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Executive summary

Australian lithiumion battery (LIB) wastes growing at a rate abver 20 %per annumas a direct
response to the increasing demand and uptakeafable and rechargeable electrorequipment
and electric vehicledn 2016,3,300 tonnes of LIB wasteas generatedbut only 2 % of this was
collecedand exported for offshore recyclinglB waste generation is forecasted to grow to between
100,000 to 188,000 tonnes by 203@fortunately, the majority of Australian LIB waste is disposed
of in landfill, which haandesirable environmental and humaedlth implications.

Given Australia’s historically poor LIB collection, combined with offshore recycling and lanaffilling
this waste, this constitutes future (2036)economic loss to the Australian economy due to the
estimated potential recoverable valwfbetween AUD $13million and $ billion based on current
day commodity prices. LNBaste contains significant valuable resourtige cobalt, lithium, base
and other metals and graphite thabuld be recoveredomesticallyand reusedor new products.

Australia suffers from the often quoted ‘tyranny of distance’ to markets and a distributed
population. The low battery recycling collection rates constitute a missed opportunity to both
capture and add value to a waste stream. Recent disruptions to ttycliag sector in Australia
following the China waste ban have not affected the LIB recycling sector markets. However, the fire
risk presented by endf-life LIB has resulted in an international shipping company banning
transport of this waste stream. Thagtion poses a risk to Australia’s reliance on export for@nd

life LIB. It is therefore timely to review the challenges and opportunities associated with LE wast
and determine if it is ateategicresource opportunityfor Australia

There issignificantpotential for targeted research to help realise Australia’s opportunity to extract
value from LIB waste. The Australian research community, in partnership with industry and
governments can play a role in realising this opportunity and catglysimew industry which in turn
creates new jobs for Australidhrough the thorough desktop review and engagement of LIB battery
recyclingstakeholders, the following observations can be made to support the development of a
domestic recycling industry iruatralia.

Key Finding 1Dedicatedproduct stewardshipprogramsand mnsumereducationdrives
recycling and resource recovery from LIB

The lack of anappropriate product stewardship program and consumer awareness regarding
recycling options for LIB are késsues thamust be addressed in order to increase Australia’s LIB
collection rate The current low collection rate of 2 % is reportedly limiting confidence and
investment by industry into recycling infrastructur&eneral waste collection, transfer and
management costs in Australia are costly due to large freighting distances between major
population centres, without the additional impact of segregation of specialised waste streams such
as LIB wastes. Introduction of a product stewardship scheme wowtlemapid expansion and
investment required for m expanding waste streamSimultaneously a targeted consumer
awarenessampaigrand education programvould help supportinvestment inrecyclingprocesses
andtechnology Included in a consumer awarenessnpaign is to advertise existing collection sites
and work towards new collection points by working with a range of OEMSs, retailers and recyclers.
Best practice recycling consumer guides for a range of key product ranges, such as handheld LIB,



household errgy storage products and EVs, would also support this efareducation campaign
also supports existing and potential future State and Territory battery landfill bans.

Key Finding 2: A safe and successful LIB recycling industry can be developedregsidd
critical information gaps

Participants reported industry information gaps in best practice guides for standards regulating
reuse of LIB, endf-life transport, and recycling of LIB. Desirable information to support a successful

industry included eanomic modelling, life cycle assessment for LIB reuse and recycling technology
assessments. The collection of this information will support the safe development of an Australian
LIBprocessing and recycling industry.

Key Finding 3: A need to identify tenblogy processingoptions for the Australian context

Investment into recycling technology suitable for Australian conditions takes a modern approach to
recycling. This requires the right technology and business models for an Australian context.
Australia’s distributed populationis suitable for potentialdeployment of mobile processing
technology Alternatively, large scale LIB processing could also be feasible if key information and
data gaps and economic modelling can be addressed. There would be a nomtemhnical
challenges that would require further research and development for both options, and this creates
the potential for the development of innovative technology for the Australian LIB recycling industry
Participants suggestedustralia has the gtential to become aecyclinghubwith feedstock sourced

from neighbouring countries such as New Zealahidis would further secure supply, improve
economic feasibility and supports either largeale or smakcale processing options.

Key Finding 4: An onshore, local LIB recycling industry is economically and environmentally
achievable

There are strong economic and environmental drivers for Australia to manage LIB waste onshore.
In this context, dedicated policies, regulations, standaadd certifications relating to LIB and their
waste will support technology development and industry investment in LIB recycling. Australia can
view international examples such as those in the European Union and see how their existing policies,
regulatiors and resource recovery targets have driven innovation and technology development.
From this, appropriate changes can be made to provide maximum support for the Australian battery
recycling landscape.

Key Finding 5: Creation sfandards andindustry bestpracticeguides forLIB recycling

Dedicatedstandards surrounding labelling, safety, transport, discharge and processing were
identified by stakeholders as key drivers for the success of the ind@iryentstandards need to
be modified where applicabl® cover LIB recycling and where required retandards would
need to be written and dopted. In the interim, industry best practice guides will enable the
industry to adopt new or modifiedtandards and create a smoother transition to a neafe and
envronmentally sound.IB recyclingrocess
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1 Introduction

This study was aimed at defining the current landscape of lithium battery recyclingtialfaysnd
identifying the challengesand opportunities related tgotential onshore praessing of these
wastes The majority ofexisting recycling schemes r@g scrap metal recyclers to break down the
waste for export as there is no dedicated infrastructure or technotoggcoverthe value from the
waste.Thisconstitutes a missed opparhity for Australia to benefit economically, environmentally
and sociallyThis research will help to shape the developing landscape of recycling and resource
recovery in Australia, as well as identify strategic resources and potential economic gain from
further development of the industry.

This report provides results fromin-depth interviews conducted with six key stakeholders
associated with the Australian LIB recycling sedfdhile the count of interviews is small, it is
important to recognise that the Australian LIB recycling sectalsissmall and the interviews
captured 43 % of the LIB recycling and collection indudinjerview data is reported using the
PESTLE (Political, Economic, Social, Technical, Environmental and Legal) categories. tBlowever
counter for the low sample size, these data have been combined wiiterature review and
knowledge gained from attending industry events and academic conferences over the prewious 12
24 months.

This report is structurechto four sectionsFirst, wereview LIB market demand and the valuable
resources contained withilB waste The second sectiosummaises various product types
recycling process antecycling rates. The third section reports key findings frstakeholder
interviewsandthe fourth sectionconcludes with key observations.

The goal of this report was toysthesise information about this important resource stream to
stimulate debate, focus action and ultimately support a broad range of industry, government and
academic stakeholders to come together and invest in activities that support domestic processing
of the LIB waste stream in AustraliBheaim isfor this researcho contribute tothe developing
landscape oLIBrecycling andesource recovery in Australia.

Lithium battery recycling in Australip 1
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2 General introduction to batteries and lithium
batteries

2.1 An introduction to latteries

Batteries are energy storage devices which convert stored chemical energy into electrical energy.
Batteries use chemical compounds which can either liberate or accept electrons or ions within an
electrochemical cell during a redox reaction. During the redEaction, the conversion of these
chemical compounds into different chemical or ionic species or intercalation of ionic species into
host matrixes either liberates or accepts electrons/ions. The movement of these liberated
electrons/ions within the celireates a current flow out of the battery apdwers adevice

All battery devices share a number of similarities in their construction. Each battery cell cohsists
two electrodes, a positivelectrodeor a cathodeand a negativelectrodeor an anodeln between
these two electrodesa layer of separator witan electrolyte existswhich allows the movement of
electrons or ions within the cells. Dependingtba type of battery the electrolyte can consist of a
liquid, gel or solid material. In additic@ these componentsbatteries also contain additional
materialssuch as insulating separators to prevent the electrodes from physical candahort
circuit, pressure relief valves and other safety features. The combination and integration oflenultip
battery cellsare used to create battery packs with performance characteristazpiired for the
desired application. The choice of chemical compounds determines the nature of the battery device,
the redox reaction, cell voltages and energy storage andepaapability(Cavanagh, Ward, et al.
2015)

Batteries are classified inttwo categories:primary and secondanpatteries Primary batteries
cannot berecharged,and are more commonlknown asdisposable or single uskatteries
Secondary batteriexcan be created with certain chemical compourtdat can becharged and
recharged following use.These charging
reactionsoccurduring the course ahe battery
life cycle.Lithium ion batteries (LIB) are on 4

/ Container
well known type of rechargeable batten | auminum)

Cathode material
34.7%

(Cavanagh, Ward, et al. 2015) T
Anode material
2.2 Lithium ion battey (LIB) Copon
technology | Sty
12.6%
LIBhave beercommerciallyavailable since the .
1990s(Gratz et al. 2014; Li et al. 2018jhium L+ 0%

cobalt oxide (LiCofis traditionally the most

commony usedelectrode type in mobile phone

(Figure } and laptopLIB(Li et al. 201B LIBare  Figurel: A typical LIB format in the prismatic structu
typically described based on their cathod showing the various component
materials and these materials account for 90 ..
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of the material value and around 26 of the total weight of a batter{Gratz et al. 2014)Table 1
provides an overview of common battery types, uses kigfjlobal market share, estimated as at
2014(Gratzet al 2014)

Tablel: Lithium battery types(Gratz et al. 2014; AAS 2017; Lewis 2016)

Application Estimated
global
market share
(%)
. o Single use lithium batteries for consumer electronic: n/a
Primarylithium : .
Sizes range from button cells to car batteries.
. _ Mobile phones, laptops, tablets, cameras. 37.2
Lithium cobalt oxideL(CO) _ _ _
(LiCo®) High energy density therefore useful in portable
electronics.
Lithium nickel manganese Powgr tools,_ electric vehicles Eener_gy sto_rage_z a_nd 29
_ medical devices. Sometimes combined with lithium
cobalt oxide IMC) manganese in EV to give high energy burst, where
(LiINiMnCo®Q) NMC provides long range dirig.

Power toolsEVand medical devices. Good thermal 21.4
stability, high discharge/recharge although a shorter
life compared with others.

Lithium manganese oxide
(LMO)(LIiMnOs)

Lithium nickel oxideL(NO) EV. 7.2
(LiNIQ) Not as thermally stable as other cathodes.

Lithium iron phosphatel(FR Energy Storage, EV, medical devices. 5.2
(LiFePQ)

2.3 Lithium battery development

Demand forincreased batteryperformanceis growing especially withapplications such as
transportation and electricity grid storage and suppdrhis demands beginning tgush existing
battery technology to itéimits. Next generation materials are being developed principally to reduce
the cost of battery productionmprove safety and functionality, whilst also improving (or not
compromising) performance. Most recycling technologies depend upon recovery of cobalt in order
to be profitable(Heelan et al. 2016)put new battery technologies focus on reducing the use of
cobalt and nickel in order to reduce production co$@Gratz et al. 2014)This has obvious
implications for the valuefaecycling next generation lithitsinased batteriesn the future.

Some of the prmising next generation candidatesclude cathode materialssuch as lithium
manganesespinel(Wanget al. 2014)In additiongraphenehas been identified as a good candidate
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for improving the performance of graphite 4500

electrodes (Douthwaite 2015; Brownson et al. B
2011) In principle, lithium metal can offer up to ~ § _ 3000
3,860 mA/g capacity compared to the-360 2%
||

(mAh/kg)

Specific capacity

¢ 2000
mAh/g from the current graphite electrodedue 1500
to a concomitant and significant reduction in o
weight and volume when compared to LIB 0
technology(Figure 2). This order of magnitude
increase in energy density and concomitant
reduction in battery volume and weight means
that potentially Limetal batteries could
potentially approach the same energy density as
gasoline for transportation applications (Figure 3)
(Bhatt & McCloskey 2010)

Graphite Silicon Lithium
14000
12000
10000
8000
6000

4000

Theoretical specific energy
(Wh/kg)

2000

The rechargeable lithium metal batteris the

next frontier in LIBdevelopment andglobal -
drivers for an increase in battery energy storage
capability is driving current research and =
development efforts for lithium metdbased =

rechargeable battery technolodirotchie 2016)

These lithium metal batteries include next

generation technologies such Efium sulfur (L4 L T—
S—predicted 2 to Sfold energy storageapacity Figure2: Lithium metal anode capacity and energy compa
increase)and lithium air (L-air — predicted 10 to alternative electrodes (top) and prototypeechargeable
fold capacityincrease) which both will utilise lithium metal battery constuction (bottom).

lithium metalanades.

