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ABSTRACT 6

Research into secondary recovery of rare earth elements (REE) has focused mostly on hard disk 7

drives and automotive applications. While REE content in Japanese and European vehicles is 8

relatively well-known, understanding of U.S. vehicles is mostly based on database analysis. An 9

attempt to pinpoint which components contain the most REEs was conducted on four different 10

vehicle models including the Ford F-150, Chevrolet Silverado, Toyota Corolla and Honda 11

Accord. The disassembly data were combined with 2017 vehicles in operation to estimate stocks 12

and flows of Neodymium-Iron-Boron (NdFeB). Results showed that U.S. vehicles had major 13

differences compared to Japanese and European vehicles. NdFeB magnets were only found in 14

speakers ranging from 16 to 114 g/vehicle. An estimated 3.0 – 14 tonnes of NdFeB could be 15

available from end-of-life vehicles in 2018 from different cohorts of the four aforementioned 16

models. While opportunities for recycling NdFeB in vehicles exist, challenges are also present.17
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1. INTRODUCTION18

Over the course of the past 30 years, Neodymium-Iron-Boron (NdFeB) magnets have become 19

the main driver of the global rare earth element (REE) market. After a 2010 – 2011 REE price 20

spike, concerns have grown in the global community about adequate NdFeB supply for clean 21

energy technology, national security, consumer electronics and other ubiquitous applications22

(U.S. Department of Energy, 2011). NdFeB recycling has been investigated as a strategy for 23

reducing this supply risk. While significant study has focused on NdFeB recovery from 24

consumer electronics such as hard disk drives (HDDs) due to their consistent form factor, less 25

focus has been put on assessing NdFeB recovery from conventional vehicle ancillary motors. 26

This emphasis seems unusual, given 2016 estimates that indicated automotive applications and 27

HDDs accounted for 26% and 16% of NdFeB consumption, respectively (Benecki, 2017). 28

Furthermore, closer investigation and applied research suggested that while NdFeB recovery 29

from HDDs could be profitable, the impact of the recovered REEs on the supply chain would be 30

limited (Nguyen et al., 2017; Sprecher et al., 2014).31

NdFeB is one of the preferred permanent magnet alloys due to its superior induction and 32

coercive force (Brown, 2016). This trait has facilitated miniaturization of technology, which has 33

made it into the automotive sector. Over time, NdFeB has replaced many contemporary 34

permanent magnet materials such as aluminum-nickel cobalt, ferrite and samarium-cobalt35

(Constantinides, 2016). REEs such as praseodymium (Pr), neodymium (Nd), gadolinium (Gd), 36

dysprosium (Dy) and terbium (Tb) typically account for up to 32 % weight (wt%) of overall 37

NdFeB mass (Habib et al., 2014; Speirs et al., 2013). In 2016, NdFeB demand accounted for 38

80,000 tons globally (Benecki, 2017). This demand is expected to grow by 4 – 5% per year 39

between 2016 and 2021(Roskill, 2016). Almost all NdFeB consumption has been sourced from 40
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Chinese or Japanese fabrication and Chinese primary production, with secondary NdFeB 41

production from recycling playing a limited role (Gambogi, 2018; Ministry of the Environment, 42

2013).43

Recent research into secondary REE recovery has geared toward estimating magnet content in 44

vehicles due to higher consumption volumes and recycling rates. European and Japanese 45

vehicles are well-characterized (Andersson et al., 2017; Cullbrand and Magnusson, 2012; Du et 46

al., 2015; Ministry of the Environment, 2013; Restrepo et al., 2017; Widmer et al., 2015; Xu et 47

al., 2016; Yano et al., 2016), but there are only two studies on U.S. vehicles (Alonso et al., 2012;48

Field et al., 2017). In addition, both U.S.-focused papers analyze material content based on 49

original equipment manufacturer (OEM) material and vehicle component databases. Although 50

this approach is useful for providing a big picture of material content in U.S. vehicles, it is less 51

useful for determining how feasible it may be to disassemble a specific component from a 52

vehicle or how material consumption has changed over time.53

This study is the first attempt to collect primary data on NdFeB magnet content from U.S.54

vehicle ancillary motors at a component level by disassembling end-of-life vehicles (ELVs). U.S. 55

vehicles are a particular focus because of the supply risk posed by REEs in the U.S.. NdFeB 56

magnet recycling is a potential strategy to mitigate this supply risk, and our study serves to 57

assess this strategy from a feasibility perspective in terms of NdFeB available for recovery from 58

conventional U.S. vehicles (U.S. Department of Energy, 2011). Our focus is ancillary motors of 59

conventional vehicles, as opposed to the larger motors and generators within the propulsion 60

system of hybrid and fully electric vehicles, which have been discussed previously (Bandara et 61

al., 2016). Although hybrid vehicles contain more NdFeB magnets, in the U.S. there are ~5 62

million units on the road today compared to ~260 million conventional vehicles. (Hedges and 63
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Company, 2018). We disassemble ancillary motors from four top-selling vehicles in the U.S. 64

market: two light duty trucks (Ford F-150 and Chevrolet Silverado) and two passenger cars65

(Toyota Corolla and Honda Accord). The composition of recovered magnet samples are 66

analyzed using x-ray fluorescence (XRF). These measured compositions, combined with 67

compositions provided in the literature then provide an idea of total REE content in NdFeB in 68

particular U.S. conventional vehicles (Constantinides, 2015; Habib et al., 2014; Vander 69

Hoogerstraete et al., 2014). We then use data on 2017 vehicles in operation to estimate NdFeB 70

and total REE content in in-use and end-of-life U.S. vehicles. This paper is structured as follows: 71

