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Introduction

The 2019 Joint Chairmen’s Report requires the Maryland Department of the Environment
(MDE) to submit a report outlining how MDE will establish and fund a lithium ion battery (LIB)
recycling program. The report is to contain information on how LIB recycling may be
incorporated into the Maryland Recycling Act (MRA) and the steps needed to create a statewide
program to recycle lithium ion batteries.

Background
LIBs are commonly used for medical equipment, power tools, electric vehicles (EV), and

portable electronics such as laptops, cameras, mobile phones, video cameras, and watches.
Additionally, household type (e.g., AA, AAA, etc.) LIBs are beginning to make their way onto
the market. The use of LIBs is growing, driven largely by LIBs’ advantages in EV applications.
LIBs have among the highest energy densities of current battery technologies, meaning that
relatively small and light batteries can store and provide a large amount of energy. They are also
lower maintenance than other types of batteries. The U.S. Department of Energy (USDOE) notes
that “the growth in [electric vehicle] sales, as well as increased demand for consumer and
stationary uses, are expected to double the demand for lithium-ion batteries by 2025 and
quadruple the demand by 2030.”"

As production and use of LIBs increase, the demand for certain scarce inputs to LIBs,
particularly cobalt, nickel, and lithium, increase as well. According to USDOE, the production of
virgin cobalt is highly centralized, with 58% of the world’s supply coming from the Democratic
Republic of Congo, and 80% of that supply going to China for refining.

The need for inputs for the production of new LIBs represents an opportunity for LIB recycling
as higher prices for reclaimed metals improve the economics of the recycling process. Recycling
of LIBs, both in the U.S. and abroad, has been relatively low in recent years (an estimated 3 to
5%). However, because of the significant growth in the market, many recycling experts project
sharp increases in LIB recycling in coming years.? In fact, according to a recent analysis by
Creation Inn, a consultancy specialized in energy storage and the circular economy, the total
amount of global recycled lithium could reach 5,800 metric tons (30,000 metric tons of Lithium
Carbonate Equivalent® (LCE)) by 2025. More than 66% of the LIBs, or 191,000 metric tons, are
expected to be recycled in China and 76% of the cobalt in 2025 is expected to be recycled in
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Materials in Lithium-Ion Batteries (2019). This plan is included as Attachment 1.
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China without taking production scrap or other sources into account.* While minerals from
recycled batteries, including lithium, cobalt, nickel, and manganese, can be found in new
batteries already, the volumes are low and insufficient to keep up with the growing demand for
new LIB batteries. This is expected to change rapidly; for example, by 2025 the amount of cobalt
from recycled batteries is expected to reach almost 20% of the demand.’

In addition to providing recovered metals to support the growing EV market, and reducing the
energy and water needed to produce virgin inputs, LIB recycling is important for other
environmental reasons. Globally, an estimated 11 million metric tons of LIBs are expected to
reach end of life between now and 2030.® Without proper recycling channels, those LIBs can
make their way to disposal and recycling facilities that are not designed to safely manage LIBs.
Specifically, LIBs pose a fire and explosion risk when handled at typical solid waste and
recycling facilities. When crushed, punctured, ripped, or dropped, the separation between the
cathode and anode electrodes in the battery becomes damaged, and the battery can discharge or
short circuit. This effect can lead to fires and explosions at recycling and solid waste facilities as
consumers unknowingly place LIBs in trash cans or single stream recycling. A survey in
California found that 83% of solid waste facilities had a fire with 65% of those reported fires due
to LIBs.”

In order to ensure the availability of important inputs to LIBs in the United States, USDOE
published a July 2019 Research Plan to Reduce, Recycle, and Recover Critical Materials in
Lithium-Ion Batteries.® The plan includes three initiatives:
1. Supporting early-stage research into low- and no-cobalt LIBs;
2. Establishing a LIB recycling research and development center, called ReCell, to develop
innovative and efficient recycling technologies; and
3. Launching a LIB recycling prize, which invites entrepreneurs to create innovative
solutions to current challenges associated with collecting, storing, and transporting LIBs
for recycling.

Existing LIB Recycling Opportunities in Maryland

In order to determine the steps needed to create a statewide LIB recycling program, MDE
researched current LIB recycling opportunities for Maryland residents and businesses. LIBs
included in electronic devices may be recycled when old electronics are recycled. In Maryland,
electronics recycling is offered through a combination of private and local government programs.
Under Maryland’s electronics recycling law, manufacturers of covered electronic devices® must
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December 4, 2017. This document is included as Attachment 4.

3 Circular Energy Storage, Press release: Recycled lithium to reach 9%of total lithium battery supply in 2025,
November 30, 2017. This document is included as Attachment 5.

6 Jacoby, Mitch, Chemical and Engineering News, “It’s time to get serious about recycling lithium-ion batteries” July
14, 2019. This document is included as Attachment 6.
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® Covered electronic device means a computer or video display device with a screen greater than 4 inches measured
diagonally.



register annually with MDE and pay a required registration fee. The fee is reduced for
manufacturers that offer approved electronic device takeback programs. Takeback programs
allow consumers to return their end-of-life electronic devices to be recycled at no cost to the
consumer, either through a mail-back program or at designated collection locations.
Manufacturers with approved takeback programs can be found on MDE’s website at
www.mde.maryland.gov/ecycling.

Most local governments in Maryland collect electronics for recycling. Currently 22 out of 24
jurisdictions offer “ecycling” programs. County ecycling programs are designed to accept
electronics from residents (not businesses) of the county and typically include desktop
computers, laptop computers, and certain video displays.

Some counties also collect batteries through household hazardous waste (HHW) collection
programs. MDE surveyed counties on local programs for the collection of LIBs. Eighteen
jurisdictions responded to MDE’s questionnaire on LIB recycling. Of those that responded, 16
(Allegany, Baltimore City, Calvert, Caroline, Carroll, Cecil, Charles, Kent, Harford, Howard,
Montgomery, Queen Anne’s, Somerset, St. Mary’s, Talbot, and Wicomico) accept LIBs for
recycling either full time or as part of their HHW collection programs. Cost is the major reason
counties reported not offering the service.

The nonprofit organization Call2Recycle partners with over 300 stewards (battery producers) to
set up free collection stations for residents. Local drop-off locations can be found on
Call2Recycle’s website at www.call2recycle.org. Organizations can join Call2Recycle to
participate in the program. Call2Recycle has collected over 30 million pounds of LIBs since its
inception in 1994.

The above collection opportunities are primarily intended for residences. Some private collection
companies may accept batteries from both residential and commercial sources. Maryland’s
Recycling Market Directory lists recyclers for batteries and electronics. Automobile
manufacturers take back LIBs used in their electric and hybrid cars.

Once batteries are collected, they must be sorted and processed. LIB sorting and recycling
facilities exist in the U.S. and abroad. For example, Call2Recycle uses the following facilities for
LIBs generated in the U.S.:

Sorters

Battery Solutions, Howell, Michigan
INMETCO, Ellwood City, Pennsylvania
Battery Solutions, Mesa, Arizona
Wistron GreenTech, McKinney, Texas



Processors

Glencore / Xstrata, Sudbury, Ontario (Canada)
Toxco/ Retriev, Trail, British Columbia (Canada)
UMICORE, Hoboken, Belgium

SungEpel Hitech, South Korea

Recycling Coordinators, Akron, Ohio
RetrievTechnologies, Lancaster, Ohio

Additional companies are in various stages of implementing their own LIB recycling processes.
For example, LiCycle, a company based in Ontario, Canada, states that its process recovers 80 to
100% of materials in LIBs. Blue Whale Materials is seeking to establish a LIB recycling facility
in the U.S.

LIBs and MRA

MRA requires each county to adopt a plan to reduce the solid waste stream by 20 or 35% by
recycling, depending on population. MDE also has a statewide voluntary goal of 55%. When
determining what constitutes a recyclable material that counts towards a county’s mandated
recycling rate (MRA recyclable), MDE considers the following definitions:

Recyclable Materials (Section 9-1701(p) of the Environment Article, Annotated Code of
Maryland) includes “those materials that:
e Would otherwise become solid waste for disposal in a refuse disposal system; and
e May be collected, separated, composted, or processed and returned to the marketplace in
the form of raw materials or products.”

Recycling (9-1701(q) of the Environment Article, Annotated Code of Maryland) means “any
process in which recyclable materials are collected, separated, or processed and returned to the
marketplace in the form of raw materials or products.”

Solid Waste Stream (9-1701(t) of the Environment Article, Annotated Code of Maryland) means
“garbage or refuse that would, unless recycled, be disposed of in a refuse disposal system.”
e “Solid waste stream” includes organic material capable of being composted that is not
composted in accordance with regulations adopted under § 9-1725(b) of this subtitle.
e “Solid waste stream” does not include:
o Hospital waste;
Rubble;
Scrap material;
Land clearing debris;
Sewage sludge; or
Waste generated by a single individual or business and disposed of in a facility
dedicated solely for that entity’s waste.”

O 0O0OO0Oo

Since they would otherwise be solid waste for disposal in a refuse disposal system, batteries,
including LIBs, are considered a MRA recyclable material and count towards a county’s
mandated recycling rate.



Steps to Create a Statewide LIB Recycling Program
As described above, some opportunities for the collection and recycling of LIBs currently exist,

and as the materials in LIBs continue to increase in value, additional private recycling capacity
for LIBs is likely to be developed in the U.S. and abroad. To encourage statewide recycling
opportunities for LIBs, the state could promote and support these opportunities through a variety
of methods described below.

Promote and provide information on existing collection options
MDE currently administers the Statewide Electronics Program, oversees local recycling
- programs under the MRA, and coordinates the state agency recycling program.
Furthermore, most counties throughout Maryland operate battery collection programs and
most manufacturers accept batteries through their ecycling take back programs. As a
result, MDE may be an appropriate entity to serve as a clearinghouse for information on
opportunities for recycling LIBs as they develop. MDE could establish a separate LIB
website to maintain information about LIB recycling, options for consumers and
businesses, and case studies on LIB recycling. In promoting these opportunities, MDE
could coordinate with local governments and Call2Recycle, as the current primary
collection channels for LIBs in Maryland.

Provide permitting guidance for prospective LIB recycling

As the market for materials reclaimed from LIBs increases and federal policies promote
domestic investment in LIB recycling, Maryland could encourage siting of new recyclers
in Maryland by providing permitting assistance.