Li-ion Li-S Li-air

Despite their significant impk@ments for energy storage capacity, there are significant issues
surrounding the commercial application of lithium metal batteries. The formation of dendrites
(metal spikes/needles) during the recharge process which can cause short circuiting, poor
performance and serious fire safety issues and is a significant issue to be overcome during research
and development for these technologi@datherson 2016)

An example of research and development investmisnthe Centre CIC Energigune and Hydro
Québeccollaboratedn 2015to produce d safe, powerful andiexpensive” laboratorgcale lithium
metal battery with a solid electrolytéHydrocQuebec 2015)Another nearto-market example of a
next generatiorbattery is manufactured by MIT spioff company SolidEnergy Systemshis new
next generation lithium battery is likely to thalf the size of an existing Apple iPhone battdityis
technologyusesan ultrathin lithium metal foil in place of a traditiohaoatedanode and a modified
electrolyte to allow the battery to be rechargeable. One of the key benefits of the technolog is th
is uses existing LIB manufacturing infrastructtoe the development of materialfMatherson
2016) As at 2018, SolidEnergyave a product commercially available for the drone market
(SolidEnergy 2018)
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Ni-Cd ]
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Li-S
Zn-air
Li-air
Gasoline

Figure3: Practically achievablereergy density (byweight) of various battery technologies and comparison to
gasoline.
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3 Resource and material demand f&uiB

3.1 Composition and the value proposition

Whetherend-of-life LIBare landfilled or exported, thevalue associated with valuable metals used

in the manufacture oLIBislost from the Australian economyhepotential value of thisecondary
metatrich resource, based othe general compositiorof LIBand commodityprices (as at
19/3/2018) is shown inTable 2 The data shows that the potential value from the recovery of these
metals from general LIB with lithium and cobalt contained in the cathode materials (reviewed by
Zeng et al., 2014) could be between $AUID0and $AUML7,20Q depending on the pmary metal
constituents of the batteries being processed. The data also shows that thobgltis only present

in small percentages, it is still the most important metal for providing an economic driver for the
development of recycling processes tdBwastein Australia. Similarlypickel, and copper also
contribute to the overall economic argument for the recovery of these resources. However, though
there isenormous potential to recover value fromaste LIBinsteadof losing them tdandfill or
overseas, the costs associated with collection, transport, sorting, dismantling and the changing
chemistries of these batteries should always be considered when designing processing technology
for battery recycling.

Table2 Potential recoverable value from speritiBdetermined by current commodity prices and percent
composition of typicalLIBwith lithium and cobalt contained in the cathode material3 he potential recoverable
metal value was determined for both the low and high pegnt compositions reported in the literature.

Commodity

Compositior? )
P Value Potential Recoverable Value (201

Component (%)

(SAUD/TY

Min $AUD/T Max $AUD/T

Al 4-24 2690.44 63.66 381.97
Co 5-20 115,070.25 3,403.85 13,615.38
Cu 5-10 9,002.39 266.27 532.54
Fe 5-25 75.23 2.23 11.15
Li 1-7 21,453.78 126.92 888.46
Mn 10-15 2,768,47 158.46 237.69
Ni 5-15 17,865.14 528.46 1,585.38
Total 4,459.85 17,252.58

a(Zeng et al. 2014p London Metal Exchangend Metalary and AUD to USD conversiorXBycom; accessd®/3/2018.
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3.2 Lithiumdemand, supply and security

As the demand for portable and rechargeable electronic equipment grows, there is a simultaneous
and increasing demand for the supply of lithium to design and develop technical battery nzaterial
Though itis a highly versatile metal that has applications in a broad range of industries including
technology, aviation, pharmaceuticals, ceramics and glass and erfievggs estimated that the
largest demand for lithium in 2016 was for the manufaetof batteries (3%6)(Swain2017).

Dakota Minerals estimated that thglobaldemand for lithium (expressed as lithium carbonate
equivalent, LCE) was approximately 186 tonnes (kt)per annumin 2015, and was projected to
increase to 500 kper annumby 2025 with an annual compound growth rate betweeto 80 % pa
(Table3). The largestncrease in demand would come from the use of speciality and technical
lithium compounds for use in batteries and energy storage, with an estimated growth1d ¥®or
200-250kt per annumof lithium required for the manufacturer of these produ¢Bakota Minerals
2017) It was also reported that futureesinand for lithium specifically for the use inBcould
increase to as high as 66 % by 2025 (from 35 % in 260&)n 2017)

Table3: Demand for lithium based on market share to 20@5odified from Dakaa Minerals, 2017)

Applicatior Lithium product Current demanc Growth per annunr
(kt per annumLCE) between 20152025
Batteries Speciality comounds, 60-70 10-15 % (20-250 kt
primarily derived from
LiOH
Glass and cerami Spodumene 40-50 2-4 % (5-65 kt)
concentrates (LD)
LeCQ
Greases and lubricar LiOF 15-20 4-8 % (3-40 kt)
Metal alloy: Li metal and alloy 10-15 3-5 % (1-25 kt)
Air conditionin Various 5-10 3-5 % (1+-15 kt)
Polymer: Various 4-8 2-4 % (1+15 kt)
Medicine Specialityorganc- 4-8 2-4 % (1+15 kt)
compounds
Others Various 10-15 3-6 % (1-25 kt)
Total 15C-170 6-10 % (35-450 kt;

Lithium occurs naturally primarily in continental brines (59 %), and as a hard rock mineral deposit
known as spodumene or pegmatite (25 %), with minor amounts forming in other sources such as
seawater, hectorite, geothermal brines, oil field brines ancejad (Swain 2017; Vikstrom et al.
2013; Mohr et al. 2012)

Australia’s lithium resources are exclusively hard rock mineral depositanly located in Western
Australia, including Greenbushes (hard rock spodumene, 1.9 % I0,70/4t), Mt Marion
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(spodumene with pegmatite sheets, 0.65 % Li, 0.02 Mt), and Mt Cattlin (spodumene, 0.5 % Li and
150 ppm TaGs, 0.07 Mt)(Vikstrom et al. 2013)in 2016, it was reported that Australia had the
highest production and export of lithium, supplying 40 % of the t@atalim across the globe (Swain
2017). It was also identified that the distributian lithium wealth (i.e. the countries that had the
greatest economic position in terms of lithium production) was limited to four countries, namely
Chile (524), China (22 %), Argentina ¢b) and Australia (10 %).

Western Australia is the lithium miniregntre for Australia, and interest in lithium is growing from
the mining sector and international investors. With growth in demand for electronic products

“Prime Minister Malcolm Turnbull identified lithium as Australia’'s next major mineral export to
China as the supecharged sector continues to ride the wave of an investment bdofucas
2017)

Strategically, there are connections between the reuse and recycling of LIB and Australia’s lithium
mining investmentsThere is also thgotential to supplement primary mineral resources with
recoveredsecondary lithium materials of the same grade

Projections for the life of global lithium resources are variatdpending onthe factors driving
lithium consumption used to model data. TheS. Geological SurvedyFGpestimated that there

was 365 yearsfostatic reserve life for lithium commodities in 2003.S. Geological Survey 2015)
However, this number is a general index derived from the annual production from reported reserves
at a given time and does not take into consideration dynamic factors such as changes to market
demand, challenges to prodtion or the impact of recycling anceuse of recovered metals
(Humphreys 2014)

Given the drive in lithium demand as a result of increasing uptake of energy storadge/aiaah
assessment adiccessible lithium resourcesid whether theywere sufficient to meet the growing
demand due to roll out oEVwas undetaken (Mohr et al. 2012)Using data regarding ultimately
recoverable resources (URR)was showrthat the global resource of lithiuwasbetween 19Mt

(low) end 55 Mt (high)with the best estimate of £Mt of availablelithium resources in the waoull

The study showed that projected lithium supply was sufficient to meet the demand for a 77 %
maximum penetration ofEVinto the market until between 2080 (low) and 2200 (high). It was
estimated that the global lithium demand would peak &0&t lithium/year, assuming a 100 %
penetration of EVs, a population density of 10 billion people, and with 3.5 people per car.

Studies and forecasts suggésat in a ‘bestcase’ scenario, lithium supply from accessible sources
will match demandoy 2025 In the‘worst-case scenarig global lithium stocks areonservatively
depleted by 2025. This estimate accounts for rising demand of consumer electronics and car
production(Wanger 2011)Thisdoes not refer to reaching zero lithium, rathihium prices will
steadily risedue to demandwhich makes previously uneconomic mining zones feasibldande
recycling more attractive.

Since 2002, there has been approximatelyfal8 increase inthium metal commodity prices, from

$ 1,590/t in 2002 to$ 9,100/t in 2016 as shown iRigure 4Metalary 2017) This increase in
commodity priceis primarilydriven by the demand for the resource in manutae of LIB and
resource constraints such as limited supply and resources being dominated by only a few countries.
Projections about lithium demand in the future in response to roll oUgdand larger grid or off

grid energy storage devices will enstinat the commaodity prices continue to increase and primary
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resources will continue to be depleted, and this will therefore contribute to the drive to recycling
lithium containing consumer products, suchlL4B
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Lithium Metal Price ($USD/ton)

2002 2004 2006 2008 2010 2012 2014 2016
Year

—&—Price —e—Price (Inflation Adjusted)

Figure4: Theincreasein lithium metal prices ($USD/ton) from 2002 to 2016, inclusive (values derived from
Metalary, 2017).

Currently, less than 1 % of lithium used in consumer products is recycled from various £8waies
2017) Similarly, less than 3 % of BIBproduced globally are recycled, and from recycled LIB, the
recovery of lithium is considered to be negligilflakstrom et al. 2013; Wanegt al. 2014) This
highlights the global gap in technology to capture the lithium feord-of-life LIB ThoughAustralia
holds a significant stie of primary lithium mineral reserves, the country is lacking technology and
infrastructure for the manufacture of technical grade lithium products, such as batteries. The
Australian Mining Executive Council (AMEC) recently identified that there rgfecaigt opportunity

for Australia to become a market leader in the manufacture of thrsducts(Wills et al. 2018)n
addition to supporting traditional mining and export of raw materials, this woutidl a0 the
Australia’s lithium value supply chain, and also provide an onshoreisgdfor secondary lithium
products recovered as a result of LIB recycling.

3.3 Cobalt a critical metal

Cobaltis utilised in the cathode dflIBsuch asd.COor the more recentNMCand NCAchemistry
variants Cobalt is classed asdticalmetalandas such theommodity prices high currently at$
AUD115,070per tonne(Table2) (European Commission 201%jncea keyeconomic driver for LIB
recycling is the recovery value of cobadtltis worth mentioning the criticétly and social licence to
operate issuegssociated with the mining of the metd@oth lithium and cobahave been ranked

by Geosciences Australia as critical, and subsequently categorised as category one and two,
respectively, in terms of strategic resource potential and opportunity for Australia to supply
resources to meet the global demand for technold@kirrow et al. 2013)The high criticality of
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cobalt is linked tdhe factthat 50 % of world production is from éhDemocratic Republic Gongo

Other keycommoditiesmined in this region are gold and coltan (a tantalum ore). There are concerns
over the armed conflict, illegal mining, human rights abuses and environmental issues from this
poor region of the world. This has prompted tih@&ormation, communications& technology
industry to form the ConfliecEree Smelter Initiativeand theAustralian Mobile Telecommunications
AssociationAMTA are part of this initiativ AMTA 2014)

3.4 Other secondary commodities

In addition to thehigh economic drivers of lithium and cobalt, the manufactaref LIB also
consume other primary materials that have the potential to be recovered and used as secondary
materials in eithe new products or new LIB. These include basd othermetals (copperzinc,
nickel, iron and aluminiumplastics, electrolyte materials and technical materials such as graphite.
Market reports indicate that the demand for graphite to manufacture newnlilBikely treble over

the next 4 to 5 years in line with the demand for portable and rechargeable equipienthmark
Mineral Intelligence 2016As the graphite is a relatively inert mariit is possible to recover and
reuseit as technical grade graphite for new batteries or to convert it into better technical grade
materials, such as graphene. Though these materials areunantlythe primary economic drivers

for developing recyclm processes faclB they are still materials that should be considereden
defining the value proposition of an onshore LIB recycling process.
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4 Production and use of LIB

4.1 Global production of LIB

The improved energy density over nickel metal

hydride batteries makeklIBapplicable to consumer Poland
electronics including mobile phones and laptops, South Korea 3%
well as for energy storage drEV,hybrid electric 13%

vehicles (HElyand plugin hybrid vehicles (PHEV
(Zeng et al. 2014; Li et al. 201Bhe expectetife of
batteries varies between 3 years for consum
products and 10 years f&V(Wang et al. 2014)lhe
importance of research intceuseandend-of-life is —
growing in importance aglobal production oL IBis 62%
predicted toincrease 58 % over 2016 to 2020.
Much of this increase in capacity driven by Chine
manufacturers as shown ifigure 5(Desjardins
2017) Australia does not currently manufactuiéB
although thee have beenmedia reports of a Figures: Global production of LIB, image reproduc
proposed LIB factory for Darwibaly 2017) from data in(modified from Desjardins 2017)

4.2 How Australias useLIB

4.2.1 Mobile phones

Mobile phones are a common consumer electronic device. The totabeuof phones in use and

in storage in Australia has stabilised atmlion, or 2 phones per persosales of mobile phones
ranged between 143 million per annum between 2008 and 2014. It is perhaps not surprising to
know that many mobile phones areiein storage and this accounts fapproximately50 % of in

use stock(Golev et al. 2016)While the lifespan of a mobile phone is theoretically 10 years,
consumers generally update their phone more frequentlynttthe maximum operating life. In
Australia, the average lifespan of a phone is between-3% years, with an estimate of 3.8 years
for the period 2012014(Golev et al. 2016)

Modern mobile phones consist e@pproximately25 % metal, 3®0 % plastic and the remainder
comprises glass, ceramics and epoxy. Mobile phone recycling currently only recovers the metals
including copper, silver, golthd platinum group metal®ne estimate of the recycling efficiency of

the metal fraction was between 4&4 %, which only equates to -II® % of the total mobile phone

being recovereqGeyer & Blass 201Wlobile phones can also include materials with varying levels

of toxicity, such as cadmium, beryllium, mercury, hexavalent chromium, bromated and chlorinated
flame retardants and gallium arseeidThe components of a mobile phone do not pose a threat
during ther use. wever, the disposal and treatment of a mobile phone at the-efatife must be
considered to ensure that toxic materials do not pose a threat to human and environnhesatéh.
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4.2.2 Handheld batteries and consumer electronics

