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Abstract

Sintered neodymium-iron-boron (NdFeB) magnets and lithium-ion (Li-ion) batteries are essential in a number of clean
energy technologies such as electric vehicles and wind turbines. The United States (US) has some manufacturing capacity
for Li-ion batteries and almost no capacity for producing sintered NdFeB magnets. As a result, the US imports signifi-
cant quantities of these batteries and magnets. Trade statistics on imported batteries and magnets, however, include only
those materials imported in the form of batteries and magnets (referred to here as reported imports) and exclude materi-
als embedded in intermediate and final products such as hard disk drives, electric motors, electric vehicles, and wind
turbines (referred to here as embedded imports). This paper develops original estimates of embedded imports of NdFeB
magnets and Li-ion batteries, leading to a more complete picture of US imports than looking at reported imports alone.
It estimates that more than 90% of NdFeB magnet imports were embedded in intermediate and final products in 2021. In
contrast, more than 90% of Li-ion battery imports were in the form of the batteries themselves rather than embedded in

intermediate and final products.
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Introduction

Clean energy technologies are undergoing rapid changes
as governments attempt to reduce greenhouse-gas emis-
sions and dependence on fossil fuels—Ileading, in turn,
to increased demand for these technologies, such as wind
turbine generators and electric vehicles, and the under-
lying components and raw materials on which they are
based (Hund et al. 2020). Two such components are sin-
tered neodymium-iron-boron (NdFeB) magnets and lith-
ium-ion (Li-ion) batteries; not only are these essential in
clean energy technologies, such as efficient motors for
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turbines and energy storage, respectively, but they contain
critical materials. NdFeB magnets contain rare earths,
while Li-ion batteries contain lithium and often cobalt
(the focus of this paper), as well as graphite, nickel, and
manganese—all of which are considered critical by both
the United States (US) and the European Union (Blengini
et al. 2020; “U.S. Geological Survey Releases 2022 List
of Critical Materials” 2022). Despite this designation, the
US currently has little to no domestic capacity for these
important precursors, and underdeveloped supply chains
for sintered NdFeB magnets in Li-ion batteries.

Instead, the supply chains for sintered NdFeB mag-
nets and Li-ion batteries are global, and the US depends
on imports for significant quantities of these products.
As of 2022, there is no commercial-scale US produc-
tion of sintered NdFeB magnets; in 2021, US custom-
ers imported approximately 12,100 thousand tonnes of
NdFeB magnets that were reported in trade statistics as
magnet imports (“USA Trade Online” 2022). For Li-
ion batteries in that same year, it is difficult to estimate
actual output quantities due to the complex nature of
the supply chain; however, in 2020, the US accounted

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13563-023-00381-3&domain=pdf
http://orcid.org/0000-0002-2499-0841
http://orcid.org/0000-0003-2205-3202

668

H. Gagarin, R. G. Eggert

for 9% of total global Li-ion battery production capac-
ity—about 42 GWh (Yu and Sumangil 2021; “Electric
Vehicle Batteries” 2021).' This, in comparison with the
fact that global demand for Li-ion batteries was estimated
to be 230 GWh (Saiyid 2021), and the fact that the US
imported about 7.4 million tonnes of Li-ion batteries in
2021 (“USA Trade Online” 2022), it is likely that the US
is unable to meet current domestic demand for Li-ion
batteries and is thus reliant on foreign sources for these
clean energy technologies.

However, less clear are the quantities of imported
magnets and batteries not reflected directly in interna-
tional-trade statistics—that is, those that are embedded
in imported intermediate products (such as motors) and
final goods (such as electric vehicles). Current literature
regarding embedded trade is sparse (Al-rawahi and Rieber
1991; Tercero Espinoza and Soulier 2016), even though
embedded trade is important to the overall assessment of
an economy’s import reliance, which, in turn, informs trade
and manufacturing policy. Indeed, the lack of inclusion of
embedded trade flows can often lead to distortions in find-
ing a country’s import reliance, and, on the flip side, the
inclusion of embedded trade can aid in identifying expo-
sure to supply disruptions farther down the supply chain, as
well as identify a different source for embedded imports, in
comparison to sources for raw materials (Nassar, Alonso,
and Brainard 2020). What is clear, is that the US lacks
capacity along the supply chain for sintered NdFeB mag-
nets and Li-ion batteries (“MP Materials to Build U.S.
Magnet Factory, Enters Long-Term Supply Agreement
with General Motors” 2021; “National Blueprint for Lith-
ium Batteries: 2021-2030” 2021). In the upstream, the US
and Canada account for 3% and 3.5% of global lithium
and cobalt processing, respectively (“What Does the US
Inflation Reduction Act Mean for the EV Battery Supply
Chain?” 2022); in direct contrast, China represents 59%
and 75% of global processing, respectively (“What Does
the US Inflation Reduction Act Mean for the EV Battery
Supply Chain?” 2022). Along the Li-ion battery supply
chain, the US is responsible for 0.16% of global cathode
capacity and 0.27% of global anode capacity (“What Does
the US Inflation Reduction Act Mean for the EV Battery
Supply Chain?” 2022). There is also currently to US pol-
icy regarding the recycling of end-of-life Li-ion batteries
(“FACT SHEET: Securing a Made in America Supply
Chain for Critical Minerals” 2022). NdFeB magnet produc-
tion, the US is responsible for 16% of mining and < 1% of
magnet alloy manufacturing (Smith et al. 2022). Thus, the
expected future demand for magnets and batteries coupled
with the lack of a resilient domestic supply chain for both

! This is based off of 2019 data
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these technologies makes it necessary to better characterize
the current state of US imports of these items. Understand-
ing how much, and from who, the US imports magnets and
batteries can highlight the flexibility of the current supply
chain. This is important for policymakers regarding energy
security, future policy mechanisms, and potential interven-
tions, as demand and trade relationships continue to shift.

The purpose of this paper is to estimate the quantities of
such embedded US imports for the period 2000-2021 and
to compare embedded with reported quantities—to provide
a clearer picture of US imports. How important are embed-
ded imports relative to reported imports? Related questions
that this analysis helps answer are as follows: what is the
current state of domestic US manufacturing for magnets
and batteries? How much, if any, of this domestic produc-
tion is consumed in the US? Further, of the magnets and
batteries imported from outside the US, what percentage
are imported in the form of magnets and batteries (that is,
reported imports of magnets and batteries)? Alternatively,
what percentage is embedded in intermediate and final
products further downstream, such as motors and electric
vehicles (EVs)? And finally, who are the countries and com-
panies that constitute the major suppliers of these items?
In answering these questions, results show that the concept
of embedded trade is ever-more significant throughout the
time period studied, especially as worldwide trade contin-
ues to become more prevalent. By estimating the number of
magnets and batteries embedded in imports, it is possible to
better understand the overall trade of these items and better
characterize the supply chain for the US and world.

Our work builds on previous work. A 1991 paper by Al-
Rawahi and Rieber (Al-rawahi and Rieber 1991) examines the
flow of copper contained in net imports to assess how embed-
ded trade flows affect estimates of domestic consumption and
intensity of use, and the same broad framework is followed in
this paper, in terms of classifying imported goods by manu-
facturing stage (i.e., semi manufactured and final goods). A
more recent paper by authors Tercero-Espinoza and Soulier
(Tercero Espinoza and Soulier 2016) examine the international
trade flows of copper contained in goods, studying the flow of
copper contained in trade flows between major regions-EU-28,
North America, Latin America, China, Japan, and the rest of
the world, and utilizes various publicly available data along
with the harmonized system (HS), similar to this paper. This
2016 paper also estimates embedded trade flows, in turn allow-
ing for a detailed insight into the relative advantages of the
regions across the global value chain; thus, this paper serves
exists within the same realm as Tercero-Espinoza and Soulier’s
(2016) work, although our overall focus is constrained to a
US-perspective, and again, this paper focuses on manufac-
tured inputs, rather than raw resources. Thus, our contribu-
tion serves as initial groundwork for better understanding the
supply chains for green technologies as well as providing more
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detailed estimates of trade flows and trade partners, for items,
rather than materials.

This paper also focuses more on the quantity of trade flows
in terms of tonnage, compared to other work that attempts
to estimate trade flows which typically focus on value. For
example, Wiedmann et al. (2013) address the use of resource
productivity indicators in the context of managing natural
resources; the authors examine natural resource productiv-
ity by analyzing global trade flows and trade balances of raw
materials within an economic input-output model, in order to
assess the use of domestic resources compared to a country’s
use of non-domestic resources. This analysis is important in
terms of understanding trade flows, but again, emphasis is
placed on the value of flows, unlike our own.

There are also several studies which evaluate the trade,
consumption, and recycling of various critical materials and
related components that focus less on traditional economic
methods (Miinchen and Veit 2017; Mayyas, Steward, and
Mann 2019; Habib, Parajuly, and Wenzel 2015; Pavel et al.
2016a), but to our knowledge, there are very few works that
examine the trade of embedded materials (Al-rawahi and Rie-
ber 1991), and no research which focuses specifically on the
embedded trade of goods.

Our main results show that, in comparing raw trade data
to estimated embedded NdFeB magnets, the US sources the
majority of these magnets from imports of manufactured
goods. Further, the sources of these imports come from an
array of producing countries— the majority in Asia, although
the import of some manufactured goods come from North
American trading partners and Europe. Thus, despite a lack
of domestic resources and manufacturing of sintered NdFeB
magnets, the US can procure these critical products, which
is reflected in our estimates of the trade data. Regarding the
embedded trade of Li-ion batteries, the story is a little differ-
ent: in comparing raw trade data to the estimated embedded
Li-ion batteries, between 2000 and 2014, the US sourced the
bulk of these batteries from imports of manufactured goods.
However, after 2014, the import of Li-ion batteries in their
reported form eclipsed those embedded in imported goods.
The sources of these batteries remain varied among different
countries, as is the sources of manufactured goods that contain
said items. Thus, having a diverse supply chain for both mag-
nets and batteries, the US can ensure that it can obtain these

goods in the event of a supply disruption, and better protect
consumers and manufacturers from price volatility.

