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Principal take aways I
• Energy Critical Elements – common economic & scientific 

issues that would benefit from a unified policy framework

• Potentially game-changing technologies are susceptible to 
constraints on availability, interruptions in supply

• Rare Earths are the Flavor of the Month.  Next year/decade it 
may be tellurium, indium, helium,...

• Present “crisis” provides a golden opportunity to address a 
broader set of issues.  We should not let this slip away.
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• Domestic (US) mining – a component in a rational ECE 
policy, but no country can/should want to be ECE self-
sufficient

• With careful stewardship, and a triad of low-budget-
impact, non-interventionist steps:  information 
gathering, research & recycling, present and future ECE 
problems can be managed.

Principal take aways II
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• Increasing demand for 
energy  

• Quest for energy 
independence

• Anthropogenic climate 
change

• New technologies to 
harvest, transmit, store, 
conserve & use energy

Energy critical elements?
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•
 Increasing demand 
for energy

•
 Anthropogenic 
climate change

•
 Search the periodic table 
•
 Found often superb technical solutions
•
 Usually without regard to availability

 And there’s the rub...

Platinum

Group Elements
Other ECEs

Rare Earth

Elements

Photovoltaic

ECEs

•
 Quest for energy 
independence

Grand challenge problems for the 21st century
Scientists and engineers in universities, industry, and 
government labs have responded with new ideas for 
Harvesting, Storing, Transmitting, Transforming, Using Energy
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Lab ⇒ Pilot ⇒ Massive Deployment

New energy technologies are typically materials intensive

Not been widely extracted, traded, or utilized in the past
Not the focus of well-established, robust markets.

Obstructions to availability?  ⇒  Inhibit, derail, 
otherwise potentially game changing technologies

“Energy critical elements”
ENERGY SCALE
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New energy technologies
•
 Efficient
•
 Clean, renewable
•
 Domestic
•
 CO2 neutral or 

negative

Terbium
Europium

Rhenium

Tellurium Gallium
GermaniumIndium

Platinum
Palladium

Ruthenium

Lithium

LanthanumHelium

Neodymium
Praseodymium

Dysprosium

Samarium
Cobalt
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        U.S. Solar Market Trends 2009  /  July 2010             5

2. PHOTOVOLTAICS

Overall Trends in Installations and Capacity

Annual U.S. grid-connected PV installations grew by 40% in 
2009 compared with installations in 2008 to 435 MWDC, raising 
the cumulative installed grid-connected capacity to 1.25 GWDC, 
a new industry milestone (See Figure 1). Although PV growth 
was strong in 2009, the annual growth rate was significantly 
less than the rate in 2007 (61%) and in 2008 (84%). Consider-
ing the poor economy in 2009, this growth was still impressive. 
The capacity of PV systems installed in 2009 was four times the 
capacity of PV installed in 2006. More than 34,000 sites installed 
PV in 2009, an 81% increase over the number of 2008 installa-
tions. Most of these installations are mounted on buildings, but 
some are ground-mounted or pole-mounted installations. 

Some PV installations are off-grid. Based on anecdotal informa-
tion, off-grid installations likely totaled 40-60 MW in 2009, but 
IREC has not collected data for these installations, and they are 
not included in this report’s charts.

The following factors helped drive PV growth in 2009:
• Many states continue to offer financial incentives for PV, 

and system installation growth more than doubled in New 
Jersey, Florida, Arizona, Massachusetts, and Texas. Each of 
these states has one or more significant financial incentive 
and/or a renewable portfolio standard (RPS) program with a 
specific solar mandate (or customer-sited mandate).

• Federal tax incentives were renewed and expanded in 
October 2008, and further revised in February 2009. These 
incentives played a significant role in the markets for 2009, 
but the impact varies greatly by market sector. (These  
effects are described in the next section.)

• During 2009, the price of PV modules began to fall. For 
systems installed  under the California Solar Initiative, the 
installed cost decreased by 7% in the fourth quarter of 
2009 compared with the fourth quarter of 2008.

Grid-Connected Installations by Sector

The growth rate of grid-connected PV varied significantly by 
market sector, with large growth in the residential and utility sec-
tors, and no growth in the non-residential sector. Non-residential 
facilities include government buildings, retail stores and military 
installations. The larger average size of these facilities results in 
a larger aggregated capacity. Residential and non-residential in-
stallations are generally on the customer’s side of the meter and 
produce electricity used on-site. In contrast, utility installations 
are on the utility’s side of the meter and produce bulk electric-
ity for the grid. Table 1 shows examples of installations in each 
sector. Figure 2 shows the annual PV installation capacity data, 
segmented by residential, non-residential and utility installations.

