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Abstract: This paper outlines a methodology to determine the amount of renewable energy that can
be accommodated in a power system before adverse impacts such as over-voltage, over-loading
and system instability occur. This value is commonly known as hosting capacity. This paper
identifies when the transmission network local hosting capacity might be limited because of static
and dynamic network limits. Thus, the proposed methodology can effectively be used in assessing
new interconnection requests and provides an estimation of how much and where the new renewable
generation can be located such that network upgrades are minimized. The proposed approach
was developed as one of the components of the AUSTEn project, which was a three-year project to
map Australia’s tidal energy resource in detail and to assess its economic feasibility and ability to
contribute to the country’s energy needs. In order to demonstrate the effectiveness of the proposed
approach, two wide area networks were developed in DIgSILENT PowerFactory based on actual
Australian network data near two promising tidal resource sites. Then, the proposed approach
was used to assess the local tidal hosting capacity. In addition, a complementary local hosting
capacity analysis is provided to show the importance of future network upgrades on the locational
hosting capaity.

Keywords: Australian energy mix; hosting capacity; over-voltage; system strength; thermal capacity;
tidal energy

1. Introduction

The penetration level of renewable resources in power systems has been increasing
in recent years. However, the increasing penetration of renewable resources entails some
technical challenges such as over-voltage, overloading, protection systems maloperation
and power quality issues. There are two approaches to address the above-mentioned issues;
(i) upgrading the system, which is quite costly, and (ii) the hosting capacity (HC) concept,
which is defined as the maximum renewable resource capacity that can be accommodated
into a system without any violation in operational constraints. Understanding this concept
can assist utilities to make decisions regarding interconnection requests.

The value of the HC depends on the network characteristics, renewable resources’ size,
location and technology. Therefore, identifying the network HC is not a straightforward
process. Further HC is not a single value for any given system. Generally, three regions
as shown in Figure 1, can be defined for HC. Region (A) includes all the penetration
levels that do not cause any constraint violation, regardless of renewable resource location.
Region (B) demonstrates the penetration levels that are acceptable at specific sites. Region
(C) includes all renewable deployments that are not acceptable, regardless of distributed
energy resources’ (DERs’) location [1,2]. The border between (A) and (B) is referred as
the minimum HC and the border between (B) and (C) is referred as the maximum HC
in this paper. Generally, all the existing HC estimation methods can be divided into two

Energies 2021, 14, 1479. https://doi.org/10.3390/en14051479 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-4248-3373
https://orcid.org/0000-0002-9912-2520
https://doi.org/10.3390/en14051479
https://doi.org/10.3390/en14051479
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14051479
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/5/1479?type=check_update&version=3


Energies 2021, 14, 1479 2 of 20

categories; (i) region-B category including the methods that converge to the maximum
HC or a value in region (B); (ii) min-HC category including methods that estimate the
minimum HC.

Increasing renewable penetration(MW)
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Figure 1. Different regions of the HC in a system.

In terms of HC assessment, studies in [3–18] can be categorized as region-B approach.
The HC in region-B methods is usually modelled as the objective of an optimization prob-
lem [4,6,9,12–18]. However, there are some other approaches such as analytical [3,7,8,10]
and Monte Carlo-based [5,11] methods that belong to the region-B category. In analytical
methods, an equation is derived based on technical constraints such as over-voltage [8],
overloading [7] and harmonic distortion [10] to estimate the maximum DER that could
be connected to a certain location of the system. Nevertheless, the optimization-based
methods in the region-B category such as [4,6,9,12–17] are generally more accurate than
analytical methods. Further, most of the optimization-based methods such as [6,9,12–15]
limit the number of potential locations for DERs to make the model easier to solve. Unlike
optimization-based methods, the Monte Carlo-based methods in the region-B category are
often based on a traditional power flow calculation. In this approach, numerous power
flow calculation are performed to identify the HC of a certain location [5] or an area [11] of
a network.

