
 
ENERGY 
STORAGE 
STUDY
FUNDING AND KNOWLEDGE SHARING PRIORITIES

Prepared for Australian Renewable Energy Agency



AECOM Energy Storage Study

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

Energy Storage Study
A storage market review and recommendations for funding and knowledge sharing priorities

Client: Australian Renewable Energy Agency

ABN: 35 931 927 899

Prepared by

AECOM Australia Pty Ltd
Level 21, 420 George Street, Sydney NSW 2000, PO Box Q410, QVB Post Office NSW 1230, Australia
T +61 2 8934 0000  F +61 2 8934 0001  www.aecom.com
ABN 20 093 846 925

13-Jul-2015

AECOM in Australia and New Zealand is certified to the latest version of ISO9001, ISO14001, AS/NZS4801 and OHSAS18001.

© AECOM Australia Pty Ltd (AECOM). All rights reserved.

AECOM has prepared this document for the sole use of the Client and for a specific purpose, each as expressly stated in the document. No other
party should rely on this document without the prior written consent of AECOM. AECOM undertakes no duty, nor accepts any responsibility, to any
third party who may rely upon or use this document. This document has been prepared based on the Client’s description of its requirements and
AECOM’s experience, having regard to assumptions that AECOM can reasonably be expected to make in accordance with sound professional
principles. AECOM may also have relied upon information provided by the Client and other third parties to prepare this document, some of which
may not have been verified. Subject to the above conditions, this document may be transmitted, reproduced or disseminated only in its entirety.



AECOM Energy Storage Study

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

Quality Information

Document Energy Storage Study

Date 13-Jul-2015

Prepared by Carl Christiansen, Ben Murray

Reviewed by Glen Conway

Revision History

Revision
Revision
Date

Details
Authorised

Name/Position Signature

A 23-Jan-2015 International Market Review Craig Chambers
Market Sector Director
- Power

B 6-Mar-2015 Draft Report Craig Chambers
Market Sector Director
- Power

0 14-April-15 Final Draft Craig Chambers
Market Sector Director
- Power

1 09-June-15 Final Craig Chambers
Market Sector Director
- Power

2 13-July-15 Final (Public Release Version) Craig Chambers
Market Sector Director
- Power



4

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

Table of Contents
Executive Summary 8
Table of Acronyms 13
1.0 Introduction 15

1.1 Background 15
1.2 Project objectives 15
1.3 Project scope 16
1.4 Study Logic 16
1.5 Storage markets, applications and drivers 18

2.0 Storage Technology Review 23
2.1 Electrochemical storage (batteries) 23

2.1.1 Lead acid batteries 23
2.1.2 Lithium-ion (Li-ion) 24
2.1.3 Sodium sulphur (NaS) 24
2.1.4 Flow batteries 25

2.2 Other storage technologies 25
2.3 Storage technology comparison 27
2.4 Technology cost 28
2.5 Technology maturity 30

3.0 International Market Review 33
3.1 Introduction 33
3.2 California (USA) 34

3.2.1 Background 34
3.2.2 Energy Storage Mandate 34
3.2.3 Self-Generation Incentive Program 35
3.2.4 Incentives to compensate fast response for frequency regulation (US Federal

Government policy) 35
3.2.5 Key observations and learnings for Australia 36

3.3 Hawaii (USA) 37
3.3.1 Background 37
3.3.2 Oahu energy storage proposal 37
3.3.3 Kauai Island Utility Cooperative energy storage RFP 37
3.3.4 Key observations and learnings for Australia 38

3.4 New York (USA) 38
3.4.1 Background 38
3.4.2 Enhanced load reduction program (proposed) 38
3.4.3 Reforming Energy Vision (REV) Initiative 38
3.4.4 Key observations and learnings for Australia 39

3.5 Texas (USA) 39
3.5.1 Background 39
3.5.2 Oncor battery storage proposal 40
3.5.3 Texas Emerging Technology Fund 40
3.5.4 Key observations and learnings for Australia 40

3.6 China 41
3.6.1 Background 41
3.6.2 Pairing generation with storage 41
3.6.3 Battery manufacturing plants 41
3.6.4 Transportation 41
3.6.5 Key observations and learnings for Australia 42

3.7 Japan 42
3.7.1 Background 42
3.7.2 Storage Battery Strategy Project 43
3.7.3 Battery storage subsidy 43
3.7.4 Key observations and learnings for Australia 43

3.8 South Korea 44
3.8.1 Background 44



5

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

3.8.2 KEPCO energy storage drive 44
3.8.3 Key observations and learnings for Australia 45

3.9 Germany 45
3.9.1 Background 45
3.9.2 Programs 45
3.9.3 Key observations and learnings for Australia 46

3.10 United Kingdom 47
3.10.1 Background 47
3.10.2 Energy Storage Technology Demonstration program 48
3.10.3 Low Carbon Networks fund 49
3.10.4 Scotland 49
3.10.5 Key observations and learnings for Australia 50

3.11 Italy 50
3.11.1 Background 50
3.11.2 Domestic energy storage regulations 51
3.11.3 Key observations and learnings for Australia 51

3.12 Other markets 51
3.13 International market summary 53

4.0 Domestic Market Review 56
4.1 Key characterisation of the Australian electricity market 56
4.2 Policy and regulations 59

4.2.1 Power of Choice 59
4.2.2 Current Australian Energy Market Commission rule changes 60
4.2.3 Competition in metering 60
4.2.4 Tariffs 61
4.2.5 Incentive schemes 61
4.2.6 Energy storage standards 62
4.2.7 Summary – policy and regulations 62

4.3 Status of Australian storage markets 63
4.3.1 Off-grid 63
4.3.2 Wholesale market 64
4.3.3 Transmission and distribution networks (includes fringe-of-grid) 65
4.3.4 End users 67
4.3.5 Electric vehicles 68

4.4 Economic drivers in Australian market segments 69
4.4.1 Off-grid market value 69
4.4.2 Wholesale market value 70
4.4.3 Transmission and distribution networks market value 71
4.4.4 End-user market value 71
4.4.5 Market segment summary 72

4.5 Project Stocktake 74
4.6 Barriers for energy storage in the Australian market 77
4.7 Australian market summary 77

5.0 Recommended Investment Priorities 80
5.1 Overview of learnings 80
5.2 ARENA’s objectives 82
5.3 Investment options 82
5.4 Investment option evaluation 90
5.5 Summary of investment priorities 91
5.6 Additional considerations 92

5.6.1 Technology discussion 92
5.6.2 Business models 93

6.0 Conclusion 94
7.0 Bibliography 96

 Appendix A
Storage Technologies A



6

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

 Appendix B
Consultation C
Industry market survey D

Survey structure D
Demographics of survey respondents D
Survey results E
Additional feedback H
Key learnings - survey I

Targeted stakeholder consultations K
Key learning – stakeholder consultation M

 Appendix C
Survey Questionnaire P

 Appendix D
Meeting Records Q

List of Tables

Table 1 Summary of value streams available for different energy storage applications 9
Table 2 Table of acronyms 13
Table 3 Definitions of market segments 18
Table 4 Definitions of applications 19
Table 5 Definitions of drivers 20
Table 6 Drivers and challenges for energy storage technologies 21
Table 7 Technical comparison of common battery types* [10],  [11], [12] 25
Table 8 Energy storage technologies [5], [10] 25
Table 9 Storage technology capital cost source, year and assumptions 29
Table 10 Storage technology LCOE source, year and assumptions 30
Table 11 Rebate available to installers of energy storage systems in California 35
Table 12 Investment focus for California 37
Table 13 Investment focus for Hawaii 38
Table 14 Incentives for battery storage systems [39], capped at US$10 million 38
Table 15 Investment focus for New York 39
Table 16 Investment focus for Texas 41
Table 17 Investment focus for China 42
Table 18 Investment focus for Japan 44
Table 19 Investment focus for South Korea 45
Table 20 Programs in Germany for storage support. [67] 45
Table 21 Investment focus for Germany 47
Table 22 Investment focus for UK 50
Table 23 Investment focus for Italy 51
Table 24 Overview of government actions supporting energy storage deployment [12] 51
Table 25 Penetration of wind generation in South Australia [111] 57
Table 26 Australian suburbs with the highest concentration of solar PV [113]. 58
Table 27 Relevant AEMC rule changes 60
Table 28 DMIS draft determination values 62
Table 29 Summary of potential revenue available for energy storage in each market segment

(Source: AECOM) 72
Table 30 Australian energy storage project stocktake [19] 74
Table 31 Barriers to the uptake of energy storage in Australia 77
Table 32 Summary of economic drivers available for different energy storage applications 81
Table 33 Description of investment options 84
Table 34 Definitions of marking criteria as used in the evaluation process 90
Table 38 Recommended ARENA funding priorities 91
Table 39 Industry survey response - organisational type (question 3) D
Table 40 Energy storage technology by potential (question 6) F
Table 41 Benefit of different energy storage applications (question 8) F



7

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

Table 42 The relative importance of purchasing considerations for energy storage technologies
(question 9) G

Table 43 The value of potential initiatives for achieving business objectives (question 10) G
Table 44 The value of Initiatives for commercialisation (question 11) H
Table 45 Barriers of battery storage (question 12) H
Table 46 Survey key learnings I
Table 47 Stakeholder consultations K
Table 48 Targeted consultation key learnings M

List of Figures

Figure 1 Illustration of the value of energy storage across the electricity value chain 9
Figure 2 Recommended energy storage initiatives, priorities and outcomes 11
Figure 3 Report logic and phases 17
Figure 4 Storage markets, applications and drivers 18
Figure 5 Energy storage drivers 21
Figure 6 Classification of energy storage technologies 23
Figure 7 Global lithium reserve base (tonnes) by country (2011) [6] 24
Figure 8 Electricity storage technologies comparison – discharge time vs. power capacity (MW),

[5] 27
Figure 9 Global installed grid-connected electricity storage capacity (MW),  [12] 28
Figure 10 Energy storage technologies capital costs (installed) [13], [14], [15], [16], [17], [18] 29
Figure 11 Energy storage technologies Levelised Cost of Electricity (LCOE), [13], [15] [16] 30
Figure 12 Technology maturity curve, [5] 31
Figure 13 Cumulative global capacity (MW) of battery storage by technology as listed on the US

Department of Energy database [19] 32
Figure 14 Lowest current and projected battery cell price by type for utility-scale applications [1] 32
Figure 15 Total operational battery projects by country as listed on the US Department of Energy

database [19] 33
Figure 16 Energy storage procurement targets (MW) 35
Figure 17 Forecasted installation growth in the battery market (trillion Japanese Yen), including

target market share/segments for Japanese battery companies [56] 43
Figure 18 Location of proposed and deployed storage by DNSPs and Department of Energy and

Climate Change as of 1 Dec 2014 [76] 48
Figure 19 Geographic distribution of proposed and deployed storage by DNSPs and Department of

Energy and Climate Change as of 1 Dec 2014 [76] 48
Figure 20 Summary of energy storage market activities [19] 55
Figure 21 Illustration of international storage markets 55
Figure 22 South Australia’s average daily demand, wind generation and penetration profile [111]. 57
Figure 23 Existing off-grid generation in Australia 63
Figure 24 SWER networks to have GUSS systems installed [130] 67
Figure 25 Horizon Power distributed generation system size classification [132] 67
Figure 26 Solar PV cost comparison with diesel genset fuel-only costs (includes Fuel Tax Credit)

[114] 70
Figure 27 Potential annual revenue from pumped storage installations in South Australia [142] 71
Figure 28 Generation revenue available to each market segment cross-reference against the

LCOE for Li-ion and CAES technologies 73
Figure 29 Summary of energy storage benefits across the electricity value chain 79
Figure 30 Illustration of the current value of energy storage across the electricity value chain 81
Figure 31 Breakdown of ARENA's objectives within the context of energy storage 82
Figure 32 Summary of ARENA’s role across the innovation chain, which spans R&D,

demonstration and deployment [147] 83
Figure 35 Recommended ARENA funding priorities 95
Figure 36 Industry survey response – relevant industries for respondents; multiple industries

possible (question 4) D
Figure 37 Industry survey response – role in organisation (question 1) E
Figure 38 Level of survey participant interest for various energy storage project sizes (question 5) F



8

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

Executive Summary
The role of enabling technologies such as energy storage is becoming more important as Australia moves
towards higher penetrations of intermittent renewable generation such as solar and wind power. Some parts of
Australia are already experiencing the technical limitations of intermittent renewables, leading to emerging power
quality issues or curtailment of renewables. If ARENA is to continue supporting the growth of Australia’s
renewables market efficiently and at lowest cost, it is important to support the development of new markets for
enabling technologies. Energy storage is perhaps the most significant enabling technology, providing the ability to
both smooth and shift renewable generation to match demand profiles.

