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One way in which the U.S. is seeking to reduce
the amount of GHG emissions being gener-
ated, and thereby reduce the rate of climate
change, is by reducing the use of fossil fuels
within the transportation sector. According

to the U.S. Environmental Protection Agency
(EPA), the transportation sector is responsible
for 15% of global GHG emissions, and 95% of
the world’s transportation energy comes from
petroleum-based fuels.! In the U.S., according to
an article published by the MIT Energy Initiative,
“passenger vehicles generate about 16% of total
anthropogenic GHG emissions and consume
about 40% of the total petroleum used in the
United States.!”? Therefore, because passenger
vehicles in the U.S. consume a large volume of
the total amount of fuel used in the U.S. and are
responsible for a relatively large portion of the
total GHG emissions entering the atmosphere,
U.S. policymakers have taken concrete steps

to invest in and mandate the development and
adoption of battery electric vehicles (BEVs)
powered by vehicle traction batteries, which

will reduce or eliminate the burning of fossil
fuels in the transportation sector.

Examples of the aggressive commitments to
reduce GHG emissions strongly suggest that
BEVs will rapidly proliferate on U.S. roadways

in the coming years. In 2020, California Gov-
ernor, Gavin Newsom, signed an executive order
that would require 100% of in-state new pas-
senger car and truck sales to be zero-emission
by 2035.3 President Joe Biden signed a similar
executive order in 2021 that set the goal that
50% of all new passenger cars and light trucks
sold in 2030 be zero-emission vehicles.* These
commitments, which have been supported by
several state governments and automakers, are
causing an unprecedented transition away from
internal combustion engine (ICE) vehicles to
BEVs.® Consequently, there has been a dramatic
increase in the demand for vehicle traction
batteries, battery components, and the critical
materials that are used in the manufacturing

of batteries.
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While the total number of BEVs still only
represents a small overall percentage of

the entire passenger vehicle population in

the U.S., the number of vehicles containing
vehicle traction batteries is growing expo-
nentially and making up larger percentages
of the total vehicle population in the U.S.
According to the U.S. Department of Energy
(DOE), there were 283,509,000 registered

light duty vehicles within the U.S. in 2022.5

Of this population, 2,442,300 vehicles were
fully electric (EV), 1,012,400 vehicles were
plug-in-hybrid electric (PHEV), and 6,291,800
were hybrid electric (HEV).” This is a signifi-
cant change from 2020 where there were only
1,018,900 EVs, 594,400 PHEVs, and 4,813,700
HEVs.® Therefore, the number of BEVs on U.S.
roadways is beginning to represent a larger
share of passenger vehicles in the U.S., which
is only anticipated to grow in the coming years
as demand for BEVs increase and older ICE
vehicles reach their end-of-life.

The transition from ICE vehicles to BEVs has
the capability to positively transform the U.S.
transportation sector by drastically reducing
U.S. reliance on fossil fuels and reducing GHG
emissions associated with transportation.
That said, a successful transition from ICE
vehicles to BEVs will demand that the existing
benefits of ICE vehicles be carried over and
built upon by BEVs. ICE vehicles have been
incredibly successful in providing U.S. vehicle
owners with access to transportation, which
positively correlates with an increase in oppor-
tunities and economic outcomes.® Access to
personal vehicles is so important in the U.S.
that 95% of U.S. households own a vehicle and

that 91.2% of Americans use a personal vehicle

to get to work.’® Over the past several decades,
American households have had unprecedented
access to motor vehicles because vehicles are
affordable to finance, insure, and repair. Fur-
thermore, vehicles and their components are
durable products that serve multiple owners
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% total % total
Total 283,509,000 100.00% 278,299,200 100.00% 1.87%
BEV 9,746,500 3.44% 6,427,000 2.31% 51.65%
Full EV 2,442.300 0.86% 1,018,900 0.37% 139.70%
PHEV 1,012,400 0.36% 594,400 0.21% 70.32%
HEV 6,291,800 2.22% 4,813,700 1.73% 30.71%
Fig. 1: U.S.

Registered light
duty vehicles in
over their lengthy service lives and have pre- 2022 vs. 2020

dictable reliability and value.

While vehicle owners throughout the vehicle
value chain can easily predict the value of
used ICE vehicles, one of the biggest chal-
lenges facing mainstream BEV adoption is
that owners throughout the value chain lack a
clear understanding as to the quality, perfor-
mance, and remaining service life of a traction
battery — the costliest component of the BEV
in some cases."" A thriving and robust BEV
industry from the sale of a new car all the way
until a vehicle traction battery is reused and
finally recycled is essential for mainstream
and more equitable adoption of sustainable
transportation. Proper testing and evaluation
of a vehicle traction battery will be essential
for a successful transition from ICE vehicles
to BEVs, which will help to ensure the contin-
uation of easy and affordable access to pas-
senger vehicles in the U.S.

“While vehicle owners throughout the vehicle value
chain can easily predict the value of used ICE vehicles,
one of the biggest challenges facing mainstraeam
BEV adoption is that owners throughout the value chain
lack a clear understanding as to the quality, performance,
and remaining service life of a traction battery,
the costliest component of the BEV in some cases.”