The aim in the second category of the HC methods, i.e., min-HC, is to estimate the
minimum HC. Studies in [19–25] belong to this category. These methods are generally
based on Monte Carlo simulation, where a high number of DER expansion scenarios
are generated. Then, simulation is performed for all generated scenarios over the study
period. Next, the minimum HC is defined based on the scenarios that may cause a
constraint violation. Although, the general idea of studies such as [21–24] is the same,
the implementation details of the Monte Carlo process including generating scenarios,
analyzing scenarios over the study period and defining the minimum HC are different.
For example, study [21] assumed that the size of DERs is a fixed number. Nevertheless,
studies [22,23] used different sizes for DERs. Similarly, the study period and time series
impact analysis, which addresses the uncertainties associated with the loads and output
power of DERs, could be different. For instance, in [21], it is assumed that the study period
could be limited to the worst condition, i.e., maximum DER generation and minimum load
consumption. Nevertheless, study [23] randomly allocated the daily load and DER profiles
and conducted the analyses. The advantage of min-HC methods is that they could easily
be improved to include all network technical criteria.

Studies [3–27] presented different methods to identify the HC. However, they are
all focused on estimating the HC of distribution systems considering the voltage and
thermal rating criteria. Considering the current trend of renewable energy, the number
of renewable power plants connecting to the transmission networks has been growing
very fast. Similar to distribution systems, the capacity of transmission networks to host
new generation is constrained by different technical issues. Thus, the HC concept is also
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applicable for transmission networks. However, unlike distribution systems, transmission
networks usually have a meshed structure and their HC highly depends on the location of
new generation. Further, the renewable plants in transmission networks entail protection,
power quality and stability challenges, which are generally neglected in the existing HC
methods. Therefore, it is necessary to propose a comprehensive approach to identify the
locational HC in transmission networks based on all static and dynamic constraints. The
main contributions of this paper are summarized as follows:

1. As one of the components of Australian Tidal Energy (AUSTEn) project [28,29], we pro-
posed a comprehensive approach based on the thermal rating, voltage, protection, stability
and system strength criteria, to identify the locational HC in transmission networks.

2. The proposed approach is applied to Australia networks (Tasmanian and Darwin–
Katherine networks) to assess their locational tidal HC. Further, the impact of different
renewable resources such as solar and wind on the locational tidal HC has been as-
sessed.

The remainder of this paper is organized as follows: The background information
about the AUSTEn project is provided in Section 2. Section 3 describes the technical issues
that could limit the penetration level of renewable generation. In Section 4, the proposed
approach to identify the locational HC is presented. Network modelling data is discussed in
Section 5 . Section 6 presents the numerical results and discussion. Finally, the conclusions
are summarized in Section 7.

2. Background Information

Australia has some of the largest tides in the world. Nevertheless, insufficient knowl-
edge of Australia’s tidal resource, its spatial extent and technical implementation effectively
constrain the tidal energy industry, policy makers and research community to conduct
any assessment on risks and benefits of investment in potential tidal generation. AUSTEn
was a project to map Australia’s tidal energy resource in detail and to assess its techni-
cal and economic feasibility. The project was co-funded by the Australian Renewable
Energy Agency (ARENA) Advancing Renewables Program. The AUSTEn project was a
joint effort between the Australian Maritime College at the University of Tasmania, the
University of Queensland, Commonwealth Scientific and Industrial Research Organisation
(CSIRO), MAKO Tidal Turbines, Atlantis Resources, and Sabella. AUSTEn consisted of
three inter-linked components as follows:

• Conducting a national Australian high-resolution tidal resource assessment (500 m reso-
lution) and integrating the results into the Australian Renewable Energy Mapping
Infrastructure (AREMI).

• Conducting field based and high-resolution numerical site assessments, as well as
in-situ environmental measurements at two promising locations for energy extraction.

• Conducting techno-economic feasibility assessment for tidal energy integration into
Australia’s electricity infrastructure.

This paper presents some of the assessments conducted for the third component of
AUSTEn project. We refer the readers to [28–30] for more details on the outcomes of the
AUSTEn project.

3. Technical Criteria

There are quite a few technical issues that limits the higher penetration of renewable
generation in power systems with different voltage levels. Some of these issues are specific
to networks with a certain voltage level and structure. However, the technical issues can
be divided in five general categories as below:

• Thermal rating criteria;
• Voltage criteria;
• Protection criteria;
• Power quality criteria;
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• Stability and system strength criteria.

Sections 3.1 to 3.5 provide more details about the above-mentioned criteria.

