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Executive Summary

There has been significant growth in annual sales of plug-in electric vehicles (EVs) in the last 12
years, from thousands annually to millions (Kane 2021). This has been driven largely due to
EVs’ attractive features of better driving performance, improved battery energy density, lower
fuel cost, reduced environmental footprint, and, of course, incentives offered by governments
around the world. Proposed bans on sales of light-duty gasoline and diesel vehicles by 2030—
2035 are already in place in India, Ireland, the Netherlands, Denmark, Norway, and the United
Kingdom. Many other countries and now some U.S. states have also set EV-only sales targets. In
the United States, China, European Union (EU), United Kingdom, and Canada, EV sales jumped
41% to around 3 million vehicles in 2020, despite the sales of internal combustion engine
vehicles dropping by 15% due to the COVID-19 pandemic. Global electric vehicle sales reached
10 percent of all new cars sold in 2022, an increase from 8.3 percent in 2021. (Klender 2023)

As the key component powering EVs, electric vehicle batteries (EVBs) are poised to play a
major role in making transportation cleaner while addressing climate change and improving
environmental quality (Muratori et al. 2021; Li et al. 2015). Lithium-ion batteries (LIBs) are
currently the only choice for EVBs, a trend that is predicted to remain well into the future (Xu et
al. 2020). Proper life cycle management (repair, reuse, recycle, and disposal) of LIBs must be a
major consideration for their development and implementation (VTO 2021). Optimally

managing EVBs during use and potential second life and ensuring responsible recycling at end of
life are essential for supporting these goals while securing a sustainable supply of critical battery
metals and minerals for EVBs and stationary storage systems well into the future.

The objective of this report is to inform all stakeholders in the life cycle management of EVBs of
global initiatives, challenges, and opportunities for optimum EVB life cycle management and to
encourage collaboration to support a sustainable EVB industry well into the future. This report is
divided into two major sections: (1) technical aspects of recycling and reuse and (2) regulations,
initiatives, and stakeholder perspectives. The first section presents a technical overview of the
reuse and recycling technologies for electric vehicle (EV) batteries and the opportunities and
challenges they face in creating a circular economy. We highlight the crucial role of lithium-ion
batteries (LIBs) in transitioning to clean energy and examine the current methods for extracting
critical battery minerals. We explore how battery design affects recycling and reuse and discuss
innovative alternatives to conventional battery life cycle management that could enhance
recycling and reuse efforts. The second section reviews global initiatives, including those in the
U.S., aimed at promoting and regulating the responsible management of batteries throughout
their life cycle. We examine the increasing number of initiatives and regulations designed to
ensure a sustainable energy future and provide perspectives from various industry stakeholders.
Additionally, we introduce new data management and other strategies that could simplify
compliance and foster a circular economy for EV batteries.

Creating a circular economy to manage EVBs will help nations meet critical global greenhouse
gas/carbon dioxide reduction targets and secure a long-term supply of battery minerals required
to support this. We hope this report will stimulate broad discussion and action across industry
sectors to ensure a sustainable new energy future, making a circular economy for EVBs a reality.
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1 Reuse, Recycle, and Reimage

In this first section, we explain why lithium-ion batteries (LIBs) are key to our transition to clean
energy and describe the current technologies for recovering critical battery minerals. We explore
how battery pack designs can hamper or support recycling and reuse efforts, and how some
alternate approaches to traditional battery life cycle management can help increase recycling and
reuse.

This section focuses on lithium-ion life cycle management, so we will not cover nickel metal
hydride (NiMH) batteries that have successfully been used in hybrid electric vehicles in the last
20 years. Currently, more than 50% of new hybrid electric vehicles use LIBs. These battery sizes
range from 0.6—1.4 kWh, whereas an electric vehicle (EV) LIB size ranges from 40—100 kWh.
Therefore, with large EV market penetration, the amount of end-of-life LIB would be much
larger than those of NiMH batteries. Currently, many of the collected NiMH batteries from
various stakeholders (e.g., dealers, auto recyclers) have been refurbished and sold as aftermarket
replacement for hybrid electric vehicle batteries (Best Hybrid Batteries 2022). Some NiMH
modules are packaged into power systems to provide backup power (Hirai et al. 2000) for
developing countries. When NiMH batteries no longer have energy or power, they can be
recycled to recover nickel and other valuable metals (ERI 2022; Call2Recycle 2022).

1.1 Why Electric Vehicles?

There has been significant growth in annual sales of plug-in electric vehicles (PEVs) in the last
10 years—from thousands annually to millions (Dobson 2021). This has been driven largely by
EVs’ attractive features of better driving performance, improved battery energy density, lower
cost, reduced environmental footprint, and, of course, incentives and deadlines imposed by
governments around the world. Bans on sales of gasoline and diesel vehicles by 2030 are already
on the books in India, Ireland, the Netherlands, Denmark, Norway, and the United Kingdom
(What Car? 2021). Many other countries and now some U.S. states have also set targets for EV-
only sales by 2035. In the United States, China, European Union (EU), United Kingdom, and
Canada, EV sales jumped 41% to around 3 million vehicles in 2020, despite the sales of internal
combustion engines dropping by 15% due to the COVID-19 pandemic (EV-Volumes 2021). By
September 2021, PEVs accounted for 10% of the global passenger market for the first time
(Kane 2021). First quarter 2021 global EV sales soared 140% to 1.1 million vehicles, and
BloombergNEF (2019) forecasts that by 2030, annual sales of PEVs will reach more than 20
million globally. Figure 1 provides a forecast of future annual EV sales around the world. As can
be seen, a significant amount of EVs is predicted to come to market, requiring a significant mass
of materials for making batteries for these EVs.
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Figure 1. Annual sales of passenger EVs—past 5 years and future projections.
Source: VTO (2021)