Handheld batteries are defined as those that are ldsnt5 kg in weight, and incluggimary
(singleuse) or secondary (rechargeable) batteries. Handheld batteries include applications such as
mobile phones, lagips and power tools. The average life of the majority of primary battesies
estimated to be 1.8 years. TotAlstraliansales of handheld batteries for all chemistry types for
201213 totalled 17,500 tonnes. The sales of secondary lithium cheniiattgries accourgd for

24 % of all batteries by weight, and strong continued growth is expéCtéérell et al. 2014)More
specifically, there were sales of 120 tonnes of primary handheld lithium batteries and 4,130 tonnes
of LIB during 20223 in Australia Australian m-use stocks ofecondanyLIBis growing significantly,

from just over 11,000 in@.2-13 toa forecast ohlmost 30,000 by 20120 (O’Farrell et al. 2014)

4.2.3 Australia’s electric vehie market is developing

Globallythe EVimarket reached over 1 million cars on the road in 2Qaternational Energy Agency
2016) Based on 2015 data, China is the biggest global market for EVs, including electric scooters
and busesEV aoption is boosted in countries with supportive policies and targets and of all
countries, Mrway has the greatest market share of 23IPternational Energy Agency 2016

Since 2008, there has been a performance incréa$tHE\énergy density while at the same time

a significant reduction (over 7) in manufacturing cosapproximatelyUSD1000/kWh to USD
268/kWh (International Energy Agency 2016)he reduction in cost makdsvand PHEVmore
competitive with internal combustion engise and greater energy density allows for longer
distances to be travelled on a single charf§eme EV manufacturers have set ambitious goals and
commitments to increase passenger vehicle driving range to over 300 km per battery charge
(International Energy Agency 2016)

CurrentAustralian EV sales are weak, and account for &1 new car sales in Australia. There are
an estimated 4,50&Von Australian roads as of June 2q&8ghar 2016)and only 1,100 were sold
in 2015(Lewis 2016)The majority (47 %) were the Mitsubishi SUV PHEV, with the Tesla aad Nis
Leafboth contributing15 %of the EVsold in2015 (Asghar 2016)Current consumer purchasing
incentives vary by state and are not significant enough to encourage the adoption ,oivEivls
means that Australia remains an ‘early adopter’ foeir purchase.States ad Territories have
different approaches to increasing EV adoptieor example, thQueenslancElectric Superhighway
project has installedfast charging stationsetween Cairns and Toowoomba (Queensland
Government 2017)The aim igo encourage, support and accelerate the uptake of electric vehicles
in Queensland where stations are initiallyee to use The infrastructure will enablgavel fromGold
Coast toCairns and from Brisbane to Toowoomba in a low or zero emissions vérctrigh
schemes such as this, it is anticipated that the EV sales in Australia will grow doncetiest EV
sales in Ausdlia are moderate with total sales expectedinarease to 425,000 by 203Bigure6)
(Asghar 2016)
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Figure6: Current and forecasof electric vehicle EV) andplug-in hybrid vehiclessalesin Australia(Asghar2016).

4.2.4 Batteries for energy storageanother emerging market in Australia

The use of large energy storage batterigsapidly emergingn Australia most widelyhighlighted

by the South Australian 100 MW installation in 20Tfis is currently théargest energy storage
installation of its kind in the world.hE lifecycle impactsf energy storage batteriesere detailed

in a report that reviewed NMC andL@ based chemistries for lithium energy storage batteries
(Florin & Dominish 2017)While several other battery chemistries were reviewed, these two
chemistries were rated as the most significant in terof likelihood of deployment and adoption
for residential and commercial applicatiorihe report identified a need to develop a sustable
supply chain for metals and #ngage industry to adhere toebt-practice initiatives for the use of
energy storag batteries(Florin & Dominish 2017Yhe report also highlightedhe need for enebof-

life waste batterymanagement,even in this emerging product area.

14 | Lithium battery recycling in Australia



5 LIB waste generation data, predictions fate and
value

5.1 Summary of.IB vaste generation data

AustralianLIB wasteyeneration andecycling ata is reported in many sourcdsy different years,
products andchemistrytypes. Australia has a very poor collection rate for battenath only 1.8
% (201213) of lithium batteries being recoverednd the remaindedisposedo landfill (O’Farrell
et al. 2014) A summary of kelIB waste generatiodata and forecasts for Australia provided in
Table 4

Table4: Summary of LIB wastgeneration dataand forecastdor Australia reported by product or as total LIB
wastes.

Units/Tonnes Data Year Reference
Mobile phones (storage) 22.3 millionunits 2014 (Golev et al. 2016)
Mobile phones (enaf-life) 12 millionunits 2014 (Golev et al. 2016)
Total LIB waste 3,340 tonnes/year 2016 (Randel016)
Total LIB forecast 137,618 tonnes/year 2036 (“best” most (Randell 2016)

likely forecast)

Handheld lithium primary 140 tonnegyear 201213 (O’Farrell et al. 2014)
waste to landfill

Handheld LIB 1,720 tonnes 201213 (O'Farrell et al. 2014)
—waste to landfill

Estimating counts or tonnage of availabl®is inherently difficultMany authorsattempt this task
using different methodologies. In 2010, a d¢tecand flows study was published to account for
lithium battery consumption, recycling and disposal in Austri@l&rnken Industrial and Social
Ecology Pty Ltd 2010Key findings from thi2010report include:

x Lithium battery handheld inputs per year were 1,960 tonnes and 12 % of the chemistry type
(by weight). By comparisortarge and industrial batteries we 1,500 tonnes per year
accounting for 3 % (by weight) of total battery chemistries;
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x Of the handheld atteries, 8,000 tonnes we being landfilled, some of which would be LIB.
Only 4 % of all handheld batteries wdreing recoverepand,

X On a count basis, 70 % of all batteries were being sent to laadéllthe majority of this
waste was from handheld batteries.

The variability and difficulty in collectimigta illustrates the difficulties in understanding stocks and
flows for LIBfrom sales to enef-life in Australia and poses challenges fdiorecasting and
predicting future trendsThe combination of increasimggmand for LIB is rapidly growirandpoor
collection and recovery of materials Wustralia means thatthere is considerablescope for
improvementin data collection and materials tracking directly related to LIB waste generation and
fate. Given the large increases forecast to occur with this waste stream it is important we continue
to monitor in use stockand end of life data.

5.2 Future LIB waste predictions are clear: we have a problem

More recently,it was forecasted thakIB waste is growing at a rate of 12 % each yeawustralia

and given the associated fire and/or explosion risk with LIB, there is a need to assess coltetction a
processing infrastructure for enof-life LIB (Randell et al. 2015)However, nore recent data
gathered by the same author indicated that the 2015 forecast was underestimated due to a lack of
pertinent data, and an annual growth rate of-22 % was more realistic for LIB wagiandell
2016)

LIB vaste generation foreasting in 2016 predicted th&,300tonnesin 2016 to 137,00@onneshby

2036 (medium growth projections) as a result of per capita consumption of handheld and
rechargeable equipment, the introduction &V and the concurrent production of waste EV
batteries, and increasing use of solar and photovoltaic pairdsdell 2016)The bestase scenario

as well as sensitivity analysis for high and low projections are shokigure 7
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Figure? Projected LIB waste production from 2016 to 2036 (modified from Randell et al., 2016).

Based on the general composition of these batteliese Table 2)the current value of metal
commodities and scenarigorojections for battery waste produatn, it was calculated that one
tonne of battery waste has potential recoverable valudetfiveen $AUDI,550and $AUDL7,252
(as at 19/3/2018, with the majority of value as a result of the presencecobalt(Table 5)These
values do not include other materialsctuas graphite, pktics or electrolyte materials or take into
consideration other costs association with collection, transport or processing of battery wastes.

Table5 Potential recoverablemetal value from current and projecteduture spentLIBbased on commodity prices
from 19/3/2018.

2016 2036
Waste Production (T) 3,340 137,618
Potential recoverablenetal Min 4,550
value for 1 T of waste (JAUD Max 17,253
Potential total recoverable Min $ 19.7 million Min $813 million
metalvalue($AUD) Max $74.9million Max $3.09billion

@current and projected volumes of spentBas described by Randell et al., 20565 calculated from commodity prices and exchange rates as
described inrable2.

Areport reviewingAustralia’s capacity to manage and treat our hazardoaste concluded that
Australia’'soverall ewaste capacity was adequate until 2034ith the excepton of Wedern
Australia and the Northern Territory, where newaste recycling infrastructureurrently exists.
Moreover, it was noted that Australia has no specific LIB collection, transfer or treatment
infrastructure,andinsteadrelieson the collection and separation of mixed battery typdsposal

to landfill, orexportingfor recyclingRandell et al. 2015Jhe report recommended that the hazards
associated wh handling, management, disposal and transpoitiddin Australia be assessed, along
with the collection techniques and processing infrastructure for Australia to meet future waste
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treatment and resource recovery targetdkandell et al. 2015 he following year, a report into LIB
waste concluded:

“there is an immediate need to improve processing infrastructure capacity for handheld Li
ion batteries in Australia®(Randell 2016, p.12)

The combination of the lack of technology to deal with this growing and complex waste stream, and
the inherent value that is currently being lost to landfill or international economies, aasvsfient
batteries being identified as a priority area fdéustralian waste management(Australian
Government 2018)means that there is significargotential for targeted researcho develop
strategies and technologies for the recycling and processingeoit battery waste in Australia
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6 Ewaste and battery recycling is developing in

Australia

From collection to processinghe recyling of lead and nickel/cadmium battes is a well-
establishedand well-regulatedprocessin Australia Howeverthere are nocomparableproceses
or practicesin Australiafor the recovery of value fronfor LIB, despite beinghown to be
economicallyfeasible Consumer awareness of recycling optiorthémajor limitation for recycling

as available endf-life stocks arenot being captured

or collectecand this prevents recycling

systems from operating efficientlertainly for mobile phones, itsscial rather than economic or
technical issues that reduce the effectivene$secycling(Sarath et al. 2015)

A number of programs designed togonote the recycling andeuse of waste LIB have been
developed and are discussed heféough collection is occurring, the recovery of value from these
waste still largely depends on export to other countries to complete the recycling value chain, and
a sgnificant amount of collected batteries are still disposed in landfill.

6.1 Mobile phone recycling

It was estimated that 12 million enof-life mobile
phones existed in Australia in 2014, with an additior
22.3 million mobile phones kept in storafféolev et al.
2016) Many of these contagd a LIB It were not in
active usgGolev et al. @16)

Mobile phones can be recycled through a number
private ewaste providers. However, the most well
known recycling scheme in Australia is MobileMust
(Figure8). This is a netor-profit scheme funded by the
AMTA which works with manybut not al) mobile
phone manufacturers and distributers to promote th
recycling anageuseof end-of-life mobile phonesSome
manufacturers such as Apple have their omgnycling
scheme MobileMuster operates to educate, raist
awareness and collect mobile phones across Austra

In 201516, MobileMuster reportedly collected 76
tonnes of mobile phones which included 1808kg of
batteries, most of which would be LIBMTA 2016)
MobileMuster hasprovenvery effective for capturing
end-of-life mobile phones, diverting them from landfill
and serves as a model for future volant product
stewardship schemes in Australia.
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6.2 Handheld battery recycling

Handheld batteries include batteries contained within mobile phones, laptops, ptwés and
most handheld electronic devices. Based on data from O’Farrell et al (2014), the nufmber o
handheld batteries reaching eraf-life for 201213 was forecasted to be:

X 150 tonnes primary lithium batteries; and,
X 1,750 tonnes oLIB
The recovery rates for the same period were:
X 7 tonnes or 4.8 % of primary lithium batteries; and,
X 31 tonnes or 1.860f LIB

This means that a total of 1,860 tonnes of primary lithium batteries laiiivere landfilled or
informally stockpiled for the 20123 period, whichndicates that battery collection and recycling is
a significant issue for Australia.

6.3 Electric veltleand energy storagbattery recycling

The LIB chemistries used for EV applications are similar/same as those used in energy storage
systems. Further, the construction of these systems also has numerous similarities for both
applications, albeit with dllering sizes and electrical performances. From a recycling perspective,
the initial applications, i.e. storage or transportation, does not change theoétfite processing
significantly.

6.3.1 EV battery recycling

TheFederal Chamber of Automotive Industri@CAl) is the peak body representing manufacturers
and imporers of vehicles in AustraliaCHl state that all of their members have a system in place to
take back batteries at the erof-their life. Fora recent report by Helen Lewis (2016), interviews
were held with major car manufacturersgarding their enebf-life options for batteries frontheir

EVs It was found that some companies provide incentives to collect and swap batteries once end
of-life is reachedThis includedloyota,which hasa rebate or discount on new batteries when old
batteries are returned to manufactur€tewis 2016)Another large global car manufacturer stated
that once required in Australjthey would make arrangements with local recyclers to take on-end
of-life batteries and recycle them, ensuring that theynform to strict standardgLewis 2016)
Anather global car manufacturer has a closed loop recycling process where batteries are returned
to the originalequipmentmanufacturer(OEM. Howevermany EV batteries have yet toaeh end

of-life in Australisandthereforethis market ipresentlyundevebped.