Except for the regulatory requirements that apply to the management of hazardous
process residuals from any industry, the controlled hazardous substance (CHS)
regulations only require a battery recycling facility to obtain a CHS facility permit if the
facility stores hazardous waste batteries before they are inserted into the recycling
process. "Storage" in this case has been interpreted as holding batteries for more than 24
hours after they have been accepted at the facility. However, a recycler can establish a
separate universal waste handler location to consolidate shipments of batteries at a
location distinct from the recycling location, without triggering a CHS permit
requirement as long as the batteries are not at the recycling facility for more than 24
hours prior to recycling. The recycling process itself is also excluded from hazardous
waste permit requirements.

MDE is currently developing recycling facility regulations as directed by Chapter 376 of
2017. The law directs MDE to adopt regulations to specify when a “recycling facility”
may operate without a refuse disposal permit, and to exempt certain materials that are
managed at a recycling facility from being designated as “solid waste.” As part of these
regulations, MDE could clarify the circumstances under which a LIB recycler (or other
battery recycler) may operate without a refuse disposal permit.

For certain other types of recycling facilities, such as composting and anaerobic digestion
facilities, MDE has published the permitting requirements within different areas of MDE
and other agencies, which can assist prospective recyclers in more easily determining
what is required and in obtaining contact information for each potential permitting



requirement. It is particularly useful for types of facilities, such as LIB recycling
facilities, that do not currently exist in Maryland and for which there might otherwise be
a perception of uncertainty in the regulatory process. MDE could create such a guidance
document for LIB battery recycling. Additionally, MDE’s Resource Management
Program, which handles recycling, could serve as a single point of contact for MDE to
provide permitting assistance for prospective LIB recyclers. For example, the Resource
Management Program could set up permitting meetings to pull together multiple
permitting programs within MDE to advise prospective recyclers on regulatory
requirements.

Support innovation, research, and demonstration of LIB recycling technology
Demand for LIB recycling is likely to increase rapidly in the coming years and businesses

will be working to identify more efficient ways of recovering materials from LIBs.
Maryland could provide targeted assistance through existing programs, such as the
University of Maryland’s Maryland Industrial Partnerships (MIPS) and MTech Ventures
programs, to support research, development, and entrepreneurship in this area. MIPS
provides grant funding to companies to conduct research projects that help those
companies create new products. MTech Ventures is a technology incubator that helps
technology-based start-up companies. In addition to these two programs through the
University of Maryland, MDE could work with the Maryland Department of Commerce
to identify any existing business assistance programs that could be used to assist local
governments and prospective LIB recycling companies that may be interested in locating
in Maryland.

Supplement and enhance local collection programs
As LIB recycling technologies and facilities expand in the U.S. and abroad, there may be

a need for assistance in the collection of LIBs to achieve statewide coverage. There are
several forms that a LIB collection program could take. LIBs could be collected through
collection kits. The kits would allow an entity (e.g., local government, state, business,
etc.) to safely wrap and package batteries in designated buckets, which would then be
sent to a recycler once the buckets are full. The second scenario would include collection
points throughout the state that are serviced by a collection contractor, such as the
Maryland Environmental Service. Either system would require securing collection
locations either through partnerships or establishing new drop-off locations. An outreach
campaign would be necessary to ensure the proper collection of the batteries and prevent
contamination of the material collected. Insurance may also be required on the locations
in the event of a fire or other problem.

Finally, the state or private recyclers could supplement the counties’ HHW programs
with the stipulation that LIBs are collected year-round and recycled (as opposed to
properly disposed) as part of the program. This would have the benefit of using already
established collection points and eliminating the need to develop and operate a
completely new program. Additionally, by supplementing county HHW programs, the
counties may be able to sustain their current HHW programs and offer the collection of
other materials that may, if improperly managed, be detrimental to the environment.



Conclusion

Each of the above collection methods would involve costs for labor, packing materials,
maintenance of the collection locations, and outreach. All of which would require additional
funding and personnel. In addition to providing funding for these costs, a challenge to
implementing an effective statewide collection program will be in ensuring availability of service
in all areas of the state, including more remote or rural areas. To minimize additional costs, the
most efficient option would take advantage of existing collection locations through the
Call2Recycle program and local HHW drop-off locations, potentially supplemented with
additional locations for areas not currently served by either of these options. Local governments
and industry would be part of providing recycling for LIBs.
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RESEARCH PLAN TO REDUCE, R'ECYCLE, AND RECOVER CRITICAL MATERIALS IN LITHIUM fON BATTERIES

A MESSAGE FROM THE ASSISTANT SECRETARY

Research is at the heart of American innovation. The
scientific research at the U.S. Department of Energy’s
national labs, along with collaborations with academia and
industry, have fueled many advancements over the years.

Our extensive battery research and development (R&D)

is only one example of how the Energy Department’s
breakthroughs have led to benefits for American consumers
and businesses. From consumer electronics to national
defense, lithium-ion batteries power our daily lives. Over
the past 10 years, the Energy Department’s commitment to
battery R&D has reduced the cost of lithium-ion batteries by
80%, lowering the cost of electric vehicle battery packs to
$197/kWh. To continue driving down costs for consumers
and businesses, we must ensure that the United States
has a sustainable supply chain of materials and reduce our
reliance on critical materials.

Cobailt and lithium are two critical materials used in lithium-ion battery manufacturing. The
President’s Executive Order 13817 identifies the need for “developing critical minerals recycling
and reprocessing technologies™ as part of a broader strategy to “ensure secure and reliable
supplies of critical minerals.” The Energy Department is leading the charge in reducing U.S.
dependence on these materials by reducing the amount of these materials needed for battery
production and recycling the materials that are already in use. The Department’s work, detailed
in the following pages, is at the forefront of battery R&D.

| am enthusiastic about continuing to connect American entrepreneurs with the Department’s
national laboratories to spur innovation and leverage resources. These new initiatives bring
together the best and brightest minds. There is no greater force than American ingenuity and |
look forward to what we are able to accomplish together.

Dantel R Simmond

DANIEL R SIMMONS
ASSISTANT SECRETARY FOR ENERGY EFFICIENCY AND RENEWABLE ENERGY
U.S. DEPARTMENT OF ENERGY



RESEARCH PLAN TO REDUCE, RECYCLE. AND RECOVER CRITICAL MATERIALS IN LITHIUM-ION BATTERIES

» REDUCING DEPENDENCE OF LITHIUM-ION BATTERIES

on Critical Materials

Lithium-ion batteries have become
the main choice for portable
electronics (such as smart phones,
tablets, and laptops), power tools,
and electric vehicles (EV) for
personal, commercial, industrial,
and military applications. The
demand for lithium-ion batteries

for EVs is expected to grow as the
cost of manufacturing and materials
is reduced while performance
improves. The U.S. Energy
Information Administration (EIA)
projects that U.S. light-duty battery
EV sales will reach 1.3 miliion by
2025 and others project even higher
sales growth.>? Global EV sales

are expected to reach 30 million by
2030, up from 1.1 million in 2017.3
This growth in EV sales, as well as
increased demand for consumer
and stationary uses, are expected
to double the demand for lithium-ion
batteries by 2025 and quadruple
the demand by 2030.2

Demand for giobal production of
battery materials, such as lithium,

cobalt, manganese, nickel, and
graphite, will grow at similar rates.
In fact, the growth in demand for
lithium-ion batteries for EVs will
establish EVs as the largest end-
user of cobalt and lithium, and could
create a particularly high supply
risk for cobalt.* In general, the
U.S. Department of Energy (DOE)
assesses material criticality based
on importance to energy and the
potential for supply risk for a range
of energy technologies.

In response, DOE work is based on
three pillars: 1) diversifying global
supply chains to mitigate supply
risk; 2) developing material and
technology substitutes; and 3)
promoting recycling, reuse and more
efficient use to significantly lower
global demand for critical materials.
The DOE approach to critical
materials is in alighment with the
President’s Executive Order 13817
to ensure secure and reliable
supplies of critical minerals.

The DOE Vehicle Technologies

Office (VTO), within the Office of
Energy Efficiency and Renewable
Energy (EERE), supports early-stage
research to significantly reduce

the cost of EV batteries while
reducing battery charge time and
increasing EV driving range. Over
the past 10 years, VTO research
and development (R&D) has lowered
the cost of EV battery packs by 80%
to $197/kWh in 2018.5 Current
battery technology performance is
far below its theoretically possible
limits. Near-term opportunities exist
to develop innovative technologies
that have the potential to significantly
reduce battery cost and achieve the
operational performance needed for
EVs to achieve cost competitiveness
with gasoline vehicles.

Forecasted Global Cobalt Demand by End-Use
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President’'s Executive
Order 13817:

Critical materials such

as lithium and cobalt

are both expensive and
dependent on foreign
sources for production.
The President's Executive
Order 13817 identifies the
need for “developing critical
minerals recycling and
reprocessing technologies”
as part of a broader
strategy to “ensure secure
and reliable supplies of
critical minerals.”

“HUps:savaw whilelious e ROy, pres dential-
actions,; Titiakeaécutve order-federal-
sliategy ensure-securareliable supphins:
critical mingrals/

To mitigate potential lithium-ion
battery critical materials supply
risks, DOE has established the
following goal:

By September 2022, reduce the
cost of electric vehicle battery
packs to less than $150/

kWh with technologles that
significantly reduce or eliminate
the dependency on critical
materals (such as cobalit)

and utilize recycled material
feedstocks.

To achieve this goal and address
potential critical materials
issues, VTO will support 3 key
areas of R&D.

+ Supporting laboratory,
university, and industry
research to develop low-cobalt
{or no cobait) active cathode
materials for next-generation
lithium-ion batteries.

Battery R&D ~ Rel

- i

ReCell Lithium
Battery Recyding \

- Establishing the ReCell
Lithium Battery Recycling
R&D Center focused on cost-
effective recycling processes
to recover lithium battery
critical materials.

+ Launching a Lithium-lon
Battery Recycling Prize
to incentivize American
entrepreneurs to find
innovative solutions to
solve current challenges
associated with collecting,
storing, and transporting
discarded lithium ion
batteries for eventual
recycling. This will be
accomplished by a prize
structure allowed under the
America COMPETES Act. VTO
will coordinate with DOE's
Advanced Manufacturing
Office on the Prize.

