshot.

g) Overload: currently, voltage issues are the main
concern for DNSPs and the reason for the curtailment of
customers’ outputs. However, increasing PV penetration can
cause different problems for the networks including the
overload of conductors or distribution transformers.
Specifically, the operation of Volt/VAr power quality modes
by PV inverters can lead to a high flow of reactive power and
the overload of network equipment specially distribution
transformers [27] [28]. Thus, the transformer can reach its
thermal limits at lower PV levels when the Volt/VAr control
mode is enacted.

h) Reducing the computational time: The speed of
calculations can be increased by considering only critical
hours during the day [13] e.g. from 11 am to 2 pm when solar
generation is high and demand is low. With the increase of
DERs that have storage capabilities such as batteries or EVs,
the behavior over other time periods may need to be analysed.

i) Software: Appropriate software platforms should be
utilised for HC analysis. Usually, based on the application, the
user needs to develop customised models of the elements,
control methods, and simulation tasks.

In academic literature, open-source software such as
OpenDSS has been extensively used for distribution network
modelling and HC analysis. This usually requires extra Python
[13] [27] and MATLAB [29] packages for enhancing and
performing the analysis. Commercially available software are
usually equipped with in-built capabilities for performing HC
studies. For instance, DIgSILENT PowerFactory can import
the electrical data from a database such as PostgreSQL and
can directly connect to GIS databases which facilitate the
modelling process in an automatic manner. It also offers a HC
toolbox, control block modelling, and probabilistic analysis
tools for enhancing the simulation process.

j)  Other considerations: Various other factors impact
the accurate HC estimation including the modelling of the
neutral conductor and the actual inverter size which is usually
80% of PV generation capacity in existing installations.
Furthermore, other uncertainties can influence the study
including the customer compliance with the standards
(correct settings of inverters) [15] and the tap position of off-
load tap changers.

V. CASESTUDY

Considering the increasing need for HC studies by
industry, a HC study toolbox was developed in PowerFactory.
This toolbox is able to read from databases, model the
network, and perform the HC studies for different scenarios.
The toolbox can also be enhanced and updated easily
following any regulatory changes. The characteristics of this
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Fig. 1. LV network model in PowerFactory

toolbox and a thorough analysis of the LV networks will be
reported in future works.

In the following, the modeling results for several scenarios
for a real LV network are reported. The distribution substation
feeds 96 customers through three main three-phase LV feeders
that are connected to single-phase customers and PVs using
service feeders. The network is shown in Fig. 1 with only
feeder #1 being drawn. This feeder has the highest number of
customers (59) that are connected through 12 connection
points (CPs). It is assumed that customers are evenly
distributed along the feeder thus minimizing the unbalance in
the system. However, since the balanced allocation cannot be
totally achieved, the analysis is done for an unbalanced
system. The PV systems are switched on and off to represent
different penetration levels and location scenarios. The
analyses are performed wusing half-hourly data of a
representative day (average demand and high PV generation)
for a 24-hour period using quasi-dynamic toolbox in
PowerFactory. All customers are assigned the same load
curves.

A. Base Case Scenario

The base-case scenario shows the impact of PV
penetration on the network when no mitigation measure is
implemented. Fig. 2 shows the maximum voltage observed in
different buses along the LV feeder #1 with increasing the PV
penetration. In this figure, it is assumed that PVs are evenly
distributed along the feeder and phases. It can be seen that by
increasing PV penetration voltage substantially increases.

Fig. 3 displays the daily changes in the voltage for a customer
at the end of the feeder. It highlights that such customers
observe the highest voltage changes and represent challenges
for maintaining voltage regulation at day and night. In this
case, since the customer voltage is below the minimum
threshold, the voltage at the distribution substation (using off-
load tap changer) is increased to regulate customer voltage.
However, this will exacerbate the voltage during the daytime.
Therefore, a more sophisticated method such as dynamic
voltage regulation at the zone substation should be considered.

B.  Stochastic Analysis

The actual HC of the network can be determined using
stochastic analysis considering different PV locations and load
and PV generation profiles. For instance, for the modelled
network, by repeating the analysis for different scenarios of
PV location, an HC of approximately 75% PV penetration is
obtained. However, this number can be increased to 90% of
PV penetration if an even distribution of PVs is considered
(which is usually the case for fast and simplified studies). This
impact is better shown in Fig. 4 which displays the voltage
profiles for a PV penetration of 40%. Four scenarios are
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Fig. 3. Daily voltage variations for a customer at the end of feeder

modelled which represent the PV allocation uniformly, closer
to the transformer, in the middle of the feeder, and at the end
of the feeder.

C. Mitigation Solutions

The analysis is repeated assuming that PV inverters are
equipped with advanced inverter settings according to the
Australian standards. As shown in Fig. 5, utilising the inverter
settings can effectively reduce the voltages along the feeders
and limit the number of overvoltage incidents. However, as
mentioned earlier, it can increase the reactive power in the
network and cause overload problems.

One or a combination of several other solutions should be
considered if the problems remain unsolved. These include
change of tap settings of distribution transformers (operational
investment), implementation of the dynamic voltage
management systems (capital investment), and monitoring the
compliance of customers for the PV settings (operational
investment). Finally, by increasing the amount of load and
DER, network augmentation may be necessary.

VI. CONCLUSIONS

Increasing PV penetrations and other DERs including
battery storage systems and EVs along with the evolving
regulatory proposals will require DNSPs to have a profound
understanding of the HC concepts and modelling platforms.
The recent changes in the Australian regulatory framework
require DNSPs to utilise solutions to enable DER exports.
This requires extensive HC analysis of distribution networks
and contemplating mitigation solutions when HC constraints
are identified.

In this paper, firstly, the main features of the Australian
regulatory proposals were summarized. Then, the procedure
for HC evaluation and important practical considerations for
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HC analysis were reviewed. Finally, the modelling results for
a real LV network are presented. The suggestions can assist
network operators in performing future HC studies.
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