3.1. Thermal Rating Criteria

Every Power infrastructure element such as lines, cables and transformers is char-
acterized by a current-carrying capacity, which is referred to as thermal rating. If this
limit is exceeded for a sufficient time, the element physical and/or electrical characteristics
might be permanently damaged. Connecting new renewable generation to the networks
would change the current flows in them. Therefore, the thermal rating constraint is one
of the criteria that network service provides (NSPs) considers when they want to do their
assessment for a query for new connections. As this assessment does not require a very
accurate model of the renewable generation, it is usually conducted at the early stages of
the studies. Further, the thermal rating constraint is generally assessed under different
network configurations and viable contingencies.

3.2. Voltage Criteria

There are quite a few voltage-related criteria that can limit the penetration level
of renewable generation. These criteria includes over-voltage, under-voltage, voltage
unbalance, voltage deviation and voltage regulation constraints. The normal voltage range
in Australia networks is between 0.9 p.u. and 1.1 p.u. Thus, a new renewable generation
should not cause a voltage outside of this range. Some of the criteria such over-voltage,
under voltage and voltage unbalance are general and network service providers usually
consider them in their assessment irrespective of whether it is a transmission or distribution
system. However, some criteria such as voltage deviation could be more applicable to
distribution networks. For instance, Powercor, which is an Australian distribution company,
requires the voltage deviation between voltage profiles for minimum and maximum
demand with and without the new renewable generation to stay below a certain level
(3% to 4%). In this paper, over-voltage and under-voltage constraints are considered
in the assessment.

3.3. Protection Criteria

The protection criteria includes fault level, fault current contribution and relay/fuse
mis-coordination. Fault level at a point in a power system is a measure of maximum fault
current expected at that point. Fault currents need to be quickly detected and interrupted
due to their extensive damage to cables, overhead lines, transformers and other equipment.
The circuit breakers’ rating limits the fault level in the feeder. This limit is referred to as
the design fault level. The design fault level is a limiting factor to the new renewable
generation as new connections can increase the fault level. It should be mentioned that
renewable resources with directly connected electrical generators would contribute sig-
nificantly higher fault current than those connected via power electronics interfaces such
as solar farms. Therefore, fault level may be much more important for directly connected
renewable generations in comparison to the resources connected via power electronics
interfaces. Other than fault level, the fault current contribution of generation with power
electronic interfaces can also constrain the locational HC. One approach to resolve the fault
contribution issue of renewable generation is increasing the impedance of the transformer
that connects the plant to the network. However, other factors such as the fault level at the
terminal of the turbine/inverter inside the plant should be considered when designing the
grid interface transformer. Both turbines and inverters generally provide a better perfor-
mance when the fault level at their terminals is higher than a certain value. The minimum
fault level at the terminal is usually provided by the original equipment manufacturer.

3.4. Power Quality Criteria

A high renewable penetration may raise power quality issues such as voltage fluc-
tuations and harmonics. Although advanced pulse width modulation techniques and
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harmonic filters are usually used in converters, voltage distortion limits can be exceeded in
high penetration levels. It should be mentioned that the evaluation of harmonic problems
is somewhat complicated and requires extensive modelling and simulations. In order to
properly conduct the harmonic assessment for a generating system, the detailed design of
the plant such as the LV/MV transformer data, the collector system data (i.e., length and
type of the cables) and the main grid interface transformer data are required. Further, the
Norton impedance of the turbine/inverter and its current harmonics for different operation
ranges should be available. Thus, power quality studies are not considered in this paper as
detailed design data of the plant is required to conduct the power quality assessment.

3.5. Stability and System Strength Criteria

There are different strategies to control inverter-based power sources (IBPSs), which
can cause different dynamic behaviors. Two basic types of control strategies of IBPSs are
known as “grid-following” and “grid-forming”. Currently, most IBPSs use a grid-following
control strategy, which typically uses a phase-lock-loop (PLL) and a current control loop
to control the output currents. Grid-following control strategy makes the IBPSs behave
like a current source. The main advantage of this control approach is that the currents
can be quickly regulated. However, grid-following control relies on an external voltage
source for the voltage and frequency references. Thus, grid-following IBPSs provide poor
performance in weak networks. In contrast to grid-following approach, grid-forming IBPSs
control the voltage and frequency, making them behave like a voltage source. In comparison
to grid-following IBPSs, the grid-forming IBPSs can provide a good performance even
in a weak network as they can work in the stand-alone mode and do not rely on the
external grid.