Table 1: SAMPLE INSTALLATIONS BY SECTOR

Sector Example Installations

Residential

• Residential installation owned by home- 
owner or building owner; electricity gener-
ated is used on-site

• Residential installation owned by third 
party, with electricity sold to the homeown-
er or building owner

Non-Residential

• Non-residential installation owned by  
building owner; electricity generated is 
used on-site

• Residential installation owned by third 
party, with electricity sold to the building 
owner and used on-site

Utility

• Installation owned by utility; electricity gener-
ated goes into bulk power grid  

• Installation owned by third party; electricity 
generated goes into bulk power grid  

• Installation owned by building owner; elec-
tricity generated goes into  bulk power grid 
through a feed-in tariff or similar incentive

Fig. 1: Cumulative U.S. Grid-tied Photovoltaic 
 Installations (2000-2009)

Deployment of grid connected photovoltaic installations in the  
U.S. 2000-2010

Feb. 2009

$0.76 late last year

I.	 Tellurium
•
 With low cost, 

streamlined production 
and relatively high 
efficiency,

•
 Cd/Te (and CIGS) thin 
film PV’s are gaining 
attention 
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Group Elements
Other ECEs

Rare Earth

Elements

Photovoltaic

ECEs
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Why not copper? – 
•
 resources are broadly distributed
•
 markets are well developed
•
 many substitutions from non-critical uses

World’s leading copper Countries with 4% or more
of global production

Other countries with 
production or major 

Cu
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•
 Low crustal abundance ⇒ less concentrated ores, 
accentuated environmental issues

•
 Low crustal abundance ⇒ greater geographical 
fluctuations.   Here or there, but not everywhere...

•
 Traditionally low demand ⇒ coproduction

•
 Unstable -- yet to reach their “natural” equilibrium 
level of utilization (see gold or aluminum...)

•
 Not running out  ⇒ Constraints on availability

General characteristics of ECEs
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I  Absolute abundance & concentration	 GERMANIUM...
Some are rare, others are not so rare, but they are usually not 
mineralized efficiently by geological processes, and do not 
occur in viable ores. 

II  Geopolitical risks	 REE & PLATINUM GROUP
•
 Chance has concentrated them in one or two large or rich 

deposits.
•
 Complex economics and politics have led to dominance of 

a single or small number of countries, allowing market 
manipulation and raising political issues.


Constraints on availability
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III  Risks of joint production	 INDIUM, GALLIUM, TELLURIUM...
They are only recovered as by-products in extraction of 
more common metals.  Raise a host of (fascinating) 
economic issues (viz. tellurium)

IV  Environmental and social concerns 	 REEs...
Developed world will not accept environmental disruption.  
Countries willing to tolerate environmental degradation for 
short term gain can dominate markets.   Rising 
environmental consciousness renders this unstable.

V  Response times in production & utilization 	 LITHIUM vs. ??
It takes 5-15 years to bring new sources online and/or 
research and develop substitutes.  

j
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h

COPRODUCTION ECONOMICS	

•
Many ECE’s are now produced entirely as by-products of the 
refining of major metals.

•
Tellurium (copper), indium & germanium (zinc), gallium 
(aluminum), rhenium (molybdenum), ...

•
Prices are artificially low (economy of scope) until the 
coproduction saturates.  By-product does not drive production 
of main product.  Price demand inelasticity.

PRICE

SU
PP

LY
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•
 0.0000001% of earth’s crust (compare gold -- 0.0000004%)
•
 Key in CdTe thin-film photovoltaics 
•
 9 gm/m2 & 10% efficiency → 1/10 gm(Te)/W or 100 tonnes GW(capacity)1

•
 ÷ 20 - 25% capacity factor → 400 tonnes(Te)/GW(delivered) 2 

Example:  Tellurium in photovoltaics

1Capacity – assumes 1000 W/m2 constant insolation
2Delivered – assumes 250 W/m2 average insolation

 •
World electric consumption 
(2006) ~ 2000 GW †

•
 Te “Reserve base” 
~ 48,000 tonnes* → 120 GW50

100

150

World Annual Production
Tonnes of Tellurium

19
75

19
85

19
95

20
05

Production unknow
n

*

* USGS Mineral Commodity Summary
† USEIA
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Main product Byproduct

Cu Te
Global production

(metric tons) 16,200,000 200 -- 500 ?

Price ($/kg) $7.50 $200

Value of global
production ($) $122 x 109 $105 x 106

Ratio of global
value to Cu 1200:1

Well... Produce more tellurium –– coproduction with copper
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What’s not the solution?
• Domestic mining alone:  (US) ECE independence is 

not a realistic or even a desirable goal.

 Global interdependency

 We’re over 90% dependent on foreign sources 

 
 for ECEs

 Comparative advantage ⇔ international trade

* We did not consider elements or 
policies critical to national defense

• (Non-defense) We do not recommend economic 
stockpiling* 

 Disincentive to innovation

 Unintended economic consequences
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•
 Rhenium – critical for high 
performance turbines (CCGT)

•
 Rarest of all metals (1/10 of gold)

~ 25 kg Re per gas turbine

Rhenium 10 Years On  ©Anthony Lipmann (2009)

$10,000

2005

$6,000

$2,000

General electric – major Re consumer
•
 Anticipated the problem
•
 Recycled both pre- and post-

consumer scrap to forestall shortage
•
 Mounted a major R&D program to 

develop new low Re alloys
•
 Success over 5 years

The Rhenium story (GE – 2005/2010)
Thanks to Steve Duclos (GE)
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•Most companies do not have these resources, nor do 
university researchers.