Section 2 provides a brief literature review of previous studies, Section 3 discusses the methods 72

used in this study, Section 4 presents the results and discusses their significance compared to 73

previous studies and Section 5 provides a summary conclusion of the study.74

2. LITERATURE REVIEW75

International efforts to characterize scarce and precious metal content in ELVs have emerged76

since 2009 (Du et al., 2015). These studies applied several different techniques and arrived at 77

somewhat different conclusions. Given the goal of this research to complement these previous 78

efforts, they merit detailed discussion. The Japanese Ministry of the Environment has 79

characterized automobile shredder residue (ASR)(Ministry of the Environment, 2010), engine 80

computers, airbag computers and airbag couplers from all ELVs and NdFeB magnets from 81

hybrid vehicles (Ministry of the Environment, 2012, 2013). Insignificant amounts of REEs (e.g., 82

Nd, Dy, Tb, samarium (Sm)) from magnets were found in ASR due to magnetic separation 83

before shredding (Ministry of the Environment, 2010). The market value of ELV computer 84

components was mostly in gold, palladium, silver and copper (Ministry of the Environment, 85

2013). On average, ~1.4 kg of NdFeB magnets were found per hybrid vehicle. Average magnet 86
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compositions showed ~18 wt% Nd, ~5 wt% Pr and ~9 wt% Dy (Ministry of the Environment, 87

2013). Other studies on Japanese vehicles were conducted  (Yano et al., 2016) (Xu et al., 2016).88

A hybrid transmission motor of a Toyota Prius contained 486 g REEs (including Nd, Pr and Dy)89

in a 1997 model, 457 g in a 2003 model and 335 g in a 2009 model (Yano et al., 2016). REE 90

content in a 1997 Prius Nickle-Metal Hydride (NiMH) battery pack (notably lanthanum (La), 91

cerium (Ce), Pr and Nd) was estimated to be 2.6 kg (Yano et al., 2016). Vehicle REE content has 92

been distinguished in both magnet and non-magnet applications across vehicle size, model year 93

and component installation rates (Xu et al., 2016). Electric power steering motors were found to 94

account for ~95 g REE/vehicle and ~79 g REE/vehicle in a Toyota Crown and Toyota Prius95

(model year 2003 and newer), respectively. Electric air compressors of a hybrid vehicle also 96

contained 13 – 19 g REE/vehicle for 2003 models onward, with a decreasing trend over time. In 97

short, among vehicle models 2003 and newer, about 112 g REEs/vehicle were found in standard98

conventional cars and 2.2 kg – 3.0 kg REEs/vehicle in hybrids. Most REE content in a hybrid 99

vehicle was concentrated in its NiMH battery cell (between 80% and 84%). In addition, REE 100

content in vehicles was assumed to be correlated with vehicle weight/size.      101

Research on European vehicles was conducted on hybrid and conventional diesel and gasoline 102

vehicles. The International Material Data System (IMDS) has been used to estimate 31 103

potentially critical metals in four diesel Volvo vehicles made for the Swedish market: (1) 104

conventional midsize car with low specifications (CML), (2) conventional midsize car with high 105

specifications (CMH), (3) conventional large car with medium specifications (CLM) and (4) 106

hybrid midsize car with medium specifications (Cullbrand and Magnusson, 2012). In the hybrid 107

midsize car, ~532 g Nd/vehicle and ~130 g Dy/vehicle were mostly found in the traction motor108

and alternator. CMH had the second highest amount of magnet materials at ~ 206 g Nd and ~27109
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g Dy/vehicle, located in the high-performance audio system, steering systems and seat 110

adjustment motors. CML contained more Nd (43 g/vehicle vs. 28 g/vehicle) but slightly less Dy 111

(~1 g/vehicle vs. 2 g/vehicle) than CLM. These results suggested that higher grade equipment 112

also led to an increase in magnet materials, mainly in the audio system and seat adjustment 113

motors. However, an increase in size was not correlated with an increase in magnet material use 114

because a midsize with high specifications contained more magnet materials than a large size 115

with medium specifications. The size increase mostly affected metallurgical application 116

materials such as manganese (Mn) and niobium (Nb) due to body structure and chassis117

(Cullbrand and Magnusson, 2012). Model year was believed to have more impact on material 118

mass than size. The CLM’s model year was a couple years older than the other three vehicles. 119

However, since the study didn’t provide specific model years, the timing of increased magnet 120

material use in vehicles was unclear.121

Another study on European vehicles was conducted to estimate 31 scarce metals in electronic 122

equipment of 2003 – 2008 conventional passenger cars of various makes (Widmer et al., 2015). 123

They carried out two independent experiments: (1) disassembled 119 spare parts across six 124

device categories including electrical machines, consumer electronics, contacts, sensors, 125

controllers and user interfaces and (2) analyzed six ELV shredder fractions from 100 shredded 126

ELVs obtained from a Swiss shredder plant. This research reflected two different approaches 127

where the first experiment was input-driven and the second was output-driven. Comparison 128

between hypothetical cars constructed by input-driven and output-driven approaches showed that 129

a mid-range car from the first experiment had higher Nd content (240 g/vehicle vs. 210 130

g/vehicle) but lower Dy content (3.6 g/vehicle vs. 12 g/vehicle) and Pr content (7.3 g/vehicle vs. 131

30 g/vehicle). This methodology was the basis for a follow-on study to inform a dismantling 132
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strategy for Swiss cars (Restrepo et al., 2017). By examining three vehicle cohorts (or model 133

years) – 2000, 2007 and 2014 – they depicted a trend in eight critical metals. They found that 134

newer cohorts had a higher number of electronic control systems, although the number of 135

electronic equipment might or might not increase due to integration/replacement. Nonetheless, 136

the quantity of critical metals increased with the newer cohorts. Nd content was found at 3137

g/vehicle, 20 g/vehicle and 40 g/vehicle for cohort 2000, 2007 and 2014, respectively. Dy 138

showed a similar trend, with 0.1 g/vehicle, 2 g/vehicle and 5 g/vehicle for cohort 2000, 2007 and 139

