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Abstract — Many existing and proposed wind and solar plant 
generators in Australia and internationally are considering the 
integration of storage solutions with their generation assets to 
provide a means of arbitraging energy spot prices and 
potentially participating in market ancillary services or 
capturing energy that might be lost due to curtailment. 

This paper will document and discuss in practical detail some 
of the recent experiences in the competitive Australian National 
Electricity Market (NEM). Whilst the regulator and system 
operator have all been supportive of the recent developments, a 
number of challenges test many of the existing specifications 
and requirements that were formulated during market design 
discussions 20 to 25 years ago. 

During recent project developments and implementation, a 
number of practical constraints and limitations have been 
encountered such as: 

* The NEM Dispatch Engine (NEMDE) requiring the battery
to be registered in the market, bid and operated as a separate
load and generator, as a storage model had not been
implemented,

* The half hour trading interval settlements (that average the
5 minute dispatch periods) potentially lead to economic
incentives not matching the system requirements, which in turn
lead to very challenging system implementation challenges.

Similarly, given storage devices as low as 5MW are registered 
in the NEM as dispatched generators, many of the inherent 
control and trading controls required by large scale fossil fuel 
or hydro generators are now necessary for renewable 
generators. The considerable costs of running 24/7 operations 
and trading centers are not well suited to the prevailing 
economic thinking of small-scale operations that have been a 
significant contributor to developing and constructing 
renewable generation in Australia. 
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I.  INTRODUCTION

The Australian National Electricity Market (NEM) is the 
interconnected power system across Australia’s eastern and 

south-eastern seaboard.  The NEM consists of 5 regions 
(each of the eastern states and South Australia) and operates 
on a 5 minute dispatch interval.  Maximum demand is 
approx. 35GW, with average and minimum demand around 
25GW and 15GW respectively [1]. 

The Hornsdale Power Reserve Battery Energy Storage 
System (HPR) is located near Jamestown, north of Adelaide 
in South Australia and is currently the largest utility-scale 
storage device in the world. HPR is rated at 100MW 
discharge and 80MW charge, with a storage capacity greater 
of 129MWh. This capacity represents approximately 75 
minutes at full discharge. HPR shares the same 275 kilovolt 
(kV) network connection area as the 300MW Hornsdale 
Wind Farm but is not connected to the wind farms, hence the 
battery is not ‘filled’ by the battery in any way. 

This paper discusses the practical experiences of integrating 
utility scale battery solutions into the existing NEM market 
design and espouses the lessons to be learned for 
implementing future storage solutions. 

II. STORAGE TECHNOLOGY

The Hornsdale Power Reserve uses Tesla Powerpack 2 
Lithium Ion units (similar to that installed within residential 
homes), with approximately 40,000 individual units used, as 
well as associated control equipment. While this is the 
largest single battery Tesla has constructed, the technology 
had been proven on a smaller scale at several other sites 
worldwide [2].   

In general, Lithium Ion (Li-ion) is the preferred storage 
device of choice at present due to the lower cost of stored 
energy and high efficiency levels (~80% based on analysis 
of HPR’s generation output to load consumption ratios in the 
first half of 2018). 

Other storage technologies are progressively being 
introduced, such as silicon energy storage (used by 1414 
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degrees), thermal storage and flow batteries, with each 
having their own unique performance characteristics. 

III. EXISTING MARKET RULES

A. Market dispatch engine
Dispatch within the NEM is a co-optimization of energy and 
FCAS market bids at a 5 minute Dispatch Interval; the NEM 
dispatch engine (NEMDE) optimizes the price paid by the 
market for both energy and ancillary services by analyzing 
the capability of all generating units, loads, and unit ramp 
rates.  NEMDE does not have a storage model as an asset 
class, hence for the HPR implementation (and subsequent 
batteries) storage needs to be modelled as both a generator 
and load to represent the discharge and charge 
characteristics. The authors understand AEMO (the market 
operator) is currently working through implementation of a 
storage model with the NEMDE vendor. 

The co-optimization process within NEMDE reduces total 
market costs by analyzing both energy and ancillary service 
bids and subsequently dispatches generators to meet system 
security constraints inclusive of FCAS requirements for the 
coming dispatch interval.   

