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USE	MATERIALS?
How	do	we	
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What	We’ll	Cover	in	the	Materials	Unit

• Critical	Materials	(in	the	molecular	age)
• Material	Flow	Assessment
• Life	Cycle	Thinking
• Perspective	and	Summary



CRITICAL	MATERIAL?
What	is	a	



Your Friendly Periodic Table

Has Some and Components
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Rare	Earth	Elements	(REEs)
• Critical	for	functionality	in	a	wide	variety	of	
applications	(not	a	large	market	
volumetrically)

• China	supplies	95%	of	the	world’s	REEs
– China	produced	130,000	tons	of	rare	earth	
minerals	in	2010	(USGS)

http://online.wsj.com/article/SB10000872396390443437504577546772533972202.html

Make	up	<0.1%	of	earth’s	
crust

Actually	quite	common,	
just	widely	dispersed



CRITICAL	MATERIALS
Why	do

matter?













CONTAIN	CRITICAL	MATERIALS.

Most	of	the	new	technologies	we	rely	on
to	improve	our	energy	consumption	and	live	more	sustainably

Beyond	that,	they	are	
present	in	many	everyday	objects.



CONCERNS
What	are	the

with	critical	materials?



Let’s	Look	at	TWO	Examples
Neodymium	(Viewpoint:	USDOE)
Helium	(Viewpoint:	Scientists)



Viewpoint:	US	Department	of	Energy
• In	their	“2011	Critical	Materials	Strategy”	report,	the	DOE	

identified	16	elements	as	critical	for	future	energy	
technologies

• They	are	especially	concerned	about:	dysprosium,	terbium,	
europium,	yttrium,	and	neodymium

DOE,	2011



Example:
Permanent	Magnets
Compact,	high-strength	magnets	
made	of	rare	earth	elements

• Developed	in	1970s	and	80s
• Strongest	type	of	permanent	

magnet	(1.4	teslas)
• Compared	to	0.5	– 1.0	teslas

of	ferrite	or	ceramic	magnets
• Strongest	PM	is	made	of	

NEODYMIUM
• “Neodymium-iron-boron”	NIB	

magnets
• Substitute	DYSPROSIUM and	

PRASEODYMIUM for	the	
neodymium

• Used	in
• Hard	drives,	speakers,	electric	

generators	(wind	turbines),	
and	motors	(power	tools	to	
cars	– ESPECIALLY	electric	
cars)



http://www.hitachi.com/environment/showcase/solution/materials/neomax.html
IPM	=	Interior	Permanent	Magnet



Short	and	Medium	Term	Criticality

DOE,	2011



Concerns	with	Neodymium	Supply
• China	has	reduced	REE	exports

http://www.chinas-global-media-
image.net/media/uploads/cover/10/images/121022-Timemagazine.jpg

In	2010,	China	
suspended	REE	exports	
to	Japan	over	a	territorial	

dispute.

Prices	jumped	from	
$50/kg	(early	2010)	to	

$500/kg	by	summer	2011



Concerns	with	Neodymium	Supply
• China	has	reduced	REE	exports
• Global	demand	to	increase	(PHEVs,	EVs,	and	
wind	turbines)	with	slow	supply	response



TO	SECURE
What	can	we	do

critical	materials	(neodymium	specifically)
for	the	future?

Small	Groups	(3-5	people)
BRAINSTORM
5	Minutes
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What	the	DOE	proposes	for	Nd

1. Diversify	global	supply	chains
– Risk	management
– Facilitate	extraction,	processing,	and	

manufacture	in	the	US
– Molycorp Company	reopened	its	rare-earth	mine	

in	Mountain	Pass,	CA



The	Supply	Problem

• China	has	cheap	
extraction	and	
manufacturing
– At	the	cost	of	the	
environment	and	social	
equity?



http://www.npr.org/sections/goatsandsoda/2015/10/04/
439241698/what-its-like-to-take-photos-of-a-dying-man



The	Supply	Problem

• China	has	cheap	
extraction	and	
manufacturing
– At	the	cost	of	the	
environment	and	social	
equity?

• It	is	expensive	to	
develop	mining	and	
processing	facilities	for	
REEs



The	Supply	Problem

2012:	REE	mine	owned	by	Molycorp Minerals	LLC	
reopens	in	California.

