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ABSTRACT: This paper delves into the critical materials
supply chain of the battery market with an emphasis on long-
term energy security. The study recognizes electric vehicle
battery packs as reservoirs of “locked reserves” for extended
periods, typically 10 years or more. A comprehensive under-
standing of material flows and end-of-life battery management
is essential to establish a sustainable, durable, and secure
domestic supply chain for lithium-ion batteries. In addressing
these concerns, the paper introduces a metric designed to assess
the “per mile” consumption of critical reserves called “Materials
Per Gallon-Electric (MPGe)”. The study emphasizes the
immediate need for critical materials to meet the accelerated
demand for large-scale electric vehicle adoption in the short
term. Furthermore, the paper also emphasizes the urgent need to advance recycling technologies to recover the critical mineral
reserves “locked” in end-of-life battery packs.

Transitioning to an electrified transportation sector
necessitates the production of battery storage
capacities ranging from 1,000 to 2,000 GWh.1−4

Understanding and estimating material requirements through-
out the lifetime of a large-scale electrified transport fleet is
crucial to assessing the stability of the material supply chain
over extended durations.5−8 To facilitate effective communi-
cation among researchers, industry professionals, and policy-
makers, it is crucial to establish standard metrics for material
usage.9 Internal combustion engines (ICEs) primarily consume
gasoline, and the prevalent metric for ICE vehicles is miles per
gallon (MPG).10 Currently, the US average for light-duty
vehicles is 24.9 miles per gallon, with each vehicle traveling
12,000 miles in a year on average.11−13 When used together,
the average distance traveled and the miles per gallon metric,
along with the number of vehicles in the fleet, provide a
reasonable estimation of the total gasoline consumption in a
year as well as over the lifetime of the ICE vehicles. With the
metrics used here, it is estimated that a fleet of 100,000 ICE
vehicles with a lifetime of 10 years would consume roughly 48
million gallons of gasoline, which would require approximately
100 million gallons of crude oil.14,15 Supply chain metrics for
ICE vehicles are easily estimated due to the straightforward
nature of the fuel source and refining process, and the lack of

recycling options.16 However, electric vehicle (EV) battery
packs pose challenges due to complex material requirements,
refining, processing, and recycling.17,18 Herein, we propose
using materials per gallon-electric as a metric for the battery
supply chain. This metric aims to quantify the material
requirements of EVs relative to the fuel consumption of ICE
vehicles, offering a clearer understanding of the environmental
impact and reserve utilization associated with each mode of
transportation. Materials per gallon-electric (MPGe) estimates
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Materials per gallon-electric (MPGe)
estimates the amount of material
required in an EV to offset the
environmental impact of each gallon of
fuel consumed by an ICE vehicle.
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the amount of material required in an EV to offset the
environmental impact of each gallon of fuel consumed by an
ICE vehicle. It considers several crucial factors, including the
lifespan of the EV, the anticipated distance traveled over its
lifetime, and the fuel efficiency of traditional ICE vehicles. The
equation for evaluating the MPGe value is detailed in eq 1 and
Figure 1a. The MPGe value identifies material reserves
required to offset every gallon of fuel over a typical operational
lifetime of the vehicle. A lower material per gallon value
indicates a more reserve-efficient and environmentally friendly
option. EVs with lower MPGe values require fewer materials to
manufacture and operate over their lifespan. The materials per
gallon-electric metric offers policy makers, consumers, and
industry stakeholders a standardized tool for assessing the
sustainability of EVs in comparison to traditional ICE vehicles.
It facilitates informed decision-making by providing a holistic
perspective on the environmental implications of trans-
portation choices.

MPGe
Absolute Material Required

Normalization Factor

Normalization Factor
12000 miles/year 10 year

24.9 miles/gallon

=

= [ ] × [ ]
[ ]

(1)

We believe that this metric will help visualize material usage
over the lifetime of electric vehicles and enable comparison
with internal combustion engines (Figure 1a). Overall, MPGe
forms a crucial comparison when viewed in the context of
reserve availability, economics as well as environmental impact.
One pertinent aspect that MPGe metric does not consider is
the comprehensive assessment of energy requirements
throughout the lifecycle of electric vehicle (EV) batteries,
encompassing both manufacturing and material extraction
processes as well as charging over a lifetime. Indeed, the energy
expenditure associated with battery production and raw
material extraction is a crucial factor in determining the overall
environmental impact and reserve efficiency of EVs. We
acknowledge the necessity of incorporating these energy costs
into our analysis to provide a more holistic evaluation of EV