_



OVERVIEW

I. The lifecycle of an internal combustion engine vehicle

Over the last century, ICE vehicles have
allowed for the development of an economi-
cally viable product lifecycle that prioritizes
affordability, encourages maximization of
existing resources, and enables recyclability.
A general overview of the lifecycle of an ICE

(2)

Sold as New Car

McKinsey & Company found that the average
OEM “has around 250 tier-one suppliers, but
the number proliferates to 18,000 across the
full value chain."’® Therefore, even minor dis-
ruptions in the global supply chain for new
OEM automotive components can have a

(E)]
Maintained by (4) (5)
Original Owner

Reach EOL Acquired by

or Sold as a Recycler
Used Vehicle

Fig. 2: Overview
of ICE Vehicle

lifecycle

(3]
Crushed or
Shredded

vehicle is as follows: (1) manufactured by an
original equipment manufacturer (OEM); (2)
sold as a new car; (3) maintained by original
owner or sold as a used vehicle; (4) reach its
end-of-life (EOL) either due to accident or due
to the vehicle no longer functioning and being
uneconomical to repair; (5) acquired by an
automotive recycler/dismantling facility to be
dismantled for the purpose of reusing repair
parts; and (6) the remainder of the vehicle will
be crushed and shredded for the reclamation
of recyclable materials.

o Vehicle manufactured by an original
equipment manufacturer

According to the U.S. Bureau of Transpor-
tation Statistics, 10,500,000 passenger and
commercial vehicles have been produced in
the U.S. on average annually since 1960.'?
While the assembly of a vehicle by an OEM
may take place in one country, the manufac-
turing of motor vehicles is an interconnected
global endeavor that requires robust, resil-
ient, and reliable supply chains. To highlight
the complexity involved in manufacturing a
motor vehicle and its individual components,

significant effect on new motor vehicle pro-
duction, new motor vehicle sales, used car
sales, replacement parts market, repair costs,
and insurance markets. Fortunately, there is a
robust, resilient, and reliable supply chain for
ICE vehicles that can mitigate negative conse-
qguences of single-point supply chain disrup-
tions. It will be critically important for the pro-
liferation of BEVs that similarly robust supply
chains be established.
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e Vehicle sold as a new car

The U.S. Bureau of Transportation Statistics
reports that 11,930,000 new passenger and
commercial vehicles are sold each year on
average since 1960.™ It must be noted that
this data only accounts for vehicles produced
in the U.S., Canada, and Mexico. Therefore, the
true number of new vehicle sales in the U.S.

is higher than represented in the Bureau of
Transportation Statistics. Traditionally, new
vehicles are typically sold or leased by fran-
chised new-car dealerships.’ However, the
traditional notion that a new car will be sold
by a franchised dealership to its first owner is
being challenged. More and more state laws
are being modified to allow OEMs to sell vehi-
cles directly to consumers.’® These changes
in state law have had a substantial impact on
how new cars are bought and sold due in large
part to newer OEMs that only sell EVs.

9 Vehicle operation

Following the sale of a new car, a vehicle
owner will drive the vehicle and will either drive
the vehicle until its lease term ends, sell the
vehicle as a used vehicle, operate the vehicle
until it no longer functions, or the vehicle is in
a collision. A trend over the last several years
is that U.S. vehicle owners are keeping their
vehicles for longer. As of 2023, the average
age of light vehicles on U.S. roadways is now
at arecord 12.5 years old."” Vehicle owners are
keeping their cars longer due to vehicles being
more durable,'® rising interest rates, and the
rising cost of new and used cars.'®

@ Vehicle end of life

Most motor vehicles will typically reach their
EOL in one of two ways. First, a vehicle may no
longer work or drive. The second way is that
vehicles prematurely reach their EOL due to

a collision and a declaration by an insurance
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company that the vehicle is a total loss, which
will result in an insurer paying out a claim to
the insured. Total loss vehicles will generally
be sold through a salvage auction or a vehicle
owner may sell the vehicle to an automotive
recycling/dismantling facility or scrap pro-
cessor. Approximately 10-15 million vehicles
reach their EOL annually and enter the U.S.
reuse and recycling infrastructure.?

motor vehicles

e Acquisition by an automotive
recycler/dismantler

Every year, the approximately 10,000 auto-
motive recycling/dismantling facilities
throughout the U.S. process millions of EOL
vehicles and determine what makes the most
economic sense for each vehicle and their
components through the principles of highest
and best use.?" A highest and best use anal-
ysis works by identifying the maximum value
for each vehicle component, which is also




often correlated with the best environmental
outcome.

Throughout the last century, automotive
recyclers/dismantlers have played a critical
role in creating a recycled original equipment
motor vehicle replacement parts market, a
remanufactured vehicle parts market, and a
recycled materials market. By finding value
and promoting the reuse, remanufacturing,
and recycling of all components on EOL vehi-
cles, automotive recyclers/dismantlers have
built a circular economy for ICE vehicles that
also increases access to transportation by
increasing competition in the replacement
parts market. In the case of the U.S. vehicle
reuse and recycling market, there is an eco-
nomic incentive to responsibly and safely
process EOL ICE vehicles and the ideal envi-
ronmental outcome of reuse and recycling.
According to SAE, 84% of vehicles by weight
have their components reused, remanufac-
tured, and recycled.?? It is critically important
that the success of the existing EOL ICE reuse
and recycling market be maintained

and replicated moving forward.

@ Component upcycling, scrap,
and recycling

An automotive recycler/dismantler pro-
cesses an EOL vehicle to maximize placing
the vehicle components to their highest and
best use. After this occurs, the remainder of
the vehicle will be sent to a scrap processing
facility that will recover the recyclable metals
that will be later used for new manufacturing
or industrial applications. A scrap metal pro-
cessor utilizes machinery and equipment for
processing and manufacturing iron, steel,

or nonferrous metallic scrap into prepared
grades and whose principal product is scrap
iron, scrap steel, or nonferrous metallic scrap
to sell for remelting purposes. According to
SAE, 95% of all vehicles removed from service

in the U.S. enter the North American recycling
infrastructure.? The U.S. Geological Survey
found that 15 million tons of steel is recycled
from automobiles annually.?* Recycled steel is
so important to U.S. manufacturing and infra-
structure that an average 93% of structural
steel produced in the U.S. contains recycled
steel scrap.?® Besides serving as a primary
source for recycled steel, automotive recyclers
are a primary source for recyclable aluminum.
According to the Worcester Polytechnic Insti-
tute, the overall recycling rate for automotive
aluminum is 91%2 and the Aluminum Associ-
ation finds that 80% of U.S. aluminum produc-
tion comes from recycled aluminum.?’