Estimated	annual	production	capacity:	19,050	mt of	rare	earth	oxides
Molycorp 2013	Annual	Report



What	the	DOE	proposes	for	Nd

1. Diversify	global	supply	chains
– Risk	management
– Facilitate	extraction,	processing,	and	

manufacture	in	the	US
2. Develop	substitutes
– Material	and	technology	substitutes
– DOE’s	ARPA-E	research	agency	introduced	“Rare	

Earth	Alternatives	in	Critical	Technologies	
program”



The	Wicked	Problem
“70	to	120	motors	are	used	in	a	luxury	car”

• Cars	need	lower	weight,	maximum	passenger	volume,	
and	better	fuel	economy	(CAFE	standards)

• Neodymium-based	motors	are	smaller	and	lighter	
weight	for	the	power	supplied.

Source:	Friend	in	the	Auto	Industry



http://www.johnsonelectric.com/en/features/flux-multiplier-drive.html



What	the	DOE	proposes	for	Nd

1. Diversify	global	supply	chains
– Risk	management
– Facilitate	extraction,	processing,	and	

manufacture	in	the	US
2. Develop	substitutes
– Material	and	technology	substitutes

3. Recycling,	reuse,	and	efficiency
– Research	and	policy	for	recycling	economically
– Honda	has	started	a	recycling	program



Waste	flows	from	permanent	magnets	will	remain	small	relative	to	…	growing	global	REE	
demand…	During	the	next	decade	recycling	is	unlikely	to	substantially	contribute	to	global	
REE	supply	security.	In	the	long	term,	waste	
flows	will	increase	sharply	and	will	meet	a	
substantial	part	of	the	total	demand	for	these	
metals.
- Rademaker,	et.	al	(2013)	ES&T

We	conclude	that	recycling	of	
neodymium,	especially	via	manual	
dismantling,	is	preferable	to	primary	
production,	with	some	environmental	
indicators	showing	an	order	of	
magnitude	improvement.

- Sprecher,	et.	al	(2014)	ES&T



http://www.mitsubishielectric.com/company/environment/
ecotopics/rareearth/how/index.html

Mitsubishi	Electric	
Develops	Automatic	
Dismantling	Equipment;	
Removes	and	Recovers	
Rare	Earth	Magnets	from	
AC	Compressors	in	Just	
30	Seconds

https://www.ameslab.gov/news/inquiry/rare-earth-recycling

Ames	Laboratory	and	USDOE	Develop	Process	to	Remove	
Rare	Earths	from	NIB	Magnet	Scrap
Process:	Mill	magnets	into	small	pieces,	add	magnesium,	heat		
material,	REEs	enter	molten	magnesium	leaving	behind	iron	and	
boron,	molten	magnesium	cast	into	an	ingot,	cooled,	then	
magnesium	is	boiled	off.	
Results:	REE	properties	very	similar	to	unprocessed	materials



Let’s	Look	at	TWO	Examples
Neodymium	(Viewpoint:	USDOE)
Helium	(Viewpoint:	Scientists)



Viewpoint:	Scientists
• We	often	think	of	earth	as	a	closed	system	for	
materials.		Here’s	a	secret:

Helium	will	run	out	in	less													
than	300	years.

- Based	on	US	Geological	Survey



Example:
Helium
(http://minerals.usgs.gov/minerals/pubs/commodity/helium/myb1-2010-
heliu.pdf)

• Lowest	melting	point	of	any	element	
(-452	degrees	Fahrenheit)	&	inert

• Second	most	abundant	element	in	the	
universe	(produced	when	hydrogen	
atoms	fuse	together	in	stars’	cores)

• Rare	on	earth
• Generated	through	radioactive	decay	in	

Uranium	and	Thorium	atoms	(generates	
3.4L/km	of	earth/year)

• Exists	as	an	impurity	in	natural	gas	fields	
and	is	extracted	when	it’s	concentration	
is	>0.3%	(economical)

• Produced	(and	consumed)	mostly	in	the	
US	– 78%	of	world’s	He	supply	comes	
from	the	US

• Other	production	locations:	Algeria,	
Canada,	China,	Qatar,	Poland	and	Russia US	Geological	Survey



How	Is	He	Used?