High penetration of grid-following IBPSs entails new challenges in power systems.
The IBPSs penetration level at which network issues occur is system-specific and depends
on the number of synchronous generators (SGs) in service, SGs’ location, the share of
SGs relative to IBPSs generation, the size of the largest credible contingency, and the
settings of IBPS control systems. Considerable presence of online SGs slows the system
dynamic behavior, which allows present grid-following IBPSs with fast controllers to
precisely track the grid voltage angle and inject current at the correct phase angle. However,
with increasing penetration of IBPSs and retiring the SGs, system dynamics becomes
faster. The consequence of faster system dynamic changes is that the fast IBPS controllers
potentially fail to track the voltage phase angle and to adequately synchronize with the
network. As per control theory, tracking a fast-moving reference requires an even faster
controller. Thus, if the IBPS controller is not robust enough to track the changes in the
network, even a small disturbance could entail significant consequences such as sustained
oscillation in voltage, active and reactive power at IBPSs’ point of connection and IBPSs
loss of synchronism from the network. Currently, limiting the IBPSs output, maintaining a
sufficient number of SGs in service and installing synchronous condensers are stablished
methods to facilitate the reliable operation of the network in the presence of high IBPSs
penetration. Nevertheless, operational constraints and the additional investments required
for synchronous condensers could affect further development of IBPSs in the long run.

In order to ensure stable performance of IBPSs, sufficient system strength should
be maintained under normal and N-1 contingency. As per [31], system strength is a
characteristic of a power system that represents the size of the voltage change following
a contingency or disturbance on the power system. Australian Energy Market Operator
(AEMO) considers system strength as the ability of a power system to maintain and control
the voltage at any location in the network. The system strength at a given node in a power
system is proportional to the fault level at that node and inversely proportional to effective
grid-following IBPSs penetration observed at that node. Traditionally, system strength at
a location has been presented by the fault level available at that location divided by the
capacity of IBPS connecting at that location, which is referred to as short circuit ratio (SCR).
As close by grid-following IBPSs can reduce the system strength, an aggregated SCR was
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recently defined to recognize the cumulative effect of electrically close IBPSs on the system
strength. The existing grid-following IBPSs are generally designed to stably operate above
a minimum system strength. Unlike synchronous machines that contribute to the system
strength, grid-following IBPSs act as sink of system strength (have a negative impact).

Although system strength is an important index when discussing the power system
stability with high IBPS penetration, it should not be considered as the only one. Note that
grid-following IBPSs could provide a stable operation in networks with low system strength
if their control parameters are properly tuned. In fact, to properly discuss the stability of a
weak power system, a detailed model of grid-following IBPS and the system is required.
Electromagnetic transient simulations based on accurate network and grid-following IBPS
models are required to assess the control interaction and stability of grid-following IBPSs
in the weak networks. Nevertheless, SCR could be a useful system strength index in steady
state feasibility studies. Thus, in this paper, the SCR is used as one of technical constraints
of locational HC.

4. Methodology

As discussed in Section 3, there are different technical challenges that constrain the
integration of grid-following IBPSs in power systems. A comprehensive approach for
identifying the locational HC should include all those constraints. However, due to
differences in the nature of the technical issues, it is very difficult if possible to develop a
mathematical model for the locational HC. A practical method to estimate the locational
HC for grid-following IBPSs is to follow a heuristic algorithm, which is presented in
Figure 2. As it can be seen, the algorithm starts with a an initial capacity of zero for the
grid-following IBPS. Then, it checks the HC constraints. If there is a violation in any of
the constraints, the algorithm stops. Otherwise, it increases the size of the IBPS. Further, it
should be noted that:

• It is obvious that the load and the renewable generation are uncertain variables. In
order to properly address the uncertainty associated with the loads and the output
power of renewable resources, the simulations should be conducted over a time period.
In this paper, time-series simulation is conducted with a resolution of one hour.

• In the power system, the total generation is always equal to the summation of total
load and the power losses. Thus, when integrating the new IBPS, it is necessary to
decrease the generation from other online generators in the system to maintain the
load-generation balance. This adjustment should be done for all the time steps.

• As it was mentioned in Section 3, the grid-following IBPSs should be able to provide a
stable performance under normal and credible contingencies. Therefore, the proposed
algorithm monitors the system strength index under normal and credible contingencies.
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Figure 2. Methodology for identifying the locational HC of grid-following IBPSs.