• The place for government to step in...

• Information ⇒ GE knew the Re market in detail from 
years of study

• Recycling ⇒ GE had the waste stream and the high-
tech expertise to extract Re from scrap alloys

• Research ⇒ GE had the resources to mount a long 
range research effort on substitution

The moral?
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Policy –– thoughts...
•Window of opportunity  ––  provided by ‘rare earth 

crisis’, to establish long-perspective insurance 
against eternal repetition of similar events

• Low budget impact ⇒ atmosphere in Washington 
would not support otherwise

• Non-defense ⇒ remember, national security was not 
on our agenda (except as far as energy impacts it)

• Some progress ⇒ esp. in Executive Branch initiatives 
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Recommendations for federal policy
I.	COORDINATION

Complex, multi-dimensional issue:  COMMERCE, DEFENSE, ENERGY, 
INTERIOR (USGS), STATE, TRANSPORTATION, EPA, OMB, COUNCIL OF ECONOMIC 
ADVISORS, US-TRADE REPRESENTATIVE... 
 
Executive Office of Science and Technology Policy (OSTP) should 
coordinate federal response.   

Already as our report was being printed, OSTP announced the 
formation of an NSTC subcommittee “Critical & Strategic Mineral 
Supply Chains”, headed by Cyrus Wadia
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II.  INFORMATION
High quality information is extremely valuable, promotes transparency.
FEDERAL GOVERNMENT SHOULD  GATHER, ANALYZE, AND DISSEMINATE INFORMATION ON 
ECES, FROM DISCOVERED AND POTENTIAL RESOURCES, TO PRODUCTION, USE, TRADE, 
DISPOSAL, AND RECYCLING. 

Model  ~ EIA (USGS & DOE?)
REGULARLY SURVEY EMERGING ENERGY TECHNOLOGIES AND THE SUPPLY CHAIN FOR 
ELEMENTS THROUGHOUT THE PERIODIC TABLE, WITH THE AIM OF IDENTIFYING CRITICAL 
APPLICATIONS AS WELL AS POTENTIAL SHORTFALLS.

Legislative action?
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III.  RESEARCH, DEVELOPMENT, AND WORKFORCE
Federal R&D:  focused on energy-critical elements and possible 
substitutes.
GEOLOGICAL DEPOSIT MODELING, MINERAL EXTRACTION AND PROCESSING, MATERIAL 
CHARACTERIZATION AND SUBSTITUTION, UTILIZATION, MANUFACTURING, RECYCLING, 
AND LIFE-CYCLE ANALYSIS. 
Create national collaborative center(s) including national lab, 
university, and industrial participants, centered on specific ECE groups 
–– REEs, photovoltaics, ...

Late 2011: DOE announces Critical Materials Energy Innovation Hub
(see keynote talk by David Sandalow).
Legislative action?
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IV.   THE ROLE OF MATERIAL EFFICIENCY

“MORE PRECIOUS THAN GOLD”   Consumer-oriented “Critical Materials” 
designation for ECE-related products.  The certification to include the 
choice of materials that minimize concerns related to scarcity and 
toxicity, the ease of disassembly, the availability of appropriate recycling 
technology, and the potential for functional as opposed to non-functional 
recycling.

Probably should begin with examination of methods being explored 
and/or implemented in other countries.  Looking for best practices....   

Steps should be taken to improve rates of post-consumer collection of 
industrial and consumer products containing ECEs,
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V.  A SPECIAL PLACE FOR HELIUM
HELIUM IS UNIQUE EVEN AMONG ECES

Helium has unique properties:  cryogenic, thermal, chemical, and nuclear
A byproduct of natural gas production, if helium is not recovered at the 
well-head, it is lost forever to the atmosphere.
“Measures should be adopted that will both conserve and enhance the 
nation’s helium reserves.  Failure to do so would not only be wasteful, 
but would also be economically and technologically  shortsighted.”  

New helium bill in the Senate ....

APS Policy Statement
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PSA  
✔ ✔ ✔ ✔ ECE

✔ ✔ ✔ ✔ RE

✔ ✔ ✔ ✔ ✔ RE

✔ RE

✔ ✔ ✔ ✔ ECE

✔ ✔ ✔ ✔ ECE

✔ ✔ Li

✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ CE
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HOUSE
•  HR 2090 – 
 Hultgren (IL)

•  HR 2011 – 
 Lamborn (CO)

•  HR 1388 – 
 Coffman (CO)

•  HR 1314 – 
 Johnson/Markey 

•  HR 952 – 
 Miller (NC)

•  S 383 – 
 Udall (CO)

•  S 421 – 
 Hagan (NC)

•  S 1113 – 
 Murkowski (AK)

SENATE



center for
theoretical
physics

R L Jaffe MIT
March 14, 2012

TREM 2012
Washington, DC

Platinum

Group Elements
Other ECEs

Rare Earth

Elements

Photovoltaic

ECEs

Thank you!