2014, respectively. Major components with high NdFeB magnet content in a conventional 140

passenger car included alternators, starter motors, radiator fan motors, electronic power steering 141

motors and speakers.   142

Research on critical metal content in U.S. cars is limited to only a couple studies (Alonso et al., 143

2012; Field et al., 2017). In one study, component data from suppliers and estimated REE 144

content for two types of hypothetical North American sedans were compiled. They reported that 145

about 290 g Nd (or 66% of 440 g total Nd) could be found in a hypothetical conventional 146

gasoline midsize sedan (Alonso et al., 2012). Nd content in a hypothetical full hybrid sedan was 147

estimated to be higher at ~767 g/vehicle. Among the top 12 components with the highest 148

reported REE content, Nd occurred in 11 components including motor and generator, heating 149

ventilation and air conditioning compressor, transmission, brake pedals, speakers, anti-theft 150

system, door hardware, steering column, alternator, and lift gate. A recently published study 151

improved our understanding of U.S. vehicles by comparing 27 metals in passenger cars and light 152

trucks (Field et al., 2017). They gathered data from the IMDS (similar to (Cullbrand and 153

Magnusson, 2012)) to assess materials in four 2013 Ford vehicles including the Fiesta, Focus, 154

Fusion and F-150. Trucks contained more REEs than cars (133 g vs. 82 g). While REE mass in a 155
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truck was concentrated in the drivetrain, REE content in a car was spread out among drivetrain, 156

suspension and electrical components. Although this study did not provide further detail into 157

specific magnet materials, its total REE estimate in a conventional car was much lower than 158

previous U.S. estimates (Alonso et al., 2012), given similar methodology. To shed some light on 159

REE magnet material content at the component level in U.S. vehicles, it is important to conduct 160

vehicle disassembly. In order to have robust data regarding metal content in vehicles, an explicit 161

description of vehicles including manufacturer, model, model year, mass and the hierarchy 162

should be included (Du et al., 2015). As previously discussed by other authors, disassembly is 163

costly and subjected to underestimation due to selection of component subsets to save cost (Du et 164

al., 2015; Field et al., 2017). With this in mind, the purpose of this paper is to validate previous 165

studies rather than obtain a statistically representative sample across vehicle types and cohorts. 166

Ultimately, this effort aims to guide future REE recycling efforts to focus on certain components 167

having a reasonably high amount of REE and a feasible disassembly path. 168

3. METHODS169

Given our focus on ELV prevalence and availability, we chose to focus on ancillary motor 170

components of conventional vehicles. We set out to answer the following questions:171

1. Which practically accessible components contain NdFeB magnets? 172

2. How do size and vehicle type (trucks vs. cars) affect NdFeB content in the identified 173

components? 174

In the first question, the term “practically accessible” means that the components under 175

consideration are easy to recover from a vehicle (take a reasonable amount of time and effort) 176
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relative to their intrinsic material value. In other words, the components of interest are traded on 177

a market (used parts, recycling feedstock, etc.). By using the term “practically accessible”, we 178

acknowledge that we might miss some components containing NdFeB, but these parts are not 179

currently traded and therefore require more effort to procure. With the second question, we try to 180

understand the effect of size on U.S. vehicles given conflicting evidence from the literature. 181

3.1 Vehicle disassembly 182

We compiled a list of components of conventional vehicles that were reported to contain 183

significant amounts of permanent magnets and rare earth permanent magnets (Restrepo et al., 184

2017; Widmer et al., 2015; Xu et al., 2016). We then reached out to local automotive salvage 185

yards to obtain price lists for second-hand parts. We shortened the initial list to 18 components 186

identified in Table 1, based on the price lists. 187

Table 1: A selective list of ancillary motors in conventional vehicles considered in this study and 188

other studies (L: listed, A: analyzed).189

Our next step was selecting vehicle brands, or makes, that were most representative of those sold 190

in the U.S.. Based on the data of vehicles in operation for light trucks and cars by manufacturer191

in the U.S. (Hedges and Company, 2018), we selected General Motors (including GMC and 192

Chevrolet trucks) and Ford as the top-selling truck makes and Toyota and Honda as the top-193

selling passenger car makes. These makes represent 69% pickups and 25% cars in use. However, 194

since we only disassembled one vehicle for each brand, the data only represented 3.0% Ford 195

pickups, 3.2% GM pickups, 2.1% Honda cars and 1.9% Toyota cars. We contacted a local 196

salvage yard to request the makes and model years of interest. Our initial intent was to 197

investigate how NdFeB content varied before and after the 2011 REE price spike. However, we 198
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were dependent on the salvage yard’s ability to procure vehicles from auctions, insurance 199

companies and repair shops. Vehicles less than 10 years old are still in use and harder to obtain 200

unless they are salvaged from accidents. As a result, we obtained vehicles with model years from 201

2009 to 2012, including the following: 202

 A 2010 Ford F-150 four-wheel drive, four-door, super crew, 145” XL, 4.6 L, automatic 203

transmission204

 A 2011 Chevrolet Silverado 1500 four-wheel drive, crew cab 143.5” LT, 5.3 L, automatic 205

transmission206

 A 2009 Toyota Corolla four-door sedan, 1.8L, manual transmission207

 A 2012 Honda Accord two-door coupe V6 EX-L, 3.5L, automatic transmission.208

Once the vehicles of interest showed up at the salvage yard, a list of intact and useful 209

components from the vehicle was compiled. The salvage yard then provided components (listed 210

in Table 1) with its vehicle identification number (VIN). Upon receiving the parts, we measured 211

part dimensions and weight. Magnet materials were removed from the part (if present), and212

dimensions and weight were recorded. Altogether, we manually disassembled 91 components. 213