The EV battery components are typically stored within modules and there are nrangules
distributed across the vehicl&orexample, to demonstrate the configuration of EV batteries, the
Nissan Leaf battery configuration has 48 modules, each the size of a laptop. The battery chemistry
in useis blended cathode materigLMOwith LNQ. Within each module is an individual pouch
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(Figure 9) This equates t@pproximately250 kg of batteries in each Nissan Leaf.-Bflife is
expected to bapproximatelyl0 years when batteries could be expected to haveo@0% of their
originalcapacity At thiscapacity, thiwill reducethe EV range and hencewill require replacement
(QNovo 2017)

While currently, almostall EV batteriesire exported from Australia for erof-life processing, it is
unlikely that these batteries will be immediately processed for recycling in futdest car
manufacturers advertise that they are exploring new energy storage markets for spent EV batteries
otherwise known as “second lifegjiven their capacitylevels will still be greater than 50 Gewis
2016)

Figure9: Nissan Leabattery modules (www.wikipedia.com)

6.3.2 Recommendations for improved EV recycling

A comprehensive studyG@ines 2014pn future considerations foautomotive LIB recycling
discussedhe lessons learned from other earlier battery typssich as the lead acid batteryhe

study noted that lead acid battengcycling was effective because the batteries were of a standard
design and disassembly protocols, there veedy a single chemistry type that did not require
segregatior(unlike LIB)and as such, the recycling process was simple. In addition, lead acid battery
recycling was also driven Iiederal and Stat&overnmentregulation makingt illegal to dispose

them to landfill. These factors ultimately allowed the development a profitable recycling industry
for these batteries.

When compared td_IB lead acid batteries have a standard location in the vehldiBcan be
distributed across the vehicle and are ma@mplex to removeLIBin EVare complex, witiLOO-
5,000 individual cells, comprised as modules within a pack, connected to a circui{fignes 10)
As suchremoval and discharge processalso complicated, requiringained professionaland a
highlevel of manual handling to correctly disassemble the battery from th¢@&aines 2014)

Given the challenges associated with the design and assembig dhe studyby Gaineq2014)
recommended that recycling of these batteries could be promoted and made more efficient and
economically viable through the use of economic incentives, regulation to enforce recycling and
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resource recovery, effective and standardised labelling for efficgamting and segregation,
improved separation technologie®r variable cathode materials, and an overall standardised
design of LIB batteries for EV use (Gaines, 2014).

FigurelQ: Lead a&id battery (left) and LIB(right).

6.3.3 Eneagy storagebattery recycling

Energy storagebatteries cover a range of applicatiomscluding grid-connected systems (e.g.
residential solar storageindgrid support(e.g.frequency regulation, backup poweas well asff-
grid or standalonapplicatiors (e.g.remote area power, backup powenicro gridg. Energy storage
battery construction is similar for all applications with the differences mainly lyingeifraimber
of cells) and associated hardware and/or firmwéfeurell).

FigurellExample oknergy storage battery components.
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The battery cells are in single modules comprised of either spiral wound cells (most common 18650
format, similar in size to a-Bized alkaline battery) or in pou@nd/or laminate cell format. The
number of modules is dependent on the overall energy storage unit size and partially determined
by the LIB chemistry. In addition to this battery pack, a ramigsensors, battery management
system and communications electronics also is present. Some manufacturers also place the invertor
required for connection to the grid/load inside the system box. Dependent on the overall size of the
energy storage system, ¢ne may also be additional electronics and hardware in place. Typically the
battery packs will contain some form of cooling system, from simple air flow through to complex
liquid cooling and associated hardwaféese additional hardware components areitamto those

found in EV systems.

Although the major LIB cell manufacturers are the same as EV cell manufacturees atbe
numerous pack and system assemblers and retail organisafidnsmeans that he supply chain
within the electricity grid andoff-grid battery sector is more complex than the automotive sector
The retail sector is at an early stage within Australia and there is-a5.§ear lead time before
batteries need to be recycled. Many companies do nothgate and are not required to hee, a
recycling plan in place for eraf-life batteries(Lewis 2016)

6.4 Australian battery recyimg is a developing industry

There areonly a smalhumber of battery recyclers in Australia. Most collect and export batteries
for processing. There aseven companies listed on the ABRI website asigiray a collection and
recycling service fotlIB CMA EcocycleEnvirostream MRI (Aust) Pty LtdPF Metals Powercell
(Australia) Trading Pty Lt8JMs Recycling Solutigmed TesAmm Australia Pty LttABRI 20180f

all these companie&nvirostreams the only company in Australia that undertakes a fornmiigl
domesticpre-processing for endf-life batteries and other @vaste However,valuable cathodic
powdersare exportedoffshore for recoverywhich means thevalue is realised by other countries.

EnvirostreamAustralia, a company created by PF Metals, family owned and operated company

of metal recyclers based in Melbourne, Victoria. In 2015, they announced they would begin
processing batteries at the Melbourne site. They acddBtNiMH and silver oxide batteries. Any
batteries dropped off at thie Melbourne site areurrentlyprocessed free of chardas ofFelruary

2018) Their process consists of sorting by chemistry, dkaliae, lithium, nickel and lead based
batteries ae processed separatefizewis 2016)Batteries are discharged, disassembled, granulated
and the dust fraction containg valuable metals is recovered. This dust fraction contains aluminium,
copper and steel, which are removed and recycled locally. The remaining dust containing lithium,
cobalt, manganese and nickes,exported to Korea for hydrometallurgical processing recovery

of the metals. Plastics are also recovered and soldeiase PF Metalstated on their website that

they recover 95 % of the battery waste stre@af Metals 2017)

New recyclers are also developing a footprint in Australia. One example is Neometals in WA who is
currently at a pilot scale stage with plans to build a commercial lithium battery recycling plant in
2019.Neometals is a company with lithium mines in Mt Marion andiOHproduction facilityin
Kalgoorlie both located in Western Australidore recently Neometals has been running a lithium
battery recyclingpilot-plant in Montreal, Canada and is in the preseof commercialising this
technologyanddeveloping plants in Austral{fleometals 2018)
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/ Recycling andeuseof LIB

Though nacompleterecycling process for Liirrently exiss within Australia, the developmentfo
technology for resource recovery is being developed on a global scale, and is practiced commercially
in a number of Europeaand Asiancountries. Similarly, theeuse of LIBto make secondife
batteries is also a key research area in Australia and ardba world. This chapterreviews
literature regarding the technical recovery of value fronreuseof LIBwaste

7.1 Collection, sorting, dismantling

Efficient resource recovery from any waste stream relies on collection and sorting processes at the
front end of the process. Generallye collection, sorting and prprocessing of wastes is the most
significant challenge associated with efficient recycling, and relies on the consumer to undertake
the majority of the worlkat the homeor workplaceto ensure ttat relatively clean, contaminasitee

waste streams can be supplied to recycling facilitMany studies have reported that consumer
behaviour can impact the downstream efficiency of recycling programs, and as a result, consumer
education and awareness ggrams are required to promote resource recovery rateark & Ha

2014)

Collection, sorting and dismantling @iBis also a significant challenge for the recycling and
processing of battery waste€ollection and transport costs for waste management are high in
Australiadue to freight distances between population centre@gthout considering the collection

of specialised and segregated wastes streams such as LIB viagieseral, most battery waste is
mixed, and although some automated sorting exists, a large amount of manual sisrtgtij
required. This is mostly due to inconsistencies related to chemistry typéhanabor labelling of
battery wastesUsually, manal dismantling to remove plastic coveasidshredding and milling are
the minimum requirementdor LIB processingout often chemical or thermal prgeatment is
required prior to metal recovery

The overall value that could be recovered from battery twagould belargely dependnt on the

cost of collection, transport and dismantling and sorting of the waste prior to processing and the
fluctuation of commodity prices over time, and these will significantly change the economic
feasibility of process desigand development for recycling in Australia.

7.2 Metals recovery

Metals are traditionally recovered froewaste including spent batteries, using pyrometallurgical
or hydrometallurgical techniqugZeng & Li 2014; Xu et al. 2008)summary of some of the major
global companies, their processes, product and capéeitIB recycling is summarised in Table 6
(Heelan et al. 2016)
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Table6 Summary ofglobal lithium battery recyclers(Heelan et al., 2016p

Company Process classification  Produd Annual capacity
ARetriev Hydrometallurgy Cobalt cake, t€Q, 3,500 tonnes
Cu/Al foil
Umicore Pyrometallurg and CoNi-Cu alloy, cathode 7,000 tonnes
hydrometallurgy slag for construction

materials, Fe

Recupyl Hydrometallurgy Cd"OH, LLCQ, steel 110 tonnes
Xstrata Nickel Pyrometallurgy Ni, Co, Cu alloys 3,000 tonnes
Batrec Mechanical treatment  Co, Ni scrap, nen 1,000 tonnes

andhydrometallurgy ferrous metalsMn
oxides, plastic

Accuree Pyrometallurgy Co alloy, LCQ 1,000 tonnes

7.2.1 Pyrometallurgy

Pyrometallurgy typically involves the diresthelting of wastes at high temperatures and typically
has high recovery of valuable metagsich as cobalt and nick&lpm battery waste. Processes are
robust and do not need to be specificallgilored for the treatment of a waste with specific
composition, which is an advantage for heterogeneous wasteselikastes and battery waste.
However, thereare a negative environmental impastdue to high energy consumption and
emissions of pollutantse(g. C@, dioxins and furans), anthe loss oflower value metalsand
materialssuch as lithium, manganese, iron or aluminiamd plastics whichare difficult or not
feasible to recove(Pagnanelli et al. 2016; Zeng & Li 2014; Xu et al. 2008)

7.2.2 Hydrometallurgy

In principle, hydrometallurgical treatment of battery wastes can allow the recoveryoksdl and
non-metal components present in the wastélowever, a significant amount of pteeatment is
required to promoterecoveryefficiency. Often, préreatment is manug and when undertaken at
large-scale,this manual pretreatment can result in high processing co@@agnaelli et al. 2016;
Zeng & Li 2014This allows the recovery of most plastics associated with the casing matéhals.
pre-prepared electrode powders are then subject to digestion with acids or alkalis in order to
solubilise metals contained in the wasThe ©st and regeneration of reagents, as well as treatment
of hazardous wastenat are producedre also significant issues with hydrometallurgical processing.
Metal recoverycan also be affected detrimentally by small changes in feed compositiorte Was
generated fromLIBis heterogeneous, often containing variable concentrations of many metals, and
hence, processing with hydrometallurgy can be diffigtignanelli et al. 2016; Zeng & Li 2014)

LIBare characterised asopymetallic secondary resources, with predominantly metal oxides and
hydroxides as the main metallic components (Xin et al. 2009). Previously, leaching dflgbest
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been undertaken using strong (< 2 M) inorganic acids (HSQHINQ) at elevated terperatures

(< M °C) with yields close to 100 % for both lithium and codalh etal. 2013; Contestabile et al.
2001; Zhang et al. 1998; Hendrickson et al. 2015; Li et al..2@@@hing efficiencies for both lithium

and cobalt become reduced when leaching is undertaken at lower temperatures and with weaker
inorganic or organic acsd which indicates that the mechanism of leaching is by acid dissolution
(Zeng, Li & Liu 2015;14.et al. 2014; Niu et al. 2014; Mishra et al. 2008 efficiency of cobalt and
manganese recovery has been improved by the addition of reductants to solution which promote
the conversion of Géto Ca*and Mrf+*to Mn?* for the recovery by downstram processing, and

also reduces the volume and strength of acid required for metal dissol(Meshram et al. 2015;

Zhu et al. 2012; Chen et al. 2011)

7.2.3 Next generation battery recycling processes

Alternative leaching reagents, the regeneration of reagents thedreatment of waste products
are the focus of much research directed atducing the environmental footprint of
hydrometallurgical processes generalKaksonen et al. 2084 Ferric iron is commonly used as
lixiviant (liquid medium used for metal extraction in hydrometallurgg) it can be produced
biologically in a low cost and efficient manner, and is effective as a stxadgnt for leaching
sulfide minerak and mine wastegRawlings et al. 2003; Rawlings 2002; Kaksonen et alb2014
Dutrizac & MacDonald 1974)

Thechemicalproduction of ferriaron from ferrous ironwith oxygen as the oxidant is very slow. The
iron oxidationrate can be substantially improved with the additionit@in oxidising microorganisms
especially when the pH of the system is belof@@lmer et al. 1950; Colmer & Hinkle 1947; Bosecker
1997; Rawlings 2002Bioleacing, or the use of microorganisms to asswth mineraland metal
leaching processes, focusses on the use of these iron oxidising microorganisms to produce ferric
iron lixiviant instead of using inorgangcids,such as hydrochloric, sulfuric and nitricida and
oxidants, such as hydrogen peroxide,drive the leaching processes. The ferric iron acts on the
mineral and is reduced back to ferrous iron to complete the iron oxidatolction cycle. This, in
combination with sulfur oxidation undertaken ksulfur oxidising microorganisms to produce
biogenic acids results in efficient decomposition and solubilisatisulfide mineralsin ores and
waste materialgthat may be difficult or uneconomic to process traditionally

Whilst bioleaching remains a viaboption for the treatment of most metal containing wastes,
previous research has indicated that the microorganisms that are commonly used to assist with
metal recovery from minerals and wastes from mining and industry are inhibited by les& #an
(w/v) pulp density of battery waste due to the polymetallic and complex nature of the wistsstira

et al. 2008; Zeng et al. 2012; Niu et al. 20T#)s means thathe traditional application of iron and
sulfur oxidising microbes for the direct bioleaching of battery waste may not bebéelitHowever,

the generation of ferric iron by iron oxidising microorganisms tuedapplication of the biogenic
ferric iron to battery waste in a separate system still warrants further investigation.

In addition to ferric iron, othealternativelixiviants such agrganic and amino acids as well as acids
generated by other alternative processdsmve been invamgated for their use irmetal recovery
from battery wasteas they are comparatively more environmentally friendly and biodegradable
than theirinorganicchemical counterpartfli et al. 2014; Li et al. 2015; Zeng, Li & Shen 2015; Boxall
et al. 2018)
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In most instances, these lixiviants have been shown to be less stable and less efficiemt in th
leachingdue to their lower strengttand thereagent consuming nature of the battery waste itself.

