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Permanent magnets today are used in a wide range of transportation, industrial, residential/commercial, consumer

electronics, defense, domestic, data storage, wind energy, and medical markets and applications.
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1. Rare-Earth Elements (REE): Sources, Classification, Concentration, and
Refinement

Rare-earth elements (REEs) are a group of 15 elements in the periodic table, ranging from lanthanum to lutetium, also

known as lanthanides, plus scandium and yttrium. Depending on their atomic numbers, REEs can be separated into light

rare-earth elements (LREEs) and heavy rare-earth elements (HREEs). LREEs include lanthanum, cerium, praseodymium,

neodymium, samarium, and europium, and HREEs are defined by the suite of lanthanides that include gadolinium,

terbium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium, with those elements most used in high-

performance permanent magnet applications highlighted with horseshoe magnet symbols in Figure 1 .

Figure 1. Classification of REEs based on their application in magnets.

The REE resources can be broadly classified into primary and secondary sources. Primary REE sources are

predominantly mineral ores produced by magmatic, hydrothermal, or metamorphic processes . Commercial extraction of

REEs is dominated by a few mineralogies, including bastnaesite, ion-adsorption clays, monazite, and xenotime, which

account for over 95% of economic production. The LREEs are predominantly recovered from mineral concentrates of

monazite and bastnaesite sourced from operations in China, the USA, Australia, India, and Madagascar, and to a lesser

extent from the mineral loparite extracted in Russia. Most HREEs are produced from ion-adsorption clays and xenotime

mineralization in Southern China, Myanmar, and Australia. Though xenotime is less abundant than other minerals, it is a

primary source of HREEs, particularly dysprosium. Apatite has also been mined in its non-weathered state for REEs .

Table 1 shows a list of naturally occurring REE-containing ores. Bastnaesite, iimoriite, monazite, parisite, and xenotime

are the ones that contain the maximum fraction of REEs .

Table 1. REEs containing natural ores .

Mineral Formula REO (wt. %)

Allanite (Y,Ln,Ca) (Al,Fe ) (SiO ) (OH) 39

Apatite (Ca,Ln) (PO ) (F,Cl,OH) 19

Bastnaesite (Ln,Y)(CO )F 75

Eudialyte Na (Ca,Ln) (Fe ,Mn ,Y)ZrSi O (OH,Cl) 9

Fergusonite (Ln, Y)NbO 53
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Mineral Formula REO (wt. %)

Iimoriite Y (SiO )(CO ) 68

Kainosite Ca (Y,Ln) Si O (CO ).H O 38

Loparite (Ln,Na,Ca)(Ti,Nb)O 30

Monazite (Ln,Th)PO 65

Mosandrite (Na,Ca) Ca Ln(Ti,Nb,Zr)(Si O ) (O,OH,F) 33

Parisite Ca(Ln) (CO ) F 61

Rinkite (Ca,Ln) Na(Na,Ca) Ti(Si O ) (O,F) 20

Steenstrupine Na14Ln6Mn Fe (Zr,Th)(Si O ) (PO ) .3H O 31

Synchysite Ca(Ln)(CO )2F 51

Xenotime YPO 61

Zircon (Zr,Ln)SiO 4

Secondary REE sources, on the other hand, originate from industry byproducts that otherwise end up in landfills owing to

their dilute concentrations . Furthermore, secondary sources of REEs also include electronic wastes and several other

useful commercial commodities. Thus, while the idea of primary REE sources is clear, the definition of secondary sources

must be clarified for consistent referencing. Researchers thus broadly classify the secondary REE sources into two major

categories, namely: (a) unprocessed and (b) processed sources. The unprocessed sources are REE-containing materials

without any prior commercial use. They include mine tailings, coal ash, phosphogypsum, red mud, and marine sediments

. Conversely, the processed sources relate to REEs that have already been used for certain applications. These

include REEs in catalysts, permanent magnets, polishing materials, fluorescent and LED lamps, metal hydride batteries,

and electrical appliances and other applications .

REE sources are also categorized based on conventional and unconventional sources. While ores containing REEs have

been strictly categorized as conventional sources, mine tailings and byproducts from coal ash, apatite, and phosphates

have been labeled unconventional REE sources . E-waste generation, continually rising over the years, is also seen as

an unconventional REE source. However, with the fast depletion of conventional REE sources, unconventional sources

may become the conventional and primary sources.