1.1.1 Electric Vehicle Batteries

These projections translate to the need for a significant amount of batteries. LIB technology has
become the energy storage of choice for PEVs because of its high performance and decreasing
costs. Annual demand for LIBs is projected to exceed 2 TWh by 2030 (BloombergNEF 2019). In
2020, 400,000 tons of cathode materials were used in LIBs, a number that is projected to rise to
about 1.2 million tons by 2030 (Zhou et al. 2021).

1.1.2 Current Lithium-lon Battery Technologies and Materials

Currently, LIBs are the main choice for consumer electronics, electric-drive vehicles, and grid
energy storage due to their high energy and power, longevity, modularity, and relatively low
cost. In rechargeable LIBs, lithium ions move from the anode through an electrolyte to the
cathode during discharge, and vice versa during charge.

Electric vehicle battery (EVB) technology is continuously improving, with aims to reduce cost,
size, and weight; improve safety; extend driving range; enable faster charging; and much more.
Unlike many other battery types (like lead acid), LIBs can be made from different chemistries for
anodes, cathodes, and even the electrolyte. The current choices for cathodes are olivine (typically
lithium iron phosphate), spinel (typically lithium manganese oxide), and transition metal oxides
(cobalt oxide, nickel cobalt aluminum, and various formulations of nickel manganese cobalt)
(Battery University 2021). Current anode choices include graphite, hard carbon, lithium titanate,
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and silicon-carbon composites, but graphite is the most used in commercial LIBs. Pairing these
anodes and cathodes provides battery cells with different voltages, energy and power densities,
cycle life, calendar life, cost, and safety thresholds. Currently, nickel cobalt aluminum and high-
nickel nickel manganese cobalt cathodes matched with graphite are used in EVs because of their
high specific energy, relatively long cycle and calendar life, and reasonable cost.

1.1.3 Key Lithium-lon Battery Materials: Current and Future

Key materials used in current and advanced LIBs are lithium, cobalt, nickel, manganese, copper,
aluminum, graphite, organic electrolyte, polyolefin, plastics, salts, and small amounts of other
elements. Cell components also include copper and aluminum current collectors, polypropylene
separators, carbonate electrolytes, LiPF¢ salts, and organic binders.

Access to cobalt could be challenging and lead to price spikes (Azevedo et al. 2018). There is
enough lithium and nickel to supply millions of EVs, but production capacity is limited. Cobalt
is the highest material supply risk for EVBs due to a variety of factors, including resource
availability, mining practices, and environmental impact. There are concerted efforts to reduce or
eliminate the amount of cobalt in EVBs (using high-nickel cathodes) while increasing specific
energy (VTO 2018). With price increases, environmental mining issues, and limited reserves,
cobalt can be a risky choice. Supply chain risk is a significant concern, particularly from
geographic locations that have unsustainable environmental, political, and financial impacts.

To alleviate supply chain issues, options include (EERE 2019):

1. Replacing chemistries with low cobalt (less than 50 mg/Wh) or no cobalt and/or other
earth-abundant materials.

2. Finding a secondary use for batteries.

Recycling LIBs at the end of life to recover materials to be reintroduced into future
batteries.

1.1.4 EVB Recovery Technologies

Data in Figure 2 predict a dramatic increase in the United States in the number of end-of-life
EVBs by 2030. These spent batteries will need to be reused in second-life applications or
recycled for recovery of valuable materials. This graph excludes batteries from consumer
electronics and power tools, and instead focuses on more demanding and higher-capacity
automotive, stationary storage, uninterrupted power supply/backup, and marine applications.

In accordance with the U.S. Environmental Protection Agency’s waste management hierarchy
(U.S. Environmental Protection Agency 2022), the best approach to life cycle management is to
eliminate the possibility of waste in the first place (reduce and reuse), followed by recycling to
prevent waste and recover valuable materials, using the energy in waste to create power, and, as
a last resort, disposal. For the purposes of this discussion, we will bypass repair and
refurbishment, which enable EVBs to continue powering an automobile, and focus on second life
and recycling.
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Figure 2. Projected available lithium-ion tonnage for reuse and recycling by application in the
United States.

Courtesy of Hans Eric Melin of Circular Energy Storage

1.2 Second Life

Expected rapid uptake in EV sales demands requires advance planning for when batteries reach
end of use in a car. Currently, EV manufacturers provide battery warranties for 8—10 years
(Najman 2021), taking responsibility for any repairs or replacements. If the warranty is voided
for any variety of reasons, or if it has reached its end of useful life for the EV or end of the
vehicle life, these batteries could go through different paths of remanufacturing, refurbishing,
swapping, and repurposing (second life) and eventually become available for recycling.

After the warranty period, the batteries usually last longer due to implementation of design
margins by original equipment manufacturers (OEMs). Some experts believe EVBs can perform
well for another 2—6 years beyond warranty, giving a battery life of 12—16 years in a vehicle
(Melin 2021). This calendar life could be impacted by charging behavior (e.g., repeated fast
charging or discharging degrades battery life) or environmental conditions, such as exposure to
extreme heat or cold.