International developments

AECOM has reviewed ten leading international energy storage markets, including the United States (California,
Hawaii, Texas and New York), China, Japan, South Korea, Germany, United Kingdom and Italy.  To date,
California and Germany have setup the most sophisticated programs. Both markets have sought to spread their
energy storage investment focus across wholesale, T&D and end-user markets by placing the obligation on
utilities to meet the program objectives, while supporting private users with direct rebates.

Noting that many of the international programs are relatively immature and their relative success is yet to be
determined, some key preliminary learnings observed were:

- The importance of safety in residential applications; there have been unconfirmed accounts of multiple
house fires in Germany caused by batteries installed under the KfW 275 residential storage rebate program.
Batteries are high energy sources and it is most important that they are manufactured and installed such that
the safety of home-owners is not compromised.

- The focus on providing network value; end-user applications have the ability to provide a shared-value to
networks by reducing capacity requirements. Germany is attempting to capture this value by requiring that
all recipients of household battery rebate allow DNSPs to remotely control the battery system. Distribution
network costs are the largest contributor to electricity prices in Australia and battery systems have the ability
to simultaneously reduce network investments while supporting distributed renewable installations.

- California’s focus on building a robust network to facilitate renewables; California is seeking to build a
smart and robust electricity network that will be able to cope with the strains of high penetrations of
renewables under its 33% by 2020 target. California has commenced a holistic approach to its networks,
looking at energy efficiency and demand-side participation as well as energy storage deployed across its
network, from the supply side, through the networks to the end user.

Domestic context

Australia’s energy market differentiates itself from many international markets with its large fringe-of-grid and off-
grid markets, as well as an oversupply of generation capacity and low customer density. While these
characteristics present niche market opportunities for energy storage in Australia, the broader electricity market’s
interest in energy storage is comparable to many international markets, that being overcoming the system
integration challenges associated with regional concentrations of rooftop solar PV and utility-scale wind farms.

There is currently higher value for storage at the end-user level than on the supply-side, while the value of T&D
applications is highly variable, network specific and often subject to regulatory barriers. This trend is illustrated in
Figure 1, which also identifies the value streams for each installation location.
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Figure 1 Illustration of the value of energy storage across the electricity value chain

The high-value of the end-user installation is largely due to the ability to increase the behind-the-meter utilisation
of solar power, offsetting consumption from the grid. This is the largest and most tangible revenue stream ($/kWh)
available to storage projects in the current market as well as in the foreseeable future. Some economic drivers
such as wholesale arbitrage and ancillary services are difficult to monetise without an aggregator or retailer.  As
shown in Table 1, end-user installations are also capable of delivering other economic drivers, whereas T&D and
supply-side installations are restricted in their value streams. It is important to note that distributed energy
installations are generally smaller than centralised installations. As such, some economies of scale are lost and
some technologies (such as solar thermal storage, CAES and PHS) would not be economically feasible due to
scale constraints.

Table 1 Summary of value streams available for different energy storage applications
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Technology status

Current energy storage markets both domestically and internationally are dominated by pumped hydro which is a
mature technology with known cost structures. However, further deployment of pumped hydro is severely limited
by geographical and environmental site requirements as well as project size requirements to achieve economies
of scale. Conversely, many emerging energy storage technologies are immature and the cost structures are not
well defined. Battery technologies offer unique advantages in that they can easily be scaled to suit many
applications and have high cycle efficiency. The potential for significant cost reduction of some battery
technologies provides real opportunity for significant deployment in multiple applications. In particular, Li-ion
batteries prices are expected to reduce by over 60 percent and flow battery prices by over 40 percent by 2020 [1].
Nonetheless, technology demonstration is still required to prove the technical performance, understand
implementation requirements and build local knowledge and capability in industry.

Recommended investment priorities initiatives

AECOM has developed a list of investment options and prioritised them using three evaluation criteria:

1) Alignment with ARENA’s objectives and mandate

2) Investment influence, likely impact of ARENA’s investment in improving technical & commercial readiness

3) Replicability, likelihood of the investment to facilitate ARENA’s objectives through repeated future
deployment.

The evaluation assessment was based on the findings from the international and domestic market reviews, the
industry survey, stakeholder consultation, as well as AECOM’s own knowledge and experience. The evaluation
led AECOM to recommend seven investment priorities for ARENA, summarised in the illustration below.
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Figure 2 Recommended energy storage initiatives, priorities and outcomes

While ARENA has supported energy storage projects in the past for a variety of reasons, this study seeks to bring
together a coordinated and targeted approach for ARENA’s consideration. Each of the recommended funding
priorities has been selected for different reasons. Education and Knowledge Sharing is the means by which
ARENA can help reduce barriers to energy storage, particularly regulatory, technical capacity and awareness.
The selection of Demonstration Projects was impacted strongly by the relative impact on the renewable uptake,
the potential size of the market and medium term market conditions. Utility scale demonstration projects were not
preferred due to forecasted weak financial drivers in the wholesale market for wholesale arbitrage; however this is
reflective of current market conditions. Supply-side energy storage could be considered inevitable given current
renewable uptake trends, but the financial drivers are significantly weaker than for demand-side applications
(which can also participate in wholesale markets). For a more detailed discussion, please refer to Section 5.3.

Battery technologies
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Based on our assessment, ARENA is recommended to target and coordinate its energy storage funding to
maximise its industry development impact, focusing on building the capacity of industry to further appreciate the
benefits of adopting energy storage. ARENA should by no means restrict its initiatives to those highlighted above.
Rather, this list highlights where ARENA might provide the most value given its overall mandate, particularly as
the market continues to evolve in the short to medium term. Given the expected rapid evolution of this market it is
recommended that initiatives are reviewed regularly to ensure market relevance.

Concluding Remarks

The rapid uptake of solar PV provides a useful analogy to what could occur in the energy storage market, as
technology prices have potential to reduce as technology development simultaneously improves. The behind-the-
meter market segment of energy storage is widely expected to undergo a similar boom to the solar PV industry,
with a tipping point expected within the next ten years as further cost reductions are achieved. However, the risks
and opportunities from an energy storage boom are more complex than for solar PV due to the multitude of
applications and value streams relating to storage, greater safety risks, and the cumulative impact on the
continued growth of rooftop solar. As such, ARENA should work with industry participants such as technology
suppliers, NSPs and retailers to prepare the market for a future boom, supporting the demonstration and
establishment of safe standards and sustainable market structures which adequately reward each of the value
streams. By supporting the development of an efficient market for energy storage, ARENA will facilitate additional
supply of renewable energy by addressing intermittency and power quality challenges that could otherwise stall
growth in the market.
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Table of Acronyms
Table 2 Table of acronyms

Acronym Definition
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MW Mega-Watts
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Acronym Definition

MWh Mega-Watt-hours
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NEM National Electricity Market

NSP Network Service Provider

NSW New South Wales

OPEX Operating Expense

PHS Pumped Hydroelectric Storage

PPA Power Purchase Agreement

PV Photovoltaic

PWC Power and Water Corporation

QLD Queensland

R&D Research and Development

RAB Regulated Asset Base

RE Renewable Energy

RFP Request For Proposal

RIT-D Regulatory Investment Test for Distribution

SA South Australia

SMES Superconducting Magnetic Energy Storage

SRAS System Restart Ancillary Services

SWIS South-West Interconnected System

T&D Transmission and Distribution

TBA To Be Announced

TNSP Transmission Network Service Provider

TOU Time of Use

UPS Uninterruptible Power Supply

USD United States Dollars

VRB Vanadium Redox Battery

WA Western Australia
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1.0 Introduction

1.1 Background

Like the IT and telecommunications industries before it, the electricity industry is experiencing an accelerating
trend towards smarter, more disaggregated and more decentralised energy resources.  Understanding and
anticipating this trend is crucial to prepare for the major opportunities and challenges it will create.

The energy storage industry is evolving rapidly and new technologies could fundamentally shift the way electricity
has traditionally been generated and delivered. As was defined in CSIRO’s Future Grid Forum analysis, energy
storage adoption is likely to occur as a ‘megashift’ rather than incremental impact on the electricity industry, due to
the rapidly changing economic proposition as well as the disruptive influence on the market. As such, these
technologies should be reviewed in relation to the other influencing factors impacting their use, as well as their
potential to facilitate additional uptake.

Energy storage technology has developed tremendously in recent years and is expected to continue to grow.
While the costs are still prohibitively high for mass deployment, the trend of reducing costs for battery
technologies such as lithium-ion and flow battery technologies suggests that there will be a dramatic shift towards
these technologies in the next one to two decades. Before moving to a market-led roll-out, there is a need to
develop demonstration project experience in Australia’s market. This will help provide industry learnings to inform
key stakeholders such as consumers, local communities, technology suppliers, financiers, existing electricity
asset owners, regulators, retailers and policymakers.

1.2 Project objectives

Despite recent developments, intermittent renewable energy generators still face technical and economic barriers
to deployment.  The application of energy storage offers numerous complementary services for intermittent
generators and as renewable energy penetration increases over time, it is likely that these services will provide
more value to both renewable energy proponents and to network operators. The complementary services include:

- the ability to time-shift energy generation to periods of high value

- the ability to positively impact network congestion during periods of network stress

- the ability to allow higher capacity and penetration of renewable generators on existing infrastructure

- the ability to regulate ramp rates (smoothing)

- ability to supply network ancillary services from energy generated by intermittent renewable generators

- The benefits of energy storage are not restricted to renewable energy and energy storage can also offer
broader benefits for the energy sector including:

- deferral of network upgrade costs

- the ability to time-shift low cost or, if required, low emissions generation

- ability to allow generators to operate at high efficiencies – lowering overall cost of generation

- reduced spinning reserve requirements reducing  fuel consumption and associated  emissions

- assisting demand management

The overall objective of this project was to highlight to ARENA areas where there is potential synergistic
opportunity for energy storage to enable increased use of renewable energy in the Australian market.  These
learnings will be used by ARENA to refine its priorities and inform its investment decisions in this area.

The primary objective is to produce recommended ARENA specific storage funding and knowledge-sharing
priorities. The ARENA storage priorities will be developed in the context of ARENA’s legislated objectives to
increase the supply and improve the competitiveness of renewables.
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1.3 Project scope

ARENA has identified that energy storage is an important emerging technology and could become a critical
enabling technology to increase penetration of, and maximise the value proposition of, intermittent forms of
renewable energy.

Currently, there is an opportunity for ARENA to help shape the introduction of storage technologies in Australia,
whilst simultaneously pursuing the ARENA mandate to invest across the innovation chain to improve renewable
energy affordability and increase its use. Accordingly, ARENA has commissioned AECOM to perform an up-to-
date analysis of the energy storage industry with the aim of assisting ARENA refine its investment priorities. In this
report, AECOM investigates:

- various energy storage applications

- status update of energy storage technologies

- discussion regarding the costs, benefits and overall economics of various applications and technologies

- recent relevant international experience and its relevance for Australia

the status of energy storage in Australia including opportunities and barriers

- timing issues (e.g. projections of cost reductions)

- a stocktake of energy storage projects in Australia

- learnings from targeted industry stakeholder consultations

- learnings from a market survey

- the merits of a variety of potential ARENA initiatives.