It must also be noted that there is a financial
necessity for automotive recyclers/disman-
tlers to maximize recovery of each component
on the vehicle by putting each component to
its highest and best use. The financial return
achieved by an auto-
motive recycler/dis-
mantler from an EOL
vehicle determines
how much the auto-
motive recycler/dis-
mantler can afford to
pay when acquiring

a vehicle. Unless an
automotive recycler/
dismantler can achieve
a high recovery rate,
they will be unable

to acquire vehicles

in quantity when bid-
ding against other market segments such as
vehicle rebuilders or vehicle exporters. Both

of these competing market segments can be
significant buyers of EOL vehicles. In the case
of BEV vehicles, the ability to acquire vehicles
when competing with other industry segments
is critically dependent upon whether an auto-
motive recycler/dismantler can put a traction
battery to its highest and best use.
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BEVS

Il. How BEVs fit (or don't fit) the highest and best use hierarchy

The highest and best use hierarchy, which
represents the maximization of existing
resources in the most economically and envi-
ronmentally beneficial manner is as follows,
from highest use to lowest use: (1) reused

as originally intended and unmaodified; (2)
repaired or reconditioned for original reuse;
(3) repurposed for secondary applications;
(4) recovered for raw materials for manufac-
turing; and (5) disposal. Highest and best use
has allowed for the U.S. to establish a suc-
cessful and economically viable framework for
managing EOL vehicles. The Worcester Poly-
technic Institute also found that automotive
recyclers/dismantlers help to drive a circular
economy in auto manufacturing and that the
automotive recycling/dismantling industry
has a negative carbon footprint.?®

There has been a concerted effort from gov-
ernments and industry to increase recycling
capacity in order to deal with the impending
tsunami of retiring BEV batteries and establish
domestic supply chains of battery materials.
However, recycling is not a silver bullet for
dealing with BEV batteries that have served
their initial purpose. Aside from the huge
investments required to build up the neces-
sary battery recycling infrastructure, there
are major challenges ahead for the battery
recycling industry. These challenges include
transportation and safety, battery pack dis-
mantling, and the applicability of recycling
technologies to the various battery chemis-
tries. For instance, the efficiency and profit-
ability of recycling processes are impacted
by the chemistry of the cathode: lithium iron
phosphate (LFP) batteries can cost up to a
few dollars per pound to recycle, while nick-

el-rich chemistries are closer to net positive or
breaking even with the resale of the raw mate-
rials and black mass.?*3° Dunn et. al promotes
a battery material use hierarchy, where repur-
posing and reusing a retired EV battery before
recycling are favorable to a straight-to-re-
cycling approach from a life-cycle analysis
(LCA) perspective.®? Findings from a life-cycle
analysis (LCA) study by the Energy and Effi-
ciency Institute at University of California,
Davis shows that traction battery reuse and
repurposing prior to recycling reduces environ-
mental impacts compared to a direct-to-recy-
cling pathway. The study shows that a repur-
pose before recycling pathway can yield about
25% of the CO2e emissions compared to a
direct-to-recycle pathway on a per TkWh unit.3?

The Battery Material Use Hierarchy, produced
by Automotive Recyclers Association and
Argonne National Laboratory and shown in
Figure 4 emphasizes the need for highest and
best use for batteries after they have served

‘Following the Battery Material Use Hierarchy ensures that
the automotive recycling/dismantling industry can maximize
existing resources, provide affordable vehicle repair parts,
and create a sustainable and circular economy as the
transportation industry electrifies.”

their initial purpose. A vehicle traction battery
that has reached its end-of-first-life (EOFL) that
is in good health can and should be reused in a
vehicle. A battery can be remanufactured and
put back in a vehicle under a limited warranty,
while a medium health battery may be well
suited for a stationary energy storage system

Why Battery Testing is Critical for the Transition to Electric Vehicles



(ESS) application where the environment is
less stressful than mobility applications. Use
cases encompass utility-scale energy storage,
behind-the-meter commercial & industrial
storage, residential applications, as well as
portable and off-grid battery systems. Each
use case is unique and can be optimized by
utilizing different battery types of varying ages.
A battery in poor health would be sold for a
lower price, or recycled, the lowest preference
on the highest and best use
hierarchy. Following the Battery
Material Use Hierarchy ensures

MATERIAL USE HIERARCHY

S S
)

that the automotive recycling/ Mot
dismantling industry can maxi- ‘j‘t"“e

mize existing resources, provide
affordable vehicle repair parts,
and create a sustainable and
circular economy as the trans-
portation industry electrifies.

BEV traction batteries age over
time and usage, but it’s diffi- ~
cult to assess the health of a bk
battery with today's commer-

cially available technologies.

Unlike an ICE vehicle, where

the number of miles on a vehicle’s odometer
serves as a good metric for what the vehicle
should be valued at due to a direct correla-
tion to the mechanical wear of an engine and
transmission, an odometer reading does not
provide satisfactory details as to the condition
of a BEV or the condition of the battery pack.
Battery life and condition can change due to
temperature, humidity, usage, and charging
conditions — mileage alone cannot adequately
assess the condition of a traction battery.