According to the United States Advanced Battery Consortium, a battery could lose 20% of its
capacity and power by the end of a vehicle’s life. Therefore, they recommend a 20% extra
margin for the battery capacity and power at the beginning of life. In other words, a battery
reaches its end of life when it has lost more than 20% of capacity or power (United States
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Advanced Battery Consortium 2020). Considering individual driving habits and distances,
batteries at much lower capacity can continue to perform well below this level. When EVBs are
no longer suitable for powering a car, there is often enough remaining capacity to provide a
stationary energy source for renewable energy storage for grid and/or home power backup
(Neubauer, Wood, and Pesaran 2015).

1.2.1 Second-Life Battery Market

Second-life batteries are end-of-first-use EVBs that have use beyond that in a car (Motavalli
2022). The remaining capacity can be more than sufficient for most energy storage applications;
the second-life battery can continue to work for another 10 years or more (Neubauer et al. 2015).

1.2.2 Value of Second-Life Batteries

Battery second life has been studied by several researchers (Neubauer et al. 2015; Martinez-
Laserna et al. 2018; Hossain et al. 2019). The value of batteries for second life extends far
beyond the cost savings of using existing batteries to make new ones. Besides value measured in
dollars per kilowatt-hour, second-life battery valuation also presents the following opportunities:

e Providing power to those without access. Populations that live in areas with little or no
energy infrastructure or dependable grid support (e.g., South Africa’s rolling blackouts or
Puerto Rico’s unstable grid after Hurricane Maria) have energy requirements for basic
human needs including heat, water, medical services, education, and much more. Second-
life batteries can provide economical energy storage for renewable energy in these areas.

e Supply chain challenges for new batteries. Critical mineral reserves for key battery
chemistries are either in short supply or concentrated in areas of the world where human
rights and child labor violations at the mine (and in the supply chain) are rampant. Supply
chains can also be disrupted (e.g., COVID-19), causing delays for weeks or months for
new batteries to become available. In addition, mineral processing capacity for new
batteries is currently not sufficient to meet the worldwide commitments and deadlines for
transitioning to zero-emission vehicles (Ballinger et al. 2019).

e Offsetting lithium-ion battery recycling costs. Currently, LIBs with high cobalt or
nickel contents have positive value (even accounting for cost of transportation) when
recycled. However, LIBs such as lithium iron phosphate batteries that have low or no
nickel or cobalt content in the cathodes are usually of negative value when recycled; that
is, the cost of recycling exceeds the value of materials recovered, such as iron (Zhu and
Chen 2020). On the other hand, batteries that are suitable for second life currently
generate revenue and have a lower environmental footprint. For example, when mining
truck battery packs powered by lithium iron phosphate can no longer be used to power
the vehicle but have ample residual energy, they can become off-grid second-life
renewable energy stationary storage systems. This can offset diesel generator fuel costs at
the mine and resulting emissions.

e Affordability. One critique of second-life batteries is that with the price of new batteries
continuing to decline, spending time and money on used batteries will no longer be
practical. However, for lower-demand applications such as back up in rural areas where
the use of new LIBs would not be feasible, the reduced cost of the batteries could open
new doors. The National Renewable Energy Laboratory has developed a techno-
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economic analysis tool that provides insight on the economic viability of second-life
applications depending on various technical and economic factors (Neubauer et al. 2012).
e Scalability of supply of second-life batteries. Currently, many hybrids and EVBs are
working well beyond the warranty period because they are not cycled as often as
designed for. If this trend continues, a growing number of batteries will be suitable for
second life. A larger, more stable supply can reduce production costs per kilowatt-hour.

1.2.3 Second-Life Battery Market Evolution and Challenges

The second-life battery industry has evolved from recovering 18650 cells from laptops and other
consumer devices (1 kWh) to developing 10-kWh or larger energy storage systems. YouTube
has many examples of these “Powerwall”-type (Tesla 2021) developments using off-the-shelf or
self-developed battery management system software and hardware. Some are not ready for
commercialization, while others have been “productized” to be used as residential solar energy
storage systems. Most notably, and particularly for do-it-yourself and small producers, many are
not being UL or CSA certified to ensure they have been independently tested to meet recognized
standards for safety and performance. UL 1973 (energy storage), UL 1974 (second-life EV
conversion to stationary energy storage), UL 9450 Energy Storage, and UL 9450a (fire
prevention) protocols are very expensive and can be easily ignored by smaller producers (UL
Solutions 2021). As such, some of these products are sold domestically to unaware consumers or
shipped overseas to countries that may not require such fire and electrical safety standards. Such
products could pose a serious fire risk if the engineering and lack of testing hide unrealized
hardware or software faults. In addition, the opportunity for recycling these batteries may be
small or nonexistent in many of these countries.

1.2.4 Second-Life “Big Lift”

These problems aside, the value that can be achieved from second life has ignited business
interest from auto OEMs and entrepreneurs alike. OEMs with battery-as-a-service or battery
leasing models can take advantage of owning the batteries at the end of first life by profiting
from second life. This can also be onerous for the second-life developer since it requires several
important steps. Second-life companies face a “big lift” in market identification; system design,
building, testing, and UL/CSA certification; and marketing the new second-life battery system.
These tasks also include:

1. Identifying customers that need a solution for which a second-life system may offer more
value.

2. Finding markets, designing a solution, and providing customer service and support,
which involves:

A. Finding marketing, sales, and engineering talent.
B. Sourcing enough of the same models and types of second-life batteries.