Critical Materials Research Plan for Batteries

DCenter

 Fanded by the U.S. Department of Energy Vehicle Tednclogies
Office, wirhin the Offkce of EERE, in collaboration with the
Advanced Manufactucing Office, and administered by the
National Renewabie Energy Laboratory
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b LITHIUM BATTERY CRITICAL MATERIAL REDUCTION INITIATIVE

Charting a Course to Reduce or Eliminate Cobalt
_in Lithium-lon Batteries for Electric Vehicles

Cobalt is one of the most common materials found in
lithium-lon battery cathodes and plays an important
role in stabllizing the cathode while the battery is

in operation. The Democratic Republic of Congo
supplies nearly 58% of the world’s cobait and 80%

of that supply goes to China. China Is the world's
leading producer. of refined cobalt and a leading
supplier of cobalt imports toithe United States.®

The mining practices in Congo have been of concern
because of a lack of environmental safeguards,
{abor, health Issues, and political uncertainty. These
factors may limit the avallability of cobalt to the
supply chain and increase its demand, leading to
rapid price increases in lithium-lon batterles. Cobalt
is considered the highest material supply risk for EVs
in the short- and medium-term.®

Reducing the amount of cobalt in lithium-lon batteries
for EVs by substituting it with other materials has
been a major focus within VTO's R&D portfollo. The
first generation of lithium-ion batteries for consumer
electronics contained cathodes with 60% cobait. The
first generation of EV batteries contained 33% cobalt
in cathodes, while current commerclal cathodes in

EV batterles contain 15-20% cobalt, and industry is
actively developing 10% cobalt cathodes.

Significance and Impact

Create critical material-free cathode

materials that offer equal or greater
performance in EV batteries at lower
cost by 2022,

Even if cobalt amounts [n EV batteries are reduced
10/1.0%, there is still a potential supply shortage of
cobalt If EV penetration grows as expected. To support
further reducing cobalt content in EV batteries, VIO
launched over. $50 million of competitively selected
laboratory, university, and Indbstry research projects.’
These projects will develop low cobalt (or.no cobalt)
active cathode materlals for next generation Jithium-
lon batteries over the next three years. Some of VIO's
newest major research initiatives include:

Reducing cobait In cathodes to less than 6% welght:
University, industry, and national lab research in next
generation cathodes focused on reducing cobait
content much below the current state-of-the-art
cathodes while continuing to improve cathode material
performance in EV batterles. Projects will focus on
developing high energy capacity materials at high
voltages using nickel-manganese based materials with
cobalt substitution.

Cobalt-free disordered rock-salt structured
materials: A multi-laboratory research consortium
led by Lawrence Berkeley National Laboratory

will explore cathodes based on completely novel
material compositions with no cobait fabricated
using experimental processing technigues and first
principle modeling.

6 USGS Minersl Commodities Summary 2018 hitps://minera!s.usgs.gov/minerals/pubs/mcs/2018/mes2018.pdf

7  hitps://www.energy.gov/artictes/deportmentenergy-announces-B0-milioninvestment:
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» ReCell LITHIUM BATTERY RECYCLING R&D CENTER

Affordably Recover and Re-Use Lithium Battery Critical
Materials

Significance and Impact

Creating batteries that
utilize completely recycled
components that have
similar performance to
critical materials will
further diversify the EV
battery supply chain and
make it less reliant on
critical materials.

Lithium-ion battery cathodes can be
made from more than 15 different
cathode chemistries. While this

variety of chemistries enables lithium-
lon batteries to be used'In many
applications, it also Increases material
demand. This demand creates material
value for end-of-life batteries in EVs
and consumer electronics. As new
chemistries become commercially
avallable, the need arises to develop
flexible and reliable processes

to maximize economic value to

the recycler. Advanced recycling
approaches can significantly reduce the
demand for. imported critical materials.

VTO is investing in early-stage
research to develop recycling
technologies for extraction and
reuse of the main components and

materials in lithium-ion batteries that
have lower energy and environmental
Impacts. As part of this investment,
VTO is establishing the ReCell
Lithium Battery Recycling R&D Center
focused on cost-effective recycling
processes to recover lithium battery
critical materials. The ReCell Center
will be led by Argonne National
Laboratory along with the National
Renewable Energy Laboratory, Oak
Ridge National Laboratory, and three
universities. The team’s work consists
of the following four research areas

that are supported by economic/

process modeling and supply chain

‘analysis, and wili focus on developing

innovative and efficient recycling
technologies for current and future
battery chemistries.

ReCell LITHIUM BATTERY RECYCLING R&D CENTER RESEARCH AREAS

Design for Recycling

Current batiery packs are not assembled and
materials are not chosen based on how efficient

it would be to recover the material. This can often
lead to increased recycling costs. Exploring novel
materials and methods of designing batiery packs
and cells to decrease recycling costs without
impacting battery performance has the potental to
maximize profitabihly of recycling processes.

Recovery of Other Materials

Though the cathode is the most expensive
component of the battery. there are other
components that, if recovered. could increase

the value of end of-life batteries. Recovery of

the graphite anodes, electrolyte, and electrode
sheets could create even more value out of spent
batteries.

Direct Recycling or Cathode-to-Cathode
Recovery

The cathode of hthiuny battenes 1s the most
expensive component and often contains the
critical material cobalt. Current commercial
recychng profitability depends on recovery of cobalit
at an elemental level. if processes could recover
coball at the cathode level. 1t would inciease the
value of end of hfe hthium battenes substantialty.

Reintroduction of Recycled Materials

Battery materials and cells for electric vehicles
have strict performance and safety standards that
need to be met before they are used mn electric
vehicles. Research projects will have cells built
with recycled materials and tested to ensure

they meet the perfonmance standards of electric
vehicles.
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» LITHIUM-ION BATTERY RECYCLING PRIZE

Innovative Solutions to Enable Safe and Affordable
Collection, Sorting, Storage, and Transport of Spent
Lithium-lon: Batteries

Currently, lithium-ion batteries are
only collected and recycled at a
rate of less than 5%.2 Recycled
material could potentially provide
one-third of United States cathode
material needs for lithium-ion
batteries by 2030.7

Significance and Impact

Accelerated efforts to create
cost-effective, disruptive
solutions to collect, sort, store.

and transport 90% of spent or
discarded lithium-ion batteries
for eventual recycling.

The current recycling supply chain
for collecting, sorting, storing,
transporting, and recycling of
lithium-ion batteries is limited,

particutarly for larger batteries used

in EVs and industrial applications.
VT0, in collaboration with DOE's

Advanced Manufacturing Office, has

established the Lithium-lon Battery
Recycling Prize.

The $5.5-million DOE Lithium-

lon Battery Recycling Prize is
designed to incentivize American
entrepreneurs to find innovative
solutions to solve current
challenges associated with
collecting, sorting, storing, and
transporting spent or discarded
lithium-ion batteries for eventual
recycling. The Lithium-lon Battery
Recycling Prize will be implemented
in three progressive phases and will
progress from concept to prototype
and partnering to pilot validation.
The goal of the Prize is to develop
innovative business and technology
strategies with the potential to
capture 90% of afl lithium-ion
battery technologies (consumer
electronics, industrial, stationary, and
transportation applications) in the
United States.

Prize Arcas af interest

The prize will facilitate our nation’s
entrepreneurs to leverage DOE's
connections to create new solutions
and develop them into early-

stage prototypes and processes.
Successful concepts must consider
cost-effective technologies such as
separation and sorting of various
coliected battery types and sizes;
rendering lithium-ion batteries safe
or inert; or reducing the hazardous
classification of lithium-ion batteries
in order to reduce shipping costs.

In each phase, submissions will
be evaluated by expert reviewers
and a federal consensus panel.
The DOE’s National Renewable
Energy Laboratory will be the Prize
Administrator.
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Driven by the rapld uptake of battery electric vehicles, Li-ion power batteries are increasingly reused in stationary
energy storage systems, and eventually recycled to recover all the valued components. Offering an updated global
perspective, this study provides a circular economy insight on lithium-ion battery reuse and recycling.

1. Introduction

Driven by the electric vehicle (EV) boom (1], which led to a 3-fold
increase in the price of lithium [2) and a 4-fold increase in that of co-
balt [3] between 2016 and 2018, reclaiming lithium, cobalt, manganese
and nickel (along with other valued materials like copper, aluminum and
graphite) from spent lithium ion batteries has lately become profitable.
Perhaps not surprisingly, numerous new lithium battery recycling plants
started operation across the world, and those existing are expanding
capacity.

In about 2 years, the recycling of lithium batteries which still in 2016
was claimed in Europe to lack economic viability as “only 3% of the
material mix in batteries is made of lithium" (4], became profitable and
convenient.

Investments started to flow targeting opportunities not only for
recycling but also for refurbishing and reusing retired EV lithium-ion
batteries (LIBs) in energy storage systems. “Certain companies” reads a
working document of the European Commission dated mid 2018, “have
already begun investing in recycling of used EV batteries in Europe (e.g.
in Belgium and in France). Some have teamed up with car manufacturers
to collect and recycle batteries” [S).

Hence, as lately emphasized by Melin, a reputed consultant in
lithium-ion battery life cycle, “when it is not rare to read about recycling
rates of 3 or 5 per cent... 58 per cent will be recycled this year” [6].

The environmental and: economic benefits of LIB recycling are

significant. As the lithium-ion recycling industry consolidates and the
demand for spent LIBs increases, the old practice for which small batte-
ries used by portable electronic devices were hazardously stockpiled in
generic materials recovery facilities causing fires due to thermal runaway
from damaged or short circuited batteries [7], will become a thing of the
past.

This trend, we argument in this study, will further evolve and even-
tually first generation LIB recycling processes will be replaced by green
chemistry processes producing highly pure (“battery-grade™) lithium,
cobalt and manganese compounds along with graphite, copper and
aluminum.

Recycling, in general, relies on first generation recovery technologies
in which a physical treatment to obtain different streams of raw materials
is followed by a hydrometallurgical process (leaching and extraction) to
extract metals [8].

Lithium-ion batteries, indeed, generally use a graphite anode and a
cathode made of lithium metal oxides generally comprised of lithium-
iron phosphate (LFP), lithium-nickel manganese cobalt (NMC), lithium
nickel cobalt aluminum oxide (NCA), lithium-manganese oxide (LMO),
or lithium-titanate oxide (LTO). First generation LIBs mainly used in
portable electronics used lithium-cobalt oxide (LCO) {9].

The battery cells are assembled in modules and modules further
assembled in battery packs. The voltage from “power™ batteries supply-
ing current to the motor of electric passenger cars or buses, can respec-
tively top 300 V or even exceed 600 V.

* This study is dedicated to Dr Maria Lea Ziino for all she has done for the health of younger generations in 20 years of child psychology work carried out in

Sicily.
* Corresponding author.
E-mail address: mario.pagliaro@cnr.it (M. Pagliaro).
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Offering an updated global perspective, this study provides a circular
economy insight on lithium-ion battery reuse and recycling.

