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Analysis Disclaimer

DISCLAIMER AGREEMENT

These manufacturing cost model results (Data) are provided by the National Renewable Energy Laboratory (NREL),
which is operated by the Alliance for Sustainable Energy LLC (Alliance) for the U.S. Department of Energy (DOE).

It is recognized that disclosure of these Data are provided under the following conditions and warnings: (1) these
Data have been prepared for reference purposes only; (2) these Data consist of forecasts, estimates, or
assumptions made on a best-efforts basis, based upon present expectations; and (3) these Data were prepared
with existing information and are subject to change without notice.

The names DOE/NREL/ALLIANCE shall not be used in any representation, advertising, publicity, or other manner
whatsoever to endorse or promote any entity that adopts or uses these Data. DOE/NREL/ALLIANCE shall not

provide any support, consulting, training, or assistance of any kind with regard to the use of these Data or any
updates, revisions, or new versions of these Data.

YOU AGREE TO INDEMNIFY DOE/NREL/ALLIANCE AND ITS AFFILIATES, OFFICERS, AGENTS, AND EMPLOYEES AGAINST
ANY CLAIM OR DEMAND, INCLUDING REASONABLE ATTORNEYS' FEES, RELATED TO YOUR USE, RELIANCE, OR
ADOPTION OF THESE DATA FOR ANY PURPOSE WHATSOEVER. THESE DATA ARE PROVIDED BY
DOE/NREL/ALLIANCE "AS IS" AND ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING BUT NOT LIMITED TO,
THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE ARE EXPRESSLY
DISCLAIMED. IN NO EVENT SHALL DOE/NREL/ALLIANCE BE LIABLE FOR ANY SPECIAL, INDIRECT, OR
CONSEQUENTIAL DAMAGES OR ANY DAMAGES WHATSOEVER, INCLUDING BUT NOT LIMITED TO CLAIMS
ASSOCIATED WITH THE LOSS OF DATA OR PROFITS, WHICH MAY RESULT FROM AN ACTION IN CONTRACT,
NEGLIGENCE, OR OTHER TORTIOUS CLAIM THAT ARISES OUT OF OR IN CONNECTION WITH THE USE OR
PERFORMANCE OF THESE DATA.
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What is the material intensity (I, in metric tonnes per GW) for
using an element within a layer in a PV module?

I Where:
d = Layer thickness (in um) [, = d x p x A [] RA]
p = Layer density (in gcm3) 107 x M X U

X, = The mass fraction of element A
within the layer g -

e Original

n = The area-based module power Amount of A
rating (in W/ m?)

U, = The utilization of element A in
manufacturing, representing the
fraction of the original amount of
A that is actually captured within
the completed module

R, = The recovery fraction of element
A in manufacturing, Thin-Filr
representing the initial amount PV Module
of A that can be reused after the
appropriate deposition on the
module and after the
appropriate recovery steps.

Deposition
" Chamber

Chamber
Atmosphere
Control System



The sensitivity of PV module manufacturing costs
to the price for the element’s precursor

[ | P +T+®R, x RV,)
10° X,(1-R,)

A+T ($/W ) o

P, = Price of the element at a standard grade of purity (S/ kg)

T =Tolling charge to refine the element to ‘solar grade’ and to
meld it into its appropriate precursor for manufacturing (S/ kg)

Xy = Weight percentage of A in the precursor compound
(0.53 for CdTe, 1 for In and Ga in CIGS and HVPE GaAs, 0.61 for Ga(CH;),)

R, = Net recovery fraction of A from the manufacturing line,
after the appropriate deposition and recovery processes

RV, = Recovery value of A (S/ kg).
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Tellurium in Single-Junction Polycrystalline CdTe

BEST-EFFORTS ANALYSIS OF THE MATERIAL INTENSITY FOR

TELLURIUM IN CdTe. 2012 BASELINE.