Current energy storage markets both domestically and internationally are dominated by Pumped Hydroelectric
Storage (PHS) which is a mature technology with known cost structures. Further deployment of PHS is limited by
geographical and environmental site requirements as well as project size requirements to achieve economies of
scale.  Conversely, many emerging energy storage technologies are immature and the cost structures are not well
defined.  The changing cost structures of some energy storage technologies (particularly battery technologies)
provide real opportunity for market development, however technology demonstration and implementation is still
required to prove the ability of the technologies, understand implementation requirements, and reduce costs
associated with movement along the technology maturity curve.  Battery technologies also offer the unique
advantage that they can easily be scaled to suit many applications.

Due to the strong domestic and international trends towards battery technologies, this study places a strong
emphasis on battery technologies, especially with regard to capability, applicability and cost projections.
Nonetheless, other emerging technologies (e.g. thermal and compressed air energy storage) and indeed even
well-developed technologies (e.g. PHS) are not excluded from the analysis, findings and recommendations of this
study. This is because energy storage technologies are expected to evolve quickly, both in capability and cost-
reduction. As such, it is recommended that ARENA remain technology agnostic on energy storage and instead
focus its programs on the markets that provide best short to medium term value.

1.4 Study Logic

As illustrated in Figure 3, the study has been split into three distinct phases to enable a logical development of the
current understanding of international and local energy storage market and technology developments prior to
considering the study objectives. These phases are detailed as:

Phase A - Literature Review, this included using publically available and AECOM international resources, the
purpose of this phase it to provide a summary of the energy storage market status. The corresponding literature
review sections of the report are described below.

- Storage Technology Review, current available energy storage technologies have been described and a
discussion regarding the costs, value and overall economic trends of various technologies.

- International Market Review, the focus has been on markets with a direct policy focus on supporting energy
storage and what the relevant learnings are for Australia.
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- Domestic Market Review, investigated the key characteristics of the electricity market, what policy and
regulations are currently in effect, the status of different market segments within Australia, an energy storage
project stocktake and what barriers exist for implementing energy storage.

Phase B - Consultation; industry consultations were carried out with various stakeholders via teleconference
and workshops. Additionally an Australian industry wide survey was distributed using a database of relevant
AECOM contacts. It was also distributed through the Energy Storage Alliance of Australia and the Australian
Energy Storage Council contacts to gain further learnings.

Phase C - Prioritise; the various energy storage technologies were described according to their application,
ability to build capacity and the development of new technologies. Furthermore an evaluation of the possible
investment options was conducted and a short list of priorities is provided to guide future investment decisions.

Figure 3 Report logic and phases
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1.5 Storage markets, applications and drivers

Energy storage technologies can operate in various markets, applications and provide parts of the value chain.
Various economic drivers have been identified and are illustrated in Figure 4 below.

Figure 4 Storage markets, applications and drivers

The four main market segments for energy storage applicable to both the Australian and Global market context
are:

Table 3 Definitions of market segments

Market Definition

Off-grid Isolated or islanded electricity systems which are not connected to main electricity systems
(i.e. NEM or SWIS in Australia) which are generally reliant on diesel generators to supply
electricity. AECOM has previously studied this market on behalf of ARENA
(http://arena.gov.au/files/2014/12/ARENA_RAR-report-20141201.pdf).

Wholesale The supply-side of the electricity industry, which encompasses the market where electricity is
generated and sold (i.e. NEM or SWIS in Australia). This market also provides frequency
ancillary services required for grid stability in Australia.

Transmission and
distribution

The distribution of electricity is provided through regulated monopoly markets which obtain
economic returns and incentives for the investment or deferral and management of the
networks. This market also provides voltage ancillary services required for grid stability in
Australia.

End user or
aggregator

Includes residential, commercial, industrial and electric vehicle electricity consumers or
aggregators such as retailers. It is the only market segment that can obtain economic value
created from other market segments, making it the most attractive market for a variety of
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Market Definition

distributed energy resources such as energy storage.

Within each market, energy storage can be used in a variety of applications. The primary applications in each
market segment are defined in Table 4 below. Note that in some cases, the applications may suit a variety of
markets.

Table 4 Definitions of applications

Market Application Definition

Off-grid RE hybridisation Energy storage can provide a useful short term system smoothing function
that enables higher penetrations of intermittent renewable energy generation
when hybridised into isolated or islanded electricity systems. Essentially the
energy storage device provides ‘spinning reserve’ to help manage load or
generation variations.

Wholesale Utility-scale
storage

Energy storage can provide power quality, price arbitrage and reliability
services to the wholesale electricity market. Technologies such as pumped
hydro storage are commonly used to provide a fast response system
balancing services to enable less responsive generation sources to operate
at their peak performance.

T&D T&D management Energy storage can provide network support particularly in constrained or
highly concentrated renewable regions. Investment in energy storage can
reduce T&D capacity congestion and substation overloading, manage
reverse power flow often associated with concentrations of distributed
generation and provide power quality stability services.

Fringe-of-grid A subset of T&D management, the fringe-of-grid energy storage applications,
can provide an alternative to network or micro-grid operators to maintain high
quality and reliable electricity supply to the more difficult and costly fringe-of-
grid regions of the network.

End users or
aggregator

Behind-the-meter Energy storage can provide load shifting, peak shaving, back-up and
renewable pairing services to end users. Coupling solar PV with storage can
enable larger PV installations and increase the behind-the-meter use of
intermittent renewable generation. The aggregation of energy storage
devices can also allow the technology to be applied to other market
segments through the provision of demand response, capacity and ancillary
services.

Electric vehicles As a subset of behind-the-meter, the uptake of EVs enables the use of
transportable energy storage devices to provide the same services. It is likely
that public fast charge and battery swap stations may also help facilitate the
uptake in this market.

The economic value derived from each application varies across the electricity value chain. Table 5 below
provides an overview of the drivers for energy storage.



20

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

Table 5 Definitions of drivers

Drivers
Discharge
time

Required
capacity

Description

Fuel savings Mins - Hrs kW - MW The use of energy storage in the automotive or off-grid sectors,
enable avoidance of costly fuel operating costs.

Wholesale
arbitrage

Mins - Hrs MW The ability to match generation to wholesale market demand. Energy
storage can shift energy from off-peak times to when it is needed,
thereby providing value from the difference in price. Consequently
energy storage can provide additional capacity in certain
circumstances reducing the need for fossil fuel peaking power
stations.

Ancillary
services

Secs - Mins MW Electricity networks are a delicate second-to-second balance of
generation and load. Energy storage can provide additional services
used to maintain key technical characteristics of the system, including
standards for frequency, voltage, network loading and system restart
services. Within the NEM, AEMO operates 8 separate markets for the
delivery of frequency control ancillary services (FCAS) and purchases
network control ancillary services (NCAS) and system restart ancillary
services (SRAS) under agreements with service providers.

DM
incentive

Mins - Hrs MW Activities that involve utilising alternative activities and technologies,
like storage, instead of upgrading existing networks using traditional
means. In the NEM, these are captured in the Demand Management
Incentive Scheme. The purpose of this and other schemes adopted
around the world are to use energy storage (among other options) to
alleviate or avoid the need for infrastructure expenditure required to
manage network constraints.

Network
investment
return

Mins - Hrs kW - MW Regulated network businesses in Australia obtain a regulated rate of
return which allows the operator to obtain a reasonable return for the
cost incurred through efficient investment in, and operation of,
electricity network assets. As energy storage becomes more mature
and cost competitive it is likely that more network operators will
include it as part of their regulated asset base.

Power
quality and
reliability

Mins - Hrs kW - MW Network operators have system reliability and quality standards which
must be maintained. Energy storage can be used by NSPs to
maintain or improve system performance thus avoiding penalties from
regulators.

Tariff
avoidance

Mins - Hrs kW - MW Pairing energy storage with renewable energy sources such as PV
can enable end users to avoid consumption from the mains grid by
consuming more of renewable energy generated behind-the-meter.

TOU
arbitrage

Mins - Hrs kW - MW The ability for consumers to use energy storage to avoid high
electricity tariffs by shifting load or shaving peak demand to a cheaper
time of use (TOU) charges.

Back-up
security

Mins - Hrs kW - MW The use of energy storage as a source of back-up power, providing
UPS services, is an obvious application of energy storage. The
importance for UPS for industry should not be underestimated, with a
2004 study putting the national cost of power outages in the United
States at $80 billion annually. [2] These costs and lost productivity
have led to a number of end-users who require high reliability to
construct backup generators.

Energy storage technologies have a diverse range of applications across each of the different technical and
commercial functions of the electricity market, including transmission, distribution, end-user, off-grid, transport and
generator market segments. In each of these market segments, storage technologies can simultaneously fulfil
multiple roles varying from load shifting, to spinning reserve and power quality. Each of these roles can be linked
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to challenges imposed by high uptake of renewable technologies and, as such, are aligned with ARENA’s
mandate.

Figure 5 Energy storage drivers

A further comparison of the discussed energy storage technologies and their applications can be found in
Appendix A.

A summary of the common drivers and challenges for energy storage technologies is provided in the table below.

Table 6 Drivers and challenges for energy storage technologies

Drivers

Increasing renewable energy aspirations
- Large increases in the uptake of both utility-scale intermittent generation and distributed intermittent

generation is growing to such an extent that energy storage is becoming increasingly important to smooth
intermittent generation output and help manage the mismatch between supply and demand

Increasing network costs and poor utilisation of assets
- Energy storage has the ability to improve the efficiency of network operation by improving asset utilisation

through reducing peak demand

Increasing need for reliable backup power
- Backup power requirements in many market segments, such as telecom and data centres, are becoming

more stringent. New energy storage devices, with their improved performance, are becoming the proven
solutions in these niche markets.

Electric vehicle uptake
- Although the EV market in Australia is currently very small, uptake outside of Australia is increasing rapidly

with some countries having passed 5 percent market share point in 2013 [3]. Large-scale adoption of EVs in
Australia is widely considered inevitable, and car manufacturers are continuing to introduce new EV
products to the Australian market.

- Widespread adoption of EVs will put large energy storage capacity in the homes of many Australians. There
is a large opportunity to utilise the storage potential to help facilitate higher uptake of renewables.
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Challenges

High initial investments
- The large CAPEX requirement for battery energy storage is currently restricting broad adoption. The main

cost components are the raw materials, materials processing, manufacturing costs and balance of plant
costs. Material costs account for nearly 75 percent of the total battery pack cost, while manufacturing and
other costs represent around 5 and 20 percent respectively.

Lack of common codes and standards
- There are currently no common, industry-wide codes and standards developed for energy storage devices at

present. This leads to each manufacturer developing its own internal standards which causes compatibility
issues and can create further issues during installation and maintenance. Moreover, the use of unique or
custom-made spare parts, deployed in technologies manufactured by different companies, delays the effects
of economies of scale for the industry. Lack of standards to compare different product offerings also
confuses the potential customers.

Grid interconnection barriers and excess capacity
- Many countries around the world do not have policies, standards, and infrastructure to support grid

connectivity of energy storage devices.

Environmental and recycling
- Many battery technologies utilise expensive and rare natural resources. Developing efficient recycling

processes will assist the industry to minimise its environmental footprint and recycle valuable materials.
- Battery performance typically reduces substantially within a ten year operation life. Despite this, there will be

opportunities to reuse batteries in new applications despite reductions in performance e.g. some businesses
may choose to specialise in purchasing old EV batteries to use in grid applications or install in households
(where the reduced performance of the battery is largely immaterial due to the large oversizing of PV
batteries relative to the residential use).



23

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

2.0 Storage Technology Review
The broadest definition of energy storage includes any system for absorbing energy in some form at one time and
releasing at a later time. Storage technologies can be grouped by the similarities of the storage medium. The
figure below shows such a classification scheme. The technologies discussed in this section are grouped
according that scheme.