Methodology and data
General approach

Our approach starts with the conceptual distinction between
reported and embedded imports. Reported imports are,
unsurprisingly, those imports of NdFeB magnets and Li-
ion batteries that are imported as magnets and batteries and
reported as such in the international-trade statistics. Embed-
ded imports are those magnets and batteries embedded in
imported intermediate and final products. An example of
an intermediate product is a motor and of a final product is
an automobile.

This study uses import data from the US Census Bureau’s
USATrade database (“USA Trade Online” 2022). Trade
data is classified using the harmonized system (HS), and
is administered by the World Customs Organization, and
serves as the foundation for trade classification systems used
by the US and other countries(“Understanding HS Codes
and the Schedule B” 2022). The HS assigns 6-digit codes to
items; countries may then add additional digits to the 6-digit
codes for further classification. The US uses a 10-digit code,
known as a Schedule B, and as such, this study uses the
10-digit Schedule B code whenever possible; otherwise, the
6-digit HS code is used.

Our general approach for estimating embedded US
imports of NdFeB magnets and Li-ion batteries is a two-step
process, following the identification of appropriate 10-digit
Schedule B (or 6-digit HS) codes that include intermediate
and final products containing either NdFeB magnets or Li-
ion Batteries. See Appendix for a complete list of codes used
and methodology.

1. Collect import data for the years 2000-2021 for the
appropriate items, and

2. Estimate the tonnage of NdFeB magnet or Li-ion battery
contained in each relevant trade category, as shown in

Eq. (1):

Embedded magnet or battery import (tonnes) = [(quantity of imported good) x (technology intensity) x (technology weight in kg)] /1000 (1)

The technology intensity is the estimated percentage of
imported goods (motors, vehicles, etc.) that contain NdFeB
magnets or Li-ion batteries. Technology weight is the esti-
mated weight of magnet or battery per imported good. For

brevity, we refer to the intensity and weights as “technology
factors.”

The assumptions and estimates are discussed in greater
detail below, as well as the Appendix (Tables 11-17).
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Limitations

Given that this methodology relies on public trade statistics
and assumed technology factors (weight and intensity), there
are some inherent limitations that should be noted. First,
estimates are drawn from publicly available data, and the
trade of these technologies in terms of country of origin is
likely obscured. For example, data may show that the US
imports a vehicle from India, so that we must assume India
is the country of origin in the sense that India has manufac-
tured that vehicle (and all its components). Realistically, this
may not be the case: international trade can be characterized
by complex, global value chains where services, materials,
parts, and components often crossing borders (Luck 2017).
This limitation is an issue mainly in the interpretation of
major suppliers of suppliers to the US and may be improved
in future research should more granular data become avail-
able. Second, uncertainty exists surrounding the data used,
such that we are unable to quantify with a reliable statisti-
cal method, given the overall lack of data points. As the
assumed technology factors are gathered from available lit-
erature, we recognize that the assumptions used are likely
incomplete in terms of representing the respective technol-
ogy markets to the highest degree.

Third, the technology factors drive these embedded trade
estimates, and, apart from wind turbines, are time constant.
This is due to the lack of technology-specific data that would
allow us to infer any kind of technological innovation that
occurs across time that would directly impact the weight
and use of a magnet or battery in a product. Should more
detailed, historical data become available, this should be
included in future use.

Measuring reported and embedded NdFeB magnet
imports

There are two different types of rare earth magnets— samar-
ium-cobalt (SmCo) and NdFeB. NdFeB magnets account for
98% of rare earth magnet demand, while SmCo magnets up
the remaining 2% (Ohno et al. 2016). NdFeB magnets are
the strongest commercially available permanent magnets and
are key in terms of miniaturizing magnets and thus motors
used in consumer electronics, household products, vehicles,
and offshore wind turbines. There are two types of NdFeB
magnets: sintered and bonded, where the former accounted
for 90% of NdFeB magnet production in 2018 (Ohno et al.
2016). The choice of sintered or bonded depends on the mag-
net’s application: sintered magnets are higher performance,
but are limited in shape and size, and are generally used
in electric motors and wind turbine generators (Ohno et al.
2016). Bonded magnets are more cost-effective in terms
of manufacturing, and can be cut or drilled into different
shapes, so that they are widely used in consumer electronics
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(Ohno et al. 2016). This paper focuses only on the import
of sintered NdFeB magnets, for two reasons; first, sintered
NdFeB magnets make up the bulk of demand for rare earth
magnets, and are sold more on a dollar-basis compared to
bonded NdFeB magnets (Constantinides 2006). Second, cur-
rent trade data only specifies the import of sintered NdFeB
magnets, so that we do not have access to publicly-available
data regarding the import of bonded NdFeB magnets.

Imports of sintered NdFeB magnets are classified into
three categories: reported, and two types of embedded
imports—those in intermediate goods and final products.
The reported category represents sintered NdFeB mag-
net imported as magnets, which fall under the HS code
8505110070.% Intermediate goods are items that contain a
sintered NdFeB magnet but are not considered a final good.
Final goods are items that contain an intermediate good,
are considered a finished product. Table 11 in the Appendix
provides a detailed list of relevant HS codes used and their
classification for items considered.

After import data are collected and classified, the number of
items imported in each category are multiplied by their assumed
technology intensity (appendix Table 12). Here, “technology
intensity” refers to the percentage of goods currently sold that
are estimated to contain NdFeB magnets. The product of this
is then multiplied by the estimated weights of sintered NdFeB
magnets contained in imported items (Appendix Table 13).

In certain cases, accurate estimates could not be found for
the weight of sintered NdFeB magnets for specific items. In
these cases, the average weight of a sintered NdFeB magnet
is based on estimated neodymium content as well as aver-
age weights of items (Appendix Table 14). For magnets in
motors and generators, a separate literature estimate that
specifies the quantity of NdFeB magnets per KW is used.

Measuring reported and embedded Li-ion battery
imports

There are two main types of batteries: primary and second-
ary. Primary batteries are not rechargeable and are typically
used in applications where a system needs a low amount of
power (Schmidt, Buchert, and Schebek 2016). Secondary
batteries are rechargeable, which is accomplished through
a chemical reaction that takes place in an electrochemical
cell, which is then reversed during charging (Tsiropoulos,
Tarvydas, and Lebedeva 2018). In recent years, secondary
batteries have come to the forefront of the battery market—
powering consumer electronics such as smart watches, cell
phones, laptops and other portable electronics, as well as

2 This specifies sintered NdFeB magnets only. The trade data cur-
rently does not have any information regarding the import of bonded
NdFeB magnets.
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EVs. There are two main types of secondary batteries in
consumer electronics and EVs: nickel-based and lithium-
ion. Ni-based batteries are a mature technology and are well
understood; specifically, nickel-cadmium (NiCd) batteries,
which have been in use for decades. NiCd batteries slowly
lost market share to nickel-metal-hydride (NiMH) batteries
in the 1990s. NiMH batteries avoid the use of toxic cadmium
and have a higher energy density than NiCd batteries. Li-
ion batteries, in turn, are replacing NiMH batteries in many
applications due to their lighter weight, non-toxic materials,
and the lack of memory effect (Sick, Broring, and Figge-
meier 2018). Thus, this study focuses on secondary Li-ion
batteries.

The calculation of Li-ion batteries imported to the US
mirrors the methodology for NdFeB magnets, although there
are a few important differences in classification and identi-
fication. First, the “intermediate” classification is excluded.
This is because, in examining publicly available trade data, it
is not clear what could be considered an intermediate prod-
uct in which a battery is imported import. Therefore, imports
of Li-ion batteries are classified into two categories: reported
and embedded in final goods. Second, reported import data
does not distinguish Li-ion batteries in terms of compo-
nents, so that it is difficult to accurately estimate the share
of anodes, cathodes, or separators intended for Li-ion battery
production. Third, according to the US Census and World
Customs Organization, items that fall under HS codes 8506
and 8507 include singles cells as well as cells grouped into
batteries or battery packs’; thus, the estimates presented in
this paper are assumed to concern battery packs, not cells.*
Fourth, in terms of categorizing electric vehicles, “BEV”
is defined as a battery electric vehicle, while “HEV” refers
to hybrid electric vehicles, and “PHEV” refers to plug-in
hybrid electric vehicles, unless otherwise noted. The term
electric vehicle (EV) is used to refer to BEV’s, HEV’s, and
PHEV’s, unless otherwise noted. Finally, estimates do not
include heavy or commercial vehicles, due to a lack of data.

Reported imports are simply Li-ion battery packs,
which falls under HS codes 8507600000, 8607600020, and
85067808010.% After import data is collected and classified

3 Confirmed via communication with the US Census on August 24th,
2021.

* The rationale behind this assumption is due to the fact that litera-
ture estimates of Li-ion battery weights are for packs, not cells.