C. Harmonizing the different power capacities of the modules so cell or module
balancing is safe.

D. Building or using a battery management system and hardware.
E. UL or CSA certifying the batteries.




Electric Vehicle Lithium-Ion Battery Life Cycle Management — M04-052

F. Selling and delivering long-term customer service support.
G. Combining and integrating different battery chemistries from different EVs.

H. There are a growing number of companies specializing in various parts of the
second-life ecosystem (e.g., testing equipment, reverse logistics, repurposing).
Partnering can reduce the “big lift” that would be required for an individual
company to deliver full value to the customer.

1.3 End-of-Life Lithium-lon Battery Recycling Technologies

The primary goal of LIB recycling is to recover critical minerals such as nickel, cobalt, and
lithium from the cathode, along with other compounds such as high-grade graphite from the
anode (Gaines 2018). EVBs are also composed of other potentially recyclable materials such as
steel, aluminum, copper, and plastics, but for the purpose of this report we focus on critical
battery minerals used in the cathode and anode. To recover these materials from LIBs, there are
three major technologies currently in various stages of commercialization: pyrometallurgy,
hydrometallurgy, and direct recycling (Harper et al. 2019). In addition to these methods,
mechanical treatment (through disassembly, crushing, shredding, and separation) is a major
element of any recycling technology. There are also new methods being developed, including the
use of robotics for more efficient disassembly, ultrasound for improved metals separation,
chemical removal of impurities from black mass, separation through electroplating or
electrochemistry, and much more. We focus here on currently available recycling technologies,
noting that direct recycling is not yet widely available (see Table 1 for a comparison).

1.3.1 Pyrometallurgy

Pyrometallurgy is the process of high-temperature thermal treatment of batteries in a furnace to
extract metals and intermediate compounds that can be further processed to create battery-grade
precursors (Assefi et al. 2020). The feedstock to a pyrometallurgy plant could be the whole
battery or the black mass. The output could be metal alloys and other byproducts such as slag.
These alloys are then further refined to make the input lithium-ion cathode battery chemicals.
Pyrometallurgy is energy-intensive, and the plants require large capital investment.

As with any smelting process, impurities in the melted alloy in the furnace need to be removed.
This is done by adding minerals that float to the top of the melted alloy. This layer is known as
slag or dross. Unfortunately, the dross also captures the much lighter (in terms of density)
lithium compounds. The dross is then poured off and separated from the target melted alloys.
The net result is that the captured lithium is often lost in the slag heap unless recovered in an
additional hydrometallurgical process. Slag can be added to concrete to make it stronger for
commercial applications. Although it is technically possible to refine the dross further to recover
the lithium compounds, it is not economically feasible to do so. Umicore, a major producer of
cathode materials from ores and recycled batteries, has indicated that they can recover lithium in
their new process that incorporates hydrometallurgy (Umicore 2022). Low-value sodium sulfate
is a byproduct of hydrometallurgical processing.

1.3.2 Hydrometallurgy

Hydrometallurgical processing uses chemical treatment to extract the key compounds in the
black mass, including the lithium compounds (Vieceli et al. 2021). The process uses leaching




Electric Vehicle Lithium-Ion Battery Life Cycle Management — M04-052

fluids such as inorganic acid, organic acid, alkali, or even bacteria solutions that dissolve metals
in cathode to salts that can be used as precursors to make new cathodes. The process involves a
series of chemical methods such as precipitation, solvent extraction, and electrolytic deposition
to make desired compounds. This process has a much higher rate of metal compound recovery,
including lithium compounds. Hydrometallurgical plants use much less energy than
pyrometallurgy plants. In addition, the plant size can be much smaller than those required for
pyrometallurgy, thus needing less capital investment and possibly less environmental permitting
and permit acquisition delay. Hydrometallurgical processes are currently considered the most
suitable method for recycling LIBs. Commercial plants already exist, and several startups are
building plants in the United States and Canada based on the hydrometallurgical approach.

1.3.3 Direct Recycling

Direct recycling involves recovery of cathode while maintaining its molecular structure, rather
than breaking it down into constituent metals for reprocessing into battery-grade cathode.
Eliminating these steps makes the prospect of direct recycling most economically viable (Gaines
etal. 2021).

In direct recycling, the black mass feedstock (from shredding and separation operations) needs to
be further refined. Some impurities are taken out within the shredding process, such as binders
and plastics within black mass. These are of no value, and shipping it only moves the waste
further upstream and adds unnecessary shipping costs in terms of weight and volume within a
truck or container. The direct recycling involves:

¢ Binder removal.

e Separation of cathode from anode and other components.

e Separation of different cathodes from each other to their original formula.

¢ Rejuvenation of the cathode by relithiation (the aged cathode may lose lithium).
¢ Removal of impurities.

e Upcycling to produce new cathode materials competitive with future cathodes.