Figure 6 Classification of energy storage technologies

2.1 Electrochemical storage (batteries)

Batteries use chemical reactions with two or more electrochemical cells to enable the flow of electrons. The
battery is charged when excess power is available and later discharged as needed. Battery storage is highly
versatile and can be used for both short-term and long-term applications. It also benefits from being highly
scalable and highly efficient. Furthermore, it can be installed throughout the energy system and has already
achieved deployment in both distributed and centralised systems for mobile and stationary applications at varying
scales. Widespread deployment, however, is hampered by challenges in energy density, power performance,
lifetime, charging capabilities, environmental and safety hazards and costs.

The most prominent battery technologies are described further below.

2.1.1 Lead acid batteries

Lead-acid batteries, invented over 150 years ago, are the oldest and most commonly used type of rechargeable
battery. They consist of lead and lead oxide electrodes in an acid electrolyte. There are two types of lead-acid
batteries, namely ‘flooded or vented’ and ‘sealed or valve-regulated’. They are low cost and are used in numerous
applications including vehicles, off-grid power systems, uninterruptible power supplies and many more. Typical
lead-acid batteries have efficiencies of around 70 - 90 percent with an expected lifetime of 5-15 years [4]. They
typically have lower cycle lifetimes and depths of discharge than other battery types and contain toxic materials
that have negative environmental impacts.

Advanced lead-acid battery technology such as the UltraBattery developed by the CSIRO, combines lead-acid
battery technology with ultra-capacitors. These technologies increase efficiencies, lifetimes and improved partial
state-of-charge operability. They are an emerging technology with more and larger-scale applications, but at a
higher cost than traditional lead-acid batteries.
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Lead-acid batteries have been coupled with numerous solar, wind and off-grid power systems and have
historically been a cheap, reliable source of storage. However we have begun to see a trend towards Lithium-ion
batteries replacing many traditional lead-acid applications.

2.1.2 Lithium-ion (Li-ion)

Lithium-ion (Li-ion) battery technology has been in development for around 40 years and has historically been
used in the electronics and transportation industries. Li-ion batteries are becoming a common replacement for
lead-acid batteries in many applications. They are a rechargeable, versatile battery type with numerous
advantages over lead-acid. They have a high energy density, low self-discharge and high charging efficiency. Li-
ion batteries are commonly used in small portable electronic devices such as computers and mobile phones,
electric vehicles (EVs) and increasingly back-up power supplies and power-grid stability applications.

Efficiencies range from 85-98 percent with lifetimes of 5-15 years [5]. Technological improvements developing
rapidly, along with significant cost reductions being seen, make Li-ion batteries one of the most promising
emerging battery technologies with abundant applications. Large scale Electric Vehicle (EV) manufacturing and
developments (by Tesla in particular) are thought to be driving drastic price reductions in Li-ion batteries, which
should have a flow on effect for all their applications.

Figure 7 Global lithium reserve base (tonnes) by country (2011) [6]

With over 39 million tonnes of known reserves of lithium across the world, a challenge for this technology is that
just one third of these reserves are currently economically recoverable [7]. The reserves are concentrated in
Chile, China and Argentina, although Australia has the second largest annual production. The reserves of key
lithium-rich nations are shown in the figure above. While it is difficult to predict whether or not demand for lithium
will outstrip supply, there is currently ample supply and concerns of global shortages are speculative [8]. Further
research into reserves, increased market size and assistance from government subsidies will help to increase the
economic viability of lithium reserves [9]. Lithium can also be 100% recycled, but recycling is often more
expensive than mineral extraction [8].

One of the greatest obstacles facing Li-ion is safety. The energy density of cells and combustibility of lithium,
mean cells can overheat and catch fire [1].

2.1.3 Sodium sulphur (NaS)

Sodium Sulphur (NaS) batteries are classified as ‘high-temperature’ and ‘liquid-electrolyte-flow’ batteries. This
technology has a high power and energy density – more than four times that of lead-acid. It consists of molten
sulphur at the cathode and sodium at the anode, which are separated by an electrolyte. NaS batteries were
demonstrated largely in Japan in the 2000’s, by Tokyo Electric Power Company and NGK Insulators. The
batteries are maintained at a temperature of 300-350°C. The shortcomings of NaS include the need for an
external heat source for its efficient operation, the presence of hot and hazardous materials, and safety issues [4].
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Despite the safety risks (c.f. large fire at Tsukuba in Japan in 2011), NaS batteries have been implemented for
large-scale grid support, particularly in the USA and Japan.

2.1.4 Flow batteries

Flow batteries have a similar electrochemical process to conventional batteries; however, flow batteries contain
two electrolyte solutions in two separate tanks, circulated through two independent loops. The chemical
composition of the electrolyte solution defines the sub-categories of batteries, the most important being Vanadium
Redox Battery (VRB) and Zinc-Bromine. A cooling system is usually needed, as charging and discharging
releases heat. Flow batteries are usually between 65 and 80 percent efficient, allow approximately 10,000 cycles,
allow operational flexibility in terms of depth-of-discharge, and have a short response time [10]. Flow batteries are
scalable, suitable for large-scale applications and are environmentally friendly, however, are more complex
systems.

Table 7 Technical comparison of common battery types* [10],  [11], [12]

Valve-
Regulated
Lead-Acid

Advanced lead-
acid

Lithium-ion
Sodium-
sulphur

Flow batteries

Power Range
(MW)

1 – 50 1 – 50 < 100 5 – 100 1 – 100

Storage
Duration

2 – 4h 1 min – 8h 1 min – 8h 1 min – 8h 1 – 5h

Cycles 1,000 – 5,000 4,500 – 10,000 1,000 – 10,000+ 2,500 – 4,500 >10,000

Operating Life
(years)

3 – 15 5 – 15 5 – 15 5 – 15 15 – 20

Efficiency (%) 70 – 90 90 – 94 85 – 98 70 – 90 65 – 85

Response Time < secs < secs < secs < secs < secs

*Table 7 is for comparative purposes only. Battery storage technologies are improving rapidly and these figures may not be

totally reflective of all current applications or future markets. Figures have been sourced from various literature reviews and may

not be completely accurate or comprehensive.

For more details on energy storage technologies please see Appendix A.

2.2 Other storage technologies

The focus of this study is on batteries, as they are the most versatile type of storage and have many relevant
applications including enabling of renewables. However there are many other types of energy storage
technologies worth mentioning, some of which have been widely adopted worldwide.

Table 8 Energy storage technologies [5], [10]

Technology Description

Mechanical storage technologies

Flywheels Flywheels are mechanical devices that spin at high speeds, storing electricity as rotational
energy. This energy is later released by slowing down the flywheel’s rotor, releasing quick
bursts of energy (i.e. releases of high power and short duration). Flywheels have a low energy
density, but high power density. They can release large amounts of power over a short period
(typically minutes). They require minimal maintenance and typically have a longer lifespan than
batteries [12].

Pumped hydro
storage (PHS)

Pumped hydro storage makes use of two vertically separated water reservoirs. It uses low cost
electricity to pump water from the lower to the higher elevated reservoir using either a pump
and turbine or a reversible pump turbine. During periods of high demand, it acts like a
conventional hydro power plant, releasing water to drive turbines and thereby generating
electricity. Efficiency typically ranges between 70 and 85 percent. In general, pumped hydro
storage plants can reach their full power load in a few minutes, with reaction time ranging in
the seconds.
Pumped hydro is historically the cheapest way to store large quantities of energy with high
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Technology Description

efficiency over a long time. It is a mature technology that has been implemented all around the
world. It does, however, require large reservoir areas, is not suited to distributed generation
and there is a lack of suitable new sites, especially in Australia [5].

Compressed air
energy storage
(CAES)

Compressed Air Energy Storage (CAES) systems use off-peak electricity to compress air,
storing it in underground caverns or storage tanks. This air is later released to a combustor in a
natural gas turbine to generate electricity during peak periods. Efficiency typically ranges
between 45 and 70 percent. Besides PHS, CAES is the only other commercial bulk energy
storage plant available today. CAES is a relatively mature and cost effective technology;
however it requires suitable large underground caverns for storage and is typically coupled
with non-renewable natural gas generators [5] [10].

Electrical storage technologies

Super-capacitors
and Ultra-
capacitors

Super-capacitors store energy in large electrostatic fields between two conductive plates,
which are separated by a small distance. Electricity can be quickly stored and released using
this technology in order to produce short bursts of power. Super-capacitors are high-power,
low-energy devices that can react very quickly. Due to the absence of a chemical reaction
(unlike batteries), they can withstand a very high number of cycles (up to 100,000). They are
highly efficient (80 - 95 percent), but require sophisticated power electronics to ensure steady
output. Applications include stabilising voltage and frequency in power systems as well as
energy recovery on locomotive breaking systems [5] [12].

This technology was hybridised with lead acid batteries by CSIRO and commercialised by
Ecoult, who has used it on a number of projects in the United States as well as a 3 MW / 1.6
MWh installation at King Island in Australia.

Superconducting
magnetic energy
storage (SMES)

Superconducting magnetic energy storage systems store energy in a magnetic field. This field
is created by the flow of direct current (DC) electricity into a super-cooled coil. In low-
temperature superconducting materials, electric currents encounter almost no resistance, so
they can cycle through the coil of superconducting wire for a long time without losing energy.
SMES react almost instantaneously and have a very high cycling life. They require limited
maintenance and can achieve high efficiencies, with only between 2 - 3 percent losses
resulting from AC/DC converters. However, there are high energy requirements for
refrigeration to keep the system at extremely low temperatures, plus the complexity of the
system and the high cost of superconductors. SMES are currently at an early demonstration
phase and are only suitable for short-term storage [5] [12].

 Chemical storage technologies

Hydrogen fuel cell Hydrogen energy storage technologies are based on the chemical conversion of electricity into
hydrogen. Electrolysis is used to split water (H2O) into its constituent elements, Hydrogen (H2)
and Oxygen (O2). Due to its low atomic mass, it has an unrivalled specific energy. The
electrolysis process can be reversed (i.e. hydrogen and oxygen generate electricity and water)
to feed electricity back into the grid, using a fuel cell. The efficiency of this process is typically
30 to 45 percent [5].

Hydrogen
combustion

Hydrogen can be passed through heat engines in a similar way to natural gas, to produce
electricity. Some disadvantages include low round-trip efficiencies (20 to 35 percent), high
capital cost and safety concerns (as hydrogen is an extremely volatile gas) [5].

Thermal storage technologies

Molten salt
energy storage

Molten salts are solid at room temperature and atmospheric pressure, but undergo a phase
change when heated. This liquid salt is frequently used to store heat in concentrating solar
(thermal) power (CSP) facilities for subsequent use in generating electricity.
Molten salt is capable of storing large amounts of energy for up to 15 hours, and achieving
high levels of efficiency. Molten salt storage is limited to CSP technology applications, which is
not mature in Australia [5] [12].

Chilled water / ice
energy storage

Thermal storage can also be used in low temperature applications such as air-conditioning
systems. Water can be chilled or frozen into ice during low tariff off-peak times, then released
as a “chilled” load in higher tariff times. The United States and Japan have installed significant
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Technology Description

amounts of thermal storage that uses ice for cooling applications, reaching efficiencies of 75 to
90 percent [12].

2.3 Storage technology comparison

Figure 8 shows a comparison of different energy storage types, their relative discharge times, MW power scale
and efficiencies. For example, PHS has a large power capacity discharged over a long period of time, whereas
super capacitors and flywheels are at the lower power capacity end, but operate very quickly over short time
periods. Batteries are capable of providing short-to-medium term storage over a wide range of output capacity.
Being modular and scalable, batteries can provide any scale of power capacity and improving technologies (e.g.
Li-ion) are capable of for both fast and slow discharge rates.