2. Main text
2.1. Technology and chemistry aspects

By weight percentage (g material/g battery), a typical lithium-ion
battery comprises about: 7% Co, 7% Li (expressed as lithium carbonate
equivalent, 1 g of lithium = 5.17 g LCE), 4% Ni, 5% Mn, 10% Cu, 15% Al,
16% graphite, and 36% other materials'[10]).

Besides so called “calendar ageing”, a lithium-ion battery becomes
“spent” (reduced ability to store and deliver electricity) mainly because
during the charge and discharge cycles taking place in the battery cells a
solid product forms due to reaction of the lithiated anode with the alkyl
carbonate comprising the electrolyte solution {11].

The resulting solid electrolyte interphase mainly consisting of stable
(such as Li;CO3) and metastable components (polymers, ROCO,Li,
(CH20CO0,Li)3, and ROLi prone to decompose exothermically at =90 °C,
releasing flammable gases and oxygen) (7] progressively deposits on the
anode surface forming a passivating film. This film limits the electro-
chemical reaction by making graphite sites inaccessible for Li* to inter-
calate and thus leading to an increase in intemnal ohmic resistance.

A typical EV lithium ion battery pack has a useful first life of
200,000-250,000 km {12}, even though increasingly adopted
fast-charging at >50 kW reduces the battery pack duration since battery
degradation rapidly accelerates with charging current [13].

When, the automotive battery pack loses 20% (15% for certain EV
models) of its initial capacity it becomes unfit for traction as the lower
capacity of battery affects acceleration, range and regeneration capabil-
ities of the vehicle [14].

2.1.1. Second-life batteries

Besides the beneficial effect on the price of grid electricity due to the
concomitant expansion of EVs utilization and renewable energy gener-
ation (particularly solar photovoltaics) [15], a second synergistic effect of
battery electric vehicle on renewable electricity uptake lies in the pos-
sibility to reuse the batteries at the end of their automotive lifecycle for
stationary energy storage, nicely fulfilling the key “refurbish, reuse,
recycle” circular economy principle.

Compared to use in EVs, stationary applications demand lower cur-
rent density from the battery pack. Hence, batteries retaining between
80-85% of their original capacity are collected. Battery modules found to
have similar power and life are sorted out and re-assembled in new
“repurposed” battery packs, ready for stationary usage {16}, such as
utility-scale grid, building and telecommunication tower storage.

A significant public demonstration of the ability of repurposed bat-
teries to provide energy storage and grid services (regulation of the
alternating current frequency in the grid) is the 3 MW (nominal power)/
2.8 MWh (nominal capacity) energy storage system installed in 2018 at

Fig. 1. Amsterdam's “Johan Cruyff Arena" multipurpose stadium. (Photo
courtesy of Eaton].
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Amsterdam’s “Joahn Cruyff Arena”, (Fig. 1) {17].

During events at the stadium, the demand for electricity lighting,
powering broadcasting, information technology equipment, catering,
and security services increases from a baseload of around 200 kW to more
than 3000 kW, for the entire duration of the event [17].

The new energy storage system installed at Amsterdam’s Arena is
comprised of 590 battery packs (340 new and 250 second-life batteries
originating from EV 24 kWh battery packs whose original capacity is now
slightly less than 20 kWh).

Directly supplied by the EV maker the second-life batteries are
certified to last 10 years, namely the equivalent of batteries included in
148 used exemplars of the first generation world's best selling EV [18].

The batteries are contained in 61 battery racks (Fig. 2). Four bi-
directional inverters manage the energy flows from the 4,200 rooftop
PV modules, from and to the grid, and from the batteries to the stadium
loads and to the grid (we remind that the grid accepts and supplies only
alternating current, whereas the PV modules and the batteries supply
direct current only).

The new energy storage system enables optimal use of both solar PV
and grid electricity retrieved at low cost from the grid during the night
hours.

Now the PV energy generated during the day, rather than being fed
into the grid and sold to the grid operator at low price, goes to charge the
2.8 MWh battery pack whose nominal capacity was chosen to meet the
energy demand from the stadium loads for 1 h during the most important
events with maximum power absorption; and for 3 h when accessory
services such as catering are not in use [17].

Flattening (“shaving” in the jargon used by electricity practitioners)
the peak demand with free PV or low cost grid electricity stored in the
lithium batteries i) cuts the diesel fuel cost (fuel is used in generators
whose use is made compulsory from football authorities), i) avoids peak
demand charges, and iii) generates a revenue stream when the energy
storage system is used to provide well paid grid-balancing services, such
as frequency control.

Similar energy storage systems combining second-life EV battery
modules with battery and power management digital technology for both
residential, commercial and industrial applications are increasingly
commercialized across the world by a number of companies.

Similarly, in China the world's biggest operator of telecommunication
towers, since 2018 ended purchase of lead-acid batteries. All existing and
rapidly ageing lead-acid batteries currently installed for back-up power
at 98% of its 2 million telecom tower base stations (54 GWh battery
storage demand) will be replaced by second-life LIBs [19}. Partnership
agreements were signed with more than 16 EV and battery manufac-
turers, as second-life LIBs in 2018 were reported to be priced at less than
$100/kWh, namely the same price of new lead-acid batteries (19].

Fig. 2. Racks with part of the 2.8MWh energy storage system at the “Johan
Cruyff Arena”. [Photo courtesy of Eaton].



M. Pagliaro, F. Meneguxzo

For comparison, this transtates into forthcoming demand for up to 2
million retired EV batteries only from China's telecom base station back-
up, since one single tower needs about 30 kWh back-up battery {19].

According to a thorough analysis conducted in 2017 by Melin, by
2025 about 75 per cent spent BV batteries will be reused in second-life
solutions for several years after retirement from vehicles, after which
they will be sent to recycling to recover all the valued components [20].

2.1.2. New green chemistry technologies

Reviewing first-generation metal recovery processes using pyromet-
allurgical or hydrometallurgical methods, scholars in China lately
emphasized the need for new “selective leaching of most of the valuable
metals from the spent LIBs™ [8).

Discovered in 2015, one such green process for the recovery of metals
from spent Li-ion batteries makes use of citric acid (H3Cit) and aqueous
H20; affording Co and Li in excellent recovery yields (98% Co and 99%

Spent lithium-lon batteries

Heliyon S (2019) ¢01866

Li) [21).

In detail, the spent batteries are first discharged and then manually
dismantled to recover the Al and Cu foils in metallic form and the
separator, directly recycled after dismantling (Fig. 3).

The waste cathode materials ground into finer fractions for the sub-
sequent extraction process is obtained by calcining at 700 “C for 2 h the
cathode materials to remove carbon.

The powder of cathode material thereby obtained is used as raw
material for the leaching process under optimized and mild extraction
conditions (80 min, 70 "C, 2.0 M H20,, with reductant dosage of 0.6 wt
9%, and slurry density of 50 g/L).

Aqueous Hy0; acts as clean reductant during metal leaching (Eq. 1),
with both metal fons and waste citric acid being simultaneously recov-
ered by selective precipitation (unbalanced).

HiCit + LiCoO; + Hy0;— Co3(Cit); + Co(HCit) + Co(H,Cit), + LizCit +
Lix(HCit) + Li(H,Cit) + H0 + O, 1)

A Co

. Circulatory leaching under optimized conditions

U

Cycle(s)

Fig. 3. Simplified pretreatment process of spent LIBs based on citric aicd/hydrogen peroxide oxidative leaching of Co and Li: (A) manual dismantling; (B) peeling off
Al/Cu foils and recycling of Al and Cu (top); and circulatory leaching experiments under the optimized conditions using citric acid and H;0; (bottom). [Reproduced

with permission from Ref.21, Copyright American Chemical Society].
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Co and Li ions dissolved in the lixivium are treated with oxalic acid
and phosphoric acid solutions to recover Co and Li. The total reaction
equation (Eq. 2) shows that water and oxygen are the only byproducts in
the whole recovery process (unbalanced).

LiCo0; + H0; + HiC104 + HyPO4= Co(C;04): + Lis(PO); + HO + 0(2)

In a truly closed-loop route typical of the circular economy, about
99% Co and 93% Li could be recovered as CoC204-2H20 and LizPOy4,
respectively, whereas the recycled citric acid shows similar leaching
capability as fresh acid (Fig. 3, bottom).

LFP batteries, we have discussed elsewhere [1], will remain for many
years the dominating lithium battery technology used by electric vehi-
cles. It is therefore particularly relevant the recent discovery of a green
and economically viable process for recycling entire spent LiFePO4 bat-
teries to battery grade (99 wtd) Li,CO; ready for manufacturing new LFP
batteries [22].

The process is based on the selective leaching of lithium based on
oxidation of LiFePO; to FePO4 with aqueous sodium persulfate
(NazS,0p), forcing lithium deintercalating from the cathode (Eq. 3),
while neither Fe (0.048% leaching) nor P (0.387%) leach out from the
cathode structure whose olivine crystal structure is fully retained during
the lithium leaching process.

2LiFePOy + NayS;03 -+ 2FePO4 | + Li2SO4 + NapSOy 3)

In detail (Fig. 4), cathode scrap of LFP powder attached on Al foil
obtained by a local battery recycling company is first separated from soft-
package batteries via discharging and dismantling, and then cut into
small pieces.

More than 99% of Li is leached without the addition of acid and alkali
under the optimal conditions of 1.05 times the stoichiometric amount of
persulfate, under remarkably mild conditions (25 “C, 20 min stirring a
300 g L™ suspension of powdered cathode plates) with nearly no
wastewater and solid waste generation.

No prior separation of cathode active material and Al foil (the most
demanding procedure in the present recycling process of spent LIBs) is
required because in the strong oxidative environment, Al is passivated
(formation of a thin layer of Al;03) resulting in an extremely low
leaching of Al.

The leaching of lithium is very rapid with >90% of Li leached into the
solution in only S min, an further increases to 99.8% by prolonging the
leaching time to 20 min. As a result, the most valuable element in spent
LFP batteries is directly recovered as Li,COj; of high purity (>99%) by
simple addition of Na2CO3 to the leachate followed by evaporation.

In a closed-loop method with great potential for industrial upscale,
the mother liquor obtained after evaporation is used to prepare valued
NayS04-10H,0 product via freeze crystallization, whereas the crystal-
lized solution is returned to leach another batch of raw cathodes with the
addition of fresh Naz$;0s.

Besides Li recovery, the process enables direct cathode recycling to
make new LFP cathodes for new batteries using the well-crystallized
orthorhombic FePO4 leaching residue whose XRD pattern is close to
that of raw LiFePO, cathodes (the reverse of the phase transformation
occurring in the charging of LFP battery, in which LiFePO, releases Li*
ion and turns into FePOy).