5 According to USITC, the Schedule B code can be defined as fol-
lows: 8507 is defined as “Electric storage batteries, including
separators therefor, whether or not rectangular (including square);
parts thereof”; 8507600000 is defined as “Lithium-ion batteries”;
8607600020 is defined as “Lithium-ion batteries: Of a kind used as
the primary source of electrical power for electrically powered vehi-
cles of subheadings 8703.40, 8703.50, 8703.60, 8703.70 or 8703.80”;
and 8507808010 is defined as “Lithium-ion storage batteries”. See
https://uscensus.prod.3ceonline.com/ for further definition. Regarding

(Appendix Table 15), the number of items for each cate-
gory are multiplied by the assumed Li-ion battery intensity
(Appendix Table 16). This follows the same logic regarding
intensity for NdFeB magnets, as some manufacturers may
choose different cathode chemistries that are not considered
Li-ion. ® After this step, the product is then multiplied by the
assumed Li-ion weights (Appendix Table 17).

US domestic capabilities: the broader
context of imports

Domestic manufacturing of sintered NdFeB
magnets

The US does not currently produce sintered NdFeB magnets
on a commercial scale. 7 However, there is some domestic
capacity for production of important precursors, such as rare
earths, with one operating rare earth mine, Mountain Pass,
located in California. In 2021, Mountain Pass produced
43,000 tons of rare earths; however, it appears that 100%
of this production was exported earths (“Mineral Com-
modities Summary 2022 2022). There are no commercial
recycling projects to recover rare earths from used sintered
NdFeB magnets; it is not currently economical to engage in
reprocessing scrap material, and further, as electronics and
appliances are shredded, their magnetic content ends up too
diluted in the waste stream to be used (Yang et al. 2017).
There has been some recent movement in terms of
expanding US sintered NdFeB magnet product, although it
is unclear how rapidly this could change current capabili-
ties. In early 2020, USA Rare Earths partnered with Round
Top Heavy Rare Earth and Critical Materials in Texas, in
order to begin production of rare earth powders (“USA
Rare Earth Acquires U.S. Rare Earth Permanent Magnet

Footnote 5 (continued)

the subheadings 8703, these are defined electric vehicles- either fully
battery electric, hybrid, or plug-in hybrid. See https://hts.usitc.gov/
current for full definitions.

6 We also break out the types of EV’s imported to the US by cathode
chemistry, based on literature estimates. The estimates used as well as
the results can be found in the appendix (App. Table 2b).

7 Magnet Applications and Arnold Magnetic Technology have capac-
ity to produce bonded NdFeB magnets, although the latter is not cur-
rently in operation (“Magnet Applications, Inc. Recognized for Its
R&D Advancements in 3D Printed NdFeB Magnets” 2017; “Rare
Earths: Global Industry, Markets and Outlook, 2018 2018) Urban
Mining does have capacity to produce sintered NdFeB magnets, but
it is unclear if they are currently in production. As of April 2020, A
US DOE report has stated that there are no commercial-scale manu-
facturers currently online (“Critical Materials Rare Earths Supply
Chain: A Situational White Paper” 2020; “Urban Mining Progresses
in Pioneering Effort to Scale Up Rare-Earth Magnet Production from
Recycled Magnets” 2019)
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Manufacturing Capability” 2020). At the same time, UCore
announced plans to begin mining rare earths in Alaska, with
the expectation of operations coming online in 2023 (“Ucore
Chairman Provides Strategic Update to Shareholders: Tak-
ing Action Today to Secure Tomorrow” 2020; “Ucore Ships
Bokan REE Sample for Testing” 2020). In April 2020, USA
Rare Earth purchased NdFeB magnet production equipment
from a now-shuttered operation in North Carolina; this
equipment is expected to produce about 2000 tonnes of rare
earth magnets per year, which would meet 17% of current
US demand (“USA Rare Earth Acquires U.S. Rare Earth
Permanent Magnet Manufacturing Capability” 2020). For
recycling, the National Science Foundation recently awarded
money to the University of Pennsylvania with the intent of
developing methods for recovering and recycling metals
include rare earths (“Rare Earths 18th Edition Update 3”
2019). And, in 2020, the Pentagon awarded a Texas-based
company called Urban Mining $29 million (Kramer 2021);
Urban Mining recycles rare earths in order to produce sin-
tered NdFeB magnets, and were expected to begin produc-
tion in the first quarter of 2020 (“Urban Mining Progresses
in Pioneering Effort to Scale Up Rare-Earth Magnet Produc-
tion from Recycled Magnets” 2019) but it is unclear if that
has come to fruition. In 2022, the Department of Defense
awarded Mountain Pass $35 million to separate and process
heavy rare earths and ultimately establish end-to-end per-
manent magnet supply chain (“DoD Awards $35 Million
to MP Materials to Build U.S. Heavy Rare Earth Separa-
tion Capacity” 2022); Mountain Pass has also announced it
will invest $700 million in the magnet supply chain by 2024
(“FACT SHEET: Securing a Made in America Supply Chain
for Critical Minerals” 2022).

Given that the US currently does not have manufactur-
ing capacity for sintered NdFeB magnets, being able to
distinguish between reported vs. embedded import allows
us to have a more detailed insight into both demand
for, and use of, NdFeB magnets, as well where the US
sources these magnets from. In turn, we can then have
a better understanding of the supply chain for sintered
NdFeB magnets.

Domestic manufacturing of Li-ion batteries

The US does have manufacturing capacity for Li-ion bat-
teries; however, China is the world’s largest Li-ion bat-
tery producer. In 2020, China accounted for 77% of global

8 Tt is unclear if manufacturing capacity encompasses cell or pack
production; however, according to Yu and Sumangil (2021), it is
more cost effective for companies to produce cells and packs in-
house, or produce cells as geographically close to pack assembly as
possible, in order to minimize supply chain issues.
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Li-ion battery manufacturing capacity; in contrast, the US
accounted for about 9% of global capacity (Yu and Suman-
gil 2021), most of which is due to the recently-opened
Tesla Gigafactory in Nevada (Stevens 2019).® The Nevada
Gigafactory currently produces Tesla Model 3 electric
motors and battery packs, as well as large-scale battery
packs(“Tesla Gigafactory,” 2023)°. Much like the produc-
tion of NdFeB magnets, the supply chain features many
steps, and the US is absent from most of those (Ladislaw,
Carey, and Bright 2019). The US does not take part in
the mining or chemical processing, which is believed to
be due to both import reliance for materials, as well as a
lack of strategic push to grow the li-ion industry domesti-
cally (Ladislaw, Carey, and Bright 2019). Some analysts
believe that if the US can invest in certain stages of the
value chain—mainly, cell manufacturing and pack assem-
bly—the US might become more competitive (Mayyas,
Steward, and Mann 2019).

Compared to NdFeB magnet manufacturing, the US pos-
sesses some market share in terms of production along the
supply chain. First, in 2019, domestic sources of cobalt (an
important material in battery cathode production) came
primarily from steel recycling, mine tailings, and a mine
located in Michigan (“Mineral Commodity Summaries
2020" 2020); however, most of US cobalt supply is made
up from scrap and imports (“Mineral Commodity Summa-
ries 2020 2020). There are some current projects expected
to begin production in the near future, although it is not
clear how specific these timelines are. Australia-based Jer-
vois Mining’s Idaho Cobalt Operations project in Idaho is
expected to contain 25,000 tons of cobalt, (“Jervois Ups
Idaho Cobalt Estimate by 22%, Stock Advances” 2020)
while First Cobalt is currently developing a copper/cobalt
mine, also located in Idaho (Bohlsen 2020). It is important
to note, however, that both companies intend to refine the
cobalt ores outside of the US, so that it is not certain that
the development of these resources can support a further
building of the US’s Li-ion manufacturing capabilities. As
mentioned above, the domestic supply of cobalt is mainly
from recycling, and there is another recycling project in the
works: an Ireland-based company recently announced it has
invested in a US recycling project, with the goal of pro-
ducing and recycling battery materials (MacDonald 2020),
although it is unclear where the production from that plant
will go.

As the US does not currently maintain a competitive seat
both in terms of global Li-ion battery manufacturing capac-
ity as well as along the production supply chain, the analysis

° These include powerwalls, intended to power residential homes,
and powerpacks, which are intended for commercial use.
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of embedded trade can have an impact on understanding
patterns in terms of what technologies demand Li-ion batter-
ies, as well as consumer consumption patterns. Further, by
quantifying the import of Li-ion batteries in terms of items
they are embedded in, we can examine where the US sources
this technology from.

Recent US policy changes impacting magnets
and batteries

In 2022, the Inflation Reduction Act (IRA) was signed into
law (O’Brien 2022). Considered a landmark bill, one of the
major components is that it encourages the buildout of US
domestic capacity for clean energy manufacturing, which
includes the Li-ion battery sector. The IRA provides $60
billion for domestic manufacturing for clean energy, includ-
ing tax credits for battery module and cell capacity, and
critical mineral costs (Kennedy and Fischer 2022). On the
demand-side, the bill introduces a tax credit of up to $7500
for new EV and hybrid plug-ins through 2032, and $4000
for used versions(O’Brien 2022). The requirement for this
tax credit is that the electric vehicles must have must have
final assembly in North America (“Frequently Asked Ques-
tions on the Inflation Reduction Act’s Initial Changes to the
Electric Vehicle Tax Credit” 2022); further, critical miner-
als (including include Li, Co, Gr, Ni, and Mn) contained in
the vehicles may not be sourced from “foreign entities of
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97% 97%
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100 3% 2%
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concern” which includes China and Russia (“What Does the
US Inflation Reduction Act Mean for the EV Battery Supply
Chain?” 2022, Blakemore and Ryan 2022).