In most studies undertaken to date, the use of these biologically produced reagents results in less
efficient solubilisation of metals, but therepstential to improve leach yields by optimising battery
wastepre-treatmentand leach conditions.

7.3 Recovery of other materials

In addition to the recovery of metals, there is further opportunity to recover and recytbler
materials used in LIB manufactuiefurther add value to processing of these waste®adi and

Botte, 2016; Singh et al., 2017; Sabisch et al., RBR&ycling and reuse of plastics associated with
battery casings without using pyrolysis would also reduce the environmental impacts associate
with processing Boyden et al., 2016 Generally, plastics can be recovered at the mechanical
processing stage, where plastics, copper, aluminium and steel can be selectively removed during
crushing and sievin@u et al. 2008)This preprocessing of the LIB waste allows concentration of
the valuable cathodic components prior to recovery via pyrometallurgy, hydrometallurgy, or
alternative methods and is curregtbeing undertaken on a small scale in Vict{Xa et al. 2008)
Technical challenges exist regarding the separation and purification of the plastics, copper and
aluminium foils, as these still represent valuable waste streams and would contribute to the
economic feasibility of processing.

Similarly, there is potentiaor the recovery and regeneration of electrolyte salts used in LIB.
Previous studies have focussed on the extraction of electrolytes into organic solvents, such as
ethanol or isobutylalcohol immediately following the sorting and dismantling process @ncqr
further processing to recover the metals. Furthermore, the recovery of electrolyte solutions could
also allow the metals contained within the cathode to become more amenable to leaching, as the
solvation would simultaneously dissolve the polyvirssie fluoride (PVDF) binder materials that

are used for linking the cathode and aluminium foils togetixar et al. 2008)

Generally, in metal recovery procesdesfine cathodic powders, graphite is considered to be an
impurity and the focus on recycling process is primarily on the recovery of ni{etasal. 2016)As
graphiteis a relatively inert material, it has the ability to withstand $taprocessing conditions,
there isthe potential to be recovered prior to or after metal recovemyd this could supplement

the use of naturallyoccurringgraphite for many technical applicatio&hang et al. 2017)t was

also suggested that the graphite can be used as a reducing agent to facilitate the recovery ®f metal
during hydrometallurgical processifig et al. 2016)More recet research has suggested that the
graphite can be recovered from electrode powders, and converted into grap(i@meng et al.
2017)

7.4 Technical challenges for LIB recycling

Technical challenges are generally a result of the complex and heterogeneous natwevasths,

the generation of toxic emissions, or the loss of some lower value metals from prodeagesaielli

et al. 2016; Zeng & Li 2014; Xu et al. 20G8s apparentfrom the literaturethat the technical
development of processes associated with tlezovery of resources is not as challenging as
addressing the front end logistics of a waste management process dedicated to lithium ion batteries
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in Australia.Though it is likely that the dominant chemistry types of LIB will change as innovation
and technical development of new battery materials progresses, it is likelyttieste factors would

it will mostly impact the preorocessing and process optimisation of and the economics associated
with the types of materials recovered, and not the type of precesplemented for recycling.

7.5 Batteryreuse

7.5.1 EV to Energy Storage

Much of the focus of endf-life batteries is that
of recycling. However, one step above rdnyg
in the waste hierarchffFigure 12js reuse, as this
is an improved use of precious resources with
better environmental outcomeslt is widely
accepted that once EV batteriesach a point of
end-of-life within vehicles, they may be used for
energy storage(Gaines 2014; Ahmadi et al.
2014) sometimes known as ‘second life’
batteries. Most manufacturers are partnering or
independently exmring energy storage
solutions for their vehicle batteries for example,
Nissan and EatofiVaughan 2017)Renault and
Powervault(Renault 20173nd BMW.

Figurel2 Waste Hierarchy.

The reuse option is linked with forecast growth in the EV market, and continual and steady access
to endof-life batteries from this sectorDue to the high energy and power requirements of
transportation, a LIB is deemed to have reached aidife when it approaches 8% of its initial
capacityand can no longer provide the requireshergyfor vehicles. However, for alternative
applications, some of the remaining capacity could still be utilsetheir requirements are lower
thanthose of transportationOne2016market research repoffiorecasedthat by 202529 GWh of
used E\batterieswill become availableOf this,approximatelyl 0 GWhwill be available for second
life, stationary storagepplications(BNEF 2016)t islikely that repurposed EV batteries will be
cheaper than new energy storage batteries. However, there will be todi$eto consider such as
testing, certification to a shorter life time than new batteries and@s$sing consumer concerns or
biases against a second life product.

Hong Kong has government incentivesettcourage and suppothe adoption of EYsuch as tax
incentives, implementation of EV charging infrastructure, support for EV public transport and
government procurement of EV. Coupled witirecased growth of EVthe government isalso
supporting technology ideas for EV to energy storddgeHong Kongjovernment anticipatesuch

a demand for this solution that they have run a competition for tlestbideas to convert EV
batteries to energy storage technolo¢@overnment oHong Kong 2017)

As previously mentioned, theurrent adoption of EV in Australia is lewdit is anticipated that EV
on the road willcontinue to increase and forecased to reach 425,000 by 203@sghar 2016)
Recent media announcements have shown a trend toigathe adoption of solar and largeale
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grid storage batteriegn Australia For example, the 100 MW storage projecBouth Australia is a
strong signal that energy storage solutions are gaining traction within Australia.

One Australian company seekitogcapitalise on this opportunity Relectrify which isa Melbourne

basedstart-up companyseekingglobal opportunities in the area of batterguseand second life
batteries. Relectrifytechnology optimises second life battery operation for EV to Bnstgrage
solutions. Relectrify were recently a finalist for the 2017 Hong Keagnd life battery competitian

One of the challenges with the application of second life batteries is the lack of policy andjsotoc
or certification around theeuseof batteries for energy storage. Currently, consumers cannot be
assured that second life batteries will provide a standard and reliable life span, or are sugplied f
a certified and reliable manufacturer or distributer. Similarly, there is a question of daow
manufacturers can be assured that their eofdlife battery product has been fpurposed with a
reliable reuse opportunity, and that the waste product from second life batteries are adequately
handled and disposed. Irrespective of thesmcernsthe ncreasing recognition of thepportunity

to reusebatteries by car manufacturers wadbntinue tosupportthis opportunity. Asin the future,

the number ofEVon road and their subsequent eral-life batterieswill alsoincrease. This option

is a viable fture opportunity, and the comparative life cycle for traditadwersus reuse is shown in
Figure 13.

Figurel3 Traditional (left) and reuse (right) life cycles fatB(reproduced from data iPAhmadi et al. 2014)

7.5.2 Battery rejuvenation research

Novel scientific research into lithium battery rejuvenation or-m&nufactureis currently being
investigatedfor e.g.Wang et al. 2011; Gies 2015; Liu et al. 2086) example, ve process involves
“bathing the cathode in a soft chemical solution to rejuvenate it”. This process is presentedgs bein
more cost effectivéhan battery recyclingas it pevents the cathode from needing to be rebuilt and
retains materials in their original forg&ies 2015)

Battery cell rejuvenation or rnanufactureseems to bean overlooked researcand development
area as it is presumed that once a product reaches-@Hde, the next logichstep is to move
directly to processing or recyclinhere are also complexities with disassembly which could be
addressed by improved battery design and packaging to support battery rejuvenation.

The key scientific challenge is the removal of degrahaderials and also removal of the solid
electrolyte interphase layefThisis formed during cycling from breakdown of electrolyte materials
which serves to protect the electrodes. As the SEI layer increases in size, the beneficial gropertie
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are reduced ad batteries start losing performance and capacity, eventually leading to cetbfend
life.

A simpler rejuvenation concept is replacement of entire cells which hageaded in a larger
battery packsystems. A direct swap out with new cells could in ppiegdrolong the overall battery

pack lifetime where degradation dailures due to a few cells have occurred rather than all cells
failing. This concept requires that battery packs and systems be designed and constructed to enable
this form of “servicingto occur.

Generally speakinghé best use of resources from a mateaald energyefficiency perspective is
reuse before recyclingThisdelays enebf-life processing and prolorsghe life of a cell, therefore

extending the original product life beyond the original manufactured timefrahhés research area
is indeedchallengingbut deserves attention by industrypolicy stakeholdergand the research

community toattempt to retainresources in the productive economy for as long as possible.

rejuvenation example and EV to energy storage are examples of this approach.
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8 An international drive for resource recovery from
LIB

The development of technology for resource recovery fromwaBtes in other countries around

the world has largely been driven by policy and regulations that ban landfill disposal (of at waste
in some countries, like Germany), set resource recovery targets from specific waste streams and
provide incentive openalty to manufacturers and distributers when they are not achieved. These
regulations, targets, incentives armmknaltiesdrive innovation for technology development. The
waste management and product stewardship landscapein transition with more focus a

priority wastestreams and diversion of these from landfinfortunately, Australia by comparison

does not have as comprehensigelicy and regulatiothat specifically addresses LIB or LIB waste
and infrastructure specifically for LIB recycling in ialia isabsent This chaptermreviews the
international regulatory landscape and compsitto that in Australia

8.1 International regulations for resource recovery

In terms of global transport, LIB and LIB waste is classified as Dangerous Goodsiliigdpitee
is significantountry to countryvariability in the environmental managementexid-of-life LIB and
this issupportedby a raft of policies and regulations that differ from country to courfiyropen
countries such as Germany diee most advanced region imacking,capturing and divertingll
wastes (includinge-waste) from landfill, while Korea importg-waste and other wastes as a
resource, focussing more on the development of an economically viable recycling industry.

8.1.1 Europe

A number of internationally recognised treaties and conventions, including the Basel, Stockholm,
and Rotterdam Conventions, have been ratified to control the movement of hazardous wastes
across borders, with some specific references to the control of livagnadistributing, movement

and treatment ofe-wasteand waste batteries. For the most part, these conventions regulate the
movement of hazardous wastes from developed countries to less developed couwtig® costs
associated with disposal and treatmieare lower, and regulations surrounding the disposal and
recovery of resources from these wastes may be less developed and more flexible in their
application.

In order to promote resource recovery and closed loop processing for new LIB using recovered
materials, regulations and policies now exist in parts of the world that control the handling, @ispos
management and recovery of resources fremwvastes, including LIB wast&he most significant
legislation is the Batteries Directive, which was intragtlby the European Union in 2006 (Directive
2006/66/EC of the European Parliament and of the Council). This directive was intended to protect,
preserve and improve the quality of the environment by reducing the increasingly negative impact
of batteries ancahccumulators, as well as the waste batteries and accumulators that are produced.

The Batteries directive had the following mandates:
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Collection rates had to reach 25 % and 45 % by 2012 and 2016, respectively;

X Recycling of battery and accumulator contémproduce similar products or for other
purposes was to be 65 % (by weight) faadeacid batteries, 75 % of nickeddmium
batteries and acumulators (including as much leegtycling as feasible from these), 50
% of all other battery and accumulator g%

X Prohibition of disposal of industrial/automotive batteries/accumulators to landfill or
incineration; and,

x Allowing the recycling and treatment to happen outside EU, provided EU legislation for
transport/transfer ofhazardous waste was followed.

Reportsindicated that the 2012 targets were met by most EU members, but the 2016 target was
too ambitious, with definitions being a bit subjective and measuring tools not providing accurate
data(Recycling International 2013)n 2014, only 7 member states had achieved the 2016 target of
45 %, and four member countries were yet to reach the 2012 target of @3/ID Recycling and
Waste Management 2016)

8.1.2 United States of America

In the U&\, LIBare considered to be hazardous and are regulated under the Standards for Universal
Waste Management (Electronic Code of Federal Regulations, Title 40, Part 273, US EPA). This
regulation mandates that waste batteries can be collected as hazardous wastdartoer
treatment and/or recycling, and prohibits the disposal of some nickdmium, mercuncontaining

and small sealed lead batteries to landfill, instead encouragiihg recycling of these particular
batteries. However, the Federal Government stard$ do not include any directive targeted at
resource recovery from LIB waste, with some states in th& dé¢Seloping their own statéased
regulations that enforce producers to offer or fund battery recyclifigese schemes are active
California, Minesota, lowa New York, Florida, Vermont, New Jersey and MaryZait?Recycle
USA 2017)In addition to these, most states have regulations focussethe regcling of lead acid,
small nickelcadmiumand other batteries thatare regulated at the Federal level for disposal (e.g.
Texas, Utahand Michigan)

8.1.3 Canada

In Canada, extended product stewardship regulations exist in British Columbia under the
Ervironmental Management Act (Recycling Regulation; B.C. Reg 449/200e) mandates that
obligated parties (manufacturers, sellers/distributers and importers) must have an approved
product stewardship plan in place in order to prevent pollution due togheduction of wastes,
including primary and rechargeable batteries (Schedule 3, Electrical anttokie Product
Category). Thedk called for a total recovery rate of 75 % of all goods defined, and as a result of the
Act, Call2Recycle set increasingts for battery recovery, from 12 % in 2010 to 40 % in ZGM
Consulting 2012)The other Canadian provinces have hazardous material product stewardship
regulations in place, but none of them mandate recovery targets. Though tisatem is specific

to British Columbia, Call2Recycle Canada operates an approved product stewardship program in all
Canadian provinceg€all2Recycle Canada 2017)
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8.1.4 China