Affording highly pure (>99.5%) lithium carbonate, the aforemen-
tioned processes solve the main problem which so far has limited the
industrial uptake of green chemistry processes in LIB recycling, namely
the “lengthy processing and purification processes of the raw materials to
reach battery grade” [23] which determines “the true cost to manufac-
ture” (23] Li-ion batteries.

Practically useful research in the field of green chemistry recycling
processes continues at fast pace.

Selected examples include the simultaneous recovery of Li and Co
from LiCoO, cathode materials in a single step with good leaching effi-
ciency (97% for Li and 98% for Co) using 0.6 M tartaric acid as leaching
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agent and 3% (v/v) H20; as reducatant (30 min at 80 °C with a solid to
liquid ratio of 30 mL/g) [24]; and the recovery of all valuable metals
from LiNigsCop2Mnp 302 cathode with excellent leaching efficiency
(1009 for Li, 93.38% for Ni, 91.63% for Co, and 92.00% for Mn) using an
environmentally friendly leachant mixture of 0.2 M phosphoric acid and
0.4 M citric acid {25).

In the latter case, acid consumption is low, and the extraction time
short (30 min at 90 *C with a solid to liquid ratio of 20 g/L) with no need
for reductant as citric acid acts both as leachant and reductant.

2.2. Economic aspects

In a recent patent [10], seven main components (cobalt, lithium,
copper, graphite, nickel, aluminum, and manganese} were reported to
comprise >90% of the economic value of a spent lithium-ion battery: Co
(39%) and Li (16%, as LCE equivalent) followed by Cu (12%), graphite
(10%), Ni (9%), Al (5%) and Mn (2%).

The economic (and environmental) advantages of EVs are so large
and significant (electric buses, for example) [26] that, regardless of
rapidly growing output from new large factories in China, the demand of
Li-ion batteries currently overcomes supply. This is especially the case for
countries and rvegions like Europe where limited Li-ion battery
manufacturing takes place. One Germany's bus manufacturer, for
example, by early 2019 was reported to be unable to get the batteries
needed to start manufacturing electric buses in 2020 (27].

New regulation in China now holds EV makers responsible for the
recovery of batteries, requiring them to set up recycling channels and
service outlets where old batteries can be collected, stored and trans-
ferred to recycling companies. By the end of February 2019, 393 car-
makers, 44 scrapped car dismantling enterprises, 37 cascade utilization
enterprises and 42 recycling enterprises had already joined the new
traceability platform to track origin and owners of discarded batteries
[28].

Furthermore, since 2017 new legislation forbids to import in China
electronic waste, including batteries, which is leading China-based
companies formerly supplying lithium carbonate, cobalt and nickel sul-
fates obtained from batteries retired from large consumer electronics
manufacturers to establish new recycling plants “overseas™ (in South
Korea for example) [29]; as well as foreign EV battery makers to open
recycling plants in China [30].

Industrial LIB recycling companies in China include Taisen Recycling,
Zhejiang Huayou Cobalt, Brunp, Jingiao Group, Jiangxi Ganfeng Lithium
and GEM. The latter company, for example, operates in China 13 auto-
mated battery dismantling and recycling facilities where it manufactures
the cathode precursors (Fig. 5), with an annual production capacity of
cobalt, nickel materials of lithium ion batteries and cathode material
exceeding 50,000 tons [31].

The products resulting from battery recycling are sold to battery
manufacturers. Hence, it may not be surprising to learn that large battery
manufacturers own recycling companies, as in the case of Brunp, a
lithium-ion battery recycler in Hunan.

Though smaller, from Singapore (TES-AMM operating a plant using
an hydrometallurgical process developed in France), through South
Korea (SungEel) and Belgium (Umicore), from the U.S. and Canada
(Retriev Technologies) through Australia (Envirostream Australia) and
Great Britain (Belmont Trading), several other companies across the
world operate LIB recycling facilities.

The list above is far from being exhaustive. What is relevant here is
that, driven by dramatically growing uptake of LIBs for electric vehicles,
recycling companies are rapidly expanding their facilities and new
companies are entering the market. For instance, by early 2019 when the
company recycled over 8,000 tons of retired batteries annually through
an hydrometallurgical process, a Korean firm was undergoing a 5-fold

" expansion with three new plants due to start operations in Hungary,

India, and in USA (32].
Market forecasts for the LIB recycling industry agree on significant
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Fig. 4. Flowsheet of the method for treating entire spent LiFePO, batteries using aqueous sodium persulfate under neutral conditions for Li leaching, [Reproduced

with permission from Ref.22, Copyright American Chemical Society).

growth, though forecasted figures vary. According to the aforementioned
2017 report (6, 33), recycled lithium will reach 9 percent of total lithium
battery supply in 2025 (namely 5,800 tonnes of recycled lithium, or 30,
000 tonnes LCE), and that of cobalt almost 20 percent of the demand,
with >66% lithium-ion batteries being recycled in China.

New green chemistry technology will further contribute to lower
recycling costs. Amid the numerous green recovery processes, the battery
recycling industry will uptake the cheapest and most versatile.

Indeed, upon developing the leaching process based on citric acid/
phosphoric acid [25), Zhou and co-workers compared it with two other
efficient and rapid metal recovery processes in leaching LiNi,CoyMn,0,
cathode material, namely those using lactic [34] acid and hydrogen
peroxide, and malic (35} acid and hydrogen peroxide.

The three processes have similar leaching temperature, solid to liquid
ratio and leaching time. Assuming therefore to treat one ton of waste
cathode materials, the difference in cost mainly stems from raw material
prices, with the cost of the phosphoric acid/citric acid leaching process
about 30% lower than the malic acid process, and approx. 38% lower
than that using expensive lactic acid [25).

Low cost citric acid, indeed, is the single largest chemical obtained via
biomass fermentation and the most widely employed organic acid [36).

3. Conclusions

In early 2017, Zhao published one of the first comprehensive books
on the reuse and recycling of lithium-ion batteries [37). Referring to the
“uncertain performance and service life of retired power batteries”,
ending the “Market Development of Reuse and Recycling of Power Bat-
teries” chapter, he wrote:

“The profit margin in the reuse of lithium-ion power batteries is un-
clear. Although data on batteries provided by lithium-ion power
battery producers state that the batteries removed from new energy
vehicles retain 70-80% valid energy and appear competitive in costs,
there are still many challenges when energy storage is focused in the
field of battery reuse” [38].

Two years later, a large electric power company started construction
of a 268.6 MWh energy storage plant in the east China's Jiangsu Province.
The PV + storage plant will use retired EV batteries of 75,000 kWh re-
sidual capacity (45,000 kWh from LFP batteries and 30,000 KWh from

Fig. S. The automatic control system of GEM power battery precursor material
production line. [Photo courtesy of GEM Co., kindly reproduced
from gem.com.cn).
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lead-acid batteries), with additional storage capacity of 193,600 kWh
from new LIBs [39].

This single example renders the pace of innovation in energy storage
(and renewable electricity storage in particular), and reinforces the need
to broaden and renew the education of energy managers [40], particu-
larly in the field of solar energy [41] whose 2018 photovoltaic output in
China grew by 50 per cent in one year only, to the outstanding figure of
over 177 TWh [42).

Regardless of ongoing reports for which, citing data going back to
2010, lithium-ion batteries would be “currently recycled at a meagre rate
of less than 5% in the European Union" {43], this study not only refers to
actual figures for which, globally, 58% of the world's spent LIBs will be
recycled only in 2019 (6], but also shows evidence of a global boom of
LIB industrial recycling lately extending to numerous countries beyond
China.

This is not a research policy study but it cannot be omitted to notice
how, reflecting global dominance of China's battery manufacturing and
recycling industries, most research articles [21, 22, 24, 25, 34, 35 ] on the
recovery of valued metals from spent LIBs were financially supported by
China's government through the National Natural Science Foundation of
China, and through Provinces interested in preventing pollution and in
supporting the huge new battery manufacturing and battery EV
industries.

There is not shortage of lithium (the mineral raw material) {44], but
there is shortage of highly pure lithium carbonate and lithium hydroxide
(the chemicals) as lately shown, for example, by the scarcity of battery
grade lithium lately recorded by the Germany's company willing to start
large-scale electric bus manufacturing [27].

In brief, the reuse and the recycling of LIBs is no longer an option but
an inevitable need for both battery and battery EV manufacturers.

Helping to further streamline and automate the recycling process, the
circular economy companies recycling lithium-ion batteries already work
with battery makers to adopt easily dismantled product designs, and will
shortly uptake the new green chemistry processes lately developed for
the green recovery of all valued battery components.

Energy storage in lithium-ion battery is essential to expand the uptake
of clean and renewable electricity for all energy needs including and
foremost for powering electric vehicles. Providing an updated global
perspective on lithium-ion battery reuse and recycling, this study will be
useful to scholars, for example to update content of their teaching, as well
as to policy makers devising new policies to promote the energy transi-
tion [45].
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What is Lithium Carbonate?
Amanda Kay - August 15th, 2018

Lithium production numbers are often broken down in terms of lithium carbonate
equivalent. But what is lithium carbonate? Find out here.

Lithium production is at an all-time high, in part due to the world's efforts to go
green via electric vehicles. But what do we know about the different types of
lithium?

Here we discuss lithium carbonate, a lithium compound used in a range of industrial,

terhniral and medical annlicatinnsg
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As Albemarle (NYSE:ALB) notes, lithium carbonate is often “the first chemical in the
lithium production chain,” with compounds like lithium hydroxide being produced with
subsequent steps if needed. For that reason, lithium production numbers are often
broken down in terms of lithium carbonate equivalent.

Iithium-supply-chains

Get your free summary from the 2019 Lithium
Supply Markets Conference!

Read our new report today

Give me my free report!

Like other lithium products, lithium carbonate may be produced from brines or from
hard-rock deposits. That said, a few companies are also looking to produce the material
from clay-based lithium deposits.

Though many companies are interested in producing lithium carbonate, not all
investors are familiar with what it is. Here are a few key points on lithium carbonate to
keep in mind. Each point is elaborated on further in the article below:

1. Lithium carbonate is used for much more than just lithium-ion batteries.

2. Not all lithium carbonate is created equal.

3. Lithium hydroxide is becoming more popular than lithium carbonate for use in
manufacturing lithium-ion batteries.

1. Lithium carbonate: Batteries and beyond

Batteries have generated the most excitement in the lithium space over the last few
years, with interest spurred by Tesla's (NASDAQ:TSLA) plans to develop lithium-ion
battery gigafactories. However, there is more to the lithium market than Tesla, and the
market for lithium is not all about batteries.