5. Network Modelling

The purpose of this section is to describe the steps that have been taken to model the
power systems in Darwin and Tasmania, which are the prime candidates for installing tidal
generators in the AUSTEn project. The modeling in this section is based on information
sourced from Power and Water Corporation (PWC), which is the Northern Territory’s
premier provider of electricity, TasNetworks, which is a Tasmanian Government State
owned company that is responsible for electricity transmission and distribution throughout
Tasmania, AEMO reports, and publicly available information. The following sections
provide the details for modeling the Power system in Darwin and Tasmania, respectively.

5.1. Darwin Network Modelling

Darwin-Katherine interconnected system (DKIS) is the largest power system in the
Northern Territory. It supplies Darwin city and its surrounding areas and suburbs, Palmer-
ston, the township of Katherine and its surrounding rural areas. Figure 3 illustrates the
Darwin-Katherine network. The only transmission lines in this network are the lines from
Katherine to Channel Island and Channel Island to Hudson Creek [32].
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Figure 3. Single line diagram of Darwin–Katherine transmission network.

The information required to build the network model was collected from different
sources. The lines and transformers data were provided by PWC. Further, thermal capacity
of the lines was extracted from [33]. Daily load profiles with the resolution of 30 min for
dry and wet seasons were extracted from [33] for all substations in Darwin–Katherine
region. The DKIS has a sustainable installed capacity of just over 500 MW. The fuel type
of the generation units is made up of a mix of dual fuel (gas/diesel), gas only, steam
and landfill gas. The generation plants are Channel Island (310 MW), Weddell (129 MW),
Katherine (35 MW), Pine Creek power station (27 MW) and Shoal Bay (1.1 MW). The
details of generation units in the Darwin–Katherine region such as their make, engine
type, fuel type and MW rating can be found in [32]. The 30 min generation dispatch of
of all generating units in Darwin–Katherine region are provided in [34]. The collected
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network, load and generation data was used to develop an accurate model of the DKIS
in DIgSILENT PowerFactory.

5.2. Tasmanian Network Modelling

Tasmania’s power system forms a part of the Eastern Australian power system.
Basslink, which is a privately-owned undersea cable, connects Tasmania to the mainland
network and has the capability to transfer electricity in both directions. The participants of
Tasmania’s electricity supply chain are as follows:

• Power stations and wind farms.
• A transmission network.
• A distribution network.
• Small-scale generation connected within the distribution network.
• Retailers.
• End-users of electricity.

All large generators sell their generation to a central market, i.e., the national energy
market (NEM). The Tasmanian transmission network transfers the power from generators,
often in remote areas, to transmission-distribution connection points (substations). Then,
the distribution network distributes the energy to smaller industrial and commercial
and residential customers. Electricity is sold to end-users, by retailers, who purchase
electricity from the NEM and sell it to the consumers. The Tasmanian transmission network
comprises [35]:

• A 220 kV, and some parallel 110 kV lines, transferring power from major generation
centers to major load centers and Basslink.

• A peripheral 110 kV transmission network that connects smaller load centers and
generators to the bulk transmission network.

• Substations that provide transmission connection points for the distribution network
and industrial loads.

A summary of the composition of the Tasmanian transmission infrastructure is pre-
sented in Table 1.

Table 1. Summary of the Tasmanian transmission infrastructure.

Asset Quantity

Substations 49
Switching stations 6
Circuit kilometers of transmission lines 3554
Route kilometers of transmission lines 2342
Circuit kilometers of transmission cable 24
Transmission line support structures (towers and poles) 7621
Easement area (Ha) 11,176

In order to build the Tasmanian power system model, the detailed network, load and
generation data were collected from different sources. Regarding the network infrastruc-
ture, data released by AEMO and Geoscience Australia (GA) provide a substantial amount
of information regarding the NEM’s participants and topology. Information regarding the
locations and attributes of major power stations, substations, and transmission lines in
Tasmania were extracted from GA [36–38]. Each data-set (substations, lines and power
stations) includes xls, csv, gdb, and kmz file formats. However, coordinates describing the
paths of transmission lines can only be found in gdb and kmz files. The kmz files were
used to extract the substations, generators and network data. Finally, the extracted network
data were validated using the line and transformer information provided by TasNetworks.
Regarding the load modeling, TasNetworks provided the load profile for all connection
points for 2017. Further, AEMO provided the load forecast for all transmission connection
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points in Tasmania up to 2026 in [39]. The yearly load profile and AEMO load forecast
were used to model the loads in the Tasmanian network. Information on the capacity
of existing, withdrawn, committed, and proposed generation projects in the Tasmanian
network is provided in [40]. Further, the actual generation data of different generating
systems in the NEM was obtained from the AEMO website [41]. The collected network,
load and generation data was used to develop an accurate model of the Tasmanian network
in DIgSILENT PowerFactory, which is shown in Figure 4.
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Figure 4. Single line diagram of the Tasmanian network in DIgSILENT PowerFactory.