U, I
- i A P,&T | C
(gem?) (Wm?) A A+T
Element A of interest d Xa R, (MT/ GW)
PTc
0.70 [5] ~$150/ kg
[6]
Temcate | A0 |9 fosy | 69 T | $0.034/ W
.21 [3] (4] 0.20 [5] ~$110/ kg
[7]

Estimated 2011 Material Supply Base for Tellurium

Primary annual production from Cu byproduct recovery

500 - 600 MT [8]

Notes and References:

The element prices shown are rough estimates from a relevant industry collaborator. The exact pricing terms for any
material supply contract, and the duration of delivery, are highly guarded and need to be considered on a case-by-case

basis.

P3 Scribe: Back Contact

P2 Scribe: CdS, CdTe

Laser edge isolation

P1 Scribe: TCO

Back Contact (~ 1 um)
CdTe (2 - 3 um)

CdS (0.05 - 0.15 um)
TCO Layer (0.2-0.5 um)

Glass Supersfrate (~ 3 mm)

AM15hy)  f

‘Dead Zones’

$1.00 |

$0.80 |

$/ W, (DC)

$0.20 |

$0.00 °

$0.60 £

$0.40 L

=prXXA[1-RA]

I
A 10°xmxU,

I, | P,+T+(R, x RV,)
10°,  X,(1-R,)

Casr ($/Wp )=

Material constraint if relying upon
byproduct recovery at present efficiencies
= 600/ 69

9 GW

Cost Model Results for CdTe Module Manufacturing
1= 11.7%, 2.5um CdTe, Malaysian Production Location

* $1.077/W )
u Maintenance
= Depreciation Expense
(Equipment & Building)
$0.74/ W = Utility

= Labor (Malaysia)

= CdTe

= Other Module Materials

# Estimated Minimum
Sustainable Average
Selling Price for Modules
(19% WACC)
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Indium in Cul[ln  ,,Ga,], Se,, or ‘CIGS’

BEST-EFFORTS ANALYSIS OF THE MATERIAL INTENSITY FOR
INDIUM IN CIGS. 2012 BASELINE.

p v O I C
cm” ( A A+T
Element A of interest d (gem™) Xa %) R, MT/ GW)
0 520k
. 20um | 575 | =022' | 157 = g
Inin CIGS [9] nop | 11 | 2 23 13 | $0.018/ W
0.25 Ty,
~$100/ kg

Estimated 2011 Material Supply Base for Indium

Primary annual production from Zn byproduct recovery

_dxpxX, I[P+ T+®, x RV,)|

103 xnxU, [1 - RA] 550 - 650 MT [20, 21] CA*T($/WP): 106L X,(1-R,)

Notes and References:

The element prices shown are rough estimates from a relevant industry collaborator. The exact pricing terms for any material supply contract, and
the duration of delivery, are highly guarded and need to be considered on a case-by-case basis.

A

'Representative weight percentage, calculated from the CIGS stoichiometry within the given references.

% For sputtering, the target material utilization for a rotary target is around 75%, while the material utilization of a planar target is around
30%. The net fraction of material that is then captured within the module is then the product of this material utilization and the transfer
efficiency. The value shown here is the product of these two for a rotary target, and is also a representative collection fraction for
the co-evaporation approach to CIGS module manufacturing.

3 This will very much depend upon the chosen form factor, and rotatable targets are generally more expensive than planar targets. The remaining
material on a spent sputtering or evaporation target can usually be resold—in consultation with a CIGS manufacturing firm we assume here that
the remaining material on a used rotary target could be resold with a typical reclamation value of around 25% of the original value.
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Indium in Cul[ln  ,,Ga,], Se,, or ‘CIGS’

BEST-EFFORTS ANALYSIS OF THE MATERIAL INTENSITY FOR
INDIUM IN CIGS. 2012 BASELINE.

p v O I C
cm” ( A A+T
Element A of interest d (gem™) Xa %) R, MT