Figure 8 Electricity storage technologies comparison – discharge time vs. power capacity (MW), [5]

Figure 9 shows a snapshot of global installed grid-connected electricity storage capacity. The vast majority (99
percent) of this capacity is comprised of pumped hydro storage (PHS). PHS was historically the cheapest form of
energy storage and has been utilised on a very large scale using large bodies of water. PHS is a mature
technology with known costs that needs to be developed on a large scale (100+ MW) to obtain cost efficiencies.
In Australia, sites suitable for PHS are limited, project development times are long (>6 years) and obtaining
approvals to develop the sites can be extremely challenging.
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Figure 9 Global installed grid-connected electricity storage capacity (MW),  [12]

Of the other 1 percent of grid-connected storage types, the current biggest players are CAES and sodium-sulphur
(NaS) batteries.  CAES has again historically been a cheap form of large-scale energy storage. It is usually paired
with a natural gas generator and requires large underground caverns or tanks. Similarly, NaS batteries was
popular as a large-scale energy storage technology in the USA and Japan; however, several safety and fire
incidents as well as emerging alternative technologies has led to a reduction in NaS projects.

While Li-ion does not make up a large share of the existing market, significant progress has been made on
regarding performance and manufacturing cost, which has led to it being a highly favoured technology for most
applications in today’s market.

2.4 Technology cost

The charts below provide indicative Capital Costs and Levelised Cost of Energy (LCOE), respectively, for a
variety of energy storage technologies. While considering the costs of each technology it is important to note that
battery technologies (excluding NaS) are suitable for (but not limited to) small-scale applications, while NaS
batteries, PHS, CAES and CSP are generally suited only to large applications typically megawatt scale or above.
Furthermore, prices are highly project specific particularly for CAES and PHS.

As discussed in Section 2.5, substantial cost reductions are forecast for Li-ion and flow battery technologies. For
Li-ion batteries, substantial savings have already been observed in the market since the publication of technology
costs by IRENA and EPRI. As such, AECOM has also included an indication of current market prices for this
technology. AECOM has not provided current market prices for other technologies as they have either not
changed sufficiently since release of prior publications, or there is insufficient evidence of price improvements.

Conversely, established technologies such as PHS are unlikely to achieve significant cost reductions in the future.
It is also important to note that available costing information is primarily dated 2012, and some battery
technologies would currently exhibit lower cost structures.

When comparing storage technology cost it is very important to consider the limitations of each technology and
the assumptions behind the costings. In particular, for capital cost (dollars per W), it is very important to compare
the storage duration between technologies.  Likewise, for LCOE it is very important to consider the impact of
operating regime, storage duration and varying project lifetimes, which can have large impacts on the published
costs.
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Figure 10 Energy storage technologies capital costs (installed) [13], [14], [15], [16], [17], [18]

Table 9 Storage technology capital cost source, year and assumptions

Technology Source/year USD/W Assumptions

Lead acid battery IRENA / 2012 $1.50 - $2.00 3-20MW in size, 10 seconds to 4 hours of storage

Lead acid battery EPRI / 2012 $2.50 – $5.00 50kW to 10MW in size, total installed cost

Flow batteries
(VRB)

IRENA / 2012 $3.00 - $4.00 50kW to 10MW in size, up to 8 hours of storage

Li-ion battery IRENA / 2012 $2.50 - $3.00 Up to 5MW in size, 15 minutes to 4 hours of storage

EPRI / 2012 $2.00 - $6.00 50kW – 1MW in size, total installed cost

AECOM / 2015 ~$1.00-1.80 Current market price based on recent tenders
MW scale systems (includes balance of plant costs)
15 mins to 1 hour storage

NaS battery EPRI / 2012 $2.50 - $3.00 1MW – 50MW in size, total installed cost

PHS IRENA / 2014 $1.05 - $4.00 Average cost of large pumped hydro plants

CAES IRENA / 2012 $0.80 - $9.00 Large applications using ideal sites (assuming cheap,
natural underground caverns) and applications which
require ground in-vessel storage.

CSP (storage) California energy
Commission /
2011

$2.30 Solar Power Tower – mid cost case with 11 hours of
storage

IRENA / 2010 $2.50 - $5.20 Parabolic trough, 6 hours of storage (storage cost
only, assume existing plant)
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Figure 11 Energy storage technologies Levelised Cost of Electricity (LCOE), [13], [15] [16]

Table 10 Storage technology LCOE source, year and assumptions

Technology Source/year USD/kWh Assumptions

Lead acid
batteries

IRENA / 2012 $0.25 - $0.35 Small to medium applications, less than 10MW in size

Flow batteries
(VRB)

IRENA / 2012 $ 0.25 - $0.30 50kW to 10MW in size, up to 8 hours of storage

EPRI / 2012 $0.60 - $1.00 1MW to 50MW in size, total installed cost

Li-ion battery IRENA / 2012 $0.25 - $0.50 Projected costs up to 5MW in size (for large Li-ion
cells), 15 minutes to 4 hours of storage

NaS battery EPRI / 2012 $0.40 – $0.60 1MW to 200MW in size, total installed cost

PHS IRENA / 2012 $0.05 - $0.15 Large applications,  greater than 200MW in size

CAES IRENA / 2012 $0.10 - $0.30 Large applications, 50MW to 200MW in size

CSP (storage) IRENA / 2010 $0.15 - $0.35 Parabolic trough, 6 hours of storage (storage cost
only, assume existing plant)

2.5 Technology maturity

There are many different types of energy storage technologies, each at different stages of development and
deployment. Figure 12 below compares some of the technologies in terms of their maturity, relative capital costs
and risk. The maturity curve closely pairs with the market share seen in Figure 9. It is evident that PHS is the most
mature technology, having 99 percent of the energy storage market share, followed by CAES and NaS. Li-ion
batteries are in the deployment phase with further cost reductions expected as the technology matures.
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Figure 12 Technology maturity curve, [5]

There are many different types of Li-ion batteries deployed and in development, including Lithium Cobalt Oxide,
Lithium Nickel Manganese Cobalt, Lithium Manganese Oxide, Lithium Titanate Oxide, Lithium Iron Phosphate,
Lithium-polymer plus many others. Different manufacturers offer different technology types with slightly differing
performance and technical characteristics. Li-ion batteries and supporting controls systems are now becoming
smart, comparable to flywheels in response time, can provide grid stability support as well as longer duration
energy supply. The big drive in research and development is to increase the energy density of Li-ion batteries,
which will in turn drive down the currently high capital costs.

Some lead-acid battery manufacturers are also improving this technology and developing “advanced lead-acid”
batteries by incorporating carbon in the electrodes, combining super-capacitors or other approaches. These
advanced lead-acid technologies are being trialled now by some suppliers including Ecoult in Australia.

Other emerging technologies include:

1) Liquid air energy storage systems

2) Non/low fuel CAES

3) Underground PHS

4) Nano-super-capacitors

Those energy storage devices that have the following characteristics will likely be more prevalent as costs fall;
quick charge time, high power density, high energy efficiency, high reliability, high cycle times, low carbon
footprint and low disposal issues.

Using data collection from the US Department of Energy (DoE) database [19], across a range of electro-chemical
project types, historical trends in project installations can be observed. Until the late 2000’s, lead-acid batteries
were the dominant technology. Around 2007, installed capacity of sodium based batteries began to overtake lead-
acid. While both sodium and lead-acid batteries continue to rise in uptake, the rapid rise of Li-ion technology is
easily visible. A fast reduction in the cost of Li-ion batteries, combined with its superior performance
characteristics and its wide variety of applications (i.e. power and energy) has led to the recent growth in Li-ion
uptake.
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Figure 13 Cumulative global capacity (MW) of battery storage by technology as listed on the US Department of Energy database [19]

As battery prices have fallen, there has been much market speculation that the battery market might “take off” in a
similar way to the boom in photovoltaics (PV) over the past five years. There have been great advances in battery
chemistry and technology in recent decades, resulting in improved performance and reduced costs. The
International Renewable Energy Agency (IRENA) has forecast that prices for various battery technologies will
continue to decrease. Figure 14 shows that while all battery technologies are forecast to reduce in price, the
largest reductions are forecast to occur with Li-ion and flow-battery technologies, with prices reducing from $550
per kWh in 2014 to $200 per kWh by 2020 for Li-ion, and from $680 per kWh to $350 per kWh for flow batteries
[1]. Note that the difference in battery prices between Figure 14 and Figure 10 can be attributed to fully installed
system costs being considered in Figure 10.

Figure 14 Lowest current and projected battery cell price by type for utility-scale applications [1]

These technology developments were originally driven by market demand for lighter, smaller and cheaper
batteries for mobile phones, laptop computers and personal electronic devices. This trend has accelerated with
the rise of the electric vehicle industry. Tesla’s announcement of plans to establish a $5 billion “Gigafactory” which
aims to produce 50 GWh per annum of battery capacity, while projected to cut Tesla’s battery prices by one third,
is perhaps the most prominent example of this trend.
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3.0 International Market Review

3.1 Introduction

Australia has an opportunity to learn from the approach of international markets when developing energy storage
investment priorities. With the growing focus towards increasing the use of clean energy, governments of various
countries have introduced policies and incentives to promote the development and implementation of advanced
energy storage systems. Countries such as the UK, Germany, Japan, China and USA have all recently
announced programs focused on demonstrating and subsidising the uptake of energy storage and electric
vehicles.  Greater uptake in Australia is widely considered to be inevitable as cost reductions driven by
international markets impact our domestic market. Given the nascent state of the energy storage industries (other
than pumped storage), it will be important to draw from international trends and experience to inform views the
domestic perspective in relation to future commercial models, technical developments and the broader economic
and regulatory landscape.

AECOM has focused the International Market Review on ten leading international markets for energy storage.
These include:

- United States (California, Hawaii, Texas and New York)

- China

- Japan

- South Korea

- Germany

- United Kingdom

- Italy

These markets been selected as they have the largest number of large-scale battery storage projects as per the
US Department of Energy database and because they represent a diverse range of market circumstances and
drivers. In addition to the focus on battery storage, many of these markets also support other energy storage
technologies as well as alternatives enabling technologies such as demand response technologies. Figure 15
shows the number projects commissioned and the energy capacity of those projects. The United States has the
largest project count, while Japan has the largest MWh commissioned as well as a significantly larger average
project size than the other markets (indicative of multiple large-scale storage projects).

Figure 15 Total operational battery projects by country as listed on the US Department of Energy database [19]
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This chapter seeks to describe the recent developments these leading energy storage markets, describing the
respective policies, programs, supporting mechanisms and objectives. Understanding the broad array of
approaches utilised internationally, as well as the drivers of those approaches, will assist ARENA to consider its
options and help determine its knowledge sharing and investment priorities. In this international review, each
international market is qualitatively rated for its investment focus across each of the markets described in Table 3
(Section 1.5).

3.2 California (USA)

3.2.1 Background

California has a strong track record of ambitious environmental programs within the energy sector including the
Renewables Portfolio Standard and the Global Warming Solutions Act (2006).

The Renewables Portfolio Standard requires all utilities in the state to source 33 percent of electricity sales from
clean renewable resources by 2020. The state currently has 21 GW of installed renewable capacity with utilities
serving 20.9 percent of their retail electrical load from renewable energy, as of August 2014. As such, California’s
penetration of renewables is currently comparable to Australia’s 2020 target (20 percent), and California’s 33
percent target is similar with the existing renewable penetration in South Australia.

In support of its renewable energy target, California has also introduced energy storage targets and support
programs to facilitate the integration of renewables and efficient management of electricity networks.

The California Public Utilities Commission has identified a range of barriers hindering the adoption of storage
technologies, described below:

- lack of definitive operational needs

- lack of cohesive regulatory framework

- evolving markets and market product definition

- Resource Adequacy (RA) accounting (tool to monitor loss of load and ensure system reliability, with no value
currently assigned to storage-based devices)

- lack of cost-effectiveness evaluation methods

- lack of cost recovery policy

- lack of cost transparency and price signals (wholesale and retail)

- lack of commercial operating experience

- further define the energy storage interconnection process.