(@ ERERGY

o BEV battery types, chemistries,
and configurations

Before diving into the intricacies of EOL, it is
important to understand one of the highest
value components of a BEV: the high-voltage

Why Battery Testing is Critical for the Transition to Electric Vehicles

BATTERY MATERIAL USE HIERARCHY

Repaired or recondidtioned
for original reuse

Repurposed for
secondary applications

traction battery. Different BEVs have different
battery configurations, sizes, and chemistries
(see Figure 5 below). In addition, each bat-

tery type will have varying electrical, mechan-
ical, and software interfaces that need to be
accounted for. For instance, a Tesla Model 3
may have either a lithium iron phosphate (LFP)
battery pack or a nickel cobalt aluminum (NCA)
battery pack, depending on the model year and
trim level. A2011 Nissan LEAF had 24 kWh

A
Argonne
‘CATEGORIES EXAMPLES

Use in another vehicle

Restore functionality and use in a vehicle

Use in home storage
(possibly after recofiguration or repair)

Reuse module, cell or BMS

R et Direct recycled cathode;
; Ry Al and Cu from direct or hydro

Break down into elements Metals/salts from hydro or pyro

Recovered for raw materials
for manufacturing

Entrain as a filler Metal hydride from Ni-MH smelting

Burn, vaporize, or neutralize Electrolyte solvents
Disposal
Dispose of material No recoverable value; landfill

f \ AUTOMOTIVE
s RECYCLERS
" ASSOCIATION*

Fig. 4: Battery
Material Use
Hierarchy that
highlights
highest and
best use

lithium manganese oxide (LMO) battery pack,
a 2013 Nissan LEAF had a 30 kWh LMO battery
pack, while a2017 Nissan LEAF had a 42 kWh
or a 60 kWh nickel manganese cobalt (NMC)
battery pack. A Nissan LEAF battery pack is
configured from battery modules ranging from
8V nominal to 22V nominal depending on the
vehicle generation. Meanwhile, older genera-
tion Tesla Model 3 battery packs have four 85V
to 95V battery modules, and the newer gener-
ation battery packs, some of which have cell-
to-pack design, may not have individual battery
modules at all. All of these aforementioned
BEV models utilize batteries with a “400V" bat-
tery pack architecture, but a Hyundai loniq BEV
uses an “800V” battery pack architecture. In
addition, each of these battery systems have
their own battery management system (BMS)




and interfacing software, much of which is
proprietary to each OEM.

To put it simply, there is no standardization

in the design of BEV battery systems. Full

EVs have been on the market for less than

15 years but global EV sales didn't hit 1 mil-
lion until 2017.3 With continuous improve-
ments in battery technology and manu-
facturing capabilities, and with growing
geopolitical tensions affecting supply

chains, OEMs’ approach to battery design

will further diverge before they begin to stan-
dardize. This has repercussions downstream
in the BEV aftermarket and EOL value chains
that impact how and whether highest and best
use can be applied to BEVs. For example, as
current BEV batteries age and OEMs no longer
manufacture or support specific battery types,
there will be demand for reuse of batteries to
support aging vehicles in addition to demand
for repurposing of batteries for ESS.

9 Gaps in battery state-of-health
(SOH) evaluation

While some OEMs display some indication of
battery state of health (SOH), this is known to
be unreliable and is generally less accurate
the older the battery.3* These health predic-
tions are based on lab-based models and not a
result of a real test on the battery. Additionally,
historical data from vehicles is often unavail-
able and unreliable. Some EV enthusiasts
report their vehicle's estimated EV range on
online forums to offer knowledge about bat-
tery degradation.®® These studies have found
that certain vehicle traction batteries degrade
faster than others.®

There are many factors that affect battery
degradation. In lithium-ion batteries, chem-
ical changes play a significant role, including
lithium plating, where solid lithium forms on
the anode, and Solid-Electrolyte Interphase

Relsule

(SEI) growth, which hinders ion movement.
Cycling-related degradation occurs due to
repeated charge/discharge cycles, leading to
chemical and structural changes in the elec-
trodes. Extreme heat and cold, fast charging,
and lack of “rest” can cause a battery to
degrade faster, leading to premature battery
replacement. The average state of charge
(SOC) of a battery also influences degradation,
where extreme overcharge and overdischarge
states cause stress on electrodes. Calendar
aging, which is natural degradation over time,
and dendrite formation, microscopic nee-
dle-like growth on electrodes, are additional
factors. Mechanical stress, such as bending
or compression, and chemical reactions also
impact degradation.®”

Determining the overall health of a battery is
challenging due to many factors, including
limited availability or utilization of advanced
diagnostic tools, infrequency of testing, and
the absence of real-time monitoring systems
to detect sudden changes during the battery's
operation.®® Additionally, inaccurate data inter-
pretation, insufficient historical data on the
battery's past performance, and incomplete
consideration of actual environmental factors
can contribute to deficiencies in the evalua-
tion process.

Addressing these issues involves implementing
comprehensive evaluation processes, utilizing
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advanced diagnostic tools, ensuring regular
monitoring, and incorporating relevant environ-
mental and usage considerations. Standard-
ized guidelines and effective communication of
results are crucial for closing the gaps in bat-
tery state-of-health evaluations and enhancing
the overall effectiveness of the assessment.
Unfortunately, existing solutions to this chal-
lenge are not scalable to the larger industry.

9 Limitations in battery testing

The industry-standard in battery health testing
is cycling, which requires completely charging
and discharging a battery. It can take more
than ten hours to test a single battery using
this approach. For example Tesla allows their
customers to test the health of the battery in
their vehicles, but the operation requires the
vehicle to be plugged into a Level 2 charger for
up to 24 hours and to have the vehicle below
50% charge.®® Most consumers don't have that
level of patience, and no used car dealers or
repair shops have the capability to perform
this procedure beyond a one-off test.