How	Is	He	Used?
Superconductors	

(Superconducting	Magnets)

Particle	Accelerators

Future	Renewable
Energy	Generation

Medical	Testing	- MRI	Machines



How	Is	He	Used?
Material	Production

Research



How	Is	He	Used?
Purging	Liquid	Fuels	SystemsArc	Welding



78%	of	world’s	helium	supply	
comes	from	the	US

EIA	(2006)

ĉertain
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Federal	Helium	Reserve

• In	1996,	approximately	1	billion	cubic	meters
• Cost	of	$1.4	billion
• 1996	Helium	Privatization	Act
• Sales	of	nearly	all	stored	He	between	2005-
2015

• Non-market	rates



Selling	the	Helium	Reserve	National	Academy	Press

While	government	prices	for	crude	helium	have	not	quite	doubled	over	the	
last	10	years,	the	price	for	privately-held,	grade-A	helium	has	nearly	
tripled	in	the	same	time	period.

Source:	U.S.	Geological	Survey.	Graphic:	The	Washington	Post.	
Published	on	May	11,	2012,	6:59	p.m.
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What	can	we	do?
Politicians	signed	a	bill	(IT’S	TRUE!)	in	2013	that	slowly	ended	the	Helium	Reserve’s

below-market	rates.
Helium	is	now	auctioned	off	to	highest	bidder	(ending	price	distortion)

Market-driven	He	may	ensure	it’s	efficient	and	proper	use,	
but	we	may	still	need	new	sources.

Volatility	is	expected	to	increase	as	the	federal	reserve	is	depleted.



Short	Term
2014:	Qatar	becomes	2nd largest	helium	
producer	with	a	plant	that	can	produce	60	
million	m3 of	He	per	year

2015:	New	plant	in	Colorado	
set	to	remove	He	from	a	

natural	CO2 reserve	(CO2 being	
used	in	Texas	for	enhanced	oil	

recovery)

There	is	likely	to	be	continued	
helium	shortages	and	price	spikes.

Highly	recommended	to	recover	and	reuse	He,	
or	find	alternatives.



Options
Deuterium-Tritium	fusion	could	generate	
about	8	million	m3,	1/10	of	our	usage.

Future	atmospheric	gas	harvesting	equipment	
could	also	become	more	cost-effective.



Options



He	News	Articles	for	You

• http://www.wired.com/2015/07/feds-created-
helium-problem-thats-screwing-science/

• http://www.npr.org/blogs/itsallpolitics/2013/09/
30/227772534/congress-reaches-compromise-
deal-on-inert-gas

• http://www.washingtonpost.com/blogs/wonkblo
g/wp/2013/09/27/good-news-congress-just-
averted-a-global-helium-crisis/

• http://www.nature.com/nature/journal/v485/n7
400/full/485573a.html



Your Friendly Periodic Table
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“NOW	WE	UNDERSTAND	THAT	THE	
EARTH	IS	FINITE,	AND	WE	CAN’T	JUST	
PICK	WHATEVER	OFF	THE	SHELF	AND	
BUILD	A	TECHNOLOGY	WITHOUT	
UNDERSTANDING	THE	
CONSEQUENCES.”
- Frances	Houle,	Lawrence	Berkeley	National	Laboratory	
(Berkeley	Lab)	
http://www.rdmag.com/News/2012/08/Materials-A-Long-Term-View-Of-Critical-Materials/



Assessing	Critical	Materials:
New	Technologies	Example

http://www.mncee.org/getattachment/ff6fdd50-bba1-4b11-8bd9-74b525a34a57/

Uses	tin-doped	indium	oxide	(ITO)	as	a	
semiconducting	nanocrystal.		Has	a	large	
spectral	shift	when	a	voltage	is	applied.



Slide	from:	Arman	Shehabi,	et	al	(Lawrence	Berkeley	National	Lab)	2014;
LCA	XIV	Conference	(with	permission)



Slide	from:	Arman	Shehabi,	et	al	(Lawrence	Berkeley	National	Lab)	2014;
LCA	XIV	Conference	(with	permission)
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