3.2.2 Energy Storage Mandate

In order to keep up with California’s aggressive renewable energy goals, the California Public Utilities Commission
passed a mandate in 2013 that requires the state’s three largest investor-owned utilities to install 1.3 GW of
storage by 2020. The policy aims to promote efficient investment and operation of the transmission and
distribution networks and defer the need for augmentation. An additional goal of the program is to assist the
integration of renewable energy and minimise greenhouse gas emissions.

The mandated energy storage targets are shown in Figure 16. Each Network Service Provider (NSP) has a
separate target, as well as quotas for each market segment: transmission (which incorporates wholesale market),
distribution and end user. The quotas are weighted more towards the transmission category, but there is flexibility
to shift up to 80 percent between the distribution and transmission categories of the grid, subject to the economic
benefits of identified projects. The scheme has been designed to allow a high level of flexibility for NSPs to
determine how they best wish to deploy energy storage projects according to the specific needs of their networks.
For example, the scheme targets are defined in megawatts rather than megawatt-hours to give NSPs increased
flexibility in how they implement storage systems [20].
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Figure 16 Energy storage procurement targets (MW)

Despite opposition from the utilities, the mandate is going ahead but is subject to amendment in the case of
unanticipated difficulty or expense of energy storage procurement [21]. Details of the targets are provided in
Figure 16 above. The mandate can be serviced through demand management initiatives which are currently
making up the majority of each utility’s obligation.

3.2.3 Self-Generation Incentive Program

The Self-Generation Incentive Program is one of the longest running distributed generation incentive programs in
the United States. It provides rebates for distributed energy systems on the customer side of the utility meter. In
2014, US$77 million was paid to distributed generators, with 75 percent allocated to renewables and emerging
technology [22]. The program includes wind turbines, waste heat to power technologies, pressure reduction
turbines, internal combustion engines, micro turbines, gas turbines, fuel cells, and has recently been modified to
include advanced energy storage systems. The rebate payable to energy storage systems is tiered according to
the installed capacity, as shown in Table 11.

Table 11 Rebate available to installers of energy storage systems in California

System size Rebate

0 MW to 1 MW $1.62/W

1 MW to 2 MW $0.72/W

2 MW to 3 MW $0.36/W

These rebates are subject to a number of eligibility requirements, including at least 2 hours discharge at the rated
capacity and the capability to discharge fully at least once per day (or hundreds of partial discharge cycles per day
if paired with wind generation). Other requirements relate to minimum technical performance and system sizing
restrictions.

3.2.4 Incentives to compensate fast response for frequency regulation (US Federal Government
policy)

Frequency regulation services have traditionally been provided by slow-responding fossil fuelled generators like
gas turbines and coal-powered generators. However, battery technologies have faster response times for
providing frequency regulation services and can provide more accurate dispatch levels than traditional frequency
regulation services. As the penetration of renewables increases, there is expected to be a growing demand for
frequency control ancillary services.
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The Federal Energy Regulatory Commission has introduced new requirements to financially compensate superior
delivery of frequency regulation services (whether through more accurate dispatch, or more timely dispatch).
These changes will make some energy storage technologies more competitive in the frequency regulation market.

Southern California Edison 250 MW energy storage procurement – successful tenderers

Southern California Edison recently announced winners of its 250 MW energy storage procurement. Winners
included a range of storage technologies including grid-scale, behind-the-meter, thermal storage technologies.
Some of the winning projects are described below.

AES Corporation 100 MW / 400 MWh Li-ion battery

AES Corporation is building a 100 MW Li-ion battery able to provide 4 hours of energy storage as an alternative to
gas peaking plants. With the project set for completion by early 2021, it is currently the world’s largest
electrochemical battery under development. The contract involves a twenty-year power-purchase-agreement
underpinning a guaranteed revenue stream. The long duration and daily cycling requirements of the battery will
test the technical limits of Li-ion technology, which have so far been mostly used for up to two-hours of duration
[23].

Stem 85 MW Li-ion battery

Stem has been awarded 85MW of behind-the-meter energy storage to be deployed at multiple customer locations
in the Western Los Angeles Basin. Stem must deploy the full 85MW of storage by 2021. This energy storage will
act as dispatchable capacity to enhance the local reliability of the region [24]. Stem designs its Li-ion batteries and
control systems in scales of 18-54kW and is currently installing these systems in 68 Extended Stay America
hotels [25].

Advanced Microgrid Solutions: 50 MW hybrid-electric buildings

Advanced Microgrid Solutions is developing 50 MW of “hybrid-electric buildings” throughout its West Los Angeles
service territory. Advanced Microgrid Solutions’ initiative is to install advanced storage systems in commercial and
industrial buildings to provide large-scale grid support by creating “fleets” of energy storage that operate as a
single resource. This allows Southern California Edison to shift the entire fleet of buildings to stored energy when
grid resources become strained. Advanced Microgrid Solutions are technology agnostic, they find the best
batteries, software and technicians available for what local utilities need for grid support [26] [27]

26M W cold storage by Ice Energy

Ice Energy has announced that it has won 26 MW of energy storage capacity throughout Orange County,
California, to be deployed over the next six years (2021). Ice Energy utilises rooftop air conditioning units to use
cheaper night time power to turn water into ice, this ice is then used to reduce how much electricity is needed to
operate the air conditioning units during the heat of the next day. The company’s product, Ice Bear, is able to
defer about 10kW of power during the day in medium sized commercial buildings, which amounts to deploying
around 2,500 of these units for a total capacity of 26 MW [28] [29].

3.2.5 Key observations and learnings for Australia

It is interesting to note that California has placed the largest targets on the transmission sector (more than 50
percent). The reasons behind this focus have not been widely promoted. Nonetheless, this emphasis on the
transmission sector has received some criticism from commentators who claim that investment in storage has
more value closer to the source of load variability (such as households) and that there is minimal demand for
supply market style storage at a utility scale. In addition, electricity has more value at the retail level than the
transmission level. [30]

The Self-Generation Incentive Program is extremely generous particularly at the <1 MW scale, compared to
rebates offered in other countries (e.g. China, Germany etc.). It is noted that overly-generous rebates can lead to
boom-bust cycles and funding organisations should be cautious to ensure the rate of uptake of technologies
under such programs does not exceed budgeted funding.

An additional learning is that existing markets for frequency regulation may not recognise the technical proficiency
of some energy storage technologies in providing frequency regulation. The US has made changes to place
higher value on frequency control services that have a superior /faster response than traditional service providers.



37

13-Jul-2015
Prepared for – Australian Renewable Energy Agency – ABN: 35 931 927 899

Table 12  Investment focus for California

Market segment Investment focus

Wholesale
Very high

Transmission and distribution

End user High

Off-grid Low

3.3 Hawaii (USA)

3.3.1 Background

Hawaii is characterised by very high electricity prices, abundant natural resources and ambitious clean energy
goals, resulting in high penetrations of wind and solar generation. However, the unpredictable and diverse nature
of weather patterns in Hawaii makes renewable energy generation distinctly more intermittent than in other
regions in the world [31]. Electricity prices are around twice that of any other US state (around AU$0.45/kWh) due
to the heavy reliance on fossil fuel imports for electricity generation [32]. Renewable energy currently supplies
nearly 21 percent of the total generation in Hawaii, and this is set to grow further with the Hawaiian Electric
Company recently submitting Power Supply Improvement Plans to the Hawaii Public Utilities Commission to
increase the renewable energy target from 40 to 65 percent by 2030 to help reduce electricity costs to consumers
[33].

Each Hawaiian island has a separate stand-alone grid, and although there are plans to connect the islands
through integrated modernised grids in the future, they are currently not connected. With such intermittent natural
resources, energy storage has the potential to play an enabling role in achieving Hawaii’s ambitious energy goals.

3.3.2 Oahu energy storage proposal

Oahu is the most populated island in Hawaii and has the highest electricity demand. The large deployment of
wind and solar on the island has challenged Hawaiian Electric Company to maintain a reliable grid at an
affordable price. Recently, the Hawaii Public Utilities Commission requested Hawaiian Electric Company to
improve its approach to solar PV integration, develop a demand response plan, and improve grid reliability. High
penetration of solar PV has led to challenges associated with voltage and frequency regulation as well as
inefficient utilisation of the existing thermal generation fleet (due to high spinning reserve requirements). In
response, Hawaiian Electric Company has issued a request for proposals for 60 MW to 200 MW of energy
storage systems (minimum 30 minutes storage) [34]. Hawaiian Electric Company anticipates that the storage
facilities will help achieve cost-effective sub-second frequency response and minute-to-minute load following.
Proposals for the project were due July 2014 and Hawaiian Electric Company is currently negotiating with three
battery storage developers with hopes to sign with all three and have systems in service by early 2017 [35].

3.3.3 Kauai Island Utility Cooperative energy storage RFP

Kauai Island Utility Cooperative’s grid is an islanded system with increasing solar penetration under programs
enabling residential and commercial customers to install solar systems. Currently, up to 95 percent of daytime
demand is provided by solar power. In order to solve challenges associated with intermittency and over-
generation, the Kauai Island Utility Cooperative has issued a Request for Proposals for a 20 MWh to 40 MWh
energy storage system [36].
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Case Study: Wind-firming project in Kahaku

The 30MW First Wind generation plant was paired with a 15 MW battery system to smooth generation variability
to +/-1MW per minute. The project received a $117 million loan guarantee from the Department of Energy for the
project (including wind turbines plus storage). However the battery storage system was destroyed in 2012 after a
second fire (following a previous fire in 2011). Honolulu's fire captain described the fire as difficult to control and
dangerous, illustrating the potential safety hazards broadly associated with storage. Investigations into the cause
of the fires indicated that the Dynapower inverters were not sufficiently robust. Battery provider Xtreme Power
filed for bankruptcy in 2014 [37]

3.3.4 Key observations and learnings for Australia

Hawaii is a valuable case study for Australia’s large off-grid sector. Hawaii’s high cost of electricity has made
renewables more competitive, achieving high levels of penetration with even larger targets proposed. Storage
technologies are poised to facilitate additional uptake of renewables, reduce electricity cost and provide improved
power quality. ARENA and interested off-grid electricity operators may obtain significant learnings from the Hawaii
experience including sizing, design, technology performance, project delivery and replication.

Table 13 Investment focus for Hawaii

Market segment Investment focus

Wholesale High

Transmission and distribution Medium

End user Unknown

Off-grid High

3.4 New York (USA)

3.4.1 Background

New York’s Renewable Portfolio Standard requires that 30 percent of state electricity generation comes from
renewable energy by 2015.  The current penetration of renewables is approximately 21 percent with the majority
coming from hydropower [38], but intermittent generation sources such as wind and solar have been growing
rapidly in recent years and are expected to make up much of the remaining target.

3.4.2 Enhanced load reduction program (proposed)

In response to the potential closure of the 2 GW Indian Point nuclear reactor, electricity supply company Con
Edison has joined the New York State Energy Research and Development Authority to propose an enhanced load
reduction program to accelerate the implementation of technologies that reduce peak energy demand. Rebates
for battery storage systems have recently increased four-fold from $600/kW, with current rebate rates given below
in Table 20.

Table 14 Incentives for battery storage systems [39], capped at US$10 million

System size Incentive

50 kW – 500kW $2,100/kW

500kW – 1MW $2,310/kW

1 MW or greater $2,415/kW

The program is similar to California’s Self-Generation Incentive Program, although it differs in that the rebates are
more generous and that they increase with increasing system size. Incentives are capped at 50 percent of total
project cost and must be installed by June 1, 2016. A number of other technologies are also eligible (at different
rebate rates) including thermal storage, and various demand management and energy efficiency technologies.