For batteries removed from vehicles, cycle
testing is not a scalable solution due to the
high cost of equipment, time, and human
resources involved. To perform cycle testing
at scale, there must be capital resources and
infrastructure in place. A battery test facility
needs sufficient space to receive, store, and
test all the batteries needed at any given
time. The right system is necessary to create
a unique ID for each battery, ideally tying
back to its original application and any his-
torical usage data, and an inventory system
is needed to track and locate batteries. High
voltage and high power test equipment, and
the staff capable of operating the equipment,
needs to be installed on site. Training on safe
battery handling is required for many, if not all,
staff members, with some needing hazmat
certification.

The inefficiency and cost of this type of oper-
ation makes these test methods challenging
for the approximately 10,000 automotive
recycling/dismantling facilities throughout
the U.S. This creates a major challenge when
putting a vehicle traction battery to its highest
and best use.

O End of first life battery test
and shipping standards

Depending on the intended use, there might

be additional requirements to meet certifica-
tions and standards. For instance, UL 1974 is
the “Standard for Evaluation for Repurposed
Cells for Stationary Applications"* This stan-
dard addresses the evaluation and testing of
repurposed cells, which refers to batteries that
were originally used in one application, such
as electric vehicles, and are then repurposed
for stationary energy storage applications. The
goal of UL 1974 is to provide safety and perfor-
mance requirements for these repurposed cells
to ensure their suitability for stationary appli-
cations. Unfortunately, acquiring the proper
certification to UL 1974 is costly and complex.
Additionally, each battery manufacturer and
OEM may have their own battery test protocol,
which further complicates the picture.

Regulations around the collection, storage,
and transportation of disposed batteries

is also complex. Lithium-ion batteries are
considered class 9 hazardous waste, which
means there are specific rules dictating the
packaging and transport of battery feed-
stock." The U.S. Environmental Protection
Agency (EPA) also classifies disposed bat-
teries as universal waste, which prohibits land-
filling of batteries, and prohibits the storage of
disposed lithium batteries for more than one
year. To put it simply, following the highest and
best use practices for battery end-of-life man-
agement can be very expensive without rapid
and accurate battery testing.

Why Battery Testing is Critical for the Transition to Electric Vehicles




IMPACT

lll. Unreliable health data on the BEV lifecycle

The ability to understand the condition of a
battery is essential for the transition to BEVs.
Not having a clear understanding of the condi-
tion of vehicle traction batteries will: (1) hinder
the development of a viable used vehicle
market; (2) impede an affordable insurance
market; (3) neglect environmentally sound and
responsible EOL vehicle processing; (4) fail to
create an affordable vehicle repair market; and
(5) result in increased waste without strength-
ening a domestic supply of batteries and bat-
tery materials.

o Lackluster used electric
vehicle market

In the past decade, EV prices have fallen sig-
nificantly, closing the pricing gap between BEV
and ICE vehicles to less than $3,000 before
incentives from over $10,000 in years past.*?
While EVs are near cost parity with ICE vehi-
cles, this doesn't paint the complete picture of
vehicle affordability. Used car sales represent
about 75% of total vehicle sales in the U.S,,
where those with lower income are more likely
to buy a used car.*®* Without a dependable and
reliable measure of the condition of used trac-
tion batteries, EVs will remain out of reach and
less appealing for most Americans.

Matt Harrison, Toyota Motor Corp.s Chief
Operating Officer in Europe, says that there
“isn’'t used-car demand for EVs," something
that is “really hurting the cost-of-ownership
story." Dirk Weddingen von Knapp, the head
of a group representing VW and Audi dealers,
says that “part of the problem is that the
industry is handling secondhand EVs for the
first time. While combustion-engine cars can

be quickly valued via their age and mileage,
there are no tests in widespread use that
determine the quality of a battery.” This lack of
reliable method to evaluate used BEV residual
value will cause the used BEV market to suffer
and, overall, will slow mass BEV adoption.*

9 High insurance premiums for BEVs

There are many factors that property casualty
insurance companies consider when writing
policies for motor vehicles. One primary factor
is the type of car to be insured and what the
costs to repair and replace the type of car have
been in the past. As of right now, insurance
premiums for EVs are 27% more than ICE vehi-
cles in the US.* The higher cost to insure an
EV are due in part to the fact that there is not a
competitive replacement parts market — espe-
cially in the case where a battery pack needs

‘Not having a clear understanding of the condition of vehicle
traction batteries will hinder the development of a viable used
vehicle market; impede an affordable insurance market; neglect
environmentally sound and responsible EOL vehicle processing;
fail to create an affordable vehicle repair market, and result in
increased waste without strengthening a domestic supply of
batteries and battery materials.”

to be replaced. According to Mitchell Inter-
national, 88.85% of repairable EVs use OEM
parts as opposed to 67.48% for ICE repairs.*®
This leaves vehicle owners and insurers with
few options in the market to source replace-
ment batteries, which are primary drivers of
the cost to repair an EV. As the current genera-
tion of EVs begin to age it will be increasingly
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important for vehicle owners to have a com-
petitive market for replacement vehicle trac-
tion batteries that includes recycled original
equipment batteries.*’

As an EV ages, the cost of a new OEM battery
will increase relative to the total remaining
value of the vehicle, which may cause older
EVs to be declared total losses at a rate that
will outpace their ICE counterparts. Even the
smallest road bumps can cause a repair to
become so costly to deem the vehicle a total
loss. Interviews were conducted to industry
stakeholders, and Shannon Bain, Holman
Aftersales Director, gave a stark example of
such a statement with a new vehicle that was
just shipped to his facility. He claimed that
oftentimes the battery is at the bottom of

the vehicle, so driving over the wrong type of
debris can cause a dent in the undercarriage
that holds the battery: A dent that is 3mm or
more in the wrong place can require a total
battery pack replacement which can cost
upwards of $50,000.