Chinaus the largest consumer of electronics amoduces the highestnumber of LIB when
compared to other developed countries. However, regulations for the management of LIBanaste
not very well devioped, andas of 2015, nmational or regional regulations exestto promotethe
recovery of resources from LIB wagfeng, Li & Liu 2013h 2017, China announcedgeneral ban

on global imports of waste products into the counfhasker et al. 2017T he full impact of these
import bans is yet to be seen, but itatready having aeffect on the global waste management
industry, resulting in a push for more detailed waste and materials trackmngroved colleabn

and sorting, andnnovation for local recycling and resource recovery from all wastes, including LIB
waste

8.1.5 Japan

In Japan, the Law for the Promotion of the Effective Utilisation of Resources (2000) mandates that
rechargeable batteries arg@assifiedfor recyclingat the manufacturing stagesing a standardised

three arrow recycling mark indicating batterypy and primary metal components. When they
reach their endof-life, these marked batteriesre then collected and recycle@ppropriately
(Battery Association afapan 2010a)The bw also sets &lBrecycling target of greater than03%

and stipulates that all manufacturers and importers of batteries must have a recovery system for
waste products. The Japan Portable Rechargeable Battery Recycling Centrev@iBieGhed as

part of the Battery Association of Japan to provide free collection and recycling of portable
rechargeable batteries sold across the couriBgttery Association of Japan 2010b)

8.1.6 Korea

The People’s Democratic Republic of Korea is a leading manufacturer, exporter and consumer of
LIB beirg home to both Samsung and LG Chem who are the largest battery manufacturers in the
world (Chung & Sungwoo 201Xjowever, Korea has limited natural mineral and energy resources,
and as suchelies onthe trade of waste, importing wastes from other countries and utilising
secondary resources to drive their resources industry. Importeastev (regardless of its
classification) is regulated by the Act on Transboundary Movement of Waste and its Treatment
(ATW) which outlines the dmestic implementation of the Basel ConventiorKorea The import

and export of various waste streams are recorded by Import/Export Approval and Declaration
Systems (IEAS and IEDS)ichv areregulated under the Act on Waste Management (AWM). In the
early2000s, the primary waste impafor Korea weravaste batteries, waste cable, lead scrap and
sludge (3,862dnnesover 6 import transactions). Haver, the volume of imports hagrown
substantially, with 1,338,140ohnes of waste imported in 2008, primdyi consisting of waste
batteries (includingnickelcadmium,LIB and lead acibatteries) and printed circuit boards. The
increase in trade volume underpins the development of regulation in waste trade for Korea, as well
as the revision of both the ATW a®dVM (Chung & Sungwoo 2011imilarly, this increase in
import volumes has driven technology development and business opportunities surrounding the
recovery of resources from waste products, and as such, Korea is leading ieldhef fesource
recovery andhe utilisation of secondary materials.
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8.2 Australian plicy, regulation and stewardship schemes

8.2.1 Product Stewardship Act, 2011

In 2011, the~ederal GovernmerRroduct Stewardship Act was established as a means of managing
the environmental, health and safety impacts of products outlined on the approved product list,
specifically focussed on the impacts surrounding the disposal of these products. The Act
acknowledged the shared responsibility for managing wastes and their intipaozighout the
product life cycle, and put in place a framework of volun{@inyough industry selfegulation and
government influenced quasegulation) coregulatory (whereby industry develops and
administers its own arrangements, but government pdea legislative backing to enable the
arrangements)and direct government regulation gbroduct stewardship guidelines to promote
recycling and recovery of value from waste products.

Wastelead acid batteries ané-waste fromtelevisions and computers areoth collected and
recycled under coegulatory agreemergas defined by the Acknown as theNational Television
and Computer Bcycling Schem@NTCRS)n 2016,the Department of Energy and Environment
(DEE)included battery waste, photovoltaic cells anglwaste from other sources not currently
included in theNTCRS8nN the Approved Producidt of the Product Stewardship A¢Department of
Energy and Environment Australia 20ywever at time of writingit is yet to be detailed how the
product stewardship of these wastes will beveloped oregulated.

Product stewardship for waste batteries aedvastealso occurs at a State and Local Government
Authorities (LGA) level in Australia. Many states have their own regulations and rules pertaining to
the collection, transfer and recycling efwaste and batteries However, the development of
mandatory resource recovery programs is still in its infan&reviously, State Goveaments
managed their own -@vaste collection programs, btiie programs such as th&/estern Australian
Transitional Evaste Program(WA Waste Authority 2014)ere replaced withthe NTCRS, which
prohibited the disposal of someomputer and televisiowlerived ewastes to landfill and now
controls the management, diversion and recycling of these wastes at a Federgbtawbl Australia

is currently the only State Government that completely bans the disposall efwaste typesto

landfill (Zero Waste SA 2017n 2015, Victoria was discussing the implementation of a landfill
disposal ban foe-waste(DELWP 2015)hNew South Wales, the Environmental Protection Agency
(EPA) and Environmental Trust funded innovative research targeting the development of new
recycling infrastructure solutions and establish tieeycled materials market in the state through
research and development, with specific focus on the recycled and recovery of value from problem
wastes such as-waste (NSW EPA 201 AVestern Australia hafew regulationsdevelopedwith

regard toe-wastemanagementput a voluntary program called the Hazardous Household Wastes
program enables residents to drop off unwanted householdnticals and hazardous wastes
(including some kinds of batteries) at no charge. However, this program specifically exeludes
wastesandwaste LIRWA Waste Authority 2017)

8.2.2 Classification of.IBand batteries

LIB and their waste pose significant risk to safety and human and environmental health if not
handled,managed and disposed of in a correct mannestge and shipping of LIB or LIB that are
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contained within a device are subject to the International Air Transport Association (IATA)
Dangerous Goods Regulations. They must be packaged and labelled appropriately. All courier
companies (e.g. FedEx, AusadPost) have detailed instructions pertaining to safe transpold Bf
International packages are subject to the IATA Dangerous Goods Regulations. Road transport is
subject to the Special Provision 188 of the Australian Code for the Transport of DasGevods

by Road and Rail. This provision limits the number of batteries per package, and outlines packaging
and labelling requirements.

8.2.3 Selfregulation by industry

MobileMuster is one of théargestAustralian examplesf a voluntary regulatedecyclingprogram

A levy is addetb each phone solth Australiagivingmanufacturerssomeresponsibilityfor product
stewardship fomobilephonesat the end-of-life. One big threat to this model ige€e riders, where

brand owners are not members of MobileMas but their phone models are able to be collected

by MobileMuster and are effectively subsideddier member brands. For example, Apple never
joined MobileMuster in Australia, instead relying upon their own recycling initiatives. Sony and LG
have bothleft the program in recent years and thcontributed to decreased revenuesto
MobileMuster, decreasing by $1.67 million between 2608 and201415 (Read 2015)

ABRIs a notfor-profit entity and established in 2008 as the peak badyustraligfor working wth
industry, government and the community to promote and eliminate batteries being disposed to
landfill. ABRI isvorking to improve the collection, infrastructure and policy agenda for battery
recycling in AustraligABRI 2017)However to date, battery manufacturers, recyclers and
government have not managed to implement a similar programadileMusterfor the collection

and recycling ot IB Handhetl batteries were listed on th€01314 product list of the Product
Stewardship Act 2014s a priority product for development of stewardship arrangemétgarrell

et al. 2014) An ABRled handheld batteryimplementationworking groupcontinues toscopea
voluntary andindustry led product stewardship scher(@’Farrell et al. 2014Yo date, an agreed
scheme is yet tbe implemented but has State and Territory support evidenced by a 2017 meeting
of Australia’s Environment Ministers whichstdted in agreement to consider battery stewardship
approaches which may involve a regulatory option to support a voluntary battery recycling scheme
(Australian Government 2017a)
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9 Methodology

In order to better understand the statusdirection and challenges fdrlB battery recycling in
Australia, CSIREntactedand interviewedsix key stakeholderswith roles associated with end of
life LIB Through érmal stakeholder interviews and informal engagembytauthor attendance at
industry workshops, conferences and other industry events, qualitative datagatiered to
determine stakeholdeperspectivegelating to thechallenges and opportunities for Australia in
developingan onshore recycling program for M@aste

The semstructured, qualitative interviewing was undertaken in an inductive approach toower
topics most frequently cited and strategic themes that may betadequately covered by the
literature (Williams & Lewis 2005nterview data was captured in 201 with ethics approval from
the CSIR@thics committeeAs there were a relatively low number of interviewptaed, it may
not be possible to generalise the research findings acrossritiee sector. However, interviewing
is a highquality data capture method and these findings represent information from battery end
of-life stakeholders within Australia/hile the count of interviews is small, it is important to
recognise that the Australian LIB recycling sector is smathanidterviews capture 43 % of the LIB
recycling and collection industry, based on the ABRI website list of industry partiqip&R2018)
In addition,to counter the low number of idepth industry interviews, theaptureddata was
complementedby discussiorwith stakeholdersas part of CSIR®©broader industry engagement
Thisprovidesamore generalised inforration baseline All industry feedback has been-akentified

in accordance witliCSIR@thics approval.

Interview data wadnitially captured in note formthen major points were aded into PESTLE
categories (Political, Economic, Social, Technical, Enwarmamand Legg| further coded to
indicate either a positive or negative overall business imp&&ESTLE analysis is most useful for
strategic analysis where the lead driver is to understand the external environment. An example of
the PESTLE framewagkshownin Table 7.Data were also loaded into NVIVO, a qualitative data
analysis software package, to code and evaluate the frequency of common théimedl,, ommon
themes were supplemented with desktop sources literature, where requide. to a low nmber

of Legal items being raised, results are reported in the PESTE faonabing legawith political
themes(i.e.regulation andpolicy).

Table7 PESTLE Framework used for all stakeholder interviews
Political Economic Social Technical Environmental Legal
Opportunities(+ve)
Business impact

Issues {ve)

Business impact
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10  Policy and regulatory drivers

Interview data suggestetthat the lack of polkcywas a serious gdpr reuseor recyclingof LIB waste

All participants agreed that Australia had a moral obligation to directly manage its own waste and
this necessitated a domestic processing option. Some participants proposed that Australia had an
opportunity to be a leader in the AsiRacific region fobattery processing, noting that New Zealand
sends its batteries to Singapore for processing. Howevir] assessment @conomicdrivers and
challengessrequired to support the development of the industry

As evidenced by international exampleslipy levers have the potential to radically change the
nature of how Australia deals with erad-life batteries. For example,oficy to support greater
adoption of EY the provision ofincentives for E\purchase the removal of import taxes or
installation d widespread EV infrastructure, would have a significant boost to the adoptioniof EV
Australia. This wouldn turn increase the stock and security of secdiie and endof-life EV
batteriesthat would require recycling and resource recoveényAustralia batteries are identified on

the product list for consideration in the Product Stewardship Scheme. This is a requirement to
indicate to industry and the community that batteries are being considered for regulation or
accreditation.Policy thatidentifies batteries as a priority waste stream or banning batteries going
to landfill would also result in meaningful increases to stock levels. However, as one participant
noted, landfill banscould also result in an increase of illegal dumping and sjues# contamination

of the environment or risk to human health.

Interview data also suggested greatest support for a voluntary program, modelled on the successful
MobileMuster program for mobile phones. This option is dsocheapest for governmentrather

than managing a fullyegulatedrecycling schemeParticipants suggested that handheld batteries

are the most likely initial LIB product to be managed in a scheme.

10.1.1Australian standards, certifications or protocols

There are a lack of standards or fmools in a number of areas for L.Hhd this is a concern for all
stages of the life cycle. When importinghpnsumers presume that productertaining batteries are
fit-for-use. However, there are a number of ‘aftermarket’ brafids. products manufacted after
the sale of the original producthat may beof a lower qualitywith poor performance and higher
safety risk associated with therthan more reputable brands. One of tiraprovements following
the ‘exploding’ battery issue associated with Samsprraglucts was the recent announcemeiatf

a new 8point standardisedbattery testing protocol. Samsung also made thkattery testing
protocols publicly availabléSamsung 2018)

There are gaps ininternational standard for testing or certification of batteries in consumer
products. Examples of protocol gaps presented by participants were standard protocols for battery
testing, certification of batter quality and fifor-purpose, certification of batteries for reuse (such

as EV to home storage), certification of EV batteries for reuse following a vehicle crash, protocols
for attending LIB fire (home or vehicle), and protocols for safely dischargbagtefies at endof-

life.
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Similarly, thegaps inof standards also makes secalifé, reuse recyclingdof and resource recovery
from these batteries more difficult, where quality and safety ofmanufactured batteries cannot
be verified, and discharging of batteries prior to processing is not standardised.

The lack of testing and certification protocols presents consumer and busiis&sand safety
concerns. However, it also presents an opportunity for companies to fill the gap by developing and
testing againsAustralianprotocols.
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11  Economic considerations

Interview participants noted the important role of product owners or importers the
responsibility for battery waste at enaf-life. Most participants suggested that as manufacturers
were the original owners of the prodyand therefore the originatingause of Australia’s landfill
problem and future liability, they should pafor recycling at enaf-life or include recycling
treatment costs in their product pricing. This conceptprbduct gewardship has increasing
acceptance following the implemeniah of the Product Stewardship Act in 2011. Involving
manufacturers in addressing esud-life processing is also the model that has been implemented fo
mobile phones in Australifherefore the concept of OEMBeing responsible for the management
of end-of-life productshasa precedent

11.1Transport Costs

Other economic issues raised the participants were the costs associated witte import and

export of battery waste. Export permit costs are increasingly viewed as prohibitive despite the
Department ofEnvironment statinghat fees are set solely by the time required to process an
application. The expense of export permit liceneess approximately$ 8,000, increasing to $
13,000 as of 1 July, 20{Xustralian Government 2017B)he cost of import permits is a deterrent

to Australia processing regjal LIB waste even though there is potential to import from Asia and
Pacific Islands, including New Zealand. This is a barrier to Australia becoming a regional LIB
processing hub as it builds infrastructure to process domestic waste. One participandt(astat

2017)it is currently cheaper fobatteries from New Zealando be sent to Singaporéhan to
Australia.