3.4.3 Reforming Energy Vision (REV) Initiative

New York Governor Cuomo announced plans in April, 2014 for a “fundamental shift in utility regulation” in order to
modernise an aging and outdated electricity grid. On February 26, 2015, the New York State Public Service
Commission issued an order adopting the regulatory policy framework and implementation plan for Reforming the
Energy Vision (REV). The REV is aiming to encourage and reward utilities, energy service companies, and
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customers for activities that contribute to grid efficiency, making the state more attractive for DER as an integral
part of the future of the electric distribution system. It will engage consumers through expanded demand
management, energy efficiency, clean distributed generation, and energy storage to reduce peak demand and
capital investment in network infrastructure (currently estimated at $30 billion in the next 10 years) [40]. There is a
strong focus on consumer engagement to reduce peak demand. Part of the demand management strategy
involves the use of batteries behind-the-meter that could be charged by excess power from solar, and discharged
during times of high demand.

The new REV framework calls for the creation of a marketplace for distributed energy, known as the Distributed
System Platform (DSP). The DSP will function similarly to the New York Independent System Operator (NYISO),
only for distributed generation.  It will fulfil dual functions as both a market maker and system coordinator. Within
these functions, the DSP will offer products and services to users of the platform, which may include platform
access, analytics, interconnection services, etc. [41]

By May 15, utilities must identify non-wire alternatives for their systems; by July 15 they must begin soliciting and
developing demonstration projects that are aligned with the REV framework; and by December 15 they must file
Distribution System Platform (DSP) implementation plans.

3.4.4 Key observations and learnings for Australia

With a relatively low proportion of utility scale intermittent generation, renewable generation applications are likely
to be limited to pairing with residential solar PV systems. Other key drivers will include demand response,
frequency regulation and smart network operation.

The rebates offered to energy storage projects within New York appear very generous, and could possibly lead to
a boom-bust cycle. Close monitoring of uptake rates and market prices, along with fast adjustments to the size of
the rebate will be necessary for the scheme to be a success. It is also unclear why the incentives are higher for
larger systems.

Despite positive rhetoric to support energy storage applications within electricity networks, there is not yet any
clear program to support its uptake. Nonetheless, New York appears to be a key market with political will to
modernise grid operations.

Table 15 Investment focus for New York

Market segment Investment focus

Wholesale Medium

Transmission and distribution Medium

End user Medium

Off-grid Low

3.5 Texas (USA)

3.5.1 Background

Despite being an international leader in the oil and gas industry, Texas has introduced a Renewable Portfolio
Standard which has led to a rapid increase in renewable energy penetration in the state. In 2005 the Renewable
Portfolio Standard was expanded to increase the state target to 10,000 MW of installed renewable energy
capacity by 2025, which was reached in 2010, 15 years ahead of schedule. Texas has the most abundant wind
resource in the United States, which accounted for 76 percent of the total renewable energy generation in 2011
[42]. Renewable energy currently accounts for 10 percent of total electricity generation in Texas [43].

While wind resources are greatest in West Texas, most of the population and power demand lies in the eastern
part of the state. Therefore, the Public Utilities Commission collaborated with the Electricity Reliability Council of
Texas to establish a transmission project to bring the wind generation from the west into the electricity market in
the east. The project involved 5,800 km of transmission lines and was completed by the end of 2013. Texas is the
only mainland state with its own grid, so Electricity Reliability Council of Texas works outside of strict Federal
jurisdiction and does not import electricity from any of the other states [44].

Texas is now adapting utility-scale energy storage technology to mitigate short-term fluctuations in renewable
output, as well as to shift the load of wind generators which generate most during the night to times when demand
is higher.
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3.5.2 Oncor battery storage proposal

One of Texas’s transmission and distribution utilities, Oncor, is seeking approval to spend $5.2 billion on
distribution-grid-connected batteries. The plan calls for deployment of up to 5GW of energy storage, starting in
2018 when the cost of batteries is expected to be significantly lower.

Oncor claims that the batteries will give Texas’s grid operator the capability to instantaneously increase or
decrease total electricity generation by at least 7 percent to keep the grid balanced [45].

As in Australia, NSPs in Texas cannot participate in the wholesale electricity market, which restricts Oncor from
capturing all the economic benefits from adding battery storage. Instead, Oncor is proposing to use the batteries
for ancillary services and then auction any additional unused storage to other generators who are legally able to
offer it to the wholesale electricity market [45]. It is expected that Oncor may encounter opposition from state
legislators and energy regulators with its current proposition. However, if progressed, it will be one of the largest
energy storage procurement programs globally [45].

Case Study: 36MW wind-firming battery pilot

In 2012, Xtreme Power finished construction of a 36MW battery pack, located at the 153MW Notrees Wind Farm
in West Texas for energy generator Duke Energy. Duke Energy agreed to match $22 million funding from the
Department of Energy. Electricity Reliability Council of Texas will also be able to direct the facility to operate to
meet the immediate power needs of the network. The driver for the project is to demonstrate the capability of
energy storage to mitigate the intermittency of wind power. [46]

3.5.3 Texas Emerging Technology Fund

The Texas Emerging Technology Fund was created by the Texas Legislature in 2005 to provide Texas with an
advantage in the research, development, and commercialisation of emerging technologies. To date, the Texas
Emerging Technology Fund has awarded over $46 million to renewable energy-related projects, including
technologies such as solar cells, algae biofuels, and advanced batteries.

Some start-up companies involved with energy storage that have been funded by the Texas Emerging
Technology Fund include:

ActaCell (2009), an innovator in next generation high power Li-ion batteries ($1 million funding) [47]

BetaBatt (2008), working on commercializing a long-life, self-recharging battery ($500,000 funding) [48]

LynnTech (2007), Developing high power hydrogen/air fuel cell technology ($600,000 funding) [49]

3.5.4 Key observations and learnings for Australia

The deployment of storage technologies in Texas is being led by the state’s largest NSP, Oncor, which is seeking
to incorporate storage into its asset base. Oncor is focusing on the supply market (including integration of
renewables), and transmission and distribution applications (including power quality). This is driven by a need to
manage the quickly increasing wind penetration expected in West Texas.

One unique aspect of Oncor’s model is that it has addressed a common barrier associated with the many roles of
energy storage. Most large energy markets like Australia are structured to separate the transmission and
distribution roles from the wholesale generation market. In this structure, transmission and distribution companies
are typically not allowed to work in the wholesale market due to market rule restrictions. This can limit the revenue
streams of energy storage systems, which provide value to the grid as well as to the wholesale market. It appears
that Oncor intends to work around this issue by auctioning the wholesale energy component of its battery to
market participants, thus not directly participating in the wholesale market. Similar work-arounds may be possible
within the National Energy Rules.

Texas has an ambitious program for deployment of 5 GW of energy storage and has delayed the investment to
2018 to obtain better value in the anticipated price decline of the battery market.
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Table 16 Investment focus for Texas

Market segment Investment focus

Wholesale Med-high

Transmission and distribution Low

End user
Low

Off-grid

3.6 China

3.6.1 Background

The Central Government has stated that it will pursue energy storage as part of the same policy platform that has
driven growth in the renewable energy sector. This will likely commence with a series of demonstration projects.
[50]

In its latest 5 year plan (2011-2015), both the Central government and the provincial and local government have
issued as many as 25 documents regarding energy storage, including the State Plan, regulations, standards,
white papers and subsidizing guideline to support achieving the Central Government’s ambitious renewable
targets.

In the 5 year plan, renewable generation targets include (for 2015):

- wind generation will reach 100GW and annually output to reach 190 TWh

- solar PV generation will reach 35GW, approximately 40 percent centralised and 60 percent as distributed

- hybrid electric vehicles and plug-in electric vehicles to grow to up to 5 million vehicles by 2020.

China already has the world’s two largest pumped hydro plants, including 2,400MW in the Southern Grid near
Hong Kong, and 1,800MW near Shanghai in the Eastern Grid. Nonetheless, China is still looking to invest large
amounts in battery storage. By 2013, China had installed 57 MW of demonstration battery projects; however,
significantly larger projects are now underway.

3.6.2 Pairing generation with storage

China currently experiences very high levels of curtailment of wind generation due to network constraints, with
some wind farms losing up to 40 percent of their expected generation.

A new policy directive requires intermittent generators to pair their generator with energy storage as a grid-
connection requirement. This policy applies across all levels, including rooftop solar through to utility scale plants.
As such, the potential impact of this policy is staggering, given the growth in the wind and solar generation. State
Grid, the Government-owned transmission and distribution company, has recommended that storage systems are
sized at 14 percent of the installed generation capacity.

3.6.3 Battery manufacturing plants

Up Energy Development Group has commenced construction of a Vanadium Redox Battery (VRB) manufacturing
plant in Inner Mongolia with an annual output of 2GW/10GWh of batteries per year. The plant will be powered by
a wind-solar-storage renewable precinct by Up Energy Development Group Limited comprises of 150MW wind,
30MW solar and 30MW/300MWh VRB battery storage.

An additional VRB manufacturing plant in northern China by Golden Energy Century Ltd aims to produce an
annual output of 1GW / 6GWh.

These are just two examples of a large trend towards increasing battery manufacturing capability in China. Large
growth in demand is forecast across a number of applications, including transport (trains, electric vehicles and
electric bicycles), military applications and energy market applications.

3.6.4 Transportation

China has the world’s longest high-speed rail operation and is also trending towards electric vehicles (particularly
electric bicycles) for private transport. Both these markets will play a large role in growing demand for advanced
battery systems, supporting the development of new large manufacturing facilities.
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Case study: Demonstration projects in China

Other than the mandated pairing of energy storage with renewable projects, the immediate future of the energy
storage market in China will be entirely reliant on demonstration projects. Projects are expected to be focused on
microgrid, distributed generations, industrial solar and even end user demand management applications. In
addition, the Central government is promoting up to 100 “Smart-Cities” to be set up where they believe solar-
storage modular packages are to be used in large numbers in the power distribution network.

An example demonstration project is the Zhangbei wind-solar-storage project by State Grid in Northern China,
which is currently in operation (first stage only). It comprises of 100MW of wind, 40MW of solar and 14MW
storage (an additional 6MW is planned). It is interesting to note that the 14MW storage already installed uses Li-
ion batteries, however the additional 6MW may not utilise Li-ion technology, with VRB and even Lead-Carbon
(PbC technology) also under consideration.

3.6.5 Key observations and learnings for Australia

The policy of mandatory pairing of generation systems with storage appears ambitious, expensive and potentially
inefficient due to the untargeted nature of the rollout and a risk of unutilised storage capacity. It is noted that for
most systems, the installation of storage will deliver very poor economic returns as the storage system may not
provide additional revenue for the generator. This is very different to other international markets that attempt to
target projects where storage can add the most value.

The demonstration project model appears to be effective in slowly building an energy storage market, leading to
commercialisation of the product. This gives China time to create the market structures, technical learnings and
design standards to support commercialisation of the energy storage market.

While the general technology preference in China has been Li-ion technologies, it is still very interesting to note
the very large investments being made in VRB technology. It is possible that this is a reaction to instances where
overheating and fires occurred on Li-ion demonstration projects.

Table 17 Investment focus for China

Market segment Investment focus

Supply-side Low

Transmission and distribution Medium

End user Medium

Off-grid Unknown

3.7 Japan

3.7.1 Background

Japan is Asia’s 2nd largest consumer of electricity, yet it is highly dependent on foreign fossil fuel reserves for
electricity generation. Japan is the world’s largest importer of liquefied natural gas, the second largest importer of
coal and third largest importer of oil [51].

Historically, Japan has a strong history of utilising energy storage technologies to reduce demand variability from
its nuclear generators. This included the development of 25 GW of pumped hydro storage, followed by 74 MW of
sodium-sulfur batteries [19]. Japanese company Nippon Gaishi Kaisha is the world leader in sodium-sulfur
batteries, although demand for this technology is growing at a much slower rate than Li-ion technology.  Japan
has the only operating sea-water pumped hydro storage facility in the world.

Prior to the Fukushima earthquake in 2011, Japan was the world’s third largest producer of nuclear power,
accounting for 26 percent of the country’s electricity supply. Since then, regulations on seismic resilience have
become so stringent that two thirds of the country’s reactors are likely to never resume operation [51].