The IRA will also have an impact on domestic manu-
facturing of sintered NdFeB magnets, with an Advanced
Manufacturing production tax credit which includes criti-
cal minerals. This in turn may encourage further domestic
buildout of magnet manufacturing (“New Federal Legisla-
tion Could Deliver Powerful New Benefits to NioCorp for
Its Critical Minerals” 2022). This policy will both encour-
age consumer demand for clean energy technologies, while
potentially supporting US domestic capacity to manufacture
these items. As such, the IRA will likely change the current
energy landscape, with regards to sintered NdFeB batteries
and Li-ion batteries.

Results—sintered NdFeB magnets

US imports of sintered NdFeB magnets, reported
and embedded, 2000-2021

Our main findings can be seen in Fig. 1, which compares
the import of reported goods with our estimates of sintered
NdFeB magnets contained in intermediate and final goods.
In 2021, the US imported 12,097 tonnes of sintered NdFeB
magnets in their reported form, a 1% increase from the

96%
95% i

97%

2%
2% 3%

2010 2015 2021

Embedded NdFeB in Motors and Other Intermediate Goods

Embedded NdFeB in Vehicles and Other Final Goods

Fig.1 US imports of sintered NdFeB magnets, reported and embed-
ded (thousands of tonnes). There were no data from the US Census
Bureau for years 2000-2002, and so these values were taken from UN
Comtrade. However, UN Comtrade data does not provide data at the
same granular level (data are collected at the 6-digit HS code level,
rather than10-digit HS code). Thus, imports were multiplied by the
estimated percent share of imports of NdFeB magnets imported at the
port level starting in 2014. This estimate is based on author calcula-

tions. In terms of data from 2003 to 2014 taken from port level data
(rather than district-level), and were multiplied by the 2014 estimated
share of NdFeB. For the intermediate and final categories, there were
no data available for years 2000 and 2001, so that these years were
supplemented with USATrade data measured in “quantity 1 (gen-
eral)” which we acknowledge could lead to discrepancies. Source: US
Census Bureau; UN Comtrade; author calculations
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Table 1 Sintered NdFeB magnets embedded in imported motors and
other intermediate goods (tonnes)

Year Motor, EV’s Motor, appliances ~ Hard disk drive
(electric)

2000 6 704,670 30

2005 12 694,970 10

2010 5 514,750 1,550

2015 5 733,850 1,240

2021 10 766,440 2,320

1. Trade data does not specify what is considered an electric vehicle,
i.e. Fully electric, hybrid, or plug-in

2. USA Trade data regarding imports in 2000 and 2001 were not
recorded, so data was supplemented with port-level data from the US
Census Bureau’s USATrade database, which could lead to data dis-
crepancies

3. Motors less than 75 kW are considered to be intended for electron-
ics and appliances. Source: US Census Bureau; UN Comtrade; author
calculations

previous year, although comparing their import in 2000 to
2021, these imports increased by over 400%. This shows
how consumption of sintered NdFeB magnets in their
reported form has increased sharply for the time period,
demonstrating increased demand. When comparing this
to our estimates regarding the amount of NdFeB magnets
embedded in imported goods, US demand for these magnets
is perhaps even more significant. Between 2000 and 2021,
the majority of sintered NdFeB magnets imported to the US
were embedded in motors and other intermediate goods, fol-
lowed by vehicles and other final goods.

In fact, for this time period, on average, 96% of sintered
NdFeB magnets imported were contained in intermediate
goods, and on average, 3% of NdFeB magnets imported were
contained in vehicles and other final goods. Ultimately, these
results show that, when comparing reported imports of sin-
tered NdFeB magnets to those contained in imports, the US
sources most of these magnets in the form of manufactured
goods rather than as reported imports. Further, the trends
displayed in the data show increasing demand for sintered
NdFeB magnets in their reported form, as well as for fin-
ished technologies that utilize rare earth magnets.

Embedded NdFeB magnet imports—intermediate
and final goods

In 2000, motors intended for electronics or appliances were
responsible for 99% of NdFeB magnets imported in interme-
diate goods (Table 1), and their share of total intermediate
imports does not change across time. Indeed, the import of
magnets embedded in motors increases between 2015 and
2021. However, it is also important to note that, for this
study, data collected for the hard disk drive category was
supplemented with port-level data which is not as granular
as import data at the HS district-level.

Aside from the possible data discrepancy in years 2000
and 2001 (see Table 1 notes), the overall increase in imports
for sintered NdFeB magnets in motors leads us to the con-
clusion that demand for electrified transport as well as goods
with self-contained electric motors is increasing. Again, this
highlights overall increased demand for NdFeB magnets, so

Table 2 Sintered NdFeB

T Year Household appliances Electric Conventional EV, HEV, and Commercial

magne“ embedded in imported and electronics generators vehicles PHEV's
vehicles and other final goods
(tonnes) 2000 860 1400 7060 - 13,010

2005 1390 1480 9490 - 3730

2010 2020 1880 7810 - 1180

2015 2800 1870 16,090 - 4210

2021 1900 40 10,590 2230 2330

1. NA = data not available

2. Data regarding EV’s, HEV’s, and PHEV’s was not recorded until 2017. We define EV’s as fully battery
electric; HEV as hybrid electric motor; and PHEV as plug-in hybrid electric vehicle

3. USA Trade data regarding imports in 2000 and 2001 were not recorded, so data was supplemented with
port-level data from the US Census Bureau’s USATrade database, which could lead to data discrepancies

4. In estimating NdFeB magnets embedded in conventional vehicles, we are considering miscellaneous
magnets in anything other than the drive-train

5. In terms of the wind turbine generators considered, we emphasize here that these are based off of esti-
mates; there are a number of different motors and magnets utilized in wind turbines, but for the purposes
of this paper, Direct Drive Permanent Magnet Synchronous Generators (DDPMSG) are only considered.
Estimates are based off of several literature assumptions. Mainly, that the use of DDPMSG motors in
wind generator turbines was about 1% in the US until 2014, after which we estimate an annual growth rate
between 2014-2018, as current literature estimates the penetration of DDPMSG motors to be about 30%.
Source: US Census Bureau; author calculations
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that understanding where the US sources them will become
increasingly important.

Estimates for magnets embedded in vehicles and other final
goods are found in Table 2. As with the import of intermedi-
ate goods, the import of sintered NdFeB magnets contained in
vehicles and other final goods increased between 2000 and 2015,
but decreased by 2019. In a closer look at the data, these imports
increased throughout 2019, but dropped sharply in 2020, which
is likely due to manufacturing issues and decreased demand
stemming from the COVID-19 pandemic. Thus, we assume the
decrease in imports in 2021 is likely due to both a slow recov-
ery in demand as well as delays in shipping due to supply chain
constraints (Newton 2022). However, excluding the pandemic,
the results indicate an overall increase in demand for these mag-
nets and associated technologies. Regarding BEVs, HEVs, and
PHEVs, import data for these items was not recorded until 2017
(see Table 2 notes), and we acknowledge that electric transport
was being sold in the US prior to 2017. The Toyota Prius—one of
the most popular HEVs that has been in production since the late
1990s—had mainly utilized induction motors (that do not contain
permanent magnets). It is unclear when Toyota began transition-
ing toward permanent magnet motors; however, it appears that
certain Toyota hybrid vehicles used permanent magnet motors
as early as 2010 (“Prius Specifications” 2009). Thus, it could
be assumed that the US was importing electric vehicles which
contained permanent magnets prior to 2017. Conventional vehi-
cles are responsible for the majority of imported sintered NdFeB
magnets, followed by appliances and electronics. While there
are no rare earth magnets contained in the motors of conven-
tional vehicles, they are employed in various other automotive
applications, including electric air-conditioning, electric super-
chargers/turbochargers, generators, electric oil pumps, electric
power steering, and electric brake systems (“‘Rare Earths: Global
Industry, Markets and Outlook, 2018 2018).

Following conventional vehicles, commercial goods—
MRI machines and generators intended for wind turbines—
are also responsible for a large amount of sintered NdFeB
magnets imported in final goods, although their overall share
decreases over time.

Ultimately, most sintered NdFeB magnets imported to the
US are embedded in motors and intermediate goods. This is
prevalent when it comes to the future of clean energy tech-
nologies, which is clearly demonstrated through figure above
in terms of the consumption of wind energy turbines. As gov-
ernments continue to support the deployment of clean energy,
the import of EV’s and wind turbine generators will increase.

Embedded NdFeB magnet imports by trade partner

Table 3 outlines major sources of reported imports of sintered
NdFeB magnets, while Table 4 shows the major sources of sin-
tered NdFeB magnets embedded in intermediate and final goods.
In looking at the suppliers the list becomes much more diverse

Table 3 2021 US sources of reported sintered NdFeB magnet imports
(tonnes)

Country Sintered NdFeB magnets % Share
(tonnes)

China 23,712,930 83%
Japan 2,044,320 7%
Germany 900,840 3%
South Korea 633,280 2%
Philippines 461,180 2%
Finland 446,310 2%
Switzerland 175,130 1%
Mexico 124,350 0.4%
Canada 94,570 0.3%
Other 28,920 0.1%

Source: US Census Bureau; author calculations

from both a country and regional perspective. However, one
can see the same exporters in the majority of suppliers—China,
Japan, Germany, and Canada. Using this data, a Herfindahl-
Hirschman Index (HHI)'® was calculated, in order to discern
how concentrated the sintered NdFeB market is by country. The
HHI for US import partners for sintered NdFeB magnets in 2021
is estimated to be approximately 6960, which shows a highly
concentrated market, with China dwarfing other suppliers. This is
likely due to China’s dominance of both rare earths and rare earth
magnet production. It is important to highlight that these suppli-
ers did not change drastically between 2019 and 2020, which in
turn suggests that, despite the COVID-19 pandemic, the US was
able to maintain trade relations with producing countries.