All disassembled magnets (including NdFeB and ferrite) were demagnetized at 450oC for an 214

hour before being XRF analyzed for composition. Magnet coating was removed mechanically 215

using silicon carbide sandpaper until the surface of NdFeB was exposed. A benchtop XRF216

(Horiba XGT 7200) was used to identify magnet types and estimate the elemental composition of 217

magnets. Although XRF has a lower precision compared to other methods such as inductively 218

coupled plasma (ICP), it provided faster results and lower cost by removing extra steps of sample 219
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preparation such as grinding magnets to fine particles and dissolving into solution. In addition, 220

because test results of one vehicle informed components to be procured in the next vehicle, time 221

and cost were key in our study.   222

3.2 Estimates of NdFeB content in the in-use stocks and end-of-life flows in 2018223

Components from the four disassembled vehicles that were found to have NdFeB content could 224

also be inferred to be found in vehicles beyond those models disassembled. Based on publicly 225

available buyer’s guides of automotive parts (e.g., NAPA auto parts website (National 226

Automotive Parts Association (NAPA), 2018)), a given part or component’s compatibility with 227

other vehicle makes, models and years can be determined. For speakers, since they are 228

accessories, they can be used in various combinations: (1) round front speakers with/without 229

tweeters and oval rear speakers; (2) oval front speakers, round rear speakers with/without rear 230

and/or front tweeters; and (3) additional speakers in the trunk. We only conducted an estimate for 231

NdFeB content in speakers by considering vehicles within the same make and model. Table 2232

shows how speakers can be used interchangeably across different model years. An example of 233

starter motor fitting can be found in Table S1 of the Supporting Document. 234

Table 2: Vehicle speaker compatibility across model years (Crutchfield Corporation, 2018).235

Using the data of light duty vehicles in operation of 2017 (Hedges and Company, 2018), we 236

calculated the NdFeB content in all vehicles in operation (or material stock) for (1) the same 237

model year we disassembled and (2) the inferred makes, models and model years. We also 238

computed the end-of-life flow for the year 2018 based on vehicle failure rate (or survivability) as 239

an example for estimating the end-of-life flow. We assumed that a vehicle was sold in the same 240

calendar year as its model year. This assumption was made because sales data only track vehicles 241



12

by calendar year (Wards Intelligence, 2017) whereas new model years start on October 1st of the 242

previous year (Mateja, 2017). Survivability rate for light duty trucks was cited from (Lu, 2006 ),243

while passenger car survivability was from (Xu et al., 2016). Although the former analysis was 244

for both trucks and cars, the vehicle data were dated (from 1977 to 2002) and reflected low 245

survivability compared to 2017 data on vehicles in operation by Hedges and Company (Hedges 246

and Company, 2018). Calculations steps followed equations 1 through 4:247

��,� =
��,����

��,����
(1)248

��,���� = ��,���� − ��,���� (2)249

��,��� ���� = ��,� ∗ ��,���� (3)250

������,��� ���� = ∑ ������ ∗ ��,�������
��
���� (4)251

Where: 252

Vt,o: Initial number of vehicles with model year t, t ∈ [2007, 2014]253

Vt,2017: number of vehicles with model year t in operation by the end of 2017254

st,2017: survivability rate of model year t vehicles in 2017, i.e. vehicle age equals 2017 – t 255

st,2018: survivability rate of model year t vehicles in 2018, i.e. vehicle age equals 2018 – t256

rt,2018: mortality rate of model year t vehicles during 2018257

Vt,eol 2018: number of end-of-life vehicles in 2018258

MNdFeB,eol 2018: weight of NdFeB in end-of-life vehicles across all model years of interest in 2018259
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mNdFeB: content of NdFeB per vehicle (obtained from disassembly work)260

t1: starting model year of the inferred vehicle brands261

t2: ending model year of the inferred vehicle brands262

4. RESULTS & DISCUSSION263

4.1 Initial disassembly measurements and observations264

Initial disassembly results suggested that American vehicles differed from Japanese and 265

European counterparts significantly. First, none of the alternators contained permanent magnets266

since they were electromagnetic. While (Widmer et al., 2015) did not indicate permanent 267

magnets in their sampled alternators in vehicles manufactured between 2003 and 2008, (Restrepo 268

et al., 2017) and (Cullbrand and Magnusson, 2012) showed REEs in alternator magnets of 269

vehicles. Since vehicle makes, trims and model years were not identified in most of the 270

references, it was difficult to draw a useful conclusion about magnet content and type in 271

European vehicle alternators. Second, motors reported to contain significant amount of REEs in 272

Japanese (Xu et al., 2016) and European (Restrepo et al., 2017) vehicles (such as the starter273

motor, radiator fan and electronic power steering) only contained ferrite magnets in American 274

vehicles. Of all four vehicles, only the Toyota Corolla had electronic power steering while the 275

remaining vehicles had hydraulic steering. This showed that the technology adoption rate of 276

electronic power steering is still slow, more so in trucks than cars. This result is confirmed by 277

recent projections suggest that electronic power steering will only maintain a 1/3 of the light-278

duty vehicle market until 2050 (U.S. Energy Information Administration, 2017). An extended list 279

of motors containing ferrite instead of NdFeB magnets included: throttle actuator, hydraulic 280
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modulator, window motors, windshield wiper motors and windshield washer pump. These results281

suggested that American vehicles did not utilize NdFeB magnets intensively in ancillary motor 282

applications.   283

A complete list of motors and their magnets are shown in Table 3, accompanied by weight and 284

sorted by magnet weight in descending order. The subwoofer and speakers found in the Ford F-285