Having lost over 60GW of nuclear capacity, Japan is in a vulnerable position and is looking to utilise renewable
energy to reduce its dependence on foreign fossil fuel imports. This commenced with the introduction of feed-in
tariffs to promote investment in a variety of renewable technologies (both residential and utility scale). Japan
currently has a relatively low penetration (approximately 8 percent hydro, 2 percent wind and solar) of renewables
[52], and while Japan doesn’t have a mandated target, the environment minister has been quoted saying 30
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percent of Japan’s energy should come from renewables by 2030 [53]. With such ambitious renewable energy
targets, Japan has recognised the role of energy storage in facilitating large penetration of intermittent generation.

Currently the Japanese government subsidises individuals and businesses up to two-thirds of the purchase price
for Li-ion storage solutions as discussed in 3.7.3 [54].

3.7.2 Storage Battery Strategy Project

In 2012, the Ministry of Economy, Trade and Industry set up the storage battery project team which is responsible
for battery industry and information policies, overseeing energy policies and supervising industrial policies for the
application of storage batteries. The goal of the team is to “formulate and implement integrated strategic policies
for storage batteries, including creation of future storage battery markets, industrial competitiveness
enhancement, and international standardization of relevant technologies” [55].

The government is aiming for Japanese companies to achieve around half of the world’s battery storage market
share by 2020 in order to see how mass production will reduce battery prices and aid in energy self-sufficiency for
the country.

Figure 17 Forecasted installation growth in the battery market (trillion Japanese Yen), including target market share/segments for
Japanese battery companies [56]

3.7.3 Battery storage subsidy

Japan has a new subsidy program to support the installation of stationary Li-ion batteries by individuals and
businesses. The subsidy is set to cover up to two thirds of the cost of the storage system, paid by Ministry of
Economy, Trade and Industry with a budget of $US98.3 million. Payments will be capped at US$9,846 for
individuals and US$982,000 for businesses installing battery systems with a capacity of 1kWh or more. [57]

Case Study: Microgrid demonstration project

The Ministry of Environment has a budget of US$7 million per year for three years to fund low-carbon microgrid
demonstration projects that incorporate renewable energy production and energy storage systems. The Ministry
of Environment will fund up to 75 percent of the project costs with an aim to facilitate the development of self-
sufficient, disaster-resistant community microgrids. The program is open to municipalities as well as private firms.
[58]

3.7.4 Key observations and learnings for Australia

Japan has a strong history promoting energy storage (i.e. pumped hydro and sodium sulphur rollout) as a means
of balancing supply and demand. Historically, Japan has not favoured any single application of energy storage,
with broad support across the electricity system. However, the current battery storage subsidy provides funding
for only the Li- ion technology.
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Table 18 Investment focus for Japan

Market segment Investment focus

Wholesale

Medium
Transmission and distribution

End user

Off-grid

3.8 South Korea

3.8.1 Background

Over 90 percent of South Korea’s electricity is provided by the vertically integrated company KEPCO, which is 51
percent government-owned [59]. South Korea is heavily reliant on non-renewable sources such as coal (45
percent), gas (21 percent), and nuclear (29 percent), while non-hydro renewables comprises less than 1 percent
of total energy sources. In addition, South Korea is heavily dependent on global markets as over 96 percent of
total energy is imported [60], and is vulnerable to supply shortages [61].

South Korea is home to several leading battery manufacturers including Samsung, Kokam and LG, and is moving
towards incorporating smart grid technologies such as the use of energy storage for demand management [60].

In 2011, South Korea announced that it would invest US$5.94 billion by 2020 in developing the energy-storage
industry - one third on R&D and the rest on building infrastructure. The government will participate along with
private companies.

3.8.2 KEPCO energy storage drive

KEPCO is purchasing 52MW of Li-ion batteries for frequency regulation in a market estimated to be 1.1GW. The
52MW is split across two plants and attached to substations. KEPCO estimates it can purchase an additional
500MW for the same task out to 2017. The project is driven by a number of motives: first, it is expected that the
storage facility will be cost competitive with existing frequency regulation providers, while providing a higher level
of service (i.e. faster response). This will also release additional thermal generation capacity (currently reserved
for frequency regulation) and put downward pressure on wholesale costs. [62]

In addition, metro rail providers are installing and operating over 20 MW of ultra-capacitors in order to save energy
through regenerative breaking and provide voltage stabilisation to the grid [63].

South Korea is pushing towards development and demonstration of smart grids with the establishment of policies
and trial programs across the whole of Jeju and Gapado islands [64]. Their smart grid development is largely
focused on developing software and IT systems to better utilise and connect existing grid infrastructure. The smart
grid initiative is expected to utilise 7MW of Li-ion storage, with 3MW dedicated directly to supporting renewables
penetration, through time shifting and capacity firming [19].
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3.8.3 Key observations and learnings for Australia

South Korea is focusing its research on the communications element of the storage system. This is reflective of a
proactive decision to focus on its relative research strengths, where it can achieve technological breakthroughs.

Energy storage integration into railway systems is an additional valuable application for storage. By harnessing
kinetic energy that would otherwise be lost, it provides the opportunity to provide grid support services, market
arbitrage and power quality services. One drawback is that this application has no direct link to renewable energy.

Table 19 Investment focus for South Korea

Market segment Investment focus

Wholesale
Low

Transmission and distribution

End user Medium

Off-grid N/A

3.9 Germany

3.9.1 Background

Germany has a history of strong leadership in energy technology and policy, including innovative and ambitious
support programs such as their feed-in tariffs to support renewable energy generation. German policy example
and experience is often considered by countries seeking to follow Germany’s lead when designing energy policy
and programs. Like Australia, Germany has a high proportion of PV installations as residential systems.

Germany has a lower quality of renewable resources compared to Australia, however, the favourable policy and
investment environment has resulted in Germany quickly moving to nearly 30 percent renewable energy, with
wind contributing 10 percent, biomass 8 percent and solar 7 percent making the largest contributions [65].

Energy storage is viewed as an essential enabling technology required to facilitate Germany’s 50 percent
renewable electricity target for 2030.

3.9.2 Programs

Storage initiatives in Germany take several forms. While there are no direct storage targets, the German Federal
Environment Ministry (BMU) has introduced a number of incentives, each initiative targeting different market
segments. These include combinations of grants and low interest loans financed through KfW (a German
government-owned development bank). In addition, electricity storage facilities are exempt from many fees and
charges, such as renewable energy levies and grid tariffs [66].

The programs listed below are technology agnostic, and do not specify batteries in particular. Only the storage
components of the programs have been listed – other infrastructures may be eligible for the programs in question.

Table 20  Programs in Germany for storage support. [67]

Program Description Target group
Specified storage
purpose(s)

Support
mechanism

Other

KfW 203 Financing for
energy efficiency
projects (energy
storage projects
included)

Local
authorities
and
community
organisations

None Low interest
finance

Interest rate: 0.6-1.3
percent up to 30 yrs

KfW 204 Financing for
energy supply
projects (thermal
storage projects
included)

Companies
with less than
5 percent
market share
(generation)
and PPPs

None Low interest
finance

Up to €50 million per
project.
Negotiated interest
rate.
1-5 year period of no
repayment.

KfW 274 Energy Storage in
combination with
PV

Households
and private
companies

Load management Low interest
finance

Up to €25 million per
project.
1-3 year period of no
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Program Description Target group
Specified storage
purpose(s)

Support
mechanism

Other

repayment

KfW 275 Energy Storage in
combination with
PV (Max 30kW).
Must allow NSP
control and must
reduce PV peak by
40 percent of rated
capacity.

Private
Consumers

Peak shaving Grants, low
interest
finance

Grant up to 30 percent
of investment.

KfW 291 Energiewende –
energy supply,
efficiency, storage
and transmission

Companies Storage for energy
efficiency or load
management,
or R&D for general
storage

Low interest
finance

Loans from €25 to €50
million. Fixed interest
rate for 10 years

KfW 230 Environmental
Innovation
Program

Companies None Grants, Low
interest
finance

Grant up to 30 percent
of investment.
5 year minimum

Of these programs, KfW 275 (Peak shaving for private PV and storage systems) is expected to be the most
relevant for promoting energy storage due to its generous grant, economic application (behind-the-meter storage)
and large market size. In addition, many commentators such as EuPD estimate that market growth in storage will
be driven primarily by the residential sector, as there are a high proportion of residential PV installations receiving
low feed-in tariffs exposed to high residential electricity prices [68].  More than two-thirds of German PV installers
are now offering storage options to their customers, and 90 percent of installers have expressed a desire to do so.
Currently, nearly 2 percent of PV households have installed battery storage. High upfront costs are considered to
be the major obstacle to purchase. As such, the grant component KfW 275 is considered by the EuPD to have
driven the uptake in storage solutions relative to other European countries [69]. As of late 2013, the German
government had provided over €32 million in loans and €5 million in grants [70].

In addition it is worth noting that utility-scale battery projects are also being built to support network operation. The
Schwerin battery (5 MWh) is owned by the WEMAG AG utility, which received over 80 percent of its energy from
wind power in 2013. The storage facility was designed to even-out short term fluctuations across their network
[71]. Utility-scale batteries are also being installed alongside generation plants, such as the 1.6 MW battery paired
with the 67.8MW Alt Daber solar plant, which allows for the plant to provide ancillary services by feeding primary
operating reserve power directly into the 110 kV distribution network. This project required government funds to
be economical [72].

Case Study: 5 MW / 5 MWh commercial battery

Europe’s largest commercial battery power plant was connected to the grid in Germany in September 2014. The 5
MW / 5 MWh Li-ion battery was installed to support a regional distribution grid with 80% renewable penetration,
expected to approach 100% during 2015. The battery is owned and operated by WEMAG AG, a German green
energy and natural gas utility that also operates the grid. With a response time measured in milliseconds, it is
expected to help stabilise frequency, balance unpredictable renewable output, control voltage , provide black-start
capability, and offer short-circuit protection for the grid. The project was given a €1.3 million grant from the
Federal Environment Ministry’s Environmental Innovation Programme to cover first-of-a-kind technology risk, with
the rest of the costs expected to be recovered through competing in the primary frequency regulation market [73].

3.9.3 Key observations and learnings for Australia

Germany is allocating its funding for energy storage across each of the markets segments and applications with a
slight preference towards the residential market. The driver for supporting energy storage is often linked directly
with renewable energy, particularly in areas of the grid with high penetrations of renewable generation (larger than
50 percent). Storage can reduce curtailing of renewable generation and reduce the requirement for networks to be
upgraded to better host large amounts of renewable generation.
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A standout feature of the German programs is the requirement for grant recipients in the KfW program to allow the
utility to control the operation of installed household energy storage. This feature is designed to ensure that
benefits from efficient network operation can be achieved and benefit the broader population. It also allows the
network to compile a registry of battery storage systems, providing insight into the impact of their use.

Table 21 Investment focus for Germany

Market segment Investment focus

Wholesale
Medium

Transmission and distribution

End user High

Off-grid Not applicable

3.10 United Kingdom

3.10.1 Background

The United Kingdom has a target of 15 percent of total energy from renewable sources by 2020. In the electricity
sector, wind and solar already make up 15 percent of electricity generation due to incentive schemes such as
feed-in tariffs and  the renewables obligation for utilities.

The electricity sector is currently undergoing reforms, including the addition of a UK wide electricity capacity
market to complement the energy market, and feed-in tariffs to replace the renewable purchase obligations.  The
Secretary of State for Energy and Climate Change claimed that the capacity market would help facilitate the
introduction of energy storage technologies [74]. However, the changes have proven to be more supportive of
existing thermal generation facilities (who have received windfall profits) and provide little competitive incentive for
the development of storage facilities [75].

According to the Energy Storage Operators Forum [76], there is a range of storage applications proposed and
deployed across the electricity system. The projects proposed and deployed by the Department of Energy and
Climate Change and by DNSPs as of December 2014 are shown in Figure 18 and Figure 19.
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