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DOE’s Critical Materials Strategy

* Diversify supply
* Develop substitutes

* Drive reuse, recycling, and efficient use of
materials in manufacturing
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NSTC Critical Minerals List (ordered by supply-chain risk)

Gallium . . Platinum . . Hafnium . .
Niobium . . Iridium . . Tungsten . .
Cobalt . . Praeseody . . Vanadium . .
Neodymiu . . Tin . .
dl Cerium ‘ ‘ Magnesium e .
Ruthenium . . Lanthanum . . Germaniu . .
Rhodium . . Bismuth . . m

Dysprosiu . . Yttrium . . Palladium . .
[l Antimony . . Titanium . .
Aluminum ‘ ‘ Tantalum . . Zinc .

Fluorspar
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NSTC Critical Minerals List

Graphite . Neodymiu . . Gadolinium . .
Chromium . (UL Holmium . .
Arsenic . Nickel ‘ Lutetium . .
Barite . Beryllium ‘ ‘ Rubidium . .
Indium . Zirconium ‘ ‘ Scandium . .
Samarium . Aluminum ‘ ‘ Terbium . .
Manganes . Helium ‘ Thulium . .
e Cesium y ° Uranium . NA
Lithium . Erbium ’ ‘ Ytterbium . .
Tellurium 2018: 53 MiHEPHIE.  2021: 51 Minerals.
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H He He
Li B C N O F Ne B C N O F Ne
Na Mg . Al Si P S Cl Ar Al Si P § Cl Ar
K Ca S5¢ Ti V C Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr K CGa S¢c Ti V C Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sm Sb Te | Xe Rb Sr ¥ Zr Nb Mo Tc Ru Rh Pd Az Cd In Sn Sb Te | Xe
Cs Ba Hf Ta W Re Os Ir Pt Au Hg TI Pb Bi Po At Rn Cs Ba Hf Ta W Re Os Ir Pt Au Hg TlI Pb Bi Po At Rn
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FI Mc Lv Ts Og
la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Ac Th Pa U Np Pu AmMCm Bk Cf B Fm Md No Lr Ac Th Pa U Np Pu Am Cm Bk Cf B Fm Md No Lr

King: Critical Materials, Elsevier, 2020. Fig 3-10a,b
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King: Critical Materials, Elsevier, 2020. Fig 3-2
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Rb Sr Y Zr Tc Ru Rh Pd Ag Sb Te
Cs Ba Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Fr Ra Rf Db Sg Bh Hs Mt Ds Rg Cn Nh FIl Mc Lv Ts Og

la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Ac Th Pa U Np Pu AmM Cm Bk Cf Es Fm Md No Lr

King: Critical Materials, Elsevier, 2020. Fig 8-1
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Observations

* In the short term, technology reacts to materials availability.

- Technology evolution can be retarded or sidetracked for lack of
materials, e.g. Nd,Fe,B

- Technology evolution can also be accelerated, e.g. LED lighting.
- If materials are reliably available, they will be used. Scandium??

* In the longer term, materials availability reacts to the potential
for new uses.

[OWA STATE UNIVERSITY Department of Materials Science & Engineering 10
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King: Critical Materials, Elsevier, 2020. Fig 4-2 (Updated)
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King: Critical Materials, Elsevier, 2020. Fig 2-4
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Pd
Major industrial metals in red Rh / Re Pt
Precious metals in purple . . Os
Rare-earth elements in blue Rarest "metals Ir
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King: Critical Materials, Elsevier, 2020. Fig 1-2
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King: Critical Materials, Elsevier, 2020. Fig 2-3
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B Wealthy Middle Class m Poor

Headcount, in Billions

King: Critical Materials, Elsevier, 2020. Fig 3-8
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King: Critical Materials, Elsevier, 2020. Fig 3-15
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Interactions between research institutes and industry

TRL 1 The conventional view TRL 9

How fast-track materials proceed

Research Institute Contributions- - Manufacturer Contributions

King: Critical Materials, Elsevier, 2020. Fig 5-9
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The logistical challenge of dilute sources

: 100,000
Source Concentration 500 ppm 1,000 ppm
ppm
Tonnes of feedstock required to
produce 1t of TREO 2,000 1,000 10
Truckl f20t h) requir
uckloads (of 20 t each) required o o s

to produce 1t of TREO

The production of a modest 10,000 t of REO per year would reqguire one
truckload of feedstock, plus all of the chemicals needed to process it, plus
the removal of all of the waste, roughly every minute of every working day.
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King: Critical Materials, Elsevier, 2020.
Fig 7-1

; Material value and device complexity
: set limits on what gets recycled.

4 Original figure from J.B. Dahmus, T.G.
: Gutowski, What Gets Recycled: An
- Information Theory Based Model for
o Product Recycling, Environmental Science
: & Technology, 41 (2007) 7543-7550. ©
_ 2007, American Chemical Society.
g Used with permission.
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King: Critical Materials, Elsevier, 2020. Fig 7-2 (updated)
The fraction of total US annual aluminum demand that has been met by recycled material, from 1995 to 2020.
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Volume of Demand for Year n

Volume in Use During Year n (for lifetime L = 7 yrs)

Volume Available to Recycle During Year n

Material Demand

n-16 n-15 n-14 n-13 n-12 n-1I n-10 n-9 n-8 n-7 n-6 n-5 n-4 n-3 n-2 n- |

King: Critical Materials, Elsevier, 2020. Fig 7-3
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How much of the need can be met by recycling?

F,=EE /(1+G)™"

* F = fraction of current need that can be met by recycling

» £_= efficiency of collection

» E_= efficiency of extraction

e (G = annual rate of demand growth
e [ = product lifetime, in years
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How much can recycling contribute?

Material E. E. G L Fr
Aluminum 50% 100% 6% 1 44%
REE 30% 99% 13% 6 13%

[OWA STATE UNIVERSITY
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(a)
Feedstock,
$162,389,352.2

Reagents,
$74,397,097.3

Labor related
operations,
$6,708,819.6

General
Operational
expenses,
$2,079,73...

Utilities,
$795,199.4

Manteinance,
$883,593.0

Others,
$5,943,104.8

Fig. 3. Operational (a), and revenue (b), cost distribution for the second year of operation for the BCS process.

(ﬂ) Reagents,
Feedstock,
$160,887,733.3

Labor related
operations,
$6,646,783.0

General
Operational
expenses,
$2,060,502.7
Utilities,
$958,073.7

Others,
$5,235,983.9

Manteinance,
$396,166.6

Fig. 4. (a) Operational and (b) revenue cost distribution for the second year of operation of the ER process.
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$2,514,438.8

(b)

$361,630,940.2 e Comparing costs and

$2,246,002.9

revenues for two

$80,684,248.5
Ag

$24,929,730.4

* Note, /nter alia, that
feedstock acquisition
IS, by far, the biggest
cost for either
process.

(b) AU,
$361,630,940.2

REO,
$2,246,002.9

steel,
$675,640

Deposit,
$9,260,904.1

Ag,
$23,177,300.3

steel, .
sse0 (ifferent processes for
recovering metals
499.9% from electronic scrap.

L.A. Diaz and T.E. Lister,

Waste Management

Department of Materials Science & Engineering

74 (2018) 384-392

25



Deng Xiaoping

Paramount Leader,
People’s Republic of China, 1978-'89.

The Middle East has oll:
China has rare earths.

From a speech given to an agricultural collective in
Jiangxi, PRC, January 1992
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