0 Unaffordable reuse and repair

There is a large and mature ecosystem of
dealerships, service garages, automotive recy-
clers/dismantlers, and aftermarket auto parts
retailers that can service and provide critical
component replacements for ICE vehicles.
Within this ecosystem are a network of com-
panies that can provide routine maintenance
checks and component replacements for
everything from windshield wipers to trans-
missions and engines. There are a multitude
of options and vendors available, and it's well
understood that it may cost $4,000 to $10,000
to get that engine replaced.*

As BEVs become more prevalent on U.S.
roadways, vehicle owners will need access
to affordable replacement traction batteries
to reduce the cost of vehicle repairs and

keep their vehicles operating. BEV owners
need alternative sources for vehicle traction
batteries besides ones sourced from OEMs,
improving vehicle affordability over its service
life. Batteries sourced from EOL vehicles pro-
vide an enormous opportunity to ensure that
vehicle owners can repair and replace dam-
aged or worn-out traction batteries. However,
the SOH and condition of batteries removed
from EOFL vehicles must be assessed in
order to determine if it
would be suitable as a
replacement part.

Furthermore, a bat-
tery module, even an
OEM part of the same
form, fit, and func-
tion, cannot simply
be inserted into a
vehicle battery pack
without potentially
experiencing “organ
rejection” from the
host vehicle. This is
because battery mod-
ules within a pack must be matched in state-
of-charge (SOC) and SOH within a battery
pack. Mismatched SOC and SOH can lead to
reduced vehicle range, a need to prematurely
replace a battery, or, in a worst case, severe
safety incidents due to heightened risk of
overcharge and undercharge.*

O Remanufacturing of batteries

Over the next few years, an ever-increasing
number of BEVs will begin reaching their EOL
and their batteries will reach their EOFL. In
some cases, an EOFL battery removed from

an EOL vehicle will not be in a condition that
would allow for reuse in a vehicle or use in an
ESS. This may be due to physical damage to
components, inadequate SOH, or some combi-
nation of the two. Consequently, there may still
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be value in that battery to extract in the form
of remanufacturing. Remanufacturing is the
process when a vehicle component is restored
to meet the specifications of the original man-
ufactured product. In this case, batteries can
be remanufactured so that a battery can even-
tually be reused.

e Unrealized battery value

When a traction battery is removed from the
vehicle, it may retain over 80% of its initial
energy content and can still satisfy the less
stressful needs of battery stationary storage
for years to come.*® They can be repurposed
to store and dispatch power generated by
renewables, reducing reliance on harmful fos-
sil-fuel plants.®' In fact, McKinsey & Company
suggests that by 2030, so many traction bat-
teries will be retired from passenger vehicles
alone that the supply could meet the demand
for utility-scale energy storage.’? Thisis a
massive opportunity for automotive recyclers/
dismantlers and second-life ESS companies,
but, again, a lack of scalable testing method-
ologies may threaten this second-life battery
industry from ever taking off.

Retired BEV traction batteries may be used in
most energy storage applications, including
portable energy applications, microgrids,
behind-the-meter commercial and industrial
storage, and utility-scale storage. The market
for microgrids is forecast to more than double
by 2028, reaching $79 billion.%®* The market for
batteries in utility-scale storage is growing

at an even faster pace. California’s battery
deployments expanded tenfold from 2020 to
2023, while Texas's grew thirteenfold.** Unfor-
tunately, the global supply chain for new lith-
ium-ion batteries is centered overwhelmingly
outside the United States. The U.S. needs

the capacity to build energy storage systems
domestically, and $63 billion of public and
private funding has been earmarked to spur

a U.S.-based battery manufacturing and
supply chain since the passing of the Inflation
Reduction Act (IRA).% Still, these factories will
take years to plan, permit, construct, and ramp
up, leaving a gap between battery supply and
demand for stationary energy storage appli-
cations. EOFL traction batteries represent a
burgeoning and locally available feedstock to
accelerate the nation’s transition to sustain-
able energy.

However, there are numerous challenges

to battery repurposing. There is a wide gap
between the BEV battery and the eventual
buyer. A buyer, when purchasing a battery,
wants assurances that they are getting quality
product for their money, and the retired bat-
tery needs to be shipped, tested, and certified
before it can make its way to a repurposed
battery system.%¢ The repurposed battery
needs to compete against new batteries not
only on cost, but also on performance on met-
rics such as power and energy ratings, lon-
gevity, energy density, and reliability. For larger
projects, financing terms need to be secured,
and project construction and commissioning
needs to be planned months to years in
advance. All this needs to happen before a
repurposed battery can generate revenue for
a system site or offtaker. Overcoming any of
these obstacles means overcoming the first
major challenge of reliable and efficient bat-
tery testing at scale.

Why Battery Testing is Critical for the Transition to Electric Vehicles

ISTOCK.COM/
THANMANO

14



TESTING

IV. Rapid battery testing: a better way forward

ReJoule is an advanced battery diagnostic
company with the mission of creating a
circular BEV battery economy by enabling
battery reuse, remanufacturing, and repur-
posing. ReJoule has pioneered an advanced
battery test technique to accurately, quickly,
and reliably estimate a battery’'s SOH. The
cutting edge diagnostic technology employs
electrochemical impedance spectroscopy
(EIS) to estimate the degradation of a battery
through its complex impedance. This enables
a test time reduction from hours to less than
5 minutes. ReJoule’s hardware product is
coupled with machine learning algorithms

to correlate a battery’s complex impedance
to its SOH. ReJoule’s technology has con-
sistently achieved over 98% accuracy in its
SOH assessment for multiple battery types
of different chemistries and can test at the
cell, module or pack level (see virtual demo).
In addition, ReJoule has developed a version
of its diagnostic technology that can plug into
the DC fast charging port of an EV to provide
rapid and accurate testing on traction bat-
teries that are still inside their vehicles. This
family of diagnostic products not only speeds
up the testing process, but it also transforms
battery management strategies, paving the
path for proactive measures like predictive
maintenance, assessing residual value, and
forecasting future EOFL traction battery feed-
stock. By quickly identifying the core issue

of degradation, more vehicles can be tested,
which reduces the overall cost. Once the bat-
tery’s SOH is determined, charts like the one
below can assist in quickly directing batteries
to the highest value use case. This can trans-
form today’s used BEV market, make it easier
to buy insurance for BEVs, improve repair-

ability and repurposability of high voltage trac-
tion batteries, and reduce overall emissions by
improving the economics of reuse, remanufac-
turing, and repurposing.