150 were from an optional factory upgrade (i.e., the owner added an OEM sound system to the 286

standard sound system). The Chevrolet also came with aftermarket front door speakers. To 287

compare with the OEM configuration, we bought and disassembled a pair of OEM front door 288

speakers. Both results are recorded in Table 3. However, it should be noted that the date of 289

manufacture for these purchased OEM speakers was not known, and may not necessarily be 290

identical to OEM speakers that would otherwise have been found in a 2011 Chevrolet Silverado. 291

Further detail on this issue is described in Section 4.5. The disassembled Toyota Corolla did not 292

have power seats or a sunroof. We purchased these two types of motors from another Corolla of 293

the same model year but with a luxury package. In the Honda, we only disassembled seven major 294

components to verify results from the previously disassembled vehicles.  A detailed discussion of 295

ferrite magnet composition is included in the Supporting document.296

Table 3: Component and magnet information of four disassembled vehicles1297

4.2 Ancillary motors with NdFeB magnet content298

Of all the disassembled motors, NdFeB magnets were only found in speakers. Visually, NdFeB 299

magnets can be easily distinguished from ferrite magnets by their transition metal coating. Also, 300

                                               

1
All numbers are rounded to the nearest gram (g). Units for component mass and magnet mass are g/component and g/vehicle, 

respectively unless otherwise noted. (-) component not found in vehicle or not analyzed.
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same-size speakers containing NdFeB weigh between 1.6 – 2 times less than ferrite magnet-301

containing motors. While NdFeB magnets were found in front speakers of trucks, they were 302

found in both front and rear speakers of cars. Rear speakers were found in doors for trucks and 303

the rear dashboard (or deck) for cars. One explanation for this is to save space due to multiple 304

electronic components in the front door, while the rear door/deck is more spacious. However, 305

since the OEM front door speaker of the Chevrolet did not contain any NdFeB magnets, it is 306

likely that NdFeB magnets are only found in luxury pickup trucks. The other possibility is that 307

the Chevrolet pickup’s OEM speaker was manufactured more recently and did not reflect what 308

happened in 2011.309

Figure 1: NdFeB magnets from four disassembled vehicles. (1) Front speakers of 2010 Ford F-310

150, (2) Front and rear speakers of 2012 Honda Accord, (3) Rear speakers of 2009 Toyota 311

Corolla, (4) Front speakers of 2009 Toyota Corolla, and (5) Aftermarket front speakers of 2011 312

Chevrolet Silverado.313

Magnet shapes and configurations also differed between cars and trucks. While truck speakers 314

contained a single ring magnet per speaker, car speaker magnets contained one to two disks per 315

speaker (Fig.1). All vehicles had nickel-coated magnets with the exception of the Chevrolet, 316

which had aluminum-coated magnets. Nd content in these magnets were measured at ~ 25 wt%. 317

Dy was not found in truck magnets but was found in car magnets at 3.8 wt% - 4.5 wt%. 318

Europium was only found in Honda’s magnet at 2.9%. Overall, the Toyota magnets contained 319

29.5 wt% REEs (25 wt% Nd and 4.5 wt% Dy) while the Honda magnets contained 31.7 wt% 320

REEs (25 wt% Nd, 3.8 wt% Dy and 2.9 wt% Eu). NdFeB content per vehicle was found at 114g321

for the 2010 Ford F-150, 16g for the 2011 Chevrolet Silverado with an aftermarket upgrade, 36 g 322

for the 2009 Toyota Corolla and 84g in the 2012 Honda Accord. These numbers translated into 4 323
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– 30 g REEs/vehicle. A comparison of our results with published results by other authors for 324

conventional vehicles is shown in Table 4.325

Table 4: Comparison of REE contents in different studies.326

Among the U.S. studies, total REE magnet content varied significantly. Results from (Alonso et 327

al., 2012) showed the highest amount by analyzing data for 76 components, excluding speakers 328

and navigation system, in a hypothetical mid-size sedan. (Field et al., 2017) investigated the 329

entire sets of parts in three 2013 Ford vehicles using the same methodology. Although the 330

amount of components were larger in the latter study compared to former, specific vehicle make 331

and model year lowered the REE content. However, the IMDS records global information, which 332

is not specific for the U.S. market. The latter study observed data issues such as inconsistent 333

reporting of component mass and composition, repeating parts, missing parts, and data entry 334

errors (Field et al., 2017). Our results showed lower NdFeB magnet content since we335

strategically analyzed 18 components in each vehicle that were most-likely to contain NdFeB 336

according to the literature, and only found NdFeB magnets in speakers.   337

In an attempt to find speakers that were manufactured well-after the price spike, a pair of front 338

speakers was procured from a 2015 Ford F-150 SuperCrew 157” XLT with HD Payload Pkg. 339

Although the 2015 Ford F-150 speakers came from a higher trim package than the 2010 340

counterparts, they only contained ferrite magnets. Figure 2 shows a side-by-side comparison of a 341

ferrite magnet and NdFeB magnet from the 2010 and 2015 Ford F-150 front speakers having 342

comparable dimensions. However, these speakers were OEM standard speakers, unlike the 343

factory upgrade speakers retrieved from the 2010 F-150. Comparison of these speakers with 344

regard to NdFeB content across model years should be made with caution since 2010 Ford F-150 345

standard OEM speakers were not disassembled and analyzed in this study.346
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Figure 2: Permanent magnets found in front speakers of Ford F-150 trucks. (1) 2010 model year347

(NdFeB), and (2) 2015 model year (Ferrite).348

4.3 Effect of vehicle size on NdFeB magnet content349

Based on the four vehicles considered, vehicle size and NdFeB content were not correlated. 350