6. Simulation Results

In this section, simulations were carried out to assess the performance of the proposed
methodology. The test systems are described in Section 5. The normal voltage range is
between 0.9 p.u and 1.1 p.u. Further, as it was explained before, the grid-following IBPSs
generally reduce the system strength. To determine the fault level “consumption” of each
grid-following IBPS, the minimum SCR withstand capability of the generating system is
multiplied by its nominal capacity. As per [42], a minimum SCR of 3 at the connection point
should be used when the minimum SCR withstand capability of the IBPS is unknown.

6.1. Point of Connection for Prospective Tidal Farm

A national tidal energy model, which was developed in component 1 of the AUSTEn
project, was used to identify regions in Australia with peak tidal flow rates greater than
1.5 m per second within 100 km of a community or industry with a significant electricity
demand. Then, two candidate site were selected from identified regions. One of the selected
sites for tidal generation is Clarence Strait in the northern part of Northern Territory, which
connects the Beagle Gulf in the west to the Van Diemen Gulf in the east. This strait is
approximately located 50 km north of the city of Darwin. The prospective location of tidal
generation is very close to the following substations:

• Darwin city substation;
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• Snell street (Woolner) substation;
• Casuarina substation;
• Frances Bay substation.

Therefore, these locations are considered as the point of connection for tidal generation
in the DKIS. The second candidate for the tidal farm is Banks Strait in east-north of
Tasmania, which is located between Cape Portland and Clarke Island. This location is very
close to the following substations:

• Musselroe Bay wind farm (WF) substation in Cape Portland;
• Derby substation;
• Scottsdale substation;
• Starwood substation in Bell Bay;
• St Marys substation.

Therefore, these locations are considered as the point of connection for the tidal
generation in the Tasmanian network.

6.2. Balance of Load-Generation

As it was explained in the methodology section, the balance of power should always
be held in a power system. This means that if a new generator is integrated in a system,
the output power of the other generators in that system should be decreased. As a rule of
thumb, the market keeps the output of the most expensive generators as low as possible.
In Australia, the gas units are amongst the most expensive generators. Therefore, the best
candidates for reducing the output power are gas generators. All the generating units in
the DKIS are gas generators. Therefore, the following power stations are dispatched in
proportion to their size to balance the incoming tidal generation.

• Channel Island (310 MW);
• Weddell (129 MW);
• Katherine (35 MW);
• Pine Creek power station (27 MW).

The situation in the Tasmanian power system is different from the Darwin–Katherine
network. Less than 10% of power generation is from the gas units. The first gas generation
plant is Tamar Valley Combined Cycle power station with a total capacity of 208 MW,
which has been announced withdrawal. The second one is Tamar Valley Peaking with a
capacity of 58 MW, which is still in service. The third one is Bell Bay Power Station with a
total capacity of 105 MW. As the gas generators might not be enough for balancing the new
tidal generators, the hydro generators that are close to the point of connection were also
considered. These generators are as follows:

• Trevallyn Power Station with a total capacity of 46.5 MW;
• Paloona Power Station with a total capacity of 33 MW;
• Devils Gate Power Station with a total capacity of 60 MW;
• Cethana Power Station with a total capacity of 85 MW;
• Lemonthyme / Wilmot Power Station with a total capacity of 81.6 MW.