ReJoule has demonstrated the effectiveness
of its technology on Nickel Manganese Cobalt
(NMC) cells and modules, and various Lithium
Iron Phosphate (LFP) cells and modules and
on various battery types: cylindrical, pouch,
and prismatic constructions. The hardware

BATTERY SOH TESTED BATTERY POPULATION
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product can be compatible with a wide range
of battery voltages, from low voltage cells
(~3.5V), to modules (~50V), to high voltage
packs (>400V). As of the beginning of 2024,
ReJoule has tested over 5SMW of retired EV
batteries on 3 continents with its rapid diag-
nostic technology, with the bulk of that testing
done in 2023 alone. ReJoule expects to test
over 10 MWh in 2024, and is on track to be
able to test over 10 GWh of retired batteries
per year before the end of the decade.
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MATERIAL USE HIERARCHY

Reuse as originally intended
and unmodified
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applications, where higher SOH
batteries are used for more
demanding applications

Recovered for raw materials

for manufacturing

Fig. 6: How
battery SOH
maps to the
battery material
use hierarchy

15



RECYCLING

V. Automotive recycling industry putting batteries to their highest and best use

Since 1943, ARA has represented professional
automotive recyclers. Professional automotive
recyclers/dismantlers supply Recycled Orig-
inal Equipment (ROE) motor vehicle replace-
ment parts to consumers around the world. In
addition to the critical role professional auto-
motive recyclers/dismantlers play in the auto-
motive supply chain and replacement parts
market, professional automotive recyclers/
dismantlers play a valuable role in the efficient
and environmentally friendly recycling of EOL
vehicles. Professional automotive recyclers/
dismantlers are the largest collective owners
of EOL vehicles and are subsequently the
largest generator of source material for scrap
metal recyclers. As the main recipient of EOL
vehicles, automotive recyclers/dismantlers
are the largest collective owners of EOFL lead
acid, nickel metal hydride, and lithium-ion

vehicle traction batteries. Automotive recy-
cling/dismantling preserves natural resources,
reduces the demand for scarce landfill space,
and plays an important role in reducing air and
water pollution.

ARA and its members are taking the lead by
actively advancing the national imperative of
highest and best use of BEV traction batteries.
Through its strategic relationship with the
National Salvage Vehicle Reporting Program
(NSVRP), ARA and its certified high voltage
vehicle trained members are participating

in the NSVRP battery registry program. This
program is designed to help ensure that BEV
traction batteries that have served their initial
purpose are directed to their highest and best
use whenever possible.

ANDY LATHAM
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FUTURE

VI. The road ahead

As BEV sales continue to grow, the necessity
for comprehensive and deliberate action to
overcome challenges is needed. The future
requires an ambitious strategy in which the
expansion of EVs is integrated with circular
principles, which urge us to reconsider, reas-
sess, and redefine how we use resources to
minimize the environmental effects of vehicle
electrification. On top of investing in techno-
logical development, we need to ensure that
our workforce is educated and trained for the
transition to BEVs, and that policies are put in
place that encourage the highest and best use
principles.

o Workforce of the future

When it comes to creating an environment
that will allow for the successful reuse and
recycling of BEVs and their components,
education and training will be essential to
ensuring a safe environment for automotive
recyclers/dismantlers. ARA and its Certifica-
tion Committee has been educating automo-
tive recyclers/dismantlers about safely and
responsibly processing BEVs through its Certi-
fied Automotive Recyclers (CAR) program. The
CAR program includes high voltage vehicle
training that prepares automotive recyclers/
dismantlers to acquire and process BEVs.

I

Along with its high voltage vehicle training
and certification, ARA has developed and
provides automotive recyclers/dismantlers
with an Electric and Hybrid Vehicle Technology
Training Guide.*” ARA has also developed

and provides automotive recyclers/disman-
tlers with an EV Readiness Checklist,%® Hybrid
and Electric High Voltage Vehicle Handling
and Dismantling Protocol,*® and an EV Battery
Database.®® The EV Battery Database con-
tains access to information for 1,650 models
from 65 manufacturers specific to over 7,700
different high voltage batteries. ARA encour-
ages manufacturers and other stakeholders
to contribute to this training and certification
program that provides necessary information
for the proper handling and storage of EV Bat-
teries. ARA’s training and safety information
can be found at https://arauniversity.org. In
the coming years, it will become critical that
automotive recycling/dismantling facilities
are equipped and trained to work with high
voltage batteries.