Furthermore, the primary REE sources are sparsely dispersed worldwide. A recent US Geological Survey report suggests

that four countries possess more than 85% of the world’s natural REE resources  (Figure 2, Table 2). Figure 3 shows

a global map of countries with REE reserves. Countries such as the United States are already mining their REEs at an

unprecedented rate, which might bring forth the REE crisis in the coming decades  (Figure 2, Table 2). This has thus

brought forth the idea of urban mining, which looks at recycling e-wastes to recover rare-earth resources as an alternative

approach . “Mining” REE from e-wastes can be more environmentally friendly than mining from virgin resources .

Researchers suggest demarcating REE reserves into two categories: primary and non-primary. The non-primary

resources would include all the secondary and unconventional REE resources.
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Figure 2. Share of (a) REE reserves and (b) mined REE worldwide.

Figure 3. World map showing countries with REE reserves as of 2023. Non-grayscale colors have no other significance

than to highlight the countries indicated.

Table 2. REE reserves for different countries as of 2022 .

Country Mine Production
(Tons)

Total Reserves
(Tons)

% of Reserves
Mined

Share of
World
Reserves

United States 43,000 2,300,000 1.87 1.83

Australia 18,000 4,200,000 0.43 3.34

Brazil 80 21,000,000 0.0004 16.71

Myanmar 12,000 - - -

Canada - 830,000 - 0.66

China 210,000 44,000,000 0.48 35.01

Greenland - 1,500,000 - 1.19

India 2900 6,900,000 0.04 5.49

Madagascar 960 - - -

Russia 2600 21,000,000 0.01 16.71

South Africa - 790,000 - 0.63
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Country Mine Production
(Tons)

Total Reserves
(Tons)

% of Reserves
Mined

Share of
World
Reserves

Tanzania - 890,000 - 0.71

Thailand 7100 - - -

Vietnam 4300 22,000,000 0.02 17.50

Other countries 80 280,000 0.03 0.22

Several projects are currently assessing REE from various unconventional sources that will propel countries into more

self-reliance and help alleviate their need to rely on imports of such materials. Table 3 briefly lists key activities from coal

byproducts and acid mine drainage to extract REEs.

Table 3. Key activities investigating the extraction of REE from coal-based products and acid mine drainage.

S.
No. Institution Key Goals and Findings  

1 University of Illinois, USA

A database of carbon ore, rare earth, and critical minerals (CORE-CM) has
been developed by collecting datasets from several thousand samples along

the Illinois Basin.
Development of technology to aid in separating RE materials operating at or

near the mine-face.

2 University of Kansas Center for
Research, USA

The commissioning of a Geotek core scanner will assess CMs in the
Cherokee forest City Basin. This includes regions of Kansas, Iowa, Missouri,

Nebraska, and Oklahoma, and Osage Nation.

3 Collaborative Composite
Solutions Corporation, USA

Revitalize the coal production for CM assessment in the Southern
Appalachian Basin.

Parameters needed to determine REE security costs for the US in the coming
years have been investigated.

4 University of Texas, Austin, USA

Investigation of REE from coal mines and power plants in the US Gulf Coast
Basin.

Investigations found significant REE in Gibbons Creek mine (TREE: 1000–
8000 ppm) and San Miguel mine (TREE: 300–900 ppm).

5 NETL, USA

Investigation of CORE-CM in Usibelli Coal Mine and Graphite Creek in
Alaska.

Preliminary studies have indicated an encouraging amount of REE minerals
in coal samples from the mines.

6 LANL, USA

Quantitative investigation of REEs in coal samples using laser-induced
breakdown spectroscopy (LIBS).

Construction of LIBS in a backpack to quantitatively analyze the presence of
REE in coal.

7 West Virginia University, USA

Development of pilot-scale plant for treating acid mine drainage to produce
RE and CMs.

Extracted and separated samples demonstrate the presence of >67%
HREE+CM.

807 tons of TREE production per year waste product is non-hazardous and
can be disposed of on-site.