B. Ancillary service markets
The Australian NEM currently consists of one energy market 
and eight FCAS markets as defined in the Market Ancillary 
Service Specification (MASS): 

• Regulation raise / lower

• 6 second raise / lower

• 60 second raise / lower

• 5 minute raise / lower

Generators may be curtailed in order to provide raise 
services, reducing the revenue from energy production.  In 
the case of battery storage assets, assuming it is available and 

connected, the battery can have a 0MW dispatch target 
(orange line) but still be providing regulation services (light 
blue), where actual generation (blue) can be seen to be 
increasing under low frequency conditions (green line on 
lower chart), as shown in Fig 2. 

C. Trading interval settlements
Currently the NEM is dispatched on a 5 minute dispatch 
interval with the market settled on an averaged half-hour 
trading internal. Whilst this does create some anomalies 
between dispatch and settlement pricing due to the averaging 
operation, a rule change has recently been accepted that will 
align dispatch and trading intervals to 5 minute intervals in 
2021 [3].   

Whilst many see this as advantageous to batteries, it may 
create a more intense and volatile dispatch interval, 
especially once a number of the developments occur across 
the market such as automated trading and more overnight 
trading operations management for wind/battery operations. 

IV. OPERATION AND TRADING OF DISPATCHED STORAGE

A. Market & Trading requirements of storage devices
The operator of a dispatchable generator must meet the 
generator and load requirements of the NEM including all 
storage devices above 5MW that are classified as scheduled 
generators. Notwithstanding the requirements noted below, 
the integration of the dispatch and the operation of HPR 
occurred in a similar fashion as any other generation type 
which is a testament to the capability of NEMDE and the 
NEM. 

To be able to compete in the NEM with such a strategic asset 
and ensure that energy arbitrage, FCAS and curtailment 
management opportunities can be exploited, the operators 
and implementation partners are required to implement 
systems and integration elements more consistent with large 
thermal generation than small renewable generation assets. 

Figure 1 – Hornsdale Power Reserve installation 



B. Market & trading systems 
Battery storage systems can be installed in a matter of 
months, thereby placing significant time pressures on all 
aspects of the project.  In the case of HPR, the project was 
publicly announced in early July 2017, with the battery 
commencing generation and loading on 25 November 2017, 
meeting the generation deadline 60 days after the connection 
contract was signed [4]. 

The short time available for the delivery of battery systems 
has many implications for the entire project with a key 
deliverable being the information systems required for the 
trading and management of the battery system. In order to 
ensure that the supporting systems are ready for the initial 
generation, it is necessary to design the architecture of the 
system so that the software can be developed in parallel to 
other key activities. This compartmentalized development 
approach ensures that all SCADA data, supporting user 
interfaces and submission and receipts of offers through the 
existing AEMO information systems can be achieved in the 
limited project time available. 

As with any system integration, it is necessary to develop an 
interface layer that allows all the software components to 
reliably transfer information and interoperate, as shown in 
Fig. 3. 

Given the unique nature of most batteries and organizations 
that are currently developing them, the user interface needs 
to be developed with flexible, modularized and agile front-
end interfaces, using modern web frameworks such as React, 
which is a component-based open source Javascript user 
interface library [5]. The discrete components of the user 
interface such as the battery state display, logging of the 
automated offer process and offer display / editing in 
dispatch and predispatch timeframes can all be readily 
incorporated into a single user framework. 

The market interface is the central critical piece of 
infrastructure that provides all of the data for the system that 
is sourced from battery operator, the AEMO Market 
Management System database and storage system state 
information such as the current status of communications 
links. Technologies, such the Python Flask web application 
framework [5] that can support RESTful dispatch services in 
combination with web servers such as NGINX, allow for the 
creation of simple, reliable and highly customizable software 

services for battery operations that require high availability, 
albeit generally with low numbers of users. 

During the initial stages of operation of production systems, 
many performance improvements may be required to the 
initial software infrastructure by implementing software 
engineering optimizations such as using a multi-threaded 
application server, timed querying of the market database 
and caching of fetched data. 

C. Integration 
In order to potentially maximize the potential revenue of 
battery systems, a system is required that creates energy and 
FCAS offers from available battery state every 5 minutes. 
This is a new area of market development specifically driven 
by the requirements of storage solutions in the NEM.  Given 
that the market dispatch and predispatch data needed to 
formulate feasible offers that comply with the operational, 
regulatory and financial constraints in the NEM are readily 
available, a unique software solution requirement in the 
NEM has arisen that requires specialized information 
services.  