Education is a major piece of this puzzle.
Having a highly skilled workforce is crucial
for encouraging innovation, adopting sustain-
able practices, and addressing the obstacles
that come with transitioning to BEVs with
high voltage batteries. As we move forward,

Why Battery Testing is Critical for the Transition to Electric Vehicles
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it is crucial to provide individuals with educa-
tion to equip the industry with the necessary
expertise. This will drive advancements and
establish a strong foundation for a sustain-
able future. Currently, there is a shortage of
high voltage trained technicians to handle the
deluge of testing that is to come. The shortage
of mechanics is compounded by the fact that
technician training programs have not been
updated to include BEV technology. Shannon
Bain, Aftersales Director, for 3 dealerships’
parts and services departments, works with
Universal Technical Institute (UTI), and they
have implemented BEV training into their pro-
gram. However, it is a for-profit college that is
about $35-840k for roughly a 10-month pro-
gram. Shannon is also on the advisory board
of Miramar Community College technician
program. Just 2 years ago, they worked to get
funding from the state for hands-on hybrid
training. Miramar and most programs still
don’t have full BEV training available, or it's
only theory. The options are basically costly
private or for-profit schools but sadly training
programs for technicians at public schools,
even in California, do not offer hands-on
training which is hindering the ability to find

a qualified workforce.

e Policies to promote testing and
battery reuse and repurposing

As the U.S. continues its transition away from
fossil fuel based energy in transportation,

it will be essential for federal and state gov-
ernments to promote and enact policies that
ensure that the already successful U.S. vehicle
reuse and recycling market can be replicated
for BEVs. This means that special attention
and focus must be paid to efforts to maximize
the useful life of batteries that have reached
their EOFL. Therefore, focus and attention
should be paid to promoting viable battery
reuse, remanufacturing, and repurposing
markets. Not only will this reduce the carbon

footprint associated with the manufacture of
BEV traction batteries but it will also reduce
U.S. dependence on critical minerals, reduce
the need for newly manufactured batteries,
and provide vehicle owners with affordable
replacement batteries. It is essential that gov-
ernment policy emphasize reuse, remanufac-
turing, and repurposing in order to allow for

a successful transition to BEVs. Additionally,
evaluating the health and lifespan of traction

“For electric vehicles to follow a similarly circular and
sustainable lifecycle, we need collective efforts, inventive
solutions, and a commitment to a standardized process.

Battery recycling, while critical, is only the final step in

the battery lifecycle. Before recycling, we need to ensure that
retired traction batteries can be reused as is, repaired,
remanufactured back into vehicles, and repurposed into
second-life applications. Proper testing and evaluation
of a vehicle traction battery will be essential.”

batteries, whether ongoing during operation
or at EOFL, is vital for determining whether a
battery should be reused, repaired or recondi-
tioned, repurposed, or recycled. To be econom-
ical and beneficial, these evaluations need to
be efficient, dependable, and adaptable across
diverse battery chemistries and form factors.
Policies that promote the battery material

use hierarchy should also mandate minimum
accuracy and reliability of these evaluations,
and these evaluation criteria should be stan-
dardized as much as possible.

Existing policies, in some cases, may inad-
vertently discourage circular principles.

For example, the newly approved European
Battery Regulation mandates that new bat-
tery cells contain a minimum percentage
of recycled battery content — starting at 6%
for lithium and nickel and 16% for cobalt by
2031.%" These mandates may encourage

Why Battery Testing is Critical for the Transition to Electric Vehicles
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automakers and others in the vehicle after-
market to embrace a direct-to-recycling
approach to avoid fines. At the same time,

it's important to note that there is no single
strategy aligning each of the actors, and that
a policy and its intentions are often in con-
trast with economic reality and the actual flow
of retired BEVs. For instance, retiring battery
feedstock is owned by individuals or by com-
panies who own the vehicles, and each of
these players wants to maximize the value of
their assets—this means these actors will sell
their vehicle to the highest bidder, which may
be a repair shop on the other side of the globe.

In the first half of 2023 alone, Ukraine imported
12,844 mostly used electric vehicles.®? Used
vehicles from the U.S. and Europe “are increas-
ingly being shipped to Ukraine and a handful
of other countries to be repaired and given a
second life” because they are willing to pay
more for the scrapped vehicle than a domestic
buyer.5® The same is occurring closer to home.
Second-hand vehicle imports from the U.S. rep-
resent “nearly 30 percent of Mexico’s light-duty
vehicles”, and those Mexico bound exports will

increasingly include high-value traction battery
packs from BEVs.% To encourage a domestic
battery supply chain, policy makers should pro-
pose legislation to incentivize localized highest
and best use of retiring EV batteries—reusing,
repairing, and repurposing—so this battery
feedstock, ideally, stays within the U.S. before
ultimately being recycled within the U.S. Oth-
erwise, the flow of retired EV batteries will con-
tinue to move to the highest bidder, which may
not be domestic.
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CONCLUSION

Over the past century, ICE vehicles have
facilitated the creation of an economically
sustainable product lifecycle that empha-
sizes affordability, resource optimization, and
recyclability. For electric vehicles to follow a
similarly circular and sustainable lifecycle, we
need collective efforts, inventive solutions,
and a commitment to a standardized process.
Battery recycling, while critical, is only the
final step in the battery lifecycle. Before recy-
cling, we need to ensure that retired traction
batteries can be reused as is, repaired, reman-
ufactured back into vehicles, and repurposed
into second-life applications. Proper testing
and evaluation of a vehicle traction battery
will be essential. ReJoule’s cutting edge diag-
nostic technology enables rapid, reliable, and
accurate battery testing throughout a battery’s
lifecycle. Its products can evaluate batteries

ISTOCK.COM/CHOOCHART CHOOCHAIKUPT

at the cell, module, pack, and vehicle levels,
and have been validated by customers on
multiple continents. The ability to easily and
reliably test the condition of a battery then
becomes essential to support a thriving used
BEV market. Additionally, it is necessary to
leverage the existing, and highly successful,
automotive recycling/dismantling infrastruc-
ture so more people can benefit from afford-
able, insurable, and repairable BEVs. Only by
creating an ecosystem where BEVs and their
batteries follow the material use hierarchy can
we promote responsible end-of-life BEV pro-
cessing while encouraging a truly domestic
battery supply chain. To actively engage in
the battery circular economy, you can contact
RedJoule and the Automotive Recyclers Asso-
ciation for further details and potential cooper-
ation opportunities.
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