Looking beyond batteries, lithium carbonate is used in ceramics, glass, cement and
aluminum processing. Indeed, while the battery market is certainly growing, the US
Geological Survey estimates that glass and ceramics still made up roughly 27 percent of

https://investingnews.com/daily/resource-investing/battery-metals-investing/lithium-inves... 11/21/2019
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global end-use markets in 2017. Lithium carbonate also has an important use in the
pharmaceutical industry: it's been on the World Health Organization’s list of essential
medicines as a treatment for bipolar disorder.

2. Lithium production: Different types of lithium

When it comes to lithium production, not all lithium carbonate is made equal, and end
products must meet specific requirements to be used in different applications. For
example, battery-grade lithium carbonate can be used to make cathode material for
lithium-ion batteries, but most contaminants must be removed in order for the
material to be considered battery grade.

Technical-grade lithium carbonate is cheaper than battery-grade material, but such
products must have very low concentrations of iron to make the cut for end users. This
type of lithium is used in applications for glass and ceramics. it's also worth noting that
lithium is used in the form of ore concentrates in industrial applications rather than as
lithium carbonate or hydroxide.

lithium free investors report

Interested in Investing in Lithium?
Find out why the market looks good this year

Give me my free report!

3. What about hydroxide?

As mentioned, lithium hydroxide is becoming more popular than lithium carbonate, at
least in terms of manufacturing electric vehicle batteries. While lithium hydroxide is
more expensive, it can also be used to produce cathode material more efficiently, and
is actually necessary for some types of cathodes, such as nickel-cobalt-aluminum oxide
(NCA) and nickel-manganese-cobalt oxide (NMC).

As Jean Francois Magnan, technical manager for Nemaska Lithium (TSXV:NMX), once
explained in an interview, "because hydroxide decomposes at a lower temperature, it
accelerates the process. It uses less heat, less energy, so you produce more cathode
material with less energy, and you can still use the same equipment.”

https://investingnews.com/daily/resource-investing/battery-metals-investing/lithium-inves... 11/21/2019
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Demand for lithium production has risen significantly in recent years due to the
growing electric vehicle market, and lithium hydroxide is expected to outpace lithium
carbonate in terms of demand growth.

That might not sound like good news for lithium carbonate, but as explained above, the
material still has plenty of uses beyond batteries. And since it's still a precursor to
lithium hydroxide in most cases, lithium carbonate could still have a place in the
lithium-ion battery supply chain moving forward.

This is an updated version of an article originally published by the investing News Network in
2015,

Don't forget to follow us @INN_Resource for more updates!

Securities Disclosure: I, Amanda Kay, hold no direct investment interest in any
company mentioned in this article.

Editorial Disclosure: Nemaska Lithium is a client of the Investing News Network.
This article is not paid-for content.

battery metals outlook report 2018

Invest in the Battery Metals Boom Today

Click to download your free report

Give me my free report!

GET THE LATEST LITHIUM INVESTING STOCK INFORMATION

Get the latest information about companies associated with Lithium Investing
Delivered directly to your inbox.

LITHIUM INVESTING
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Second Use & Long Service Life Holding Back Volume for Recycling 2017-12-04 14:37:51

Recycling Could Supply 9% of Global Lithium Demand by 2025

A new analysis of the global lithium-ion end-of-life market has concluded that the total amount of recycled lithium could reach 5800 tonnes (30,000 tonne
LCE) in 2025.

From Ben Messenger

® O

lithium-ion batteries Recycling Markets & Policy

v Show all 4 keywords ~ Show fewer keywords

LCE = lithium carbonate (Li2C03) equivalent; determined by multiplying Li value in percent by 5.324 to get an equivalent Li2CO3.

A new analysis from Creation tnn of the global lithium-ion end-of-life market has concluded that the total amount of recycled lithium could reach 5800
tonnes (30,000 tonnes LCE) in 2025, while cobalt is expected to reach 22,500 tonnes.

Long service life, positive prospects for second use and poor collection of portable batteries were said to be the main contributors to the relatively low
volume.

More than 66% of the lithium-on batteries, or 191,000 tonnes, is expected to be recycled in China, feeding the country’s fast-growing battery material
industry. The%age will be even larger for the important cobalt-containing batteries. 76% of the cobalt in 2025 Is expected to be recycled in China without
taking production scrap or other sources into account.

The report found excellent prerequisites for a global circular model with batteries moving from first to second use to ultimately be recycled in closed-loop
solutions, bringing old material to life in new batteries.

https://waste-management-world.com/a/in-depth-recycling-to-supply-9-of-global-lithium-... 11/21/2019
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However, for Europe and North America the race for closed-loop solutions can already be lost to China. Large amounts of current end-of-life batteries are
exported to China benefiting both the Chinese recycling industry and the domestic producers of battery materials.
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When volumes eventually increase in Europe and North America the Chinese recycling industry will have a strong competitive advantage through proven
technofogy and available capacity.

“The limited recycling of lithium-ion batteries in Europe and North America has very little to do with lack of technology but is rather a consequence of a
policy framework that doesn’t acknowledge the reuse value in the batteries which currently drives them overseas,” said Hans Eric Melin, consultant at
Creation Inn and author of the study.

"From a circular point of view, it actually works fairly well but it doesn't provide much support to government's ambitions to secure access 1o critical raw
material in EU, US and Canada,” he added

More about this topic

$2000 Fine for Failing to Charge Mandatory 50 cent Bag Charge2019-11-13 15:16:22

Hong Kong Chidren’s Wear Shop Fined for Issuing Free Plastic Shopping Bags

Hertfordshire Zoo Keepers Pick Nearly 600 kg of Waste2019-11-08 13:13:07

VIDEO: Paradise Wildlife Park Volunteers Pick Litter Equivalent in Weight to 715 Meerkats

'GAIN' Technology to Enhance Sensor Based Sorting of Wastes2019-11-08 12:08:03

Big Data, Al and Deep Learning - TOMRA Sorting Recycling's Ecomondo Unveil

For the automotive industry there will be a significant opportunity to capture a large part of the energy storage market by taking back electric vehicle
batteries and use them in utility-scale storage solutions.

According tot he report the model connects well with similar solutions for vehicle-to-grid in which the vehicle is used as a grid-connected battery, and
provides strong growth opportunities while also compensating for revenues that will be lost when sales of spare parts and services are decreasing due to
the limited need for maintenance of new electric cars.

The analysis from anticipates that at least 60% of the batteries from electric vehicles will serve in second use solutions before they are sent to recycling.
Other products and services said to have high potential based on the growing lithium-on market are:

Intelligent battery management systems

Flexible and scalable battery pack design

Smant take-back systems

Applications based on second life batteries.

From a raw material perspective recycled battery minerals such as lithium, cobalt, nickel and manganese can be found in new batteries already today.
However, the volumes in relation to the rapidly increasing need for materials are still minuscule especially for lithium.

Investments in additional recycling capacity and implementation of new technologies in China, together with the already steep price increase for lithium
and cobalt provide important drivers for change. In 2025 the amount of cobalt from recycled batteries is expected to reach almost 20% of the demand.
Most of this is expected to be recycled and resynthesized to new cathode material ready to be used in Chinese cathode manufacturer's processes.

The report from Creation Inn is written by Hans Eric Melin who has spent 8 years in the battery recycling industry and more than 15 years in energy and
environment-related industries. The study is the result of six months of research based on discussions with industry players, studies of available research
and personal experiences from the lithium-ion end-of-life industry.

Besides volume forecasts the report contalns overviews of the current end-of-life market, different recycling methods and the emerging second use mark
1t also discusses challenges and opportunities for current and new companies in the lithium-ion value chain.

Read More

Funding for German Project to Cut the Costs of Lithium-lon Battery Recycling

Germany’s Federal Ministry of Education and Research has backed a research project aimed ay developing a cost effective means of recycling Lithium-io:
batteries with the use of electro-hydraulic fragmentation of materials by shock waves.

The Lithium Battery Recycling Challenge

Increasing oil prices, demand for urban vehicles, megacities and focus on sustainable transportation have kickstarted a substantial trend towards
automotive electrification such as hybrids and electric vehicles (EVs). Estimates suggest that by 2020, EVs are likely to account for more than 7% of the
global transportation market.

Energizer Introduces ‘World First’ Recycled AA Battery Range

US battery manufacturer Energizer has launched an AA battery range made using 4% recycled material from end-of-life batteries.
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Press release: Recycled
lithium to reach 9 percent
of total lithium battery
supply in 2025

Second use and long service life hold
volumes back

Europe and North America risk losing
recycling industry to China

London, November 29, 2017 — According to a new
analysis by Creation Inn of the global lithium-ion end-of-
life market, the total amount of recycled lithium can
reach 5,800 tonnes (30,000 tonnes LCE) in 2025, while
cobalt is expected to reach 22,500 tonnes. Long service
life, positive prospects for second use and poor
collection of portable batteries are the main contributors
to the relatively low volume.

More than 66 percent of the lithium-ion batteries, or
191,000 tonnes, is expected to be recycled in China,
feeding the country’s fast-growing battery material
industry. The percentage will be even larger for the
important cobalt-containing batteries. 76 percent of the
cobalt in 2025 is expected to be recycled in China
without taking production scrap or other sources into
account.

https://circularenergystorage.com/news/2017/11/30/press-release-recycled-lithium-to-reac... 11/21/2019
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In the first analysis of the global end-of-life value chain for
lithium-ion batteries Creation Inn finds excellent prerequisites
for a global circular model with batteries moving from first to
second use to ultimately be recycled in closed-loop
solutions, bringing old material to life in new batteries.

However, for Europe and North America the race for closed-
loop solutions can already be lost to China. Large amounts
of current end-of-life batteries are exported to China
benefiting both the Chinese recycling industry and the
domestic producers of battery materials. When volumes
eventually increase in Europe and North America the
Chinese recycling industry will have a strong competitive
advantage through proven technology and available
capacity.

Lithium-ion batteries available for o
recycling in 2025 (lonnes) Matedals from recyled fithium-ion batieries
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Hans Eric Melin, consultant at Creation Inn and author of the
study says in a comment:

"The limited recycling of lithium-ion batteries in Europe and
North America has very little to do with lack of technology but
is rather a consequence of a policy framework that doesn’t
acknowledge the reuse value in the batteries which currently
drives them overseas. From a circular point of view, it
actually works fairly well but it doesn’t provide much support
to. government’s ambitions to secure access to critical raw
material in EU, US and Canada.”