8 Florida Polytechnic University,
USA

Extract REE from phosphoric acid sludge.
Demonstrated extraction of 90% REE and 100% heavy REEs.

Planned production capacity of 900 to 1100 tons of REM per year.

9
Institute of Environmental

Assessment and Water
Research, Spain

7.9 and 3.5 mg/L REE and Y concentrations obtained from Monte Romero and
Almagrera acid mine drainage.

REE includes predominantly La and Ce.

10 Institute of Earth Sciences,
Germany

1.8 and 2.5 mg/L concentrations of REE detected in Giessenbach Creek.
Higher concentrations of middle and heavy REEs were detected.

11 Universidade de Aveiro, Portugal
110, 120, and 124 mg/kg of REE located in Lousal mine area in the Iberian

Pyrite Belt, Portugal.
14–20 mg/kg of HREE detected.

12 IIT Kharagpur, India 0.71 mg/L of REE detected in mine drainage from Jaintia Hills coalfields,
India.
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S.
No. Institution Key Goals and Findings  

13 University of Huelva, Spain

Origin of REE traced in acid mine drainage from the Iberian Pyrite Belt (SW
Spain).

20–30 mg/kg of REE detected in Felsic volcanic from Poderosa mine.
20–30 mg/kg of REE detected in Shales from the Perrunal mine.

Concentrates of REE minerals are exclusively processed into refined products, either as mixed/semi-separated

compounds or individual rare-earth compounds. Most refining occurs within China, Malaysia, Russia, and India, with small

amounts separated in Vietnam, Norway, and Australia. Refined REEs have a range of end uses, but increasingly, high-

powered permanent magnet applications dominate the sales value of REEs. Today, the REEs used in permanent magnets

(Nd, Pr, Dy, and Tb) account for over 90% of the value of all REEs processed .

Over 50% of REE demand has historically come from China, other Asian countries, Australia, and North America. Under

this context, global demand for REEs increased from below 157 kt of rare-earth oxide (REO) in 2017 to 256 kt REO in

2020, expecting to reach 305 kt REO by 2025 . Due to the 2019 COVID-19 pandemic and its effects, the REE market

contracted by 1% in 2020; however, its overall increase in demand has seen REE consumption reach record highs,

enhanced mainly by rapid growth in permanent magnet applications . In 2022 and early 2023, China still accounted

for 70% of REE production and 90% of processing . In general, REEs’ demand will be increasingly driven by their use

in permanent magnets for the electrification of transport and the transition to renewable energy generation. This is evident

from the more than 40% increase in refined REEs for permanent magnets between 2020 and early 2023 .

Simultaneously, the transitioning away from fossil fuels in transport and energy generation will reduce the REE demand

from catalyst applications in both petroleum processing and emissions control systems for passenger and commercial

vehicles .

Permanent magnet applications play a critical role in supporting the energy transition. Transport, energy-efficient

equipment, and energy generation applications will cause significant growth in the demand for key magnet elements, with

Nd and Pr being the most impacted, as they are the main rare-earth constituents of Nd-Fe-B alloys by volume. Short-term

demand growth for Tb and Dy will accelerate in the period to 2030 before slowing, as the development of new magnet

designs and production methods reduce the required HREE intensity in high-performance magnets. Replacement of some

Nd-Pr by La and Ce tends to reduce the performance of the magnets, which may be unsuitable for the highest growth

markets, such as automotive drivetrains. Using La and Ce in such mid- to low-quality magnets can increase their demand

in the future.

Once mined, RE minerals are processed into concentrates containing multiple REEs, which need to be separated from

each other (Figure 4), typically by solvent extraction. REEs are chemically very similar, so separation often requires a

series of extractions using multiple solvents to separate desired individual or compound REEs. This step in the process

involves large amounts of acid, water, and radioactive byproducts, so obtaining adequate solvents and treatment of waste

are significant cost drivers. REOs must be further refined or reduced to metal before they can be used for magnet

production (Figure 4). Electrowinning is the most common process for converting REOs into their metallic state, while

ensuring low-impurity contents, particularly oxygen, nitrogen, and carbon .

Figure 4. Steps in the processing and refinement of REEs.