Figure 1. Materials per Gallon-Electric (MPGe) and the Battery Supply Chain. (a) A schematic diagram explaining the materials per gallon-
electric metric is proposed to evaluate the material requirement during the battery lifetime. (b) Sample calculations for the material
requirement for the duration of one EV pack life. Absolute and equivalent materials per gallon-electric metric for one 260 mile pack are
visualized in terms of electrode materials, precursors, and unrefined ores needed. Note that the equivalent MPGe metric is scaled by 103 to
enable visualization. (c) Supply chain diagrams for NMC622 and LFP materials. The sankey diagram illustrates the flow of minerals from
raw material extraction through ore processing, battery material processing, and finally into the production of EV battery packs. The diagram
highlights the pathways and quantities of key minerals used in different stages of the supply chain. Raw material and ore required are
estimated from processing and refining efficiencies reported in literature.19−24 The reported metrics are in metric tons and normalized as
materials per gallon-electric. The calculations assume 100,000 EVs, with a 260 mile battery pack, with a 10 year life averaging 12,000 miles/
year. See also the Python code in the Supporting Information for more plotting options.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Perspective

https://doi.org/10.1021/acsenergylett.4c01300
ACS Energy Lett. 2024, 9, 3780−3789

3781

https://pubs.acs.org/doi/10.1021/acsenergylett.4c01300?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01300?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01300?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.4c01300/suppl_file/nz4c01300_si_005.zip
https://pubs.acs.org/doi/10.1021/acsenergylett.4c01300?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.4c01300?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sustainability. Additionally, the variability in the sources of
energy used to charge EV batteries, highlights the importance
of considering the carbon intensity of the electricity grid. While
our study focuses on the material consumption aspect through
the introduction of the MPGe metric, future iterations of our
research could explore integrating energy consumption and
carbon emissions data into the assessment framework to offer a
more comprehensive understanding of the environmental
implications of EV adoption.

An EV battery pack is typically specified in terms of range,
power, and capacity, as well as a specific battery chemistry.
This information allows us to estimate the required materials
for a single battery pack, including cathode, anode, separator,
electrolyte, and current collector, based on certain assumptions
about the battery pack’s architecture. Further, the raw materials
needed for processing the required battery materials are back-
calculated using proper process efficiencies.19 Subsequently,
the ore and refining requirements are estimated from the raw
material needs based on mining and refining efficiencies for
individual minerals.20−24 The details of efficiencies used for
each step are provided in the Supporting Information. Sample
calculations for a standard NMC (LiNixMnyCozO2)/graphite
battery pack rated at 260 miles are shown in Figure 1a. The
quantity of cathode and anode materials needed for 1 EV
battery pack are approximately 130 and 84 kg, respectively.
Similarly, the raw materials for Li, Ni, Co, and Mn are
approximately 11, 48, 16, and 15 kg, corresponding to 15, 56,
21, and 20 kg of unrefined ores, respectively.20,22−27 This
absolute material requirement is normalized to the lifespan,
expected distance traveled, and the fuel efficiency of ICE
vehicles as described in Eqn 1 to provide the materials per
gallon-electric metric. For one EV battery pack based on

NMC622/graphite chemistry, this corresponds to approx-
imately 26.9 and 17.37 g of cathode and anode material per
gallon over the lifetime of the EV, respectively. Similarly, the
raw and unrefined ore can be normalized to obtain the
materials per gallon-electric metric. This metric represents the
amount of material consumed over a 10 year period in a single
EV battery that travels 12,000 miles per year. The flow of
materials for a fleet of 100,000 EVs powered by NMC and LFP
cathode chemistries is shown via Sankey diagrams (Figure
1b,c). The Sankey plots are generated through an interactive
Python code that is included in the Supporting Information,
which can be used to create additional visualizations. It can be
seen that 2.7 t of NMC cathode and 3.72 t of LFP cathode are
required to offset every gallon of fuel that would be consumed
for 100,000 ICE engines over their lifetime. The corresponding
requirements for the raw material and unrefined ore are
described in the Sankey diagram. Assuming current material
costs associated with the precursors, the cost of raw materials
for a single EV to offset a gallon of gasoline is around $0.54/
MPGe for the NMC622 cathode. A spreadsheet that allows the
calculation of cost breakdown for cathode per MPGe metric is

provided in the Supporting Information. To determine the
amount of oil required to produce an equivalent gallon of
gasoline, it is essential to consider the refining process. It was
found that for every gallon of crude oil refined, approximately
0.466 gallons are obtained as gasoline, with the rest being other
byproducts like DFO, paraffins, waxes, and asphalt.14