6.3. Grid-Integration Scenarios

The simulations were conducted for a couple of different scenarios. In the first scenario,
the locational tidal HC is identified for the existing network. This scenario is referred as
“Baseline Scenario” in this paper. In the second scenario, the locational tidal HC is identified
considering the future network development and renewable projects. This scenario is
referred as “Future Scenario” in this paper. The future upgrades in DKIS is provided by
PWC in their network management plan report [43]. Further, the details of the network
upgrades required in Tasmania are provided in Appendix D of Integrated System Plan (ISP)
2018 report [44]. As for the future renewable project, solar energy is the most prospective
renewable energy resource in the Northern Territory and wind seems to be the dominant
renewable resource in Tasmania.
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6.4. Simulation Results and Discussions for Baseline Scenario

Table 2 presents the maximum capacity of tidal generators that could be installed at
different locations in the DKIS. As can be seen among the considered locations, Casuarina
can accommodate 104 MW, which is the highest level of tidal generation among the assessed
locations. Further, Frances Bay substation with an allowable capacity of 61 MW is the worst
point of connection. Moreover, the main technical constraint that bounded tidal generation
at the considered locations is the thermal capacity of the transformers.

Table 2. Locational tidal HC at different locations in DKIS.

Point of Connection Maximum Allowable Capacity (MW) Limitation

Darwin city substation 89 Thermal rating (Transformer)

Snell street (Woolner) substation 77 Thermal rating (Transformer)

Casuarina substation 104 Thermal rating (Transformer)

Frances Bay substation 61 Thermal rating (Transformer)

Table 3 presents the maximum tidal capacity that could be installed at different loca-
tions in the Tasmanian network. As can be seen among the considered locations, Scottsdale
substation can accommodate 65 MW, which is the highest level of tidal generation among
the assessed locations. Further, St Marys substation with an allowable capacity of 21 MW
is the worst point of connection. Similar to Darwin–Katherine network, the main technical
constraint that bounded tidal generation at the considered locations is the thermal capacity.

Table 3. Locational tidal HC at different locations in the Tasmanian network.

Point of Connection Maximum Allowable Capacity (MW) Limitation

Musselroe Bay WF substation 59 Thermal rating (line)

Derby substation 24 Thermal rating (Transformer)

Scottsdale substation 65 Thermal rating (Transformer)

Starwood substation in Bell Bay 59 Thermal rating (line)

St Marys substation 21 Thermal rating (Transformer)

Improving HC generally can be done by employing local solutions. If the limiting
constraint is voltage related, employing a reactive power resource such as capacitor bank,
reactor and STATCOM (depending on the observed issue) could alleviate the situation.
If the limiting constraint is thermal rating violation, upgrading the lines or substation
transformer is an effective solution. Further, if the system strength is the limiting constraint,
installing synchronous condensers can generally resolve the issue. As shown, thermal
rating is the main constraint in the studied cases of both Darwin–Katherine and Tasmanian
network. It can be seen in Table 4 that upgrading the transformer capacity could increase
the locational HC. Note that the area of interest is quite congested and integrating higher
tidal capacity requires a huge amount of investment in upgrading the network.
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Table 4. Locational tidal HC at different locations in the Tasmanian network after upgrading nearby transformers.

Point of Connection Maximum Allowable Capacity (MW) Limitation

Musselroe Bay WF substation 59 Thermal rating (line)

Derby substation 89 Thermal rating (line)

Scottsdale substation 159 Thermal rating (line)

Starwood substation in Bell Bay 59 Thermal rating (line)

St Marys substation 57 Thermal rating (line)

6.5. Simulation Results and Discussions for the Future Scenario

As it was mentioned, solar energy is the dominant resource in the Northern Territory.
In this section, the proposed algorithm was used to identify the locational tidal HC in the
presence of future solar farm projects in the Darwin–Katherine network. There are different
options to be considered as the point of connection (POC) of the new solar farm. In this
paper, it was assumed that the POC for the potential solar farm were the same as those
defined for the tidal farm. Further, the capacity of the solar farm is changed from 0 MW to
210 MW. Figure 5 demonstrates the locational tidal HC versus solar farm capacity. As it
can be seen, the prospective solar farm only affected the tidal HC when the POC of solar
and tidal farm are the same. This is mainly because the solar farm power injection did
not change the power flow around the tidal farm POC. Another interesting observation
is that increasing the solar farm capacity did not have any impact on the locational tidal
HC if the solar farm capacity is below 15 MW. However, a solar farm with a capacity in
the range of 15 MW to 210 MW would cause a decrease in the locational tidal HC. This is
mainly because the tidal generation caused a thermal rating constraint violation at 4 a.m.
The output power of the solar farm is zero during this time period. However, the solar
farm generated its maximum power at 1:30 p.m. Increasing the capacity of the solar farm
eventually shifted the critical time period for the combined generation from 4 a.m. to
1:30 p.m.