11.2Security of supply

Security of waste supply was also a driver for considering the economics associated with developing
a local LIB recyclingdustry. Currently, Australia only produces a relatively low volume of LIB waste,
and in combination with poor collection rat@ess than 2 %}he economic feasibility of processing
options was questionedly participants It was generally acknowledgeldt social issuesuch as

the lack of collection infrastructure and community awareness of where to take end of life batteries
isthe primary cause of a lack of suféiot volumes and ongoing supply of waste feedstotksfias

a big impact orthe marketsubsequentlynot being ready to invest in infrastructurdf theavailable

stocks were collected for recycling, as opposed to being sent to landfill, then this would result in
industry having confidence to invest in processing infrastructure.

11.3Loss of ptentially valuableresources

Participants also noted the potential valuable resources arising from battery wasiiding metals,
plastics and graphitdt was suggested thabsne raw materialsrising frombattery processingre

Lithium battery recycling in Australip 41



not available here in Atilia, and there was recognition that some dig secondary materials
recovered from LIB wastaay be able to find niche manufacturing markets

11.4The high cost of collection and transport

In addition tolow waste volumes, the cost of collection and traogphave also been identified as
a major contributor tahe economideasibilityof domestic processingspecially in Australia which
consists of small, widg dispersed population centresThrough visiting our South Korean
counterparts in mieR017, it wa noted thatin South Koredhe collection and transport of-@vaste
and spent batteries contributes up to 50 % of their overall processing ¢tigtsdomestic transport
costs are a driver for developing mobile processing infrastructure for Australise Waer strong
supportby participantgor Australia to develop and implementobile processing infrastructure as
this is themost suitable for Australian conditions.

In additionto the complexity and heterogeneous nature of the waste, the requirement faf cast

of, manual handling and sorting of the battery wastiso presents challenges for recycling this
waste. he consistent and constant supply of the waste product for processing, variability in
commodity prices, as well as the cost of collection and transport of waste to the processing facilit
eachalsoinfluence the feasibility of realising increased domegtmcessing.

11.5Economic modellingndinformation gaps

It was acknowledged lihe participants that industry would always seek the lowest gustessing
option, and currently the benchmark is the export market price for procesglngng the interview
process it was suggested that economic modelling of options to understand the impact of various
policy and socie@conomic levers would be very useful in understanding the correct approach for
Australia.Definingwhat happens taLIB wastevolumes undewariousconditions such asédm of
exports by no longer issuing export perml batteries exported for processingr implementation

of a full LIB P®duct Stevardship schemewould help to addressknowledgegaps This type of
economic evaluation wouldetter inform industry stakeholders prior to investment in this
developing industry.
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12 Social Considerations

Much ofthe endof-life battery stockcollected in Australigs exported for recycling. The issue with
global recycling is that waste can potentiallyebgorted to developing countries with less stringent
social and environmental contrdisr processing waste All participantswere unanimousn stating

that Australia had anoral obligation to process its own waste. All participants believed that LI
waste would eventually be processed domesticalljowever,a key challengefor Australiato
improvethe recovery of LIB wastes and diversion from lanidfitie lack of consumer awarenes$

the environmental damage LIB waste aause and whereLIBcanbe dropped off for recycling.
Currently, some retail companies accept lithium batteries for free, but this is not well known
amongst consumers.

12.1 Consumebehaviour

Amongst interview participants, the lack of consumer awareness of recycling opportunitees wa
stated as the single most important barrier preventing increased collection cbtlii@ batteries.
Consumer education of the environmental impacts of batteries, the importance of not sending
batteries to landfill, and avaitde options for recyclingra someof the biggest hurdles for the
battery recycling sectoilhecurrent option for disposaif LIBis currentlyfree, whereby consumers

can place this waste in a municipal waste.bdmy futurecollection and recyclingptions may
involve a cosand dacing the recycling cost onto the consumer will be a further barrier for collection
at endof-life. Coupled with a likely ban of batteries to landfill, these factors may result in illegal
disposal of batteries which is highly undesirable due to the enmenmtal and human health risks
that incorrect handling and disposal pose.

MobileMuster has had a big focus on addressing consumer education of their mobile phone
recycling options. Their efforts have comprised of working with schools, social media casvgaign
working with charities to increase the number of oile phones being collected amdcycled. As a
consequence of their efforts, fewer people are disposing of their patmdéandfill. Over the ten

year periodirom 2005201(Q the proportion of landfled mobile phones hagecreased from 9 % to

2 %(Read 2015)This has been achieved throughdedicated program of educatipooupled with

freely available disposal units dispersed across the couMopile phone stakpilingremains a
problem with 4060 % of pople stating they retain their phone as they would like a spare or backup
phone.Despite this challeng¢here has been a small increase in the likelihood of people recycling
their old mobile phondrom 25 %to 35 % since 2008eeFigureld).
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Figurel4: Likelihood of recycling a mobile phor{&ead 2015p.32

12.2Industry guidelinestransport

The mrticipants acknowledged that there is a need for plain language, best practice guidelines for
the transport ofend-of-life LIB, applicable to the Australian market. Domestic transport is currently
required in Australia teollectbatteries for export or nshore processinghe interviews revealed

that different recyclers have different interpretations of transport rulér example, some
companies wrap the entire battery in tape to protect the anode and cathode during transport in an
attempt to redue therisk of fire or explosion, whereas other companies do Both the packaging

and downstream processing alabour intensiveandcosty. Compounding this issue is inconsistent
labellingof battery typesduring domestic transporiThisis evidence of aemerging market where
consistent processes have not yet been implemented across the industeyissue of confusion
from the transport industry on safe road travel for end of LifBwas also noted in a recent report
(Lewis 2016) These issues are likedy consequence of low levels of LIB wasterently being
captured. However consistent and safeomhestic transportpracticeswill becomeincreasingly
important asAustralian e-waste landfill bans are rolled out across Australia, higher volumes ef end
of-life LIBare collected anddomestic facilitis upscale and commence processing larger quantities
of LIB.
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13 Technical Factors

A number of technical factors were raised as a result of discussions with participehising
practical issues such as safe discharge of batteries prior to processingigpdrafor export and
adequate labelling to ensure the proper handling of batteries. Many participants suppbeedea
of mobile processing facilities suitable for Australia’s distributed populabiohsuitable technology
for LIB recycling in Australhas yet to be determined

13.1Labelling

The difficulty of identifying LIB chemistiye to a lack of adequate industry labellwgs noted by
most industryparticipantsas a major concern for safety and processithough there was some
difference ofopinion here some participants agreed that improved labelling would help with
sorting Howeverasthere are currentlyno industry standarsl, recyclers need to adopt alternative
and boutiquepractices to sort batteriedt was als@acknowledgedhat giventhe long service life of
some batteriesphysical labellingvould need to withstand an kuse period and this may present
challenges to OEMSbrting is currentlypossible under existing labelling conditions and this was a
issuethat could be successtylmanaged by adequate staff training to recognise different battery
chemistriesFor example, labatteries carried clear voltage labelling and battery chemistry could be
deduced from voltage or battery produshape and sizén the absence of suitabladelling, training
and education was currently overcoming this problem in the stern. Labellingmay not be an
acceptable solution for larger scale collection and processing.

13.2Fire and Safety Risk

The safety and fire riskssociated witlthe transport and processing of batteries wasknowledged

by most participants askeyissue There have been a number ofuseand transportatioraviation

fires (Cavanagh, Behrens, et al. 20Es)d LIB can cause fires even when disposed to landfill
(O’Farrell et al. 2014; Heelan et al. 201&B have been known to be accidentally mixed into the
lead acid battery recycling stream as a resulineflack of clear labelling. Once LIB reach the input
stream of lead smelters, this poses a serious danger and has resulted in fires and explosions. This
can occur as a consequence of mixed loads of batteries delivered to recyclers, but the risk could be
reduced if there was an economic incentive for processing LIB, which would promote collection and
sorting prior to processingGaines 2014)lt is imperative thatthe potential contamination of
recycling streams is addressed. An effective labelling or sorting process would adidsassue

which extends responsibility back to battery manufacturers for appropriate labelling, to the
regulatory bodies to enforce standardised labelling, and to recyclers for implementing an adequate
sorting system.

One participant raised the exampleaskignificant fire in the Port of Colombo in Sri Lathled was
attributed to Australian LIB cargo eoute to Belgium for processing. This spontaneous fire burned
for 5 days before it could be extinguished. The investigation report has resulted in pggnshi
company involved in the incident no longer acceptivagte orrecycled LIBor transport(BEA Mer
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2017) This outcomecould havemajor repercussions for global shipping transport as options for
freighting endof-life batteries may be significantly reduced due to the potential hazard and fire risk
threat of LIB. The safety and fire sskso have thgotential to impact on Australia as it is possible
that newregulations or decisions by transport companies tolonger accept waste LiBayforce
Australia to process LIB domestically rather than continue to rely on export for processing.

13.3Battery discharge

Recyclingof LIBpresentsunique safety and handling issue$f LIB are stored without proper
discharge, tkere is potential for them to short circuit unintentionally which would potentially lead
to a fire. It is important that LIBhould be discharged or decommissioned by a trained and licenced
personnel(Lewis 2015)An alternative deactivation approadh a thermal prdreatment where
batteries are heatedo a maximum of300 degreesThis opens the battery cells and combusts
solventswhichrendersthe battery inative (Diekmann et al. 2017R\s referencedy a stakeholder
participant, the discharge process is even more cumbersome for compromised EV LIBméhere
industry guidelinelecommend soaking theentire vehicle up to tyre height in a bath of water for
72 hours. This results in potentially dangerougdiogen emissions and the treatment water
becoming industrial wast€Mitsubishi Motos 2013) This example illustrates whynproved
methodsand proceduregor discharging EV batteriese desirable Moreover a standardised pack
construction methodhat allowssimpledisassembly aénd-of-life is also desirable
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13.4Preprocessng of batteries

Following their discharge, pferocessing of the
batteries is required prior tahe recovery of the
valuable components. This ppgocessing consists
of sorting into similar battery chemistries then
separating the graphite and lithium cathode from
the copper or aluminium material.

Figure 15shows an unwrapped “Jelly RoMihere
the anode is on the left with copper and a graphite
surface. The cathode of aluminium with the NMC
or LCO coating is positioned on the right. Given the
anode and cathode are manufacad so the
graphite and lithiurdbased materials remain fixed
to the electrode, separation of these materials
from the metals is a technical challengend this
was identified by some of the interview
participants Improvements in the separation of
materials to develop a pure resource stream from
a preprocessingreatmert process wouldlirectly

Figurel5: Typical LIB “Jelly Roll” unwrapped . . . .
9 P / Ppe improvethe economic benefits of recycling.

showing graphite anode (left) and cathode (right).
Underlying copper foil (left) and aluminium foil
(right current collectors can be seen where coatings
have been removed during disassembly.

13.5Circular economy

There is growing interest in thearious business
models provided by the circular economy for
Australia. A recently published South Australian
report estimated the rcular economy would result
in an increase of 25,000 jobs and a% tecrease in
greenhouse gas emissions by 2030 compared to a
business as usual scenafigfecycles 2017} ithium
mining in Augialia is an emerging area with good
growth prospects.There have also been media
reports of a proposed lithium battery factory in
Darwin(Daly 2017)

Recycling companies could explore partnerships

with  mining companies to ascertain any

complementary infrastructure or capabilityhis is

the proposed approach one mining organisation Figurglﬁ: Potential circular economy model for lithium
WA is in the process of undertakirigoreover,the batteries.

production of any valueadded products by
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recyclers for manufacturers is another opportunitjhhese are examples afrenecting three sectors
of LIBrecyclers, lithium miners and advanced manufactul&igure 1$and these upstream and
downstream supply chain connections ard&ey part ocommencingeircular economyliscussions
and identifyingfurther value addpportunities fromLIBwastein Australa.

13.6Distributed waste processing

The rise of the circular economy supports new opportunities with alternative business models. The
distribution of waste across Australia resultscollectionissues, the chief of which is the cost of
logistics and transpb of waste for processing. To directly combat the high transport costs, Australia
could adopt a mobile, flexible, small scale recycling process. In this propelsed by participants
waste discharging, sorting and dismantling could occur locally, angrbcessing infrastructure
could travel to key locations across Australia, instead of the waste resources travelling to key
infrastructure sites. The success of such a model would still require certainty in the colleaion an
local stockpiling options fokIB during periodsvhen the processing infrastructurés absent.
Alternatively, having a larger processing facility with the capacity to do both local and inteaiatio
LIB recycling could help offset local transport costs.

If there is greater availabijitof processed resources within Australia, this then enables a truly closed
loop manufacturing process to occur with the domestic utilisation of recovered metals and
resources rather than export of waste and import of resources or products. There isipbfena
disruptive processs or technologies such as additive manufacturing to be a trigger for utilising
recovered resources from waste products, and equally enable wscell, distributed
manufacturing within Australi§Giurco et al. 2014)These strategies are examples of the circular
economy in Australia.