Considering this, we estimated that roughly 2 gallons of
crude oil is needed to produce a gallon of gasoline−including
just the raw materials. Thus, the crude oil needed to get a
gallon of gasoline is around $4, based on current price trends.
This cost analysis does not include processing or refining costs,
but still shows that EVs are more cost-effective in terms of
material utilization. High Coulombic efficiencies of batteries
can reduce the overall material usage and corresponding costs,
environmental impact, and reserve scarcity. Similarly, the usage
of other reserves like Cu, Al, and carbon is tracked over the
battery production cycle from unrefined ores to the finished
battery pack (Figure 1b,c). We note here that Fe was not
integrated into this analysis for LFP due to the general
abundance of iron. However, the supplied visualization code
can be leveraged to enable visualization of the Fe supply chain
as needed. Visualization of the material flow pathways like the
one described here is vital for assessing the long-term impact of
material choice. We further discuss the need for design
software for batteries and associated challenges and prospects
in the Supporting Information.

Conventional Li-ion batteries use carbon-based materials as
anode (graphite), polyolefin separators, organic solvent-based
electrolyte, and oxide-type cathode materials. Of these, the
anode, separator, and electrolyte do not pose an immediate
threat in terms of raw material scarcity.29,30 Cathode materials,
which are typically Li-transition metal oxides, pose a crucial
threat to energy security due to the coupled supply chain of
raw minerals and the reserve scarcity thereof.31,32 The total
world reserves (Figure 2a) identified by the United States
Geological Survey (USGS) show that Co has the lowest
reserve of about 10 million metric tons, while Fe is the most
abundant, with global reserves of about 106 million metric tons
among the essential minerals of importance for batteries (Li,
Ni, Co, Mn, Fe, Cu, and Al).26 It is vital to track the expected
growth in material requirement and the decrease in global
reserves to identify potential scarcity in the coming years.
Using predictions from NREL about the number of EVs that
will be deployed by 2050, material usage predictions are
performed based on the metrics identified previously for a
single EV.33 EV growth is expected to be accelerated in the
near term due to policy decisions and the transition to the
electrified fleet (until ∼2030), followed by a controlled growth
period. This is clearly reflected in the projected material
requirements (Figure 2b) for the critical battery components.
Cathode materials pose a more crucial threat compared to
other battery components in terms of supply chain resilience
due to their reliance on critical materials. The increased
demand for battery packs will manifest in the development of
battery production facilities with TWh capacities.34 Material
requirements for Li, Ni, Co, and Mn, which are the primary
raw minerals required for battery cathodes, are projected for
gigafactories in Figure 2c, based on an expected growth in
gigafactories deployed as shown in Figure 2d. Here, individual
gigafactories are assumed to have a production capacity of 15
GWh, producing battery packs rated at 260 miles with
NMC622-graphite chemistry. Currently, the USA has 5−10
gigafactories in the planning/execution stages, but a much

For one EV battery pack based on
NMC622/graphite chemistry, this cor-
responds to approximately 26.9 and
17.37 g of cathode and anode material
per gallon over the lifetime of the EV,
respectively.
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higher number of battery production facilities are required to
ensure that EV demands are met to ensure domestic energy
security. Material requirements are expected to grow a couple
of orders of magnitude for moving from 15 GWh to >2 TWh.
This entails the development and stabilization of a sustainable,
domestic supply chain that can deliver the required raw
materials to these production facilities within the coming
decade.