Results—Ilithium-ion batteries

US imports of Li-ion batteries, reported
and embedded, 2000-2021

In 2021, the US imported over 7,370,370 tonnes of Li-ion
batteries in their reported form, of which 99% was made up
of batteries intended for electric vehicles (Fig. 2). Although
the time period examined begins in the year 2000, data on
reported Li-ion battery imports were not reported until 2009,
so that the reported trade statistics for between 2000 and 2009
do not accurately reflect these US imports. In 2009, the trade
statistics reported that the US imported 461 tonnes of Li-ion

10" A Herfindahl-Hirschman Index measures the level of market con-
centration by accounting for the relative size distribution of firms in
a market. A score that approaches zero demonstrates a large num-
ber of firms in a market; 1500-2500 signals moderate concentration;
over 2500 is highly concentrated (“HERFINDAHL-HIRSCHMAN
INDEX” 2018).
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Table 4 2021 top US sources of intermediate and final products containing sintered NdFeB magnets (thousands of tonnes of NdFeB-equivalent)

EV motors Appliances EV's HEV’s PHEV’s Wind turbines
Germany 21,770  China 130,170  Germany 30 Canada 125,660 Canada 87,950 China 31,210
China 20,300  Germany 40,550  Belgium 10 Germany 13,120 Germany 14,890 Germany 19,150
Brazil 11,130 Canada 14,020 China 10 Austria 9720 China 550 Denmark 1250
Finland 1470 France 10,640 Austria China 70 Belgium 990
Czech Republic 1080 Brazil 9200 France 0.04 France 50
France 780 Denmark 6520 Other 0.03
Canada 730 Austria 5740
Australia 680 Czech Republic 2520
Austria 160 Estonia 460
Other 120 Other 1670
Source: US Census Bureau; author calculation
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Fig.2 US imports of Li-ion batteries (thousands of tonnes), reported
and embedded. 1. Panel 1 illustrates the import of Li-ion batteries-
due to insufficient data between 2000 and 2005, USA Trade data only
accounts for the import of consumer electronics and appliances. 2.
Panel 2 illustrates the changing dynamic of US imports of Li-ion bat-
teries. First, data regarding reported Li-ion imports was not recorded
until 2009, which accounts for the increase in the share of imports

batteries, which quadrupled to 2321 tonnes by 2014. Between
2015 and 2020, these imports grew 700%, which illustrates
sharp, growing demand for Li-ion batteries in their reported
form. When supplementing the reported trade data with our
estimates of embedded imports across the time period, 48%
of Li-ion batteries imported to the US were contained in final
goods, and the remaining 52% were imported in their reported
form, on average.

When taking into account our estimates of Li-ion batter-
ies embedded in final products, in 2021 the US imported
about 7,623,747 tonnes of Li-ion batteries, the majority of
which are EV Li-ion batteries in their reported form. This
trend is fairly new since the data did not start reflecting the
import of EV batteries until 2015. In fact, between 2000
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Embedded Li-ion in Electric Vehicles

attributed to reported Li-ion batteries by 2010. 3. Panel 3 shows
that by 2015, imports of Li-ion batteries in their reported form have
quickly dwarfed the import of Li-ion batteries embedded in electron-
ics and appliances. Data regarding EV’s, HEV’s, and PHEV’s was not
recorded until 2017. 4. We define EV’s as fully battery electric; HEV
as hybrid electric motor; and PHEV as plug-in hybrid electric vehi-
cle. Source: US Census Bureau; author calculations

and 2014, consumer electronics were responsible for, on
average, 89% of Li-ion imports overall, after which this
category was eclipsed by the import of Li-ion batteries
intended for EV’s. That being said, the overall trend dis-
played in the data demonstrates increasing demand for Li-
ion batteries, both reported and embedded. Further, the
general results illustrate that the bulk of demand for Li-ion
battery imports is for electrified transport. This ultimately
allows for a more complete picture regarding US sources
and supply of Li-ion batteries.

Table 5 below allows for a detailed view regarding
the types of primary Li-ion batteries imported to the US.
Data regarding the import of EV Li-ion batteries were not
recorded until 2015, but they clearly dwarf the import of
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Table 5 Reported U.S. imports

.. . Year LIB, non-EV LIB, EV
of Li-ion batteries, tonnes

2000 - -

2005 - -

2010 1260 -

2015 1500 604,470
2021 7190 7,363,180

1. NA = data not available

2. Trade data does not specify what
is considered an electric vehicle,
i.e. Fully electric, hybrid, or plug-in
Source: US Census
author calculations

Bureau;

non-EV batteries imported. This can be attributed to both
the growing demand for electrified transport, as well as
the fact that EV batteries are larger in size compared to
non-EV LIBs so that their overall tonnage would be larger.

Embedded Li-ion battery imports—final goods

Table 6 provides a more comprehensive breakdown of the
items considered in imported final goods that contain Li-
ion batteries. As mentioned above, imported consumer
electronics were responsible for the bulk of Li-ion bat-
teries imported to the US between 2000 and 2015; yet,
by 2020, the majority of the batteries imported to the
US were intended for, contained in, EVs. The data did
not start reflecting the import of Li-ion EV (BEV, HEV,
and PHEV) batteries until 2015, and the import of EVs
until 2017; however, historical data shows sales of EVs
in the US as early as 2012 (“Summary Report on EVs at
Scale and the U.S. Electric Power System” 2019), so we
acknowledge our estimates are potentially skewed without
further historical trade data.

In examining the import of Li-ion batteries embedded in
non-EV items (Table 6), consumer electronics are by far the
largest source of imported Li-ion batteries. Laptops, com-
bined with mobile phones making up the majority of batter-
ies imported to the US in an embedded form, which reflects
overall increasing demand for portable electronics.

Hybrid electric vehicles (HEV’s) are responsible
for the bulk of overall Li-ion batteries embedded in
electrified transport. From our estimates (Fig. 3), US
imports of all four types of electrified transport con-
sidered increases between 2017 and 2021.'! Further,
the majority of LIB’s imported are contained within
HEYV, followed by fully battery electric vehicles, which
perhaps highlights consumer preferences. This is

! Please note, data did not start reflecting their import until 2017,
which explains the lack of historical data

especially interesting when considering the historical
trend in electric vehicle manufacturers’ battery pref-
erences. The Toyota Prius is one of the most popular
hybrid electric vehicles, and has utilized NiMH batter-
ies despite other manufacturer’s move to Li-ion bat-
teries in the early 2000s (Tajitsu and Shirouzu 2016).
The manufacturer held back from incorporating Li-ion
batteries was mainly due to cost, size, and safety; how-
ever, since at least 2015 Toyota has started utilizing
Li-ion batteries in some Prius models (Greimel 2015)
which likely points to cost- and safety-related issues
being overcome.

Embedded Li-ion battery imports by trade partner

In terms of supply diversity for Li-ion batteries in their
reported form, Table 7 outlines the fact that the US sources
both EV and non-EV Li-ion batteries mainly from Asia—
South Korea, Japan, and China being present in the top
5 suppliers for both categories. In parallel to the sintered
NdFeB magnets section, an HHI'? for US non-EV and EV
import partners is 5226 and 7814, respectively. So, although
the US does source batteries from a diverse set of countries,
there is still a relatively high degree of market concentration
for these imports.

The same can be said about the import of batteries
embedded in vehicles and other final goods, with per-
haps a higher degree of regional diversity (Table 8). In
the table below, while there are several main producers
for all three technologies—Japan, South Korea, Germany,
Mexico, and China. This regional diversity supports US
trade in that in ensures better insulation from shocks such
as a supply disruption. However, please note that the trade
data only portrays the most recent point of origin regard-
ing imports to the US, so that our results regarding the
source of imports may not accurately reflect the supply
chain in its entirety.

Finally, when looking at import sources for electronics
and household appliances in the table below, results do not
necessarily reflect the trends seen for reported Li-ion bat-
teries and those contained in vehicles (Table 8). China is
responsible for by far the most Li-ion batteries contained
in non-EV final products. However, the remaining major
suppliers of these items are diverse in terms of producing
country and region.