For example, if an EVB pack was mostly made from nickel cobalt manganese oxide with equal
stoichiometry (NMC111) cathode, direct recycling processes will result in the same formulation
of NMC111 that needs to be relithiated, impurities removed and then upcycled to a future
cathode such as with higher nickel and lower cobalt contents. Direct recycling is still in the R&D
stage, but analyses have shown that it could be economically and environmentally superior to
hydrometallurgy. Pilot plants need to demonstrate that the technology can be built economically
at commercial scale. As previously indicated, LIBs are made of many chemistries with
frequently updated reformulations and will continue to be in the future, so these chemical
variations could present technical and economic challenges in direct recycling processes.
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Table 1. Advantages and Disadvantages of Various LIB Recycling Technologies.

Sources: Gaines (2018); Harper et al. (2019); Assefi et al. (2020). Note: mechanical disassembly is part of the three
technologies.

Pyrometallurgy

Hydrometallurgy

Direct Recycling

Recycling type Smelting
Temperature High
Dlsc_harge/shreddlng Not much
requirements

Wastewater Least

Co, Ni, Cu alloys; (Li +

Materials recovered Al slag) or Li carbonate

Sorting required? No
Energy requirements High
Capital costs High

Commercially deployed? Yes (Europe and Asia)

Chemical leaching

Low
Yes, needed

More

Metals or salts,
Li2CO3 or LiOH

Yes, less degree
Medium
Medium

Yes (United States,
Europe, Asia)

Physical/chemical

Low
Yes, needed

Some

Cathode, anode,
electrolyte, metals

Yes

Low

Medium (not known yet)
No

1.4 EVB Recycling Challenges

1.4.1 Value or Cost?

Out of the five leading types of lithium-ion EVBs on the market (not including NiMH, which is
mainly used in hybrid electric vehicles), only two are currently producing net revenue after
logistics and recycling costs. Table 2 lists the five major cathode compound blends and indicates
positive or negative value based upon most of today’s recycling markets.

As battery recycling infrastructure increases globally and demand for EVB minerals continues to
soar, it is expected that for most chemistries, the recovered mineral value will soon exceed
logistics and processing costs, enabling recyclers to pay for used batteries. This positive value
can have far-reaching implications on encouraging recycling and discouraging dangerous

situations such as storage stockpiling.
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Table 2. Recycling Value of Current Major Lithium-lon Battery Chemistries.
Source: Harper et al. (2019)

Possible Positive Value Pricing

Cathode Acronym  Cathode Name and General Formulation

LCO Lithium cobalt oxide (LiCO2 or LCO)
NMC (NxMyCz) Lithium nickel manganese cobalt oxide (LiNxMnyCo202)
NCA Lithium nickel cobalt aluminum oxide (LiNiCoAIO2)

Negative Value Pricing

Acronym Name and General Formulation
LFP (cathode) Lithium iron phosphate (LiFePOa)
LTO (anode) Lithium titanate (LiaTisO12)

1.4.2 Transportation Costs

About 50% or more of the cost of recycling any type of LIB is transportation (Dai et al. 2019),
for a variety of reasons:

e Size and weight of EVBs

e EVBs can be bulky and difficult to pack in a way to take advantage of the truck’s full
capacity, increasing the cost per pound to ship

e Low volumes

e Higher transportation rates from less-than-truckload (LTL) shipments

e Special packing and handling requirements for damaged, defective, or recalled batteries.

o U.S. Department of Transportation packaging regulations for damaged, defective,
or recalled batteries increase the dimensional volume of each of these batteries in
the truck, further reducing the number of batteries the truck can accommodate.

e Few available recycling facilities often means shipping batteries long distances for
recycling
Since October 2019, shipping costs per pound have steadily increased, followed by a huge jump
in 2021 because of the COVID-19 pandemic’s impact on supply chains worldwide. Shortages of
both professional truck drivers and intermodal containers, along with other disruptions, have put
strains on transportation networks. As a result, battery recycling transportation costs have
appreciably risen, squeezing potential net profit margins.

1.4.3 Battery Reverse Logistics: Meeting Regulatory Requirements

As required by domestic and international law, transportation of hazardous material (“hazmat”)
requires the shipper, transporter, and receiver to be trained and certified to legally offer,
transport, and receive and sign the bill of lading (shipping document) when shipping EVBs and
other LIBs.

e variable. To avoid multiple moves, it is beneficial to diagnose batteries in-field and ship them
to the nearest qualified refurbisher, second-life developer, or processor, and




Electric Vehicle Lithium-Ion Battery Life Cycle Management — M04-052

if possible, ship in FTLs. Consolidating LTL shipments to a warehouse and then shipping them
again to a processor adds unnecessary cost and carbon footprint. Using the same carrier, a
“merge-in-transit” method can aggregate geographically dispersed LTL pickups destined to the
same address and time them so they are consolidated by the carrier’s nearest local terminal and
delivered as a single LTL volume or FTL shipment. Merge-in-transit can work with FTL or
containers destined and coordinated for rail or ocean shipping.

Federal regulations allow NiMH batteries (49 CFR 172.102; IMDG 117 & 963) and lithium
(49CFR 173.185 (a)(b)(d)) batteries with solid outer containment walls to be hazmat shipped
when securely strapped onto pallets. If, however, the outer shell of an LIB is not solid or is
broken, a shipping container must be used. The watt-hour capacity and the state of health (i.e.,
whether damaged, defective, or recalled) will determine the type of hazmat packaging and
shipping requirements. FTL transportation costs can vary from a few hundred dollars for one-
time use in a non-UN-rated container (i.e., on a pallet) to thousands of dollars for UN-rated
hazmat packaging materials required for shipping damaged, defective, or recalled LIBs. Reusing
undamaged hazmat packaging multiple times provides valuable packaging savings, even when
figuring in the cost of return transportation.