2. Rare-Earth Permanent Magnets and Applications

The special technological importance of permanent magnets derives from their ability to produce a magnetic field, making

them suitable for various transportation, industrial, residential/commercial, consumer electronics, defense, information

technology, power generation, and medical applications. Unlike electromagnets that require a continuous electrical current

to be supplied to generate a magnetic field and function as a source of magnetic flux , permanent magnets

provide a magnetic flux with no external energy input.
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Not all permanent magnets utilize REEs. There are four general classifications of permanent magnets, each with a range

of performance metrics and typical end-uses, and these include ferrite, alnico, samarium-cobalt (Sm-Co), and

neodymium-iron-boron (Nd-Fe-B). Nd-Fe-B-based magnets are the backbone of expansion in alternative energies,

although their performance at high operating temperatures is limited. This limitation is typically overcome by adding Dy or

Tb, which increases the coercivity and performance at higher temperatures. Several extensive reviews are available that

cover the history of REE permanent magnet development . Nd-Fe-B magnets typically contain around

32 wt.% of REEs, principally, Nd and Pr, plus Dy and Tb for higher-temperature performance. Figure 5 shows the

estimated global production of permanent magnets by material type .

Figure 5. Global permanent magnet production by value in 2022.

Together, the ferrite- and Nd-Fe-B-based magnets account for over 90% of the global production of permanent magnets.

Despite the significant difference in magnetic performance between the two materials, their respective price-to-magnetic

performance ratio is extremely favorable compared to all other material options. The high energy density of Nd-Fe-B

makes them the magnet of choice for many energy-efficient and renewable energy applications, e.g., EV drivetrain

motors, wind power generators, and HVAC (heating, ventilation, and air conditioning) units. Consequently, the market for

these magnets is forecast to grow from 200,000 tons per year in 2022 to 450,000 tons in 2030 . The details, by major

markets, are shown below in Figure 6.

As can be seen, the growth in demand is largely driven by renewable energy applications. Unfortunately, the major REEs

used, namely Nd and Pr, and for higher-temperature applications, Dy and Tb, are forecast to be in short supply,

considering these aggressive demand forecasts. For example, the Adamas Intelligence forecast indicates that by 2040,

the undersupplies of Nd-Pr, Dy, and Tb oxides will reach 90 kt, 1.8 kt, and 0.45 kt, respectively . Nd-Fe-B magnets are

forecast to grow at a CAGR of over 10% throughout this decade, largely driven by the growth in electric vehicles of all

types. Several market studies are predicting that combined production of electric vehicles and hybrid electric vehicles

(EVs/HEVs) will be in the range of 50 to 100 million units produced annually by 2030. Current EV/HEV motors contain, on

average, 1.8 kg of Nd-Fe-B-based magnet material per vehicle . This equates to over 90,000 mt of Nd-Fe-B magnet

material at the low end of the forecast consumption for this one application in 2030. The preferred motor type used in EV

traction drives is the interior permanent magnet (IPM) design. In this design, the magnets are installed into slots in the

laminated rotor .
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Figure 6. Major growth markets for Nd-Fe-B magnets through 2030.

It is generally accepted that the magnetic parameter, maximum-energy product (BH) , is the best all-round single

indicator of permanent magnet performance. From the first principles, it can be shown that for a magnetic circuit

containing an airgap, the energy stored in the field in the air gap is directly proportional to the product of flux density, B,

and the corresponding field strength, H, at any point on the second-quadrant normal demagnetization curve, as shown in

Figure 7 below . The maximum value of this product, i.e., (BH) , or the maximum-energy product, can be directly

related to the maximum energy that can be generated with a permanent magnet .

Figure 7. Second−quadrant demagnetization curves.

The following chart (Figure 8) shows the historical development and commercialization of permanent magnets based on

their maximum-energy product, (BH) . This chart clearly demonstrates the improvement in magnetic performance,

beginning with magnet steels in the early 1900s, to alnico’s, and finally, hard ferrites and rare-earth magnets. It is now

over 40 years since the US announcement of Nd-Fe-B magnets at the 29th MMM conference held in Pittsburgh, PA, in

November 1983 . It is interesting to note that since the discovery and introduction of Nd-Fe-B magnets, no major new

sintered permanent magnet material has been introduced.
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Figure 8. Historical development of permanent magnets.
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