12" A Herfindahl-Hirschman Index measures the level of market con-
centration by accounting for the relative size distribution of firms in
a market. A score that approaches zero demonstrates a large num-
ber of firms in a market; 1500-2500 signals moderate concentration;
over 2500 is highly concentrated (“HERFINDAHL-HIRSCHMAN
INDEX” 2018).
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Table 6 Li-ion batteries

s ” o Year Household Electric vehicles Mobile phone Laptop Vacuum Electric shavers Electric
(tonnes) embed.ded in vehicles appliances and toothbrush ~ power
and other final imported goods t

ools
2000 60 - - 270 - 60 -
2005 330 - - 910 - 190 130
2010 240 - 180 2290 40 110 90
2015 220 - 160 4050 40 80 100
2021 320 247,520 280 5260 70 120 130

1. NA = data not available

2. Trade data did not start reflection electric vehicles (EV, HEV, and PHEV) imports until 2017
3. The term electric vehicle (EV) is used to refer to BEV’s, HEV’s, and PHEV’s, unless otherwise noted
Source: US Census Bureau; author calculations

Discussion and trends

With regards to our results, there are a few important takea-
ways. First, the US relies wholly on sintered NdFeB magnet
imports, the bulk of which are embedded in motors and other
intermediate goods which signals the importance of these
magnets in US manufacturing; further, results show that the
bulk of these imports are mainly vehicles intended for EV’s
(fully battery electric, hybrid, and plug-in). This is important
when considering the role of US policy and current federal
initiatives; the current administration’s goal for a net-zero
emissions economy by 2050 (“FACT SHEET: President
Biden Sets 2030 Greenhouse Gas Pollution Reduction Target

Fig.3 US imports of Li-ion
batteries (thousands of tonnes)

160
embedded in electrified
transport. Trade data did not
start reflection electric vehicles 140
(EV, HEV, and PHEV) imports
until 2017. Source: US Census
Bureau; author calculations 120
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U.S. Leadership on Clean Energy Technologies” 2021)
demands a rapid technology transition from many domestic
sectors, including transportation (“Biden-Harris Administra-
tion Releases First-Ever Blueprint to Decarbonize America’s
Transportation Sector” 2023). Further, domestic demand for
electrified transport has been growing since 2011; in 2021
alone, domestic purchases of electrified vehicles doubled
(“Hybrid-Electric, Plug-in Hybrid-Electric and Electric
Vehicle Sales” 2022). Coupling this with the likely contin-
ued increase in demand for EV’s with federal policy sup-
port, it is clear sintered NdFeB magnets will continue to be
an important part of the overall supply chain for electrified

59%
61%

65%

18%

20%
8%

16% 10% 13%

11%
10%

g |

2020

9%

2019 2021

EV HEV PHEV [ E-bike



Measuring trade flows of sintered NdFeB magnets and Li-ion batteries: reported vs. embedded... 679

Table 7 2021 US sources

o " Country Non-EV Li-ion % Share Country EV Li-ion batteries % Share

of reported Li-ion batteries batteries

(thousands of tonnes Li-ion

equivalent) China 752,690 73% China 126,240 50%
South Korea 107,290 10% Poland 42,530 17%
Japan 47,760 5% South Korea 27,150 11%
Hungary 25,880 3% Japan 24,560 10%
Malaysia 22,290 2% Germany 23,080 9%
Germany 14,920 1% Mexico 7520 3%
Vietnam 12,540 1% Taiwan 960 0.4%
Taiwan 10,650 1% Austria 560 0.2%
Poland 9300 1% Canada 170 0.1%
Canada 5750 1% Croatia 170 0.1%
Other 20,030 2% Other 480 0.2%

The term electric vehicle (EV) is used to refer to BEV’s, HEV’s, and PHEV’s, unless otherwise noted
Source: US Census Bureau; author calculations

transport in the US. Thus, a stronger, more resilient domestic
manufacturing supply chain for sintered NdFeB magnets will
be intrinsic to increased deployment of these technologies.
Another important takeaway is the decrease in imports
of specific items that contained sintered NdFeB magnets
during the COVID-19 pandemic; between 2019 and 2020,
there was a noticeable drop in categories such as hard disk
drives, generators, and smaller decreases for categories such
as consumer electronics, due to reduced consumer spend-
ing, closure of factories, and shipping delays stemming from
the pandemic (“Electronic Products™” 2021). These imports
quickly regained momentum in 2021 as markets recovered;
but what this illustrates is the importance of maintaining a
robust supply chain in the event of an unanticipated disrup-
tion, especially as there is no current domestic capabilities.
In fact, the mix of countries who supplied the US did not
change drastically between 2019 and 2020, which shows that
the US was able to maintain these important trade relations
during the pandemic. However, China remains the largest
source of sintered NdFeB magnets; if trade relations with
China and other non-FTA partners do change in the near
future, policymakers must be aware that there’s a potential
risk in cutting off these imports from manufacturers.
Regarding US sources of Li-ion battery imports, results
show that the import of batteries in their reported form
quickly outpaces the import of batteries embedded in final
goods starting in 2015; as mentioned above, this could be
due to data collection for reported Li-ion batteries starting
later in the time period studied. Excluding this category from
our estimates, there is still an increase in imports of Li-ion
batteries embedded in final goods between 2000 and 2021,
which highlights an increasing demand for this technology
across time, so that it is clear that maintaining a strong and
diverse supply chain should continue to be a priority. In
comparing imports between 2019 and 2020, no decrease is

demonstrated in imports across any categories, nor a shift
in suppliers, despite the COVID-19 pandemic. This signi-
fies that the US is, indeed, maintaining a robust and diverse
supply chain for Li-ion batteries. While it is still too soon
to accurately estimate the impact of the pandemic on manu-
facturing and demand, this difference might be due to the
supply chain for Li-ion batteries to be more mature, and
thus more resilient, as Li-ion batteries have been in some
form of development since the late 1990’s (Patil 2008). As
such, it is assumed that the supply chain remains secure the
farther downstream. Of course, the drop in imports of mag-
nets compared to batteries between 2019 and 2020 could
also be due to several other reasons, ranging from policy
decisions, changes in consumption, or data collection error,
which will only become more apparent as more time passes
and economies recover.

Li-ion batteries can be further broken down into differ-
ent types based on variations in their cathode chemistries.
Nickel manganese cobalt oxide (NMC) is, to date, consid-
ered the most successful of the Li-ion systems with high
growth potential. Nickel cobalt aluminum (NCA) batter-
ies, while characterized by several positive characteristics,
are more costly and have safety concerns. Currently, NCA
batteries are utilized by Panasonic and Tesla. Lithium man-
ganese oxide (LMO) batteries are typically blended with
NMC batteries to enhance their specific energy and lifes-
pan. Lithium cobalt oxide (LCO) batteries are costly due to
their Co content, and are currently losing market share to
LMO, NCA, and NMC batteries. Lithium iron phosphate
(LFP) batteries are considered to be one of the safer options
of Li-ion batteries. They are used mainly in specialty mar-
kets, although recent advancements have reduced costs and
manufacturers such as Ford and Volkswagen are consider-
ing utilizing them in North American cars (Blois 2023).
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Table 8 2021 top US sources of final goods that contain embedded Li-ion batteries (thousands of tonnes of Li-ion equivalent)
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Table 9 provides an overview of the five main cathode
chemistries.

The choice of cathode materials depends on intended
end-use, and specific formulas are often well-kept secrets
in the manufacturing industry (Miao et al. 2019). However,
there are some generally accepted assumptions regarding
the application of Li-ion batteries. First, in terms of batter-
ies meant for consumer electronics, LCO batteries are pre-
ferred (Pagliaro and Meneguzzo 2019), due to high energy
density, long life cycle, and ease of manufacturing; yet, as
of 2019, analysts assert that LCO will quickly be replaced
in the future with NMC, as manufacturers move away from
chemistries that utilize higher amounts of Cobalt (Miao et al.
2019). Second, Li-ion batteries—primarily NMC—will
likely dominate the EV battery sector in the near future (M.
M. Wang, Zhang, and Zhang 2016a; Raugei and Winfield
2019; Miao et al. 2019), and are the most widely-adopted
chemistry for Li-ion batteries contained in current-produc-
tion EV’s (Raugei and Winfield 2019). 13

As cathode chemistries are important in terms of both
applications to burgeoning clean energy technology, as well
as their cost and use of critical materials, we extended our
methodology to also estimate the amount of different cath-
ode chemistries imported to the US, in terms of the Li-ion
batteries embedded in electrified transport (HEV, PHEV, and
BEV). While there is only 5 years of data available regarding
US imports of electrified transport to with which to apply
this methodology, we feel that these estimates reveal current
trends, allowing for a better picture regarding consumption
of differing EV chemistries, and thus, consumption of criti-
cal materials.

Table 10 below shows that the NMC chemistry is the
dominant type of chemistry imported in EV’s followed by
the LCO chemistry, which follows the logic that NMC Li-
ion batteries are quickly becoming the preferred choice for
electric cars. In 2021, 29% of EV Li-ion batteries imported
to the US were NMC, followed by LCO with a market share
of 26%, and LFP with a share of 23%. These estimates are
in line with the current thought that NMC chemistries will
quickly overtake other Li-ion cathode chemistries in their
use in electric transport. Should the electrified transport
industry continue to follow this trend, this sector would
likely benefit from further policy support to reduce costs and
increase efficiency to encourage further market penetration.

This analysis is important on several levels: first, by char-
acterizing the sources of these items for the US, we can
better understand the dynamics of supply, especially with

13 NiMH batteries were historically the preferred energy source
for EV’s, and may still be deployed in PHEV’s, although Li-ion are
quickly expected to overtake the deployment of NiMH in EV’s(Song
et al. 2019)
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Table 9 Li-ion cathode chemistries

Lithium cobalt oxide
(LCO)

Lithium manganese
oxide (LMO)

Lithium iron phosphate
(LFP)

Nickel cobalt aluminum
oxide (NCA)

Nickel manganese
cobalt oxide (NMC)

Application(s) Portable electronics Electric powertrains,

power tools
Advantages

High specific energy High power; good

Specialty markets such
as motor homes,

Electric vehicles, medi-
cal devices, industrial

Electric powertrains,
industrial, medical

energy storage devices
Long cycle life; good High specific energy; High specific energy;
thermal stability; high capacity; high high power density;

thermal stability

good specific power;
long lifespan

Disadvantages Low thermal stability;
short life span; lim-
ited load capability;
costly.