Better opportunities are given the automotive industry which
have an excellent opportunity to capture a substantial part of
the energy storage market by taking back electric vehicle

batteries and use them in utility-scale storage solutions. The

https://circularenergystorage.com/news/2017/11/30/press-release-recycled-lithium-to-reac... 11/21/2019
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model connects well with similar solutions for vehicle-to-grid
in which the vehicle is used as a grid-connected battery, and
provides strong growth opportunities while also
compensating for revenues that will be lost when sales of
spare parts and services are decreasing due to the limited
need for maintenance of new electric cars. The analysis from
Creation Inn anticipates that at least 60 percent of the
batteries from electric vehicles will serve in second use
solutions before they are sent to recycling.

Other products and services with high potential based on the
growing lithium-on market are:

Intelligent battery management systems

* Flexible and scalable battery pack design
Smart take-back systems

Applications based on second life batteries

From a raw material perspective recycled battery minerals
such as lithium, cobalt, nickel and manganese can be found
in new batteries already today. However, the volumes in
relation to the rapidly increasing need for' materials are still
minuscule especially for lithium. Investments in additional
recycling capacity and implementation of new technologies
in China, together with the already steep price increase for
lithium and cobalt provide important drivers for change. In
2025 the amount of cobalt from recycled batteries is
expected to reach almost 20 percent of the demand. Most of
this is expected to be recycled and re-synthesized to new
cathode material ready to be used in Chinese cathode
manufacturer's processes.

The report from Creation Inn is written by Hans Eric Melin
who has spent 8 years in the battery recycling industry and
more than 15 years in energy and environment-related
industries. The study is the result of six months of research
based on discussions with industry players, studies of
available research and personal experiences from the
lithium-ion end-of-life industry. Besides volume forecasts the
report contains overviews of the current end-of-life market,
different recycling methods and the emerging second use
market. It also discusses challenges and opportunities for
current and new companies in the lithium-ion value chain.
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For more information please contact:
Hans Eric Melin, Managing Director Creation Inn
hanseric@creationinn.com

+44775 692 7479

The report “Circular opportunities in the lithium-ion industry”
can be purchased at www.creationinn.com. )

TWITTER LINKEDIN 0 LIKES
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Bloomberg, Charged, Mining.com and many
other publications quote Circular Energy
Storage's new report

NEXT

Hans Eric Melin invited to speak at University >
of Oxford

Circular Energy Storage Research and Consulting is
part of Creation Inn Ltd

London, N134AH, United Kingdom, +44 775 692 7479
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It’s time to get serious about recycllng
lithium-ion batteries

A projected surge in electric-vehicle sales means that researchers must think about conserving
natural resources and addressing battery end-of-life issues

by Mitch Jacoby
JULY 14, 2019 | APPEARED IN VOLUME 87, ISSUE 28

Credit: American Manganese | In a battery-recyciing pliot plamt nsar Vancouver, Britlsh Cotumbia, [} atuminum recovered from Lion battery cathodes.

s the popularity of electric vehicles starts to

grow explosively, so does the pile of spent

lithium-ion batteries that once powered
those cars. Industry analysts predict that by 2020, China
alone will generate some 500,000 metric tons of used
LiHon batteries and that by 2030, the worldwide number
will hit 2 million metric tons per year.

If current trends for handling these spent batteries hold,
most of those batteries may end up in landfills even
though Li-on batteries can be recycled. These popular
power packs contain valuable metals and other
materials that can be recovered, processed, and reused.
But very little recycling goes on today. In Australia, for
example, only 2-3% of Li-ion batteries are collected and
sent offshore for recycling, according to Naomi J. Boxall,
an environmental scientist at Australia’s Commonwealth
Scientific and Industrial Research Organisation (CSIRO).
The recycling rates in the European Union and the
US—less than 5%—aren’t much higher.

ADVERTISEMENT

IN BRIEF

expentise

Lithium-ion batteries have made
portable electronics ubiquitous,
and they are ahout to do the same for
electric vehicles. That success story is
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“There are many reasons why Li-ion battery recycling is strategies for dealing with the vast
not yet a universatly well-established practice,” says
Linda L. Gaines of Argonne National Laboratory. A
speclalist in materials and life-cycie analysis, Gaines
says the reasons include technical constraints,
economic barriers, logistic issues, and regulatory gaps.

stockpile of Li-ion batteries looming
on the horizon.

All those issues feed into a classic chicken-and-egg problem. Because the Li-on battery industry
lacks a clear path to large-scale economical recycling, battery researchers and manufacturers have
traditionally not focused on improving recyclability. Instead, they have worked to lower costs and
increase battery longevity and charge capacity. And because researchers have made only modest
progress improving recyclability, relatively few Li-ion batteries end up being recycled.

Credit: Mitch Jacoby/CREN

The large, inverted, T-shaped object that fills this travel case (black) is an approximately 200 kg Chevy Volt battery
pack. Propped on top of it, at left, is a postcard-sized pouch battery, 288 of which make up the Volit's battery pack. For
scale, a cell phone battery is shown in the center and an iPad battery at right.

Most of the batteries that do get recycled undergo a high-temperature melting-and-extraction, or
smelting, process similar to ones used in the mining industry. Those operations, which are carried
out in large commercial facilities—for example, in Asia, Europe, and Canada—are energy intensive.
The plants are also costly to build and operate and require sophisticated equipment to treat harmful
emissions generated by the smelting process. And despite the high costs, these plants don't recover
all valuable battery materials.
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Until now, most of the effort to improve Li-ion battery recycling has been concentrated in a relatively
small number of academic research groups, generally working independently. But things are starting
to change. Driven by the enormous quantity of spent Li-ion batteries expected soon from aging
electric vehicles and ubiquitous portable electronics, start-up companies are commercializing new
battery-recycling technology. And more scientists have started to study the problem, expanding the
poo! of graduate students and postdocs newly trained in battery recycling. In addition, some battery,
manufacturing, and recycling experts have begun forming large, multifaceted collaborations to
tackle the impending problem.

In January, for example, US Department of Energy
Sign up for C&EN's must-read secretary Rick Perry announced the creation of the
weekly newsletter DOE'’s first LiHon battery recycling R&D center, the
ReCell Center. According to Jeffrey S. Spangenberger,
the program's director, ReCell’s key goals include

Emall Address Subscribe » making Li-lon battery recycling competitive and
profitable and using recycling to help reduce US
Contucus to opt et amti dependence on foreign sources of cobalt and other

battery materials. Launched with a $15 million
investment and headquartered at Argonne National Laboratory, ReCell includes some 50
researchers based at six national laboratories and universities. The program also includes battery
and automotive equipment manufacturers, materials suppliers, and other industry partners.

At the same time, the DOE also launched the $5.5 million Battery Recycling Prize. The program's
goal is to encourage entrepreneurs to find innovative solutions for collecting and storing discarded
Li-ion batteries and transporting them to recycling centers, which are the first steps in turning old
batteries into new ones.

And last year, researchers in the UK formed a large consortium dedicated to improving Li-on battery
recycling, specifically from electric vehicles. Led by the University of Birmingham, the Reuse and
Recycling of Lithium lon Batteries (ReLiB) project brings together some 50 scientists and engineers
at eight academic institutions, and it includes 14 industry partners.

Related: Boosting the performance of aqueous potassium-ion batteries
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RECYCLING'S BENEFITS
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Battery specialists and environmentalists give a long list BY THE NUMBERS
of reasons to recycle Li-ion batteries. The materials
recovered could be used to make new batteries, 140 million: The number of electric
lowering manufacturing costs. Currently, those materials  vehicles predicted to be on the road
account for more than haif of a battery’s cost. The prices  woridwide by 2030
of two common cathode metals, cobalt and nickel, the
most expensive components, have fluctuated 11 million: Metric tons of Li-ion
substantially in recent years. Current market prices for batteries expected to reach the end of
cobalt and nickel stand at roughly $27,500 per metric their sarvice fives between now and
ton and $12,600 per metric ton, respectively. In 2018,
cobalt’s price exceeded $90,000 per metric ton. 2030
In many types of Lidon batteries, the concentrations of 30-40%: The percentage of a Li-ion
these metals, along with those of lithium and battery's weight that comes from
manganese, exceed the concentrations in natural ores, valuable cathode material
making spent batteries akin to highly enriched ore. If
those metals can be recovered from used batteries at a <5%: The percentage of LiHon
large scale and more gconomically t.han from natural batteries that are recycled currently
ore, the price of batteries and electric vehicles should
drop. ~100%: The percentage of the lead in
In addition to potential economic benefits, recycling common lead-acid car batteries that
could reduce the quantity of material going into landfills.  gets recycled into new batteries
Cobalt, nickel, manganese, and other metals found in
batteries can readily leak from the casing of buried ~$70 biilion: The value of the LHon
batteries and contaminate soil and groundwater, battery market projected for 2022
threatening ecosystems and human health, says Zhi
Sun, a specialist in pollution control at the Chinese Sources: International Energy
Academy of Sciences. The same Is true of the solution of  Agency, US Department of Energy.
lithium fluoride salts (LiPFg is common) in organic
solvents that are used In a battery's electroiyte.
Batteries can have negative environmental effects not just at the end of their lives but also long
before they are manufactured. As Argonne’s Gaines points out, more recycling means less mining of
virgin material and less of the associated environmental harm. For example, mining for some battery
metals requires processing metal-sulfide ore, which is energy intensive and emits SO, that can lead
to acid rain.
Less reliance on mining for battery materials could also slow the depletion of these raw materials.
Gaines and Argonne coworkers studied this issue using computational methods to model how
growing battery production could affect the geological reserves of a number of metals through 2050.
Acknowledging that these predictions are “complicated and uncertain,” the researchers found that
world reserves of lithium and nickel are adequate to sustain rapid growth of battery production. But
battery manufacturing could decrease global cobalt reserves by more than 10%.
There are also political costs and downsides that recycling Li-ion batteries could help address.
According to a CSIRO report, 50% of the world's production of cobait comes from the Democratic
Republic of the Congo and is tied to armed conflict, illegal mining, human rights abuses, and harmful
environmental practices. Recycling batteries and formulating cathodes with a reduced
concentration of cobalt could help lower the dependence on such problematic foreign sources and
raise the security of the supply chain.
https://cen.acs.org/materials/energy-storage/time-serious-recycling-lithium/97/i28 11/21/2019
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Crodit: Mitch Jacoby/CAEN
Argonne National Laboratory’s Dohyeun Kim prepares pouch-type Li-ion batteries to study battery recycling.