1.4.4 Reducing Transportation Costs and Impacts

Rail vs. Highway

Using rail for long-distance shipping can reduce costs. Although rail takes a bit longer for
delivery, prices on similar transcontinental intermodal rail shipments in the United States in 2021
were around 30% less than truck costs. In an example of truck travel from Los Angeles,
California, to Syracuse, New York, rail would prevent generation of about 4,410 pounds of
greenhouse gas emissions compared to truck transit over the 2,768-mile trip, or 1.6 pounds of
carbon dioxide per mile.

Hub and Spoke

The cathode material in EVBs that recyclers are primarily interested in is a component of the
cells that make up the modules that account for most EVB pack volume. As such, disaggregating
the battery “close to home” where markets for many non-cathode materials are plentiful and then
only shipping the modules or cells for cathode recovery makes good economic sense.

One way the market is addressing this is the emergence and growth of primary recycling
businesses that disassemble packs and ship materials downstream for final recovery. Depending
on battery design, these businesses generally ship whole modules containing the cells or, if
possible, remove and pack the cells for shipment to further processing.

In addition, some larger battery recycling companies have adopted “hub-and-spoke” models
where initial processing facilities are strategically located to reduce transportation costs. These
facilities sometimes involve shredding operations that grind and separate module and cell
materials to produce “black mass,” which contains the cathode materials. The cathode materials
are then shipped to final cathode recovery operations where battery-grade minerals are produced.
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1.5 State of EVB Design: Recycling Challenges & Opportunities

Considering we are still in the early stages of transition toward electrification, EV engineering
has focused primarily on the best battery performance with the lowest cost. One cost-cutting
measure is the use of non-serviceable components in an EVB pack, leading to costly disassembly
at the end of first life. Increasingly, however, OEMs are designing EV packs with serviceability
in mind. The same design provisions that facilitate serviceability are also favorable in reducing
costs of reuse and recycling. Figure 3 provides an overview of battery disassembly challenges in
vehicles.

1.5.1 Disassembly Constraints

The rapid uptake in EVs and impending regulations are likely to quickly implore EV engineers
to take a broader view on design for circularity. The argument for serviceable/reusable EVBs
also strengthens as cells become safer, cheaper, and more efficient. Automakers and suppliers are
already using or developing ways to tackle these problems. One example is the use of serviceable
adhesives and seals, which in some cases can also be reused. Exploring the cost associated with
design and packaging decisions at every level will help accelerate this transition.

1.5.2 Thermal Materials

The safety and stability of battery cells depends on maintaining internal temperatures within
specific limits. If the temperature exceeds the critical level on either end, thermal runaway can
occur, destroying the battery or, even worse, starting a fire.

Thermal runaway is a chain reaction within a battery cell that can be very difficult to stop once it
has started. It occurs when the temperature inside a battery reaches the point that causes a
chemical reaction to occur inside the battery. This chemical reaction produces even more heat,
which drives the temperature higher, causing further chemical reactions that create more heat. In
thermal runaway, the battery cell temperature rises incredibly fast (milliseconds) and the energy
stored in that battery is released very suddenly. This chain reaction creates extremely high
temperatures (around 752°F, or 400°C). These temperatures can cause gassing of the battery and
a fire that is so hot it can be nearly impossible to extinguish (Dragonfly Energy 2022).

Several factors can lead to thermal runaway, including internal defects that can cause shorts,
external impacts or punctures, and even overcharging. Although batteries are designed to
minimize these occurrences, there is still a heavy reliance on insulating materials to prevent
thermal runaways (i.e., from overheating) and to help contain them if they do occur.
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Challenges in disassembly

+  OEMs develop battery packs as per their custom requirements which defer from other OEMS' battery packs. This List of parts recovered from a battery pack during recycling

non-uniformity in the design of battery packs is a challenge while disassembling battery packs for recycling Modules
+  Different electrical designs Cells (50-60% of total battery mass)

* Different mechanical designs High voltage bus bars

*  Unknown battery or module state of charge. The battery should be short circuited before disassembly. Battery management system (BMS)
Electronics (like BMS and other parts)

Rounded or sheared heads of bolts may be difficult to open High voltage and low voltage wiring harnesses

*  Battery packs from crash damaged vehicles may have distorted shapes Battervvpack casings
*  Difficult to remove wiring harness due to complicated electrical circuits Cell casing

*  Live high voltage supply until wiring loom/module links are removed Connectors

*  Lack of data/specifications on module condition in many electric-vehicle batteries Contactors

. Other components

Lack of labelling and identifying marks

* Potential fire hazards

Possible release of hazardous gases like hydrogen fluoride, carbon monoxide, etc.
Clean separation of anodes and cathodes for direct recycling is difficult

Sealants and adhesives used in module manufacturing might hinder the disassembly
Potential high reactivity compounds formed from electrolyte

Possibility of short circuiting the battery or cell during disassembly

Using hydrometallurgy or pyrometallurgy techniques, the
following metal can be recovered (Depending on cell
chemistry and recycling process) (The recoverable amount of raw
materials as per EU are mentioned for each element)