We also carried out an analysis of critical material demand
and reserve depletion as a function of EV growth (Figure 3) for
two major cathode chemistries: NMC and NCA (Li-
NixCoyO2). The quantity of unrefined raw Li, Ni, Co, and
Mn for the projected number of EVs was estimated as
previously described. The impact of this consumption on the
global mineral reserves was subsequently estimated. For this, a
mining efficiency factor and market utilization factor were
defined for each mineral based on available literature. The
market utilization factor was defined as the fraction of the
available reserves used in the battery industry. This enabled the
translation of the total global reserves identified by USGS
(Figure 2a) to a quantity that is anticipated to be available to
the battery industry. Three different metrics of the mining
efficiency and market penetration are assumed for each
mineral, corresponding to the three curves for global reserves
in Figure 3. The details regarding the metrics employed are
available in the Supporting Information. Current state-of-the-
art metrics of mining efficiency are approximately 75−85%,

depending on the mineral, with market utilizations ranging
from 15% for Mn to 50% for Ni. These figures reflect the
present scenario, where the battery industry is one of many
competing sectors for these minerals. However, it is important
to recognize that the demand for batteries is projected to grow
exponentially in the future, driven by the increasing adoption
of electric vehicles and the expansion of renewable energy
storage solutions. By 2050, we anticipate that the market
utilization of critical minerals for batteries will be substantially
higher than current levels. This shift is primarily due to the
relatively slower growth rates of other sectors that use these
minerals. As a result, the battery sector’s share of total mineral
consumption is expected to increase markedly. This adjust-
ment underscores the critical role that the battery industry will
play in the future supply chain of these essential minerals and
highlights the importance of strategic planning and investment
in mineral extraction and recycling technologies to meet the
burgeoning demand. Li, Ni, and Mn do not show a palpable
scarcity over the projected period under these assumptions.
However, Co reserve drops to <0.1 million metric tons by
2040 if employing an NMC chemistry under these conditions,
indicating a severe material scarcity (Figure 3a). NCA-type
cathode material is projected to enable a longer use of the
available Co- reserves (Figure 3b) owing to the lower Co
stoichiometry in the cathode compositions. Improving the
mining efficiencies and market utilization are clear avenues for
improving the overall reserve utilization and depletion metrics

Figure 2. Reserve Availability and Predicted Consumptions. (a) Total mineral reserves for key battery components reported by USGS in
2024.27 These metrics provide the economically viable, identified reserves as of 2024. These numbers may deviate based on usage and/or
identification of new reserves, among other factors. (b) Predicted consumption of key battery materials for the next 50 years. The
predictions are based on the numbers of EVs expected on the road in the next 25 years based on an earlier report.28 The EVs are assumed to
have a 260 mile pack with an NMC622-graphite chemistry. (c) Required mineral quantities as a function of established gigafactories. Each
gigafactory is assumed to have an annual production of 15 GWh battery capacity. The batteries are assumed to be NMC622-graphite
chemistry and (d) Typical battery capacities estimated to be deployed as a function of established gigafactories.
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over the coming decades. In addition, significant work needs to
be carried out in the development of critical material-free
alternatives that are practically deployable. Indeed, Co scarcity
is widely known in the community, and significant work is
carried out on the development of Co lean and Co-free
cathode materials.35−38 Translating this work from academic
and national lab research into practical systems will require
close association with industry partners.

The demand for cobalt-free cathode materials has revitalized
interest in lithium iron phosphate (LFP) as a crucial battery
chemistry. This shift is driven by the goal of reducing reliance
on scarce and expensive materials, thus ensuring a sustainable

and ethical supply chain.4,39−41 LFP batteries are highly
regarded for their low cost, exceptional safety, stable cycling
performance, and good multiplier performance.42 Conse-
quently, LFP batteries have significantly increased their market
share over the past decade, rising from 6% in 2020 to 34% in
2022, with an expected further increase to 39% by 2024. The
global LFP battery market was valued at $17.54 billion in 2023
and is projected to reach $48.95 billion by 2031. As a result,
the LFP battery supply chain plays a pivotal role in the
transition to more sustainable and ethical battery technologies,
particularly in the automotive sector.

Figure 3. Reserve Availability and Predicted Consumptions for Cathode Components. Predicted consumption of key battery materials for
the next 50 years. The predictions are based on the numbers of EVs expected on the road in the next 25 years based on an earlier report.28

The EVs are assumed to have a 260 mile pack with (a) an NMC622-graphite chemistry and (b) an NCA-graphite chemistry. Three reserve
depletion curves are based on different metrics of ore refining yield, and the fraction of refined minerals used in the battery market. The
details for the different scenarios are provided in the Supporting Information.