Low capacity

Reduced specific
energy; low capacity

power; high energy
density; long cycle
life; lower cost

long lifespan; good
specific power

Costly; safety concerns

Source: (Miao et al. 2019; “BU-205: Types of Lithium-Ion” 2019; X. Wang, Gaustad, and Babbitt 2016b)

regards to producing countries and companies; and second,
our methodology distinguishes itself in that it estimates the
flow of goods or components, rather than raw materials. This
is significant in that it can help guide future work attempting
to untangle trade statistics, and aid in producing more accu-
rate estimates of trade flows. This is significant within the
context of understanding the flow of items related to clean
energy technologies, even more so as NdFeB magnets and
Li-ion batteries contain critical materials. The need for more
detailed trade flows becomes more urgent in the passing of
the 2022 IRA, whose purpose is to incentivize the growth
of domestic manufacturing capacity for clean energy tech-
nologies. Aimed at fostering more domestic capabilities and
overall supply chain resilience for sintered NdFeB magnets
and Li-ion batteries, its implications could be far-reaching.
Trade partnerships can change due to the IRA’s mandates,
and consumer demand for these technologies may increase.
Because of this, it is necessary to understand these supply
chains in detail, to determine their flexibility in accommo-
dating this potential market shift. This analysis aids in pro-
viding a more granular examination of these supply chains,
and informs future policy decisions within this context.

Table 10 US imports of Li-ion EV batteries by cathode chemistry

LCO NMC LFP LMO NCA
2017 2,281,936 2,545,236 2,018,635 1,053,201 877,668
2018 2,432,133 2,712,764 2,151,503 1,122,523 935,436
2019 1,958,625 2,184,620 1,732,630 903,981 753,317
2020 1,697,283 1,893,123 1,501,442 783,361 652,801
2021 3,279,725 3,658,155 2,901,295 1,513,719 1,261,433

1. The term electric vehicle (EV) is used to refer to BEV’s, HEV’s,
and PHEV’s, unless otherwise noted

Source: US Census Bureau; author calculations

The goal of this particular section is to highlight the fact
that, while the US has very little domestic manufacturing
capacity of Li-ion batteries, and, as is clear from the data
and results, domestic demand for Li-ion batteries- espe-
cially those in finished products—is high and will likely
continue as demand for portable electronics and electric
transport increases. This is especially relevant considering
the potential impact of the IRA on domestic manufactur-
ing. Our results also show that the sources of these products
vary, across stages of item and within items, which dem-
onstrates a diverse supply chain, which ultimately ensures
a higher degree of energy security. Like our results for sin-
tered NdFeB magnets, however, China remains the dominant
supplier, dwarfing other US sources of Li-ion batteries. As
the IRA mandates that Li-ion precursors must be sourced
either domestically or from sources other than China, it is
unclear where the US will procure batteries in the future,
should domestic capacity fail to gain a foothold. But, by
illuminating current sources of embedded Li-ion batteries,
this may allow guidance for policymakers in maintaining or
strengthening relations with other trade partners in order to
continue to support a resilient supply chain.

Conclusion

This work seeks to provide a methodology that can aid
researchers in interpreting publicly available trade statis-
tics for products whose components are yet to be accurately
reflected in public data. Given that the method is currently
limited by the opacity of trade data, and driven by time-
constant technology factor assumptions, there are several
ways in which this method could be improved so that it can
be applied to other sectors and goods. First, the inclusion
of time-varying technology factors (weight and intensity)
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would be a significant contribution to the current method;
this was a difficult task for permanent magnets and Li-ion
batteries, as their use and adoption are still nascent. This
may not be the case for more mature technologies whose
technology factor efficiencies have been more well-docu-
mented in ecological and related literature. By including
time-varying technology factors, estimates would provide
a much more detailed picture of supply chains, and thus a
more nuanced discussion of disruptions and implications.
Second, the method is limited in terms of researchers’ ability
to quantify uncertainty, so that it would be greatly improved
by more historical data points, as literature allows. This may
even be currently feasible for a technology where more data
exists: some kind of statistical method may be applied to
better cement results and provide a more detailed discussion.

Despite these limitations, we believe this method can be
extended in ways that would benefit further research and
policy decisions. End-of-life (EoL) is not addressed in this
method, and the addition of this final portion of the supply
chain would serve as both an improvement for the current
method, as well an avenue for future research. Measuring the
quantity of embedded materials in end-use technologies that
are domestically recycled would allow for a more in-depth
examination of the current state of a domestic supply chain,
and likely improve the analysis of import reliance and sup-
ply chain resiliency. In terms of future research, the addi-
tion of EoL data and estimates could provide a much more
systems-wide analysis that can highlight current and potential
capabilities for recycling or identify areas along a domestic
supply chain that would further benefit from policy support
to improve resiliency. This could be valuable for other clean
energy technology research, such as wind turbines, solar pan-
els, and rare earths, where the recycling potential has yet to be
commercialized at an industry-wide scale (Heffernan 2022;
“Carbon Rivers Makes Wind Turbine Blade Recycling and
Upcycling a Reality With Support From DOE” 2022; “DOE
Announces $18 Million to Streamline Commercialization of
Clean Energy Technologies™ 2022). The inclusion of estimated
embedded trade in exports would also extend this research for
a more global perspective. This paper focuses on US imports;
however, the method could be applied to export trade statis-
tics. In doing so, estimates of embedded trade contained in
imports and exports can better characterize the complexity of
a global supply chain for a technology, and shed light on pro-
duction capabilities and trade decisions that would otherwise
not be obvious from reported data. This would be important
in contributing to a more exhaustive discussion of global mar-
ket trends, identifying trade partners, linchpin suppliers, and
anticipating potential supply chain disruptions. While more
complex, this may be especially useful in estimating trade
flows materials or technologies whose markets are currently
difficult to disentangle from public data due to the complexity
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of their manufacturing supply chains. Ultimately, we hope this
methodology serves as a foundation for future trade data analy-
sis and related policy.

Appendix
Methodology

USATrade data is measured in terms of number of items. The
US Census Bureau provides a number of different values in
terms of quantities; we used the “Quantity 1 (Consumption).”
The Census classifies imports as either “general imports”
or “imports for consumption.” General imports measures
the totally physical arrivals from foreign countries, whereas
Imports for consumption only measures goods cleared through
customs and are withdrawn for consumption. (“A Note on US
Trade Statistics” 2014).

There are instances of missing data for certain years; in this
case, we utilized port-level data from the USATrade database
or from the UN Comtrade database. Port-level data can some-
times require further assumptions, which are found later in
the appendix. The UN Comtrade database only utilizes 6-digit
HS codes so that the data is not as granular, so that further
estimates and assumptions were necessary and are outlined in
the next sections.

General formula used

The magnet and battery weights are found in the literature and
utilized in the following equation:

[(Quantity of imported good) X (Technology market share) X (Technology weight in kg)]

/1000 = Estimated amount of technology embedded in imports (tonnes)

For example, upon multiplying the quantity of refrigera-
tor imports by its market share, the product is multiplied
by the estimated weight of the NdFeB magnet. The market
share and magnet/battery weights are found in the literature.

When estimating the amount of NdFeB magnets embed-
ded in refrigerators, we first collect the amount of refrig-
erators imported to the US for the specified time frame.
This quantity is multiplied by the estimated market share of
refrigerators that contain NdFeB magnets, and then further
multiplied by the estimated weight of an NdFeB magnet con-
tained in a refrigerator. Literature tells us that about 10% of
refrigerators sold in 2013 contain an NdFeB magnet, and the
average NdFeB magnet contained in a refrigerator weights
0.155 kg. See (2) below, which calculates the estimated
weight of NdFeB magnets embedded in refrigerator imports
to the US, in 2013:

[(9,434,434) x (.10) X (.155)]/1000 = 146 tonnes of NdFeB magnets
2
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Table 11 Import taxonomy for

. Category Sub-category
sintered NdFeB magnets and

10 digit HS code

associated trade codes Reported Sintered NdFeB magnets

Embedded: motors and other Electric motor, EV's
intermediate goods

Electric motor, appliances

8505110070
8501324040

8501324500
8501325540
8501332080
8501333000
8501528040
8501534080
8501536000
8501538040
8501326000
8501326090
8501610010
8501610090
8501102000
8501104020
8501104040
8501104060
8501104080
8501106020
8501106040
8501106060
8501106080
8501202000
8501204000
8501205000
8501206000
8501312000
8501314000
8501315000
8501316000
8501318000
8501318010
8501318090
8501322000
8501402020
8501402040
8501404020
8501404040
8501405020
8501405040
8501406020
8501406040
8501512020
8501512040
8501514020
8501514040
8501515020
8501515040
8501516020
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Table 11 (continued)
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Category Sub-category

10 digit HS code

Hard disk drives

Embedded: vehicles and other Dryer
final goods

Mobile Phone
LCD TV/LCD monitor

Laptop

Conventional vehicles

8501516040
8501524000
8471495010
8471495020
8471495040
8471495060
8421120000

8517120080
8528727220
8528727230
8528727240
8528727250
8528727260
8471492400
8528593050
8528593100
8528593350
8471300000
8471300100
8471491035
8471491065
8471491095
8471491500
8471500035
8702106000
8702106100
8702206100
8702306100
8702906000
8702906100
8702100000
8703220000
8703220100
8703230042
8703230044
8703230046
8703230048
8703230052
8703230062
8703230064
8703230066
8703230068
8703230072
8703230074
8703230076
8703230078
8703230090
8703230140
8703230160
8703230170
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Table 11 (continued) Category Sub-category 10 digit HS code

8703230190
8703240032
8703240034
8703240036
8703240038
8703240042
8703240052
8703240054
8703240056
8703240058
8703240062
8703240064
8703240066
8703240068
8703240090
8703240140
8703240150
8703240160
8703240190
8703310000
8703310100
8703320010
8703320050
8703320110
8703320150
8703330045
8703330085
8703330145
8703330185
8703900000
8703900100
8703210000
8703210050
8703210150
EV 8703800000
HEV 8703500010
8703500030
8703500050
8703500070
8703500090
8703600090
8703700010
8703700030
8703700050
8703700070
8703700090
8703400005
8703400010
8703400020
8703400030
8703400040
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Table 11 (continued)
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Category Sub-category