+  Chemistries not always known or may be proprietary + Lithium (up to 35%)

+  Additional challenges with cylindrical cells (unwinding spiral sheets of cathode, anode and separator) ‘ C?balt (up to 90%)

+ Rusted bolts and brackets might be difficult to open. 0 NIChl‘[UP to 90%)

*  Electrical connections with soldering or laser welded *+  Graphite

. *  Manganese (up to 90%)

Vehicle frame may be distorted in the lifetime usage

High weight of battery

*  Manipulation of connectors (especially where locking tabs are fitted)

+  Very finely powdered materials present risks to the personnel nearby (nanoparticles)

Aluminum (up to 90%)

Figure 3. Battery disassembly challenges for recycling EVBs.

Image from Kapil Baidya, Tata Motors

During the engineering process, protecting high-voltage parts is paramount (e.g., cells separated
into modules).

Until recently, cell manufacturers, pack integrators, and EV makers have focused on reducing
battery cost, increasing energy, and extending battery life while meeting safety requirements. As
such, design for recycling and secondary use has not been a top priority. Now that battery costs
have decreased and performance has improved, there is more attention to recycling and reuse.
This interest has been accelerated over the last year, particularly because of recent supply chain
issues and government policies to produce batteries and battery materials domestically. With
safety being the highest priority, moving from traditional thermal materials to more easily
removable and recyclable alternatives could be a difficult transition. However, the rate of
development and adoption of safer cell chemistries that are less prone to fires could help
accelerate this transition. Regulations on minimum serviceability or reuse will also help
prioritize this as one of the key attributes that engineers must consider.

Advanced simulation technologies also offer a cost-effective way for battery engineers to
experiment with different materials and designs that can have a positive impact on recyclability.
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Figure 4. Pack disassembly—thermoplastic materials challenges.

Photo from Kerry Manning, Experimental Vehicle Engineering

1.5.3 Plastics & Composites

Another battery recycling challenge involves plastics and composite materials. Polycarbonate
blends are well suited for manufacturing modules, housing parts, cell holders, and crash
absorbers for electric car batteries. They are lightweight yet robust and dimensionally stable and,
depending on requirements, they also come equipped with flame retardants.

Although these thermoplastics can help reduce battery weight and provide some thermal
protection, unless carefully selected, these materials are often difficult or not practical to recycle
to original materials (see Figure 4). Again, simulation exercises can help accelerate the transition
to more environmentally friendly materials (Moore 2019). Thermoplastics may present obstacles
for pack repair and reuse of cells in secondary applications, as well as hinder the ability to
recycle them back to the original formulation. Nevertheless, the lower density of these materials
is expected to not affect the recycling and recovery of metals used in lithium-ion batteries, and
actually be useful for separation from other components after mechanical shredding processes.

1.5.4 New Dismantling Solvents & Solutions

Of course, problems also drive innovation. One example is a bath chemistry that allows for
passive, non-manual removal of battery cells from modules and packs that are glued together
with adhesives. These innovative materials swell the engineered adhesives (urethanes, acrylics,
silicone, and epoxies) until the internal stresses within the base polymer exceed its bonding force
to the cell, causing adhesives, coatings, and tapes to de-bond from cell walls and cooling plates
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such that the cells can be recovered passively. The solid residual material can then be filtered and
removed. The filtered recycling solution can be reused multiple times to continue recycling cells.
Processes like these not only optimize disassembly, but also reduce hazardous waste disposal
costs with circular processes.

The European Commission and legislative bodies across the globe are proposing and enacting
legislation to promote the reuse and recycling of EVBs to protect the environment and ensure a
long-term supply of battery minerals and materials (discussed in Section 2). Many of these
regulations place responsibility for the cost of recycling on the vehicle manufacturers. To reduce
these costs, electric vehicle OEMs will be working more closely with battery suppliers on
designs that reduce disassembly and recycling costs and recover more material. The European
Commission’s proposed Batteries Regulation also includes requirements to declare levels of
recycled content in batteries by 2025 and increase the levels required in 2030 and again in 2035.
These types of incentives will reduce the cost of recycling while increasing material recovery
levels.

1.6 Other Battery Life Cycle Management Models

1.6.1 Battery as a Service

“Battery as a service” is a business model where the consumer can purchase battery services
from the vehicle OEM or battery asset company monthly rather than purchasing the battery with
the car. An advantage of this business model is that by removing the cost of the battery from the
total price of the electric vehicle, the upfront cost of the vehicle is reduced, which lowers the
financial burden on the consumer and can generate more EV sales. This also frees the consumer
from the fear of rapid battery depreciation. The OEM or battery asset company would take care
of value management issues such as maintenance, salvage, and risk of obsolescence. By
maintaining ownership, the electric vehicle OEM has both the opportunity to repurpose the
batteries for second life and the assurance of responsible recycling, reducing risk. Currently,
Renault and Nio are two of very few vehicle OEMs offering this option for certain models.