Figure 4. (a) Typical synthesis route employed for LiFePO4 synthesis and the corresponding cost and mass distributions for the key raw
materials. (b) Cost predictions for LFP raw materials under scenarios where phosphoric acid and lithium carbonate prices show ±100%
change. Five scenarios are picked from this contour plot and are identified as A-E. (c) Cost of LFP in $/kg for the five scenarios picked from
the contour plot. For actual cost (case I): 0.5 × Raw Material cost is assumed to be the processing cost for converting raw material to LFP
cathode. For actual cost (case II): 0.25 × Raw Material cost is assumed to be the processing cost for converting raw material to LFP cathode.
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Figure 4 illustrates a typical synthesis route for lithium iron
phosphate (LiFePO4) and the associated cost and mass
distributions for key raw materials, as well as future costing
scenarios. Industrial synthesis of LiFePO4 often involves solid-
state synthesis, recognized as a cost-effective and energy-
efficient method. This process typically uses small molecule
organic acids, like citric acid, as a carbon precursor alongside
standard lithium, iron, and phosphorus sources. Phosphoric
acid represents over 50% of the raw material by mass, followed
by approximately 30% for the iron source and 20% for the
lithium source. However, the cost distribution is skewed, with
the iron source accounting for less than 1% of the total raw
material cost, phosphoric acid less than 10%, and most of the
cost is attributed to the lithium source. To assess future cost
scenarios, we evaluated the relative change in raw material
costs with fluctuations in lithium carbonate (Li2CO3) and
phosphoric acid (H3PO4) costs. Large swings (±100%) in
Li2CO3 and H3PO4 costs could lead to raw material costs being
double the base cost at higher prices while dropping to one-
tenth of the current base prices at lower costs. The raw
material costs under different scenarios could range from
approximately $4/kg to $8/kg for current pricing and
potentially as low as $1/kg under certain conditions.
Considering that raw materials account for approximately
50% of the total cathode cost, with the remaining 50%
attributed to processing costs, the actual cost of LFP was
evaluated in two cases. Case I assumed processing costs to be
0.5 time the raw material cost, resulting in LFP cost ranging
from $2/kg to $11/kg, with a baseline price of approximately
$6/kg. In Case II, assuming processing costs are 0.25 times the
raw material cost, the actual cost of LFP could range from $1/
kg to $9/kg, with a baseline price of approximately $5/kg. This

analysis underscores the importance of understanding and
optimizing the LFP supply chain to ensure the continued
affordability and sustainability of LFP batteries, particularly
amidst fluctuating raw material costs.

A concurrent issue with the rise in the adoption of electric
vehicles and the generation of TWh-scale battery systems is the
challenge of dealing with the batteries at their end-of-life.43−48

The number of spent Li-ion batteries (LIBs) is expected to
reach almost 800,000 units by 2025.49 End-of-life (EOL)
battery packs from electric vehicles contain critical materials
that must be captured to ensure economic, technological, and
ecological viability. However, only a small percentage of EOL
battery packs are currently being recycled (∼10−15%), with
most ending up in landfills.50 The recycling infrastructure for
LIBs is still immature and technologically nascent, and
economy of scale does not exist, making them economically
unfeasible. For EV batteries specifically, there are three main
pathways for EOL management. These include remanufactur-
ing into highly functioning EV batteries, remanufacturing into
stationary storage batteries, and recycling for critical materials
recovery. These pathways have varying values, with the highest

value option being the remanufacturing of batteries into highly
functioning EV batteries, followed by the remanufacturing of
batteries into stationary storage batteries and recycling critical
materials recovery. However, as competition from battery
manufacturers increases, critical material concentrations
decrease, and environmental regulations become more
stringent, the scrap battery values on a per kWh basis are
expected to decline, driving the evolution of more innovative
remanufacturing and recycling processes.