Initially, we expected to see more NdFeB in trucks since they have more space to control (i.e., 351

larger cabin to heat and cool, larger engine volume), which could correlate to larger and more 352

energy-dense components. However, as we only found NdFeB in speakers, it showed that saving 353

space by using lighter motors and smaller magnets in American trucks was not needed. We, in 354

turn, expected to get more NdFeB magnets in cars, especially within the power steering motors. 355

Instead, we found that the Honda had a hydraulic steering system while the Toyota only 356

contained ferrite magnets in its power steering motor. This result suggested that saving space in 357

American cars was not needed either. In general, vehicles in the U.S. markets are well-known for 358

being spacious compared to European and Japanese vehicles where compactness is important. 359

Due to the lack of necessity for saving space and weight, the American automobile industry 360

could have more flexibility in using less costly magnet types to achieve the same performance.361

Speakers are considered accessories for vehicles and are therefore subjected to change. Both 362

trucks had some upgrade, either for the subwoofer or the front speakers. The Honda was a two-363

door coupe and contained more NdFeB than a four-door Toyota sedan. This result agreed with 364

previous observations that vehicles with more luxurious options contain more NdFeB in their 365

entertainment systems (Cullbrand and Magnusson, 2012). 366

4.4 Estimates of NdFeB magnet in vehicle in-use stocks and end-of-life flows in 2018367



18

The first estimate was conducted for in-use stocks at the end of 2017 and ELV flows in 2018 of 368

the four disassembled vehicles. Stocks of NdFeB magnets within in-use vehicles showed that 369

2011 GM pickups (including Chevrolet Silverado and GMC Sierra) contained the lowest amount 370

and the 2010 Ford F-series the highest amount at 10 tonnes and 56 tonnes in 2018, respectively.371

These numbers translated into 2.4 and 15 tonnes of magnet REE for 2011 GM pickups and 2010 372

Ford F-series, respectively. The 2009 Toyota Corolla estimate for NdFeB was lower than the 373

2012 Honda Accord at 12 tonnes and 25 tonnes, respectively. Stocks of REE in 2009 Toyota 374

Corolla and 2012 Honda Accord were 3.3 and 7.1 tonnes, respectively. Flows of NdFeB and 375

REE from end-of-life vehicles for 2018 indicated the same amount for 2011 GM pickups, 2009 376

Toyota Corolla and 2012 Honda Accord at 0.3 tonnes NdFeB/year (0.08 tonnes REE/year). 377

Approximately 2.0 tonnes/year of NdFeB (0.5 tonnes/year of REE) can be expected from ELV 378

2010 Ford F-series pickup trucks. 379

The second set of calculations was for inferred vehicle cohorts, as shown in Figure 3. While the 380

order of stock size by vehicle make was similar to the stock size of one cohort, the flow size 381

showed some differences. The 2009 – 2013 Toyota Corolla contained 0.8 tonnes NdFeB/year382

(0.2 tonnes REE /year). The 2007 – 2013 GM pickups and the 2008 – 2012 Honda Accord had a383

flow size of 2.3 tonnes NdFeB /year (0.6 tonnes REE /year). The 2009 – 2014 Ford F-series 384

dominated the ELV flow with 9.0 tonnes NdFeB/year (2.4 tonnes REE/year). In essence, 385

between 3 and 14 tonnes/year of NdFeB (0.9 and 3.8 tonnes REE/year) could be expected from 386

these four specific vehicle makes and models.387

Figure 3: Estimates of stocks and flows of NdFeB content in inferred vehicle cohorts.388

*Calculations are based on NdFeB found in aftermarket or factory upgrade speakers, and 389

therefore should be interpreted as the maximum NdFeB content to be expected.390
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4.5 Uncertainties and limitations of our analysis391

The uncertainty of our analysis can be described in three separate areas: (1) the number of 392

considered components, (2) the number of inferred cohorts containing the same amount of 393

magnets, and (3) basing NdFeB content on vehicles containing aftermarket or factory upgrade 394

products. Regarding the first issue, our research analyzed more samples compared with the other 395

studies listed in Table 1. Although more components containing NdFeB magnet REEs were 396

reported (Alonso et al., 2012), we only found ferrite magnets in some of these same components 397

such as the lift gate, steering column, door hardware and compressor. One possible explanation 398

for the lack of NdFeB is that brake pedals and transmission components contain less NdFeB399

magnets in U.S. vehicles because the need for saving space and weight is not as important as in 400

other countries. In another disassembly study on electrical and electronic equipment in Europe, a 401

large amount of motors thought to contain NdFeB magnets turned out to have ferrite magnets 402

such as fans, electric hand tools, and leisure and sports equipment (Lixandru et al., 2017). 403

Although the subjects of disassembly of this study were not directly related to ours, it 404

complemented our findings that the usage of ferrite magnets are common to reduce costs while 405

saving space and weight are not always central to the product performance. 406

Regarding the second issue, we chose four of the most common pickup truck and passenger car 407

brands, which comprise of 69% pickups and 25% cars in use (Hedges and Company, 2018). 408

However, since we only disassembled one vehicle for each brand, the data only represented 3.0% 409

Ford pickups, 3.2% GM pickups, 2.1% Honda cars and 1.9% Toyota cars. Altogether, the four 410

disassembled vehicles resembled 5.4% of total cars and pickups in use. This number was 411

calculated by dividing all the inferred cohorts by the total count of in-use passenger cars and 412

pickups in 2017. Although we did not capture most vehicles in use with these vehicles, this 413
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sample size was adequate for the first attempt to gather primary data for corroborating414

comparable studies on NdFeB and REE content in U.S. vehicles (Alonso et al., 2012; Field et al.,415