10 digit HS code

PHEV

MRI
Wind turbine generators

AC Unit

8703400045
8703400060
8703400070
8703400080
8703400090
8703600005
8703600010
8703600020
8703600030
8703600040
8703600045
8703600060
8703600070
8703600080
9018130000
8502310000
8501640021
8415100040
8415100060
8415100080
8415103040
8415103060
8415103080
8415106000
8415109000
8415810010
8415810020
8415810030
8415810110
8415810120
8415810130
8415820005
8415820010
8415820015
8415820020
8415820025
8415820030
8415820035
8415820040
8415820050
8415820055
8415820060
8415820065
8415820070
8415820105
8415820110
8415820115
8415820120
8415820130
8415820135
8415820140
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Table 11 (continued)

Category

Sub-category

10 digit HS code

Washing machine

Electric Shavers

Headphones

Refrigerators

Vacuums

E-bikes

8415820155
8415820160
8415820170
841583

8415830040
8415830050
8415830060
8415830070
8415830090
8450110010
8450110040
8450110080
8450110090
8450120000
8450190000
8450200010
8450200040
8450200080
8450200090
8510100000
8510200000
8510201000
8510209000
8510300000
8518302000
8518210000
8518220000
8518290000
8518294000
8518298000
8418100010
8418100020
8418100030
8418100040
8418100045
8418100055
8418100065
8418100075
8418100090
8418210010
8418210020
8418210030
8418210090
8418220000
8418290000
8418291000
8418292000
8508110000
8508190000
8711600000
8711600050

@ Springer



688 H. Gagarin, R. G. Eggert

Table 11 (continued) Category Sub-category 10 digit HS code

8711600090
Bus (public transport), conventional 8702900000
8702903000
8702903100
8702103000
8702103100
Bus (public transport), electric 8702403100
8702406100
Bus (public transport), hybrid 8702203100
8702303100
Electric generator 8501334040
8501334060
8501336000
8501343000
8501346000
8501538060
8501620000
8501630000
8501640020
8501640025
8501640030
8501640050
8502390000
8502390040
8502390080

Source: (“USA Trade Online” 2022)
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Table 12 Estimgted si.ntered Category Sub-category NdFeB
NdFeB rpagnet intensity for magnet
relevant items intensity
Reported good NdFeB magnet, sintered 100%
Motors and other intermediate goods Motor, electric vehicle 100%
Motor, appliances (electric) 100%
Motor, electric generator 100%
Hard disk drive 100%
Vehicles and other final goods Dryer 25%
Mobile Phone 100%
LCD TV/LCD monitor 40%
Laptop 100%
PC 100%
Conventional vehicle 100%
Electric vehicle 29%
Hybrid vehicle 42%
Plug-in hybrid vehicle 100%
MRI 8%
Wind turbine generator, 2000-2014 1%
Wind turbine generator, 2015-2021 30%
Air-conditioning unit 10%
Refrigerator 10%
Washing machine 25%
Clothes dryer 25%
Electric hair shaver 100%
Headphones 100%
Vacuum 100%
E-bikes 100%

In the intermediate category, the import of motors for electric vehicles is assumed to be for the drive train
only. We assume any motor with less than 75 kW to be intended for appliances or electronics, and any
motors with at least 75 kW or more to be intended for passenger vehicles. Regarding the final goods cat-
egory, electric vehicles referred to battery-electric vehicles. The inclusion of conventional vehicles is due
to the rare earth magnets contained in parts such as power steering or sensors (anything but the drive train)

Source: (Ohno et al. 2016) (Ciacci et al. 2019) (Habib et al. 2014) (Bandara et al. 2014; Miinchen and Veit
2017; Isildar et al. 2018; Schuler et al. 2011; Lixandru et al. 2017; Menad and Seron 2016)(‘“Rare Earths:
Siemens Permanent Magnet Motors Take to the Skies” 2019) (Pavel et al. 2017)
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Table 13 Estimated weights

of sintered NdFeB magnets in
intermediate and final goods (kg
NdFeB/item)

Category

Sub-Category

Kg NdFeB/item
(unless otherwise
noted)

Motors and Other Intermediate
Goods

Vehicles and other final goods

Motor, electric vehicle 1.42
Motor, appliances (electric) 0.79
Motor, electric generator 0.79
Hard disk drive 0.03
Dryer 0.25
Mobile Phone 0.0007
LCD TV/LCD monitor 0.01
Laptop 0.003
PC 0.01
Conventional vehicle, 2000-2011 1.14
Conventional vehicle, 2012-2019 1.72
Electric vehicle motors 3.14
Hybrid vehicle 2.32
Plug-in hybrid vehicle 3.14
MRI 860.00
Wind turbine generator 405 kg/MW
Air-conditioning unit 0.37
Refrigerator 0.16
Clothes washing machine 0.59
Clothes dryer 0.54
Electric hair shaver 0.01
Headphones 0.01
Vacuum 0.79
E-bikes 0.27

Source: (Bian et al. 2016; Guyonnet et al. 2015; Nguyen et al. 2019; Fischbacher et al. 2018; Habib et al.
2014; Ciacci et al. 2019; Bandara et al. 2014; Pavel et al. 2017; Schuler et al. 2011; Ohno et al. 2016)
(Ueberschaar and Rotter 2015; Lixandru et al. 2017)

Discrepancies in trade data for sintered NdFeB
magnets

Data for years 2000 and 2001 were not available, so this
was supplemented with data from USATrade that is meas-
ured as “Quantity 1 (General).” Please refer to “General
approach” section for an overview of US Census trade meas-
ures. Data for reported sintered NdFeB magnet imports and

@ Springer

hard disk drive imports were not available for 2000-2013,
and 2007-2019, respectively. In both cases, data was sup-
plemented with US Census Bureau’s port-level trade data.
Because this data is measured in kilograms (kg) rather than
as number of items, the data is divided by the average hard
disk drive weight which is found from literature. The normal
method of estimating sintered NdFeB magnets embedded in
hard disk drives was then applied.
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Table 14 Miscellaneous data related to NdFeB estimates

Category Description Nd content, % of Magnet ~ Nd Content, kg/unit
Weight

Reported Good Sintered NdFeB Magnet 24%

Motors and Other Intermediate Goods Motors (Electric Vehicle) 0.3
Motors (electric, appliances) 0.19
Hard Disk Drive, PC

Vehicles and Other Final Goods Hard Disk Drive, Laptop 0.0034
Clothes-Dryer 0.042
Mobile Phone
LCD TV/LCD Monitor
Laptop 0.304 0.0019
PC 0.308 0.0037
AC Unit 0.0515
Headphones 0.00026
Loudspeaker 0.29 0.000748
Refrigerator 28.07
Conventional Vehicle, after 2012 1.72
Conventional Vehicle 0.29865 0.1625
Electric Vehicle 0.3
HEV 0.3 1.8
PHEV 0.3
MRI 0.21 382.5
Wind Turbine Generator 27% 36

Sources: (Pavel et al. 2016b; Habib, Parajuly, and Wenzel 2015; Habib and Wenzel 2016)
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Table 15 Relevant items related to Li-ion batteries and associated

trade codes

Category

Sub-category

10 digit HS code

Reported

Embedded: Vehicles
and other final goods

LIB, non -EV

LIB, EV
Mobile phones

Laptop

Household appliances
Toothbrush

Shaver

Power tools

EV
HEV

PHEV

EV (BUS)

BUS (HEV)

8507600000
8507600020
8507808010
8507600010
8517120080

8471300000
8471300100
8508110000
8508190000
8509800045
8510100000
8467210010
8703800000

8703400005
8703400010
8703400020
8703400030
8703400040
8703400045
8703600090
8703700010
8703700030
8703700050
8703700070
8703700090
8703600040
8703600045
8703400060
8703400070
8703400080
8703400090
8703500010
8703500030
8703500050
8703500070
8703500090
8703600070
8703600080
8703600020
8703600030
8703600005
8703600010
8702403100
8702406100
sum

8702203100
8702206100
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Table 15 (continued)

Category

Sub-category

10 digit HS code

E-bike

8702303100
8702306100
8711600000
8711600050
8711600090

Source:(“USA Trade

Online” 2022)

Table 16 Estimated Li-ion battery intensity for relevant items

Category Sub-category Li-ion
Battery
Intensity
Reported Good Li-ion battery, non-EV 100%
Li-ion battery, EV 100%
Vehicles and Other Mobile phone 99%
Final Goods
Laptop 100%
Vacuum 20%
Electric toothbrush 1.50%
Electric shaver 9%
Electric power tools 66%
EV 100%
HEV 100%
PHEV 100%

Source:(Sommer, Rotter, and Ueberschaar 2015)

Table 17 Estimated weights of Li-ion batteries (kg/item)

Category Item Battery weight, kg

Reported Good Li-ion batteries, non-EV 0.02
Li-ion batteries, EV 290.00

Vehicles and Other Mobile phone 0.02

Final Goods

Laptop 0.04
Vacuum 0.04
Electric toothbrush 0.04
Electric shaver 0.04
Electric power tools 0.02
Electric vehicle 290.00
HEV 275.17
PHEV 190.00

Source: (Franco, Persio, and Boon-Brett 2014; Bigum et al. 2013; X.
Wang, Gaustad, and Babbitt 2016b; Asari and Sakai 2013; Song et al.
2019; Tostengard 2015; Arcus 2018)
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