Currently, there are three primary modalities through which
battery critical materials are accessed from the EoL battery
packs (Figure 5a).51 Hydrometallurgical recycling involves the
use of liquid solutions, typically acids or bases, to extract
valuable metals from spent Lithium-ion batteries. The process
includes several steps: (a) Collection and Sorting: Batteries are
collected and sorted based on their types and compositions;
(b) Leaching: The sorted batteries undergo a leaching process
where they are submerged in a liquid solution. This solution
helps dissolve and extract metals from the battery components;
(c) Solvent Extraction: After leaching, solvent extraction is
employed to separate and concentrate specific metals such as
lithium, cobalt, and nickel. This step helps in achieving high
purity of the extracted metals; (d) Precipitation and
Crystallization: The extracted metals are then precipitated or
crystallized from the solution, resulting in metal-rich
compounds; (e) Refining: The obtained compounds undergo
further refining processes to produce pure metals suitable for
reuse in new battery manufacturing. This method offers high
metal recovery rates. However, it requires significant energy
input and may generate large volumes of wastewater.
Pyrometallurgical recycling, on the other hand, involves high-
temperature processes to recover metals from the battery
materials. The key steps for this processing method include:
(a) Collection and Crushing: Batteries are collected and
crushed to reduce them to a manageable size; (b) Smelting or
Direct Melting: The crushed batteries are subjected to high
temperatures through smelting or direct melting. This process
results in the separation of metals from other battery
components; (c) Separation and Refining: After melting, the
molten material is separated into different layers based on the
densities of the components. Metals are then further refined to
achieve the desired purity; and (d) Casting: The refined metals
are cast into ingots or other forms for reuse in manufacturing
new batteries. This method is energy-intensive but can handle
various types of battery chemistries. Both these technologies
are commercially prevalent; however, they possess drawbacks,
which include the need for shredding of the batteries, high
energy consumption, and significant waste and greenhouse gas
emissions. Further, the recovery efficiencies of these processes
are low, in the range of 15−20%. In comparison, direct
recycling focuses on reusing battery materials without extensive
dismantling. This process involves: (a) Collection and
Disassembly: Batteries are collected and disassembled into
their individual components. This may include separating the
cathode, anode, and electrolyte; (b) Sorting: The separated
components are sorted based on their types and conditions;
(c) Reassembly or Reuse: The sorted components are either
directly reused in new battery manufacturing or reassembled
into functional battery modules; and (d) Quality Checks:
Before reuse, the components or assembled batteries undergo
quality checks to ensure performance and safety standards are
met. This approach mitigates the need for shredding of the
batteries, as well as extensive chemical processing, leading to

This analysis underscores the impor-
tance of understanding and optimizing
the LFP supply chain to ensure the
continued affordability and sustain-
ability of LFP batteries, particularly
amidst fluctuating raw material costs.
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potential cost savings and reduced environmental impact.
Further, the typical efficiencies for direct recycling methods are
typically higher at ∼30%, which is significantly improved from
the hydro- and pyrometallurgical approaches.

The impact of recycling approaches and their associated
efficiencies are evaluated in Figure 5b. Depending on the
modality of recycling used, we obtain either (1) cathode
material (direct recycling); (2) cathode precursors (hydro-
metallurgical recycling) or (3) unrefined ore (pyrometallur-
gical recycling). Correspondingly in the figure, the cathode
section assumes a direct recycling approach with three different
efficiencies; the battery precursor section assumes hydro-
metallurgical recycling with three different efficiencies, while
the unrefined ore section considers a pyrometallurgical
approach with three different efficiencies as outlined.
Considering the case of 100,000 EVs, with a 260 mile battery
pack and a 10 year life averaging 12000 miles/year, the amount
of cathode required in the MPGe metric is ∼2.7 MT. However,
considering direct recycling at 80% efficiency, this requirement
for virgin materials can be brought down to ∼0.5 MT. Similar
trends are seen overall for the precursor requirements as well
as unrefined ores. Note that the recycling numbers assume that
we have spent batteries corresponding to 100,000 EVs, all of

which are undergoing recycling under a specific pathway. The
scenario might be significantly more complex, involving
multiple recycling streams and substantial variations in the
end-of-life battery supply. Similarly, the projections over the
years for cathode materials and Ni and Co reserves go
significantly lower as the recycling efficiencies are improved
while all the materials from EoL batteries are recycled (Figure
5C). Overall, these calculations underscore the paramount
need for recycling technologies in ensuring a safe supply chain
of lithium-ion battery technology. There is an urgent need to

increase the overall quantity of lithium-ion batteries being
recycled while at the same time developing technologies that
push the efficiency of recycling technologies to higher values.