(a) Solar farm connected at Darwin city
Figure 5. Cont.
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(b) Solar farm connected at Snell street

(c) Solar farm connected at Casuarina

(d) Solar farm connected at Frances Bay

Figure 5. Impact of a potential solar farm on locational tidal HC in Darwin–Katherine network.
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Wind energy is quite strong in Tasmania. Thus, the proposed algorithm was used to
identify the locational tidal HC in presence of future wind farm projects in the Tasmanian
network. There are different options to be considered as the point of connection (POC)
of the new wind farm. In this paper, it is assumed that the POC for the potential wind
farm are the same as those defined for the tidal farm. Further, the capacity of the wind
farm is changed from 0 MW to 120 MW. Figure 6 demonstrates the locational tidal HC
versus wind farm capacity. As it can be seen, the prospective wind farm affected the tidal
HC when the POC of wind and tidal farm are close to each other. For instance, as can be
observed in Figure 6b, increasing the wind farm capacity at Derby substation would result
in a decrease in the locational tidal HC at Musselroe, Derby and Scottsdale.

(a) Wind farm connected at Musselroe Bay

(b) Wind farm connected at Derby
Figure 6. Cont.
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(c) Wind farm connected at Scottsdale

(d) Wind farm connected at Starwood

(e) Wind farm connected at St Marys

Figure 6. Impact of a potential wind farm on locational tidal HC in the Tasmanian network.
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In both the Darwin–Katherine and the Tasmanian networks, the locational HC of the
hybrid generation, i.e., tidal-solar and tidal-wind, was higher than locational tidal HC. This
was because the HC at the considered locations was mainly limited due to thermal rating
constraint. Further, the generation profile of tidal, wind and solar farms were different
and their maximum generation did not occur at the same time. Therefore, if the network
is strong and the HC is limited by thermal rating and voltage related constraints, hybrid
generation could result in a higher locational HC. Of course, considering this approach
depends on the availability of the resources and the feasibility of the project from an
economical point of view. However, if the system strength is the limiting constraint of the
HC, hybrid generation using grid-following inverters would not improve the locational
HC. In such a case, only increasing system strength or employing grid-forming technology
could be effective.

7. Conclusions

This paper develops a methodology to estimate the locational HC for grid-following
IBPSs. the developed methodology is based on thermal rating, voltage, protection and
stability criteria. The uncertainty associated with the load and output power of IBPSs are
addressed using time-series simulations. Further, the proposed algorithm monitors the
voltage, loading of the elements, fault level as well as system strength index for all credible
contingencies. The developed approach was employed in the AUSTEn project to assess
the capability of the Tasmanian and Darwin–Katherine networks to host tidal generation.
The assessment demonstrated that although both Banks and Clarence straits provide very
good tidal resources, the network capacity to transfer the energy from those locations to
load centers is limited. In other words, the network capacity is an immediate constraint
on future tidal integration into the systems. Further, the sensitivity of the maximum
allowable tidal generation to the capacity of a prospective wind and/or solar farm was also
assessed. It was observed that a prospective wind and/or solar farm would not impact
the locational tidal HC for some cases while they could decrease the maximum allowable
tidal generation at some other locations. Moreover, it was demonstrated that improving
the IBPSs HC required a local solution. Depending on the limiting constraint, upgrading
the lines/transformers and installing reactive power resources such as STATCOM and
synchronous condenser could increase the HC.
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Abbreviations
The following abbreviations are used in this manuscript:

AEMO Australian Energy Market Operator
AREMI Australian Renewable Energy Mapping Infrastructure
ARENA Australian Renewable Energy Agency
AUSTEn Australian Tidal Energy
CSIRO Commonwealth Scientific and Industrial Research Organisation
DER Distributed Energy Resource
DKIS Darwin–Katherine interconnected system
GA Geo-science Australia
HC Hosting Capacity
IBPS Inverter Based Power Resource
ISP Integrated System Plan
LV/MV Low Voltage/Medium Voltage
NEM National Electricity Market
NSP Network Service Provider
PLL Phase-Lock-Loop
POC Point of Connection
PWC Power and Water Corporation
SCR Short Circuit Ratio
SG Synchronous Generators
WF wind farm
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