The operator user interface, as well as displaying key 
dispatch information, must also have an ability for the 
operators to suspend the submission of any automated offers 
when required, and provide functions to allow the operators 
to create and submit a manual offer based on the last 
successful offer in response to AEMO power system security 
directions or other volatile market events. 

V. MARKET OUTCOMES OF STORAGE OPERATION 

A. Regional energy and ancillary prices 
As of March 2018, the installed capacity of Scheduled 

and Semi Scheduled generators in South Australia is 4500 
MW. There are also 277 MW of Diesel generation owned by 
South Australian Power Networks.  In total there are some 

 
Figure 2 –AEMO 4 sec trace of HPR operation 

 

 
Figure 3 – Schematic diagram of the battery software system 

 
 



665 Units across 28 power stations operating in South 
Australia. 

The Hornsdale battery is in a category all by itself and is 
the only one of its type. At 100 MW it has only 2% of the 
region’s capacity. However, in terms of FCAS, it has more 
market share with 11 % of the region’s capacity operating as 
a Generator, and 10 % operating as a Load. 

The total capacity shares of FCAS in SA are shown in 
Fig. 4, highlighting the predominance of the 1200MW 
Torrens Island Gas Thermal station. In the first half of 2018 
since the introduction of HPR in the South Australian (SA) 
region, ancillary service prices were generally lower in South 
Australia by approx. 50% as the battery supplied additional 
FCAS services, as noted in numerous summary reports [7].   

B. Other market impacts 
As well as actual supply benefits, the fast start nature of 

storage devices has also changed the nature of the FCAS 
revenue outcomes for consumers in the SA region, which 
were clearly evident in the differences in market outcomes 
on two different days: 14 September 2017 and 14 January 
2018. 

On both days, local transmission network conditions 
required AGC services to be sourced locally within SA.  In 
September 2017, these services were supplied by only three 
suppliers (AGL SA, Origin and Pelican Point), with actual 
market price outcomes above $10,000/MWh for both raise 
and lower regulation services for over 8 hours. In January 
2018, under very similar market conditions, regulation prices 
remained under $300/MWh for the duration of the similar 
outage, resulting in $3m - $4m in savings to the SA region 
in additional costs. 

VI. FUTURE CHALLENGES 

A. Increasing levels of renewable energy 
Favorable economic and financial conditions have 

encouraged over 6000MW of additional wind and solar 
generation to be either built or under construction in the 
NEM in 2017 and 2018. Many of these projects are also 
considering storage solutions, especially in areas where 
network congestion may impact the delivering of all output 
at all times, such as in the middle of the day in regions such 
as northern Queensland. 

However, given the requirement to register utility-scale 
batteries greater than 5MW, the ability to ‘capture’ lost 
energy is limited under most circumstances, unless hybrid 
unit solutions are considered, which is another level of 
complication that no NEM participant is yet to undertake. In 
the authors opinion, this will be next challenge for NEM 
renewable developers that will require a further significant 
step in systems and trading capability.  

B. Changing market dynamics 
Given the strategic nature of storage devices and their 
scheduled generator registration status, all batteries 5MW 
and above are creating new dynamics in the NEM that 
require new approaches for traditional renewable energy 
developers. Many of the inherent control and trading controls 
required by large-scale thermal or hydro generators are now 
required by storage assets such as 24/7 operations and 
trading centers to monitor real-time dispatch. Most 
renewable-only wind and solar generators are not well 
equipped for the significant change required, resulting in 
new costs not previously considered in most business case 
proposals. 

VII. CONCLUSIONS AND FUTURE WORK 
This paper highlights some of the encouraging 

preliminary market outcomes of the first 6 months of 
operation of the 100MW HPR in the NEM. The paper also 
presents a number of the challenges that utility-scale storage 
is presenting within the NEM, including new thinking 
required by traditional renewable energy developers and 
operators. These challenges, in addition to the increasing 
levels of wind and solar generation projects that are 
underway in the next 2 years within the NEM, will result in 
further opportunities for energy arbitrage and FCAS 
deployment. 
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Figure 4 –South Australia FCAS capacity shares 

 