1.6.2 Battery Leasing

In an EVB leasing model, consumers would not have ownership of the battery, nor would they
have to pay the purchase price upfront. They would have exclusive access to the battery for a
certain period and would make a fixed monthly payment, while the car itself could be purchased
or leased, reducing upfront purchase costs. This business model shifts part of the risk from
consumers to the OEM and reduces uncertainties regarding the residual value of the car. The
OEM will provide a replacement battery when required. As battery technology advances,
customers will be able to replace an old battery with a newer and improved one. Under this
business model, OEMs will have the opportunity to resell older batteries to the stationary storage
market for secondary use. According to the McKinsey Institute, OEMs could add more than
$1,000 in revenue per vehicle through a successful battery leasing program during an assumed
lease term of 5 years.

One challenge posed by this model arises when a consumer decides to sell their used EV. Since
they do not own the battery, they must settle the issue with the OEM. Because of this, some
OEMs that used this model to reduce the purchase price of the car have ceased doing so. That,
however, surfaced new problems for the OEM: Not retaining ownership of the battery hampers
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their ability to fully manage the rest of the battery’s life, lessening second-life opportunities and
the ability to validate end-of-battery-life recycling.

1.6.3 Environmental Handling Fee

This model puts the responsibility for recycling the battery on the user of the vehicle by charging
them a fee at time of purchase (when the vehicle is new). The money paid for recycling is held
by a third-party organization and used to pay for the battery’s recycling when and where it comes
out of the market. The model considers revenue earned from end-of-car-life batteries that are
either resold into the second-life market or recycled to recover valuable metals. This model
removes complexity for the OEM, while at same time increasing the price of the new vehicle at
time of purchase (which may reduce market penetration).

1.6.4 Free-Market Model

In a free-market model, natural supply-and-demand economics guide the outcome, namely where
batteries will be at end of life and who will ultimately pay for their recycling. This model will
put a value on end-of-car-life batteries that can be refurbished or used for second life, while at
same time devaluing an older car with batteries that will need to be replaced, requiring the new
buyer to budget for a new battery. Companies that operate at the end of the value chain—notably
auto recyclers—will be penalized in this model, as they will be holding old EVBs and facing
recycling costs. This will reduce the value they can bid on a vehicle at auction, while also
causing a safety issue with used EVBs stored in yards. This model has clear winners and non-
winners.

1.6.5 Dual Model: Battery as a Service/Leasing & Environmental Handling Fee

A two-model approach will work based on a buy vs. service/lease decision to be made by the
consumer. If the consumer opts for service or leasing when they acquire the vehicle (both options
are equivalent for this example), the OEM assumes responsibility for paying for end-of-car-life
management of the battery, and this cost is built into the service/leasing pricing. If the car buyer
opts to purchase the vehicle (with cash or traditional financing/leasing), they will be charged an
environmental handling fee that covers the cost of managing the battery at end of car life. This
model puts the decision in the hands of the buyer without them feeling legislated by the
government as the sole option.

1.7 Conclusions

EVs and the batteries that power them are key to electrification of transportation and reducing
the impacts of climate change. Manufacturers and other stakeholders are aware of the supply
chain challenges for battery minerals and the importance of innovating battery designs and
recovery technologies that can ease and reduce the costs of recycling processes.

Time is of the essence, however, as regulators around the globe are proposing and implementing
regulations that have far-reaching impacts on EV manufacturers. These are explored in Section
2. Engaging with stakeholders now and creating profitable circular economy solutions will help
ease these impacts and possibly stave off some of the most difficult provisions being proposed.
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2 Regulations, Initiatives, and Stakeholders’
Perspectives

In this section, we identify some of the related global initiatives and regulations, including the
proposed European Batteries Regulation, which will impact every stakeholder in the supply and
value chains. Surveys of auto recyclers, battery recyclers, repurposers, and others reveal the need
for critical battery data to reduce costs and improve safety. Information technologies such as
blockchain hold great promise for sharing these data, and new technologies such as those
capturing battery state of health (SOH) and state of charge (SOC) are improving the likelihood of
extended battery use and tracking batteries for recycling. Proper engagement from stakeholders,
policymakers, and regulators in life cycle management could also alleviate future lithium-ion
battery materials supply chains for EVs.

2.1 Stakeholder Challenges and Opportunities

Figure 5 identifies the key stakeholders in the life cycle of EVBs from production through the
warranty period and on to possible end-of-life reuse and recycling. Please note that the flow of
EVBs during their life cycles is far from linear and that the image in Figure 5 is mostly intended
to identify all the parties that may engage with handling of batteries, not necessarily in order.

The life cycle begins with the battery being deployed into a vehicle and moves on to the
dealership, repairs, second life, and recycling.

As discussed in Section 1, recycling is often conducted in two phases, with a primary recycler
removing modules, cells, or cathodes and then moving those materials to a secondary recycler,
who employs either pyrometallurgical, hydrometallurgical, or perhaps direct recycling for
cathode recovery. Although Figure 5 does not explicitly include logistics providers, they are key
stakeholders and share similar challenges in ensuring that batteries have been properly identified
and the state of health is known to ensure aspects such as packing and placarding follow
transport regulations.




Electric Vehicle Lithium-Ion Battery Life Cycle Management — M04-052

CathodefAnode Producers

Cell Manufacturers

Battery Pack Manufacturers

Electric Vehicle Manufacturers

EV Dealerships or On-line Sellers

EV Fleet Owners

Vehicle Auction Houses

Authorized Battery Pack Service/Refurbishment Providers

Aftermarket Battery Suppliers

Battery State of Health Equipment Providers

EV Repair Garages

Vehicl