2017).416

Finally, speakers retrieved from the 2010 Ford F-150 and the 2011 Chevrolet Silverado were 417

coincidentally either aftermarket or factory upgrades to the standard, or OEM, speakers. This 418

means that comparing speakers within the same model should be made with caution. NdFeB 419

content in GM pickups is inferred from the aftermarket speakers retrieved from the 2011 420

Chevrolet Silverado mentioned in Section 4.1. Similarly, NdFeB content in Ford F-150 pickups 421

is inferred from the factory upgraded speakers obtained from the 2010 Ford F-150. Therefore, 422

these estimates of NdFeB availability may not be typical of 2007-2013 GM or 2009-2014 Ford 423

pickups. It should instead be interpreted as a liberal estimate of NdFeB content in pickup trucks424

and their inferred cohorts. On the other hand, speakers obtained from both of the disassembled 425

cars (i.e., 2009 Toyota Corolla and 2012 Honda Accord) were standard OEM components. 426

Therefore, these estimates should be considered conservative estimates of NdFeB content in U.S. 427

conventional vehicles.428

4.6 Opportunities for recycling NdFeB magnets from vehicle speakers429

Although our initial estimate of NdFeB content in ELVs of four vehicle makes didn’t suggest a 430

significant number, opportunities for recycling NdFeB magnets from vehicle speakers exist. 431

First, vehicle recycling is the most efficient recycling sector in the U.S. with >95% collection 432

rate and 75% material recovery rate (Daniels et al., 2004). Since vehicle recycling is already 433

profitable, adding another revenue stream from NdFeB could be attractive. Second, our 434

fieldwork indicates that it takes a professional technician between 5 and 10 minutes to pull a 435

speaker from the vehicle and 3 – 5 minutes to remove the magnets. NdFeB magnets can be 436
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distinguished from ferrite magnets easily by its coating due to its sensitivity to oxidation (Lucas 437

et al., 2015), enabling easy sorting. Third, compared with hard disk drive (HDD) recycling, 438

collecting 14 tonnes of NdFeB magnets only requires collection of ~271,500 vehicles instead of 439

1.2 million desktop HDDs. Fourth, there are >80 different makes of vehicles in operation, but 440

our analysis only took into account four of them, which suggests that material availability could 441

be much higher, especially for high-end vehicles. For better characterization of NdFeB magnets 442

in other makes and cohorts, more comprehensive disassembly studies are needed.443

However, recycling NdFeB magnets from speakers will encounter some challenges. First, since 444

speakers are accessories, not all technicians are familiar with the total number of speakers and 445

their locations in a certain vehicle model. Hence, additional training is necessary to ensure all 446

NdFeB magnets are collected. Second, ferrite magnets have been used in speakers for decades at 447

low cost, which makes them preferable to rare earth magnets when magnet prices are unstable448

(Constantinides, 2016). As discussed previously, speakers with the same dimension and 449

configuration might contain different magnet types. Also, speakers are subjected to driver’s 450

preferences and can be different from OEM speakers. As a result, speaker disassembly is 451

required to confirm magnet types. Third, NdFeB magnets are strong which can cause a safety 452

concern if handled with high quantities without proper demagnetization (Ministry of the 453

Environment, 2013). Finally, a supply chain needs to be established between scrap yards, magnet 454

remanufacturers and component manufacturers to enable recycling but could take years to 455

implement. By then, the material flow will change and the focus might be shifted to traction 456

motors in hybrid and electric vehicles to gain the most profit.   457

5. Conclusion458
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In this study, we manually disassembled 91 components from four of the most common U.S. 459

vehicles to quantify their NdFeB magnet content. Results showed that NdFeB magnets were 460

found only in speakers. Specifically, front speakers of upgraded pickups and all speakers of cars461

contained 16 to 114 g NdFeB/vehicle. These disassembled vehicles represented 5.4% of total 462

cars and pickups in use. Our finding shows that NdFeB magnets are not commonly utilized in 463

these U.S. vehicle motors. Higher end vehicles contain more NdFeB magnets due to more 464

expensive entertainment systems. Estimates of end-of-life NdFeB magnets in 2018 showed that 465

3.0 – 14 tonnes/year of NdFeB magnets (0.9 – 3.8 tonnes REE/year) could be available from 466

end-of-life U.S. vehicles, with at least 3.0 tonnes NdFeB/year coming from the 2009 – 2013 467

Toyota Corolla and the 2008 – 2012 Honda Accord. Although opportunities for magnet recycling468

may exist, it will take time to establish a supply chain that connects scrap yards to magnet 469

remanufacturers and component manufacturers. 470

471
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Table 1578
579

No. Component Restrepo et al. 

(2017)(Restrepo 
et al., 2017)

Widmer et al. 

(2015)(Widmer 
et al., 2015)

Xu et al. 

(2016)(Xu 
et al., 
2016)

This study

1 Starter motor L, A L, A - L, A

2 Electric power steering L, A - L, A L, A

3 Alternator L, A L - L, A

4 Engine cooling 
fan/Radiator

L, A L, A - L, A

5 Fuel pump L L, A - L, A

6 Anti-lock braking system 
(ABS) pump/hydraulic 
modulator 

L, A L, A - L, A

7 Window motor L, A L, A - L, A

8 Seat adjustment motor L - - L, A

9 Windshield wiper motor L, A L, A - L, A

10 Mirror motor L - - L, A

11 A/C blower motor L - L, A L, A

12 Speakers (front and rear) L, A - - L, A

13 Windshield washer pump L, A - - L, A

14 2-4 wheel drive actuator L - - L, A

15 Transfer case motor L - - L, A

16 Sunroof motors L - - L, A

17 Door lock motors L - - L, A

18 Throttle motor L, A - - L, A

580
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Table 2: 581
582

Disassembled vehicle Compatible vehicle

Ford F-150 super crew, 2010 Ford F-150, 2009 – 2012 

Ford F-150 without 4.2” LCD, 2013 – 2014

Ford F-150 XL, 2013 – 2014 

Ford F-150 STX, 2013 – 2014 

Ford F250 – F350, 2008 – 2014

Chevrolet Silverado 1500 crew 

cab, 2011 

Silverado crew cab, 2007 – 2013 

GMC Sierra, crew cab, 2007 – 2013

Toyota Corolla, 2009 Toyota Corolla,  2010 – 2013

Honda Accord, 2012 Honda Accord, 2008 – 2011 

583
584
585
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Table 3:586
587
588