Figure 5. Importance of Recycling to Sustain Battery Production. (a) Avenues for battery recycling and the resulting material from each
process. (b) Materials per gallon-electric metrics for battery electrodes, precursors, and unrefined ores under four different recycling
scenarios as described. The colors represent different recycling scenarios as described in the legend. The calculations assume 100,000 EVs,
with a 260 mile battery pack, with a 10 year life averaging 12,000 miles/year. Projections for materials required for meeting EV demand
assuming no current and high recycling efficiencies for (c) cathode, (d) cobalt mineral, and (e) nickel minerals. The predictions are based on
the numbers of EVs expected on the road in the next 25 years based on an earlier report.28 The EVs are assumed to have a 260 mile pack
with an NMC622-graphite chemistry. Refer to Supporting Information for Recycling Numbers.

There is an urgent need to increase the
overall quantity of lithium-ion batteries
being recycled while at the same time
developing technologies that push the
efficiency of recycling technologies to
higher values.
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In addition to its role in assessing material requirements and
recycling potential, the MPGe metric offers several benefits
that make it a valuable tool for evaluating the sustainability of
different battery chemistries. One of the primary advantages of
the MPGe metric is its ability to provide a standardized
measure of material intensity relative to energy output, which
facilitates direct comparisons across various battery technolo-
gies. This standardized approach allows researchers and
industry stakeholders to easily identify which chemistries are
more reserve-efficient and have lower environmental impacts,
thereby informing decisions on material selection and battery
design. The MPGe metric is particularly useful in scenarios
where the trade-offs between material use and energy storage
efficiency need to be clearly understood. For instance, in
comparing high-nickel cathodes such as NCA and NMC622
with more abundant alternatives like LFP, the MPGe metric
highlights the material efficiency of each option relative to the
energy they deliver. This can guide investment in research and
development toward chemistries that optimize both perform-
ance and sustainability. Moreover, the metric can be integrated
into lifecycle assessments and techno-economic analyses to
provide a comprehensive view of the environmental and
economic impacts of battery production and recycling. Despite
its advantages, the MPGe metric also has limitations that must
be acknowledged. One significant limitation is that it focuses
primarily on the material input side and does not account for
the entire lifecycle impacts, such as energy consumption during
manufacturing, operational efficiency, and end-of-life recycling
processes. Additionally, while MPGe provides a useful measure
of material intensity, it does not directly address other
important factors like supply chain vulnerabilities, geopolitical
risks associated with critical materials, or the social impacts of
mining and material extraction. To address these limitations, it
is essential to use the MPGe metric in conjunction with other
evaluation tools and metrics that capture the full spectrum of
sustainability concerns. By combining MPGe with compre-
hensive lifecycle assessments, supply chain risk analyses, and
social impact evaluations, stakeholders can achieve a more
holistic understanding of the trade-offs and benefits associated
with different battery chemistries. This integrated approach
ensures that decisions are informed by a balanced consid-
eration of material efficiency, environmental impact, and
broader sustainability goals. The focus of this manuscript is
to examine the initial materials requirements for various
battery chemistries. However, it is important to also take into
account the total cost of ownership (TCO) over the lifespan of
the battery cell/pack. This should include potential benefits
from recycling at the end of life (EoL), which can significantly
impact the overall economic feasibility of different battery
chemistries. Recycling is particularly relevant for NMC and
NCA chemistries, which are more frequently recycled
compared to LFP. This variance in recycling potential can
have an impact on the price balance between these chemistries.
Although this manuscript does not go into a detailed techno-
economic analysis of recycling, preliminary assessments can be
carried out using models like EverBatt, which are available in
the existing literature.

A typical EV battery pack symbolizes “locked reserves” in the
market over a duration of 10 years or more. Understanding the
material flow, requirements, and management needed for EoL
systems is crucial to achieving a sustainable, durable, and safe
domestic supply chain for lithium-ion batteries. In this
perspective, we highlighted a metric that provides a valuable

gauge to assess the “per mile” consumption of the critical
reserves that are used in a typical EV battery pack (viz. Co, Ni,
Mn). We also supported this with open-source codes that
enable battery design and evaluation of the associated supply
chains corresponding to these systems. For large-scale
adoption of EVs, we notice a strong need for critical materials
in the short term to keep up with the accelerated demands. In
addition to this, we highlight the imminent and urgent need for
ramping up recycling technologies to recover these “locked”
critical mineral reserves from within the EoL battery packs.
Our analysis suggests a strong need for the development of
new, salient technologies that push the efficiency limits of the
current recycling process to achieve a sustainable battery
supply chain.
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