13.7Lack of information and data

Participants suggested ththere was not adequate data available which would support investment
into infrastructure. Certainly, there is a lack of adequate data for the waste sew&mgthis
complaint understandable. Furthermore, the recycling industry has not had a histonyestment

in research and development to the same level as mining in Ausf@ilieico et al. 2014and it is
undear if more reliable data will improvéhat situation. Researchnvestmentto address these
information gaps has already occurred by various industry, State and Federal groups, but interview
participantsproposeda number of outstandinghformation gapsincluding:

x Economic modelling and cebenefit analysis based on scenarios for policy changes, landfill
bans, export/import restrictions. This modelling will provide the recycling industry with
adequate confidence in the number of availabled-of-life handheld batteries;

X Life cycleassessmen{LCA) on the benefits of converting eafilife EV batteries to
residentialor commercial energy storagascomparedto recycling;

x Information regardingthe best existing recycling technology for Australian condit&n
includingthe identification of he best equipmentdr use on different battery chemistries,
scale mobility and flexibility of technology, use of existing mineral processing technology,
and transport and prgrocessing options; and,
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X A best practice guafor battery recycling for Australian consumers atakeholders.

14 Environmentalissues

During the interviewsthere was little focus on thenvironmental issues associated with LIB waste,
asit was commonly accepted that batteries pose an unacceptable environmental and human health
risk when disposed to landfillhis iswell-acknowledged in academic literatu(eng et al. 2014;
Aral & Vecchigsadus 2008)Waste LIRre currentlyclassified aBangeroussoods not a hazardous
waste(Randell et al. 2014but they have the potential to leatcbxic materialsnto the environment

as well as posing fire risks if punctured or short circuitdus is then exacerbated when nbaiBare
disposed into landfill where additional risks from mercury, lead or cadmium leaching into the
environment/waterways also existd.here are currenindustry proceduresto contain leaking
batterieswhen they are detectedOne participant gave an exampléa compromised anteaking
mobile phone batterywhere proper landfill disposal requiregst wrapping it in a plastic bag and
then containing it withinconcrete in order to prevent environmental damage from occurrirys
onerous process is indicative of the potential hazard LIB posketenvironment.All interview
participants were unanimous that landfill was an unacceptable option for batteries astlafia
should adopt domestic solutiorier processing enaf-life LIB
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15 Conclusiols andkey findings

15.1Conclusion

Lithium battery recycling is an emerging industry in Australia. Currently, less than 2 % of this was
is collected and exported overseas for resource recowehyle the majority of the wastas still
disposedo landfill. As the demand for consumer arahumercial products containing LIB continues

to increase througlthe forecasted growth in EV sales atié adoption of grid and ofgrid energy
storage technology, Australia has an increasing social and ethical responsibility to nidBage
wastes locally,@d an environmental obligation to divert these wastes from landiiitito recover
andreusethe materials appropriately.

There are significant economic drivers to support the development of an industry surrounding the
recovery andreuse of valuable mateals such a metals (e.g. cobalt, lithium, nickeland zinc)
graphite and plastics. In addition, LIB wastesmatbe process of being banned from landfill in some
Australian gates. If aproduct stewardship schems implementedn Australig these twofactors

will positively impact on the number of batteries collected and requiring further processing.
However, the development of consumer awareness programs for LIB recycling, collection of data
regarding generation and fate of LIB wastes, and standart$ protocols surrounding the
collection, transport, handling and dischargd_tBare key challenges for the industry.

The participant interview sample comprisetia small numbeof industry stakeholdersperating

with end-of-life LIB This reporthas imitations arising from the small sampdeze but theauthors
supplemented the information and themes garnered from stakeholder interviews with a thorough
desktop review From the desktop review and stakeholder interviews, the following conclusions
regardng the development of a local recycling industry for LIB in Australia were made.

The aim of ths report was to bring together varioagademiditerature and white papers that are
relevant to this emerging industry. We also wanted to include the voiaedoitry stakeholders in
articulating the challenges and opportunities for this emerging industry. We found that while there
are headline issues in each of the PESTLE areas, often they areomtected. For example,
addressing the social issues of tdBection is associated with economic viability of recycling due to
volumes available for recycling which is in turn connected with decisions on technical processing
options.Our summary of the key points for each area is provided below.

Political and reglatory drivers

The Australian policy and regulation landscape for management, product stewardship and resource
recovery from LIB is developing, and each State operates their own regulatory guidarice for
recycling or recovery of this waste. Some states have already commenced or are considering a
landfill ban for the disposal of batteries which will result in greater numbers of LIB being diverte
from landfill. Industry stakeholders supported the developmeia voluntary recycling regulatory
framework using proven models, suchMsbileMuster, as areferencescheme An example of an
international shipping ban on carrying waste LIBs highlights Australia’'s waste management
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exposure to factors beyond our cant, and this example has similarities to the China waste ban.
This is a driver for Australia tmanage waste streamdomestically There is also potential for
Australia to act as arsiaPacific recycling hybwith opportunities for importing waste from
regional neighbours such as New Zealand.

Economic considerations

There are considerable economic drivers supporting the development of a local recycling industry
for LIB in Australia, largely driven by the value of materials that could be recoveredg,npédatics

and graphite), as well as the current cost of waste export to the international market. The current
collection of LIB waste is too low to support a local recycling industry for LIB, but foreshstived

that sufficient volumes will be generd in the near futureda. 2036) and that this represents a
significant opportunity for the Australian economy. However, there are significant gaps in data
surrounding waste generation, fate and materials tracking and further consideration of the
economicimpacts of collection, transport, dismantling and fmecessing of battery wastes is still
required. In addition, as the industry is currently very small, there is a need for further inveéstme

in research and development to shape the Australian industry.

Social considerations

One of the key barriers to the development of a local recycling industry for LIB is the lack of
consumer awareness surrounding the environmental and human health and safety risks associated
with improper handling, storage and dispbsd LIB. In addition, the education of the consumer
regarding the recycling and recovery of resources from these wastes would assist with improving
collection rates, and also the sorting of materials prior to recycling. The role of the consumer is
paramownt in the development of this industry, and consumer education processes could be
modelled onMobileMuster, as a best practice method for improving social awareness of LIB
recycling. It was widely accepted by stakeholders that Australiamadligationto process wastes
locally, and this was a key driver to the development of the industry.

Technical factors

This study showed that therare a number ofexistingoptions forthe processing and recovery of
value from LIB waste that are available for furthesearch and development in Australia. These
processes are typically driven by the recovergdbalt other metals and technical materialsth
additional economiovalue from lithium recovery and some further consideration regarding the
impact of changig battery chemistries on these processes is required. In addition, further
investigation isecommendednto the reuseand remanufacture of LIB, prior to disposal. There are
significant technical challenges still required to be addressed for recyclioggses to be efficient
and these include (but are not limited to) the development of standardised protdaolabelling,
dismantling and dischargirmatteriesin order to promote efficient and safe sorting at the front end
of the recycling proces3he mtential of mobile processing options was supported.
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Environmentalissues

The environmental implications associated with the improper handling and disposal of LIB waste
was welcharacterised in the literature and wealhderstood by the stakeholders engaba this

study. The stakeholders identified that consumer awareness related to this was lacking, and could
be improved to supportiversion from landfill anthe development of the industry.

15.2Key Findings

There issignificantpotential for targeted research to help realise Australia’s opportunity to extract
value from LIB waste. The Australian research community, in partnership with industry and
governments can play a role in realising this opportunity and catalysing a nastmpahich in turn
creates new jobs for Australi@hrough the thorough desktop review and engagement of LIB battery
recyclingstakeholders the followingobservationscan be made to support the development of a
domesticrecycling industry in Australia.

Key Finding 1Dedicated product stewardship programs andmrsumereducationdrives
recycling and resource recovery from LIB

The lack of an appropriate product stewardship program and consumer awareness regarding
recycling options for LIB are key issuegt imust be addressed in order to increase Australia’s LIB
collection rate The current low collection rate of 2 % is reportedly limiting confidence and
investment by industry into recycling infrastructure. General waste collection, transfer and
managementcosts in Australia are costly due to large freighting distances between major
population centres, without the additional impact of segregation of specialised waste streams such
as LIB wastes. Introduction of a product stewardship scheme would enableergpansion and
investment required for an expanding waste stream. Simultaneously, a targstedumer
awarenessampaigrand education programvould help supportinvestment inrecyclingprocesses
andtechnology Included in a consumer awareness campai¢m &lvertise existing collection sites

and work towards new collection points by working with a range of OEMSs, retailers and recyclers.
Best practice recycling consumer guides for a range of key product ranges, such as handheld LIB,
household energy storagproducts and EVs, would also support this effart.education campaign

also supports existing and potential future State and Territory battery landfill bans.

Key Finding 2: A safe and successful LIB recycling industry can be developed by addressing
critical information gaps

Participants reported industry information gaps in best practice guides for standards regulating
reuse of LIB, endf-life transport, and recycling of LIB. Desirable information to support a successful
industry included economic motimg, life cycle assessment for LIB reuse and recycling technology
assessments. The collection of this information will support the safe development of an Australian
LIBprocessing and recycling industry.
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Key Finding 3: A need to identify technologyocessingoptions for the Australian context

Investment into recycling technology suitable for Australian conditions takes a modern approach to
recycling. This requires the right technology and business models for an Australian context.
Australia’s distributd population is suitable for potentialdeployment of mobile processing
technology Alternatively, large scale LIB processing could also be feasible if key information and
data gaps and economic modelling can be addressed. There would be a number ofalechnic
challenges that would require further research and development for both options, and this creates
the potential for the development of innovative technology for the Australian LIB recycling industry
Participants suggestediustralia has the potential toecome aecyclinghubwith feedstock sourced

from neighbouring countries such as New Zealahidis would further secure supply, improve
economic feasibility and supports either largeale or smakcale processing options.

Key Finding 4: An onshore, lalcLIB recycling industry is economically and environmentally
achievable

There are strong economic and environmental drivers for Australia to manage LIB waste onshore.
In this context, dedicated policies, regulations, standards and certifications refatiig and their

waste will support technology development and industry investment in LIB recycling. Australia can
view international examples such as those in the European Union and see how their existing policies,
regulations and resource recovery targdtave driven innovation and technology development.
From this, appropriate changes can be made to provide maximum support for the Australian battery
recycling landscape.

Key Finding 5: Creation of standards and industry best practice guides for LIBliregyc

Dedicated &andards surrounding labelling, safety, transport, discharge and processing were
identified by stakeholders as key drivers for the success of the ind@iryent standards need to

be modified where applicable to cover LIB recycling anereshequired new standards would need

to be written and adopted. In the interim, industry best practice guides will enable the industry to
adopt new or modified standards and create a smoother transition to a new safe and
environmentally sound LIB recydiprocess.

15.3What is CSIRO doing in the area of LIB recycling?

Understanding that a potential need for recycling solutions will be required in the near f@BIRO
is currently exploring a number of Research Areas to provide the science needed foytliBgec

Research Area: Development of technical processes for recovery of metals and other
materials from LIB waste

CSIRGs investigating therecovery of valuable secondary resources, such as cobalt, lithium and
graphite from LIB wastes. Thesaesourceswould otherwise be exportedand lost from the
Australianeconomyor lost to landfill. The research is focussmuthe development of a whole
processapproach which encompasses
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X  Preparation and characterisation of the wastes
X  Metal solubilisation anthaterialsrecovery and,
X  Technoeconomic assessment of process feasibility.

In addition, researchlso being conducted targeted d defining data associated with:
LIB waste generatign

Materials tracking and costs associated vatiiection;

Transport;

Manual handling and sorting of the waste prior to processamng]

X X X X X

Inconsistent feedstocks and low volumes of waste

These areall significant bottlenecks that need to be addressedtfe development ofbattery
recycling processesSIRO is also investinng alternative materials and resource recovery for
batteries which do not contain cobalt or have low cobalt quantity with a view to ensure that the
recovery process produces materials which are still high value to ensure these alternative LIB have
an e@nomic recycling process.

Research Area: The circular economy

CSIRO also has a project aimed at supporting the circular economy and reuse and recycling of
commercial and industrial waste resources. ASPIRE (Advisory System for Processing, Innovation &
Rewurce Exchange) was originally developed by CSIRO with four Melbourne municipalities. The
project was led by the City of Kingston. ASPIRE is a project aimed at connecting businesses where
waste or byproducts from one company can be used at another. Thiknown as industrial
symbiosis and ASPIRE has been successfully deployed in Vitagiat al. 2016)

ASPIRE is a digital tool that also supports a social business network. It extends beyond passive was
exchangeystems, where information is posted by ‘sellers’ online for potential ‘buyers’. ASPIRE then
goes one step further to create a matchmaking marketplace by actively suggesting business to
business collaborations. ASPIRE has been developed in response téachaimg companies
talking to their local councils about waste disposal costs.

For more informationhttps://research.csiro.au/aspire

Research Area: Development of novel battery materials

CSIRO is investiting the development of new batterynaterials such as sulfur cathodes as well as
evaluation of next generation batteries. Using the knowledge gained from these activities, CSIRO is
determining the impact on recyclingocesses if cobalt and nickel are reved. This data will feed

into the development of technical processes for battery recycling, with the goal of developing a
recycling process that is flexible, and mEpendenton a single LIB chemistry typ@&d enables
economic value to still be extracte@SIRO is also developing a range of technologies which could
provide valuable new manufacturing outputs recycled productsecovered from LIB, arttiereby
potentially providing recyclers withreatereconomicncentivesfor recycling.
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