Ford F-150 Chevrolet
Silverado

Toyota Corolla Honda Accord

Vehicle weight (kg) 2,505 2,390 1,235 1,602
Subwoofer 
(g/component)

3,180 - - -

Subwoofer magnet 
(g/vehicle)

1,007 - - -

Rear speakers
(g/component)

1,055 557 324 266

Rear speaker 
magnets (g/vehicle)

640 295 20* 42*

Seat motors, ≥ 2
motors per seat
(g/seat)

2,700 1,755 1,387 1,666

Seat motor magnets 
(g/seat)

296 277 312 105

Power steering 
motor
(g/component)

- - 2,467 -

Power steering 
motor magnet
(g/vehicle)

- - 432 -

Radiator/cooling 
fan (g/component)

1,092 1,083 1,010 1,013

Radiator/cooling 
fan magnet
(g/vehicle)

336 328 84 166

Front speakers
(g/component)

656 253 (after market)
525 (OEM)

204 266

Front speaker 
magnets (g/vehicle)

114* 16* (after market)
292 (OEM)

16* 42*

Starter motor
(g/component)

3,810 3,135 2,949 3,740

Starter motor
magnets (g/vehicle)

266 130 190 216

Window motors
(g/component)

456 531 189 -

Window motor
magnets (g/vehicle)

123 226 119 -

Heating & AC 
blowers
(g/component)

1,635 1,438 1,163 -

Heating & AC 
blower magnets 
(g/vehicle)

199 184 140 -

Transfer case shift 
motor
(g/component)

1,336 1,462 - -

Transfer case shift 
motor magnet 
(g/vehicle)

181 66 - -
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Ford F-150 Chevrolet
Silverado

Toyota Corolla Honda Accord

Front windshield 
wiper motor 
(g/component)

1,198 1,168 691 1,018

Front windshield 
wiper magnet 
(g/vehicle)

141 134 86 90

ABS actuator 
(g/component)

3,130 2,397 1,307 2,142

ABS actuator 
magnet (g/vehicle)

141 117 49 89

Sunroof motor
(g/component)

- - 564 -

Sunroof motor 
magnet (g/vehicle)

- - 58 -

Door latch motor
(g/component)

- - 38 -

Door latch motor 
magnets (g/vehicle)

- - 44 -

Fuel pump
(g/component)

395 585 213 -

Fuel pump magnets 
(g/vehicle)

43 72 31 -

Throttle motor
(g/component)

- - 210 -

Throttle motor 
magnet (g/vehicle)

- - 31 -

Windshield washer 
pump
(g/component)

74 84 42 -

Windshield washer 
pump magnet 
(g/vehicle)

15 21 9 -

Mirror adjustment 
motors 
(g/component)

94 155 47 -

Mirror adjustment 
motor magnet 
(g/vehicle)

23 23 24 -

Power fold mirror 
motor 
(g/component)

- 365 - -

Folding mirror 
motor magnet 
(g/vehicle)

- 22 - -

2-4WD actuator 
(g/component)

- 69 - -

2-4WD actuator 
magnet (g/vehicle)

- 21 - -

589

*: NdFeB magnets590
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Table 4591
592

Author Vehicle (Year) Vehicle 
market

Component NdFeB 
magnet 
content 
(g/vehicle)

Total magnet
REE 2 content 
(g/vehicle)

Xu et al., 2016
Toyota Crown (post 
2003)

Japan

Electric power 
steering

- 94.7

Magnets, PCBs3

& others
- 97.6

Cullbrand & 
Magnusson, 
2012

Conventional diesel 
midsize car, low-
specified

Sweden Magnets & PCBs

- 45.02

Conventional diesel 
midsize car, high-
specified

- 238.37

Conventional diesel 
large, medium-
specified

- 32.03

Widmer et al., 
2015

Hypothetical mid-
range car (2003 –
2008)

Switzerland
Shredder input - 251.67
Shredder output - 253.5

Restrepo et 
al., 2017

An average passenger 
vehicle (2014)

Switzerland
Actuators and 

controllers

- 45

An average passenger 
vehicle (2007)

- 22

An average passenger 
vehicle (2000)

- 3.1

Alonso et al., 
2012

Hypothetical mid-
size sedan (2012)

North 
America

76 components, 
excluding 
speakers and 
navigation system

- 348 – 356

Field et al., 
2017

Ford F-150 (2013)

U.S. Entire set of parts

- 1334

Ford cars (Fiesta, 
Focus and Fusion) 
(2013)

- 824

This study

Ford F-150 (2010)

U.S.

18 components, 
only found 
NdFeB in 
speakers

114 30
Chevrolet Silverado 
1500 (2010)

16 4

Toyota Corolla 
(2009)

36 10

Honda Accord (2012) 84 24

                                               

2 Magnet REE includes Nd, Pr, Dy, Tb and Gd.

3 PCBs: printed circuit boards

4 Including La, Ce, Pr, Nd, Sm, yttrium (Y), europium (Eu), gadolinium (Gd), Tb, Dy, and 
others, and unable to separate REEs in NdFeB magnets due to aggregated data.
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