CHALLENGES INRECYCLING LHONBATTERIES

Just as economic factors can make the case for recycling batteries, they also make the case against
it. Large fluctuations in the prices of raw battery materials, for example, cast uncertainty on the
economics of recycting. In particular, the recent large drop in cobalt's price raises questions about
whether recycling Li-ion batteries or repurposing them is a good business choice compared with
manufacturing new batteries with fresh materials. Basically, if the price of cobalt drops, recycled
cobalt would struggle to compete with mined cobalt in terms of price, and manufacturers would
choose mined material over recycled, forcing recyclers out of business. Another longterm financial
concern for companies considering stepping into battery recycling is whether a different type of
battery, such as Li alr, or a different vehicle propulsion system, like hydrogen-powered fue!l cells,
will gain a major foothold on the electric-vehicle market in coming years, lowering the demand for
recycling Li-ion batteries. '

Battery chemistry also complicates recycling. Since the
early 1990s when Sony commercialized Li-on batteries,
researchers have repeatedly tailored the cathode's
composition to reduce cost and to enhance charge
capacity, longevity, recharge time, and other
performance parameters.

— Some LiHon batteries use cathodes made of lithium
Theory and Practice of cobalt oxide (LCO). Others use lithium nicke] manganese

LC Method cobalt oxide (NMC), lithium nicke) cobalt aluminum
Translations & oxide, lithium iron phosphate, or other materials, And
Transfers the proportions of the components within one type of

by Mac-Mod Analytical, inc. cathode—for example, NMC—can vary substantially

among manufacturers. The upshot is that Li-on batteries

contain “a wide diversity of ever-evolving materials,
which makes recycling challenging,” says Liang An, a battery-recycling specialist at Hong Kong
Polytechnic University. Recyclers may need to sort and separate batteries by composition to meet
the specifications of people buying the recycled materials, making the process more complicated
and raising costs.
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Battery structure further complicates recycling efforts. Li-ion batteries are compact, complex
devices, come in a variety of sizes and shapes, and are not designed to be disassembled. Each cell
contains a cathode, anode, separator, and electrolyte.

SPONSORED CONTENT

Particles put new spin on
ancient technologies
by WR Grace

Cathodes generally consist of an electrochemically active powder (LCO, NMC, etc.) mixed with
carbon black and glued to an aluminum-foil current collector with a polymeric compound such as
poly(vinylidene fluoride) (PVDF). Anodes usually contain graphite, PVDF, and copper foil. Separators,
which insulate the electrodes to prevent short circuiting, are thin, porous plastic films, often
polyethylene or polypropylene. The electrolyte is typically a solution of LiPFg dissolved in a mixture of
ethylene carbonate and dimethyl carbonate. The components are tightly wound or stacked and
packed securely in a plastic or aluminum case.

Related: Matthey advances lithium nicke! oxide battery material

Large battery packs that power electric vehicles may contain several thousand cells grouped in
modules. The packs also include sensors, safety devices, and circuitry that controls battery
operation, all of which add yet another layer of complexity and additional costs to dismantling and
recycling.

All these battery components and materials need to be dealt with by a recycler to get at the valuable
metals and other materials. In stark contrast, lead-acid car batteries are easily disassembled, and
the lead, which accounts for about 60% of a battery's weight, can be separated quickly from the
other components. As a result, nearly 100% of the lead in these batteries Is recycled in the US, far
surpassing recycling rates for glass, paper, and other materials.

https://cen.acs.org/materials/energy-storage/time-serious-recycling-lithium/97/i28
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Inside a Li-ion battery

All the components of a Li-on battery have value and can be recovered and reused. Currently, most recyclers recover
Just the metals. The pie chart describes a cathode material known as NCA, which is made of lithium nickel cobalt

aluminum oxide.
e g. IIlthm cobalt oxlde
lithium nickel
eg grapl’ite cobalt aluminum oxide
22% 31%

Carbon black and binder: e g PVOF

4%

Credit: Mitch Jacoby/CREN

Source: Argonne National Laboratory.

IMPROVING RECYCLING METHODS

Several large pyrometallurgy, or smeiting, facilities recycle Li-ion batteries today. These units, which
often run near 1,500 °C, recover cobalt, nickel, and copper but not lithium, aluminum, or any organic
compounds, which get burned. The facilities are capital intensive, in part because of the need to
treat the emission of toxic fluorine compounds released during smelting.

Hydrometallurgy processing, or chemical leaching, which is practiced commercially in China, for
example, offers a less energy-intensive alternative and lower capital costs. These processes for
extracting and separating cathode metals generally run below 100 °C and can recover lithium and
copper in addition to the other transition metals. One downside of traditional leaching methods is
the need for caustic reagents such as hydrochiloric, nitric, and sulfuric acids and hydrogen peroxide.

Researchers running bench-scale studies have identified potential improvements to these recycling
methods, but only a handfu! of companies run recycling tests on the methods at the pilot-plant scale.
In the Vancouver, British Columbia, area, an American Manganese facility converts 1 kg/h of
cathode scrap to a precursor that manufacturers can use to synthesize fresh cathode material.
Scrap refers to off-spec cathode powder, trimmings, and other waste collected from battery
manufacturing.

AOVERVISCMENY Zarko Meseldzija, the company’s chief technical officer,
describes the scrap as “low-hanging fruit,” a convenient
C & e 11 ¥ material to use for experiments before boosting the
= scale of operations and moving on to actual spent
NOW ON ALEXA B batteries. He explains that the company’s process relies
i on suffur dioxide for leaching cathode metals and does
not use hydrochloric acid or hydrogen peroxide.

Battery Resourcers in Worcester, Massachusetts, runs a
pilot plant that processes Li-ion batteries at a rate of up
to roughly 0.5 metric tons per day and is actively working
to increase capacity by a factor of 10, according to CEO

https://cen.acs.org/materials/energy-storage/time-serious-recycling-lithium/97/i28 11/21/2019
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Eric Gratz. Many current recycling methods yield multiple single-metal compounds that must be
combined to make new cathode material. Battery Resourcers’ process precipitates a mixture of
nickel, manganese, and cobalt hydroxides. This mixed-metal cathode precursor simplifies battery
preparation and could lower manufacturing costs.

Related: Recycling renewables

Meanwhile, the DOE's ReCell team is pursuing so-called direct recycling methods for recovering and
reusing battery materials without costly processing. One approach calls for removing the electrolyte
with supercritical carbon dioxide, then crushing the cell and separating the components
physically—for example, on the basis of density differences.

In principle, nearly all the components can be reused after this simple processing. In particular,
because the method does not use acids or other harsh reagents, the morphology and crystal
structure of the cathode materials remain intact, and the materials retain the electrochemical
properties that make them valuable. Gaines says more work is needed to implement this cost-saving

approach.
+ 4! lr rAR r‘."ii' ¥
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Credit: Alireza and Stolkln/ ics Lab

At the University of Birmingham, ReLib team member Alireza Rastegarpanah develops robotic methods for safe,
automated processing of spent Li-ion batteries.

At the University of Birmingham's ReLiB project, principal investigator Paul Anderson says the team
sees a clear opportunity to boost the economic efficiency of battery recycling through automation. To
that end, the team is developing robotic procedures for sorting, disassembling, and recovering
valuable materials from Lon batteries. Birmingham's Allan Walton, a coinvestigator, adds that
using robotic devices to disassemble batteries could eliminate human workers’ risk of electrical and
chemical injury. Automation could also-lead to enhanced separation of battery components,
increasing their purity and value, he says.

Although most of these strategies remain at an early stage of development, the need for them is
growing. Currently, the number of end-ofdife electric-vehicle batteries is low, but it's about to
skyrocket. Numerous impediments stand in the way of large-scale recycling, but “opportunities
always coexist with chailenges,” says An of Hong Kong Polytechnic. It’s time to take the bull by the
horns and get serious about recycling Li-ion batteries.
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It'ld be better to recover the battery instead of recover the materials there Is inside.
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Avoid the Spark Campaign Continues Battery Safety Awareness in the Find a Drop-off

Bay Area

Loca! events to spotlight ‘hidden dangers' of trashed batteries while supporting
Calfornia Fire Foundation

SAN FRANCISCO — October 4, 2018 — This month, the Avoid the Spark™
campaign ~ a public education effort to reduce battery safety Incidents - returns to the
Bay Area to engage the community. Efforts include local county battery collections, a
cornerstone event benefiting Callfornia Fire Foundation, and the launch of a dedicated
battery safety resource webpage, www avoidthespark com. This second phase builds
on the Avoid the Spark campaign launch in May, spurred by the growing epidemic of
battery-related fires at recycling and waste facilities along with the "hidden dangers’ of
trashing lithlum-based batteries

Coordinated by Cali2Recycle®, the country's first and largest consumer battery
recyching program, and supported by industry leaders and Bay Area municipal county
partners, the campaign educates on the proper handling and disposal of old batteries
to prevent fires, protecting people and property.

A recent California Product Stewardship Council survey reported that of 26 surveyed

waste facilitles from all over California, 83 percent had a fire at thelr facility. Sixty-five

percent of the reported fires were due to batteries While the Call2Recycle program is
seeing a decrease of batteries without terminal protection received from the Bay Area
there remains a gap between consumer knowledge and practice of battery safety

“This spring. we launched the first phase of Avold the Spark in the Bay Area, but we
know that there is still much work to do in raising awareness about safely handling
transporting and disposing of batteries.” said Carl Smith, CEQ and president of
Call2Recycle, Inc “Through these partnerships, events and educational resources, our
goal is to shift consumer behavior away from trashing batteries and to recycle them as
a criticat part of our environmental mission.”

The cornerstone Avoid the Spark batlery collection event will take place in San

Francisco on Friday, October 26" from 11:00 a.m. lo 3:00 p.m. at Spark Social SF
located at 601 Mission Bay Boulevard in North San Francisco, complete with
giveaways and informationat resources The community Is invited to bring their old
household batteries to be recycled and for every pound of batteries received. the
campaign will donate lo California Fire Foundation, a nonprolfit providing emotional and
financial assistance to families of fallen firefighters, as well as firefighters and the
communilies they protect

For more information, visit www avoidthespark.com

About Call2Reacycle, Inc.

Call2Recycle, Inc., is committed to protecting and preserving the enviconment through
collecting and recycling consumer batteries and cellphones Founded in 1994, the not-
for-profit organization works on behalf of stakeholders to provide its battery recycling
program to consumers across the U.S. Visit call2recycle org. Follow on Facebook.
Twitter or LinkedIn

https://www.call2recycle.org/california-october-release/
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