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Methodology: Focus on Battery Design & Whole-Life Strategies
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BAU Case Major Assumptions

BAU Case

1.

*EIA Annual Energy Outlook 2020 Table: Table 38. Light-Duty Vehicle Sales by Technology Type Case: Reference case | Region: United States

XEV sales are derived from EIA* and BloombergNEF** U.S.
passenger vehicle sales. EIA projected sales to 2050 are
much lower than BloombergNEF. BloombergNEF projections
were used as the BAU.

Battery size increases based on EIA all-electric mileage
projections and BatPac4*** nearest battery configuration.

Current battery chemistry mix (BloombergNEF) through
2050

1. >50% NMC 622

2. > 10% ea. NCA+ (Tesla), NMC 811

3. <10% ea. NMC 532, LFP, NMC 333, NCA

Retirements are modeled as normal distributions around the
nominal battery life of 10 years.

Eighty percent collection rate and pyrometallurgy recycling
of collected end-of-life batteries

1. 98% recovery of Ni and Co, Li is not recovered.
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Three Design-driven Lifecycle Strategies
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Design for Disassembly Strategy — Increasing battery life through second use

Only elimination of glued assembly is critical for refurbishment. 20% of
batteries are assumed to be refurbished and sold into the vehicle
aftermarket starting in 2030. Refurbished batteries are assumed to have %
the lifespan of new batteries and are not refurbished a second time

labeling and state-

of-health
monitoring automated

Design for disassembly

disassembly elimination of

glued assembly /
removable electrolyte

fasteners recycling

M refurbishment for

second use

pyrometallurgy

Recycling

Key impacts of innovations

1. Labeling and state-of-health monitoring facilitates sorting batteries for further action

2. New assembly methods facilitate disassembly

3. Automated disassembly and supercritical CO, recycling of electrolyte make refurbishment possible for some

batteries with damaged or degraded cells that can be replaced or re-lithiated
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Design for Disassembly Innovations Facilitate Refurbishment of Batteries

Transversely Stacked
Battery Materials

Design for refilling of electrolyte:
— CuRod

* Header design with fill-ports and

controlled vent streams Plugged Cathode

Filling 3 ~._ Separator

=

* Modify jelly-roll packaging to enable
easier replenishing of the electrolyte

Design for disassembly:
« Use of bolted rather than welded terminals

Elimination of glued assembly

Standardization of cell, module and pack design

Photograph and figures from Santhanagopalan, “Battery Recycling.” 2018 NREL | 8



Some Level of Automated Disassembly Will be Needed

Key challenges, barriers, and advantages of automated
disassembly

* EV battery design varies across manufacturers and models

e Disassembly is often most expensive aspect of battery recycling due
to labor cost and individual handling of each battery system (Schwarz
2011)

* Disassembly time depends on depth of disassembly (Schwarz 2011).
24 disassembly steps identified to obtain the modules/stacks
(Wegener 2014)

* Fully automated disassembly not feasible due to battery design

variation, lack of battery design standards, and recyclers’ lack of Q@ 9 ®
access to detailed battery designs (Gerbers 2018) 8|00

* Partial automation with human-robot collaboration identified as a Example human-robot disassembly
promising solution (Wegener 2014, Wegener 2015, Cerdes 2018, workstation (Wegener 2015)

Gerbers 2018), where robots do repetitive tasks and humans do

complex tasks and troubleshooting
NREL | 9



Design for Disassembly Strategy Reduces Demand by Extending Battery Life
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Direct Recycling Depends on Adoption of a Key Technology

pyrometallurgy
recycling

pouch v wound
cells

reduction of
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Design for
recycling

direct recycling

Advances in re-
lithiation
technology will
drive adoption of
direct recycling

easily removable
binder

Key impacts of innovations
1. Direct recycling of components could reduce energy consumption by up to 48% (Dunn et al 2012)

2. Direct recycling cost is likely to be 40-60% of current process costs.
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Re-lithiation has the Potential to Create Good-as-new Cathode Material
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Direct recycling rehabilitates cathode material without costly decomposition to elemental metals. NREL
research; Optimize rapid, stable electrochemical relithiation for application to large scale direct recycle
methods. Coyle et al 2019
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Changes in Battery Design Make Direct Regeneration of Cathode More Viable
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Figure from Liu et al, 2015

Easily removable binder (e.g.,
magnetic binder) could

facilitate adoption of direct
recycling.

Other potential innovations

1.

Pouch cells facilitate recycling of electrolyte and
recovery of intact cathode material

Removal of PVDF binder requires use of a toxic solvent
or high heat adding cost and environmental impact to
direct recycling.
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The Rate of Technology Adoption Drives the Benefit of Direct Recycling
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Direct recycling is only used for high value battery chemistries
* High value cathode materials (>= $20/kg in BatPac4); NMC 333, 532, 622, 811, NCA, NCAPlus (Tesla)
* Assumed 100% adoption of design for recycling by 2030 NREL | 14



Battery Manufacturers are Already Adopting Low-Cobalt Batteries

pyrometallurgy
recycling

Material

low cobalt hydrometallurgy
batteries recycling

Substitution

Key impacts of lower cobalt batteries
1. Demand for cobalt decreases, but demand for nickel increases

2. Potentially lower value of recovered metals could push recyclers to recover more materials (especially lithium) and
improve the energy efficiency of recycling processes.
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Low-Cobalt Batteries Reduce Demand & May Drive Recovery of Lithium
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Summary of Preliminary Results

600,000

Key Takeaways:

* Design for disassembly and 500,000
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(purple line) does not have a
significant impact until new 200,000
design batteries begin to be
retired around 2040 100,000

400,000

300,000

DEMAND (MT/YEAR)

* Design for low-cobalt
batteries(blue line) initially has
the most impact, but that is

Baseline demand Co Baseline demand Li Baseline demand Ni
bluntEd Iater aS IOW-CObalt = |Mpact of design for disassembly e |mpact of design for the environment e=m=|mpact of design for recycling
batteries are recycled but yield

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042 2044 2046 2048 2050

: Total demand for materials for vehicle battery manufacturing to 2050
less material (shaded areas). Demand for virgin materials for the three scenarios (lines)

NREL | 17



Other Materials

Key Takeaways:

* Aluminum — Manufacture of wrought aluminum has the highest energy use of any component of the
battery

e Using all-recycled aluminum in EV battery assemblies reduces total energy consumption during battery production by 33%.
(Dunn et al 2012).

By 2050, manufacture of new LiB batteries for U.S. sales of EVs could reach 385,000 MT Al per year (BatPac 4 &
BloombergNEF)

* Recovery of Al from retirements of U.S. EVs could supply over 90% of the demand in 2050. Over 80% of the Al is contained
in the pack and module assemblies (BatPac 4 & BloombergNEF)

* Fluorine, which can form a toxic gas when batteries are heated (Hill, 2017), is contained in the most
common electrolyte (LiPF6) and binder (PVDF) of LiB batteries. Removing it would reduce treatment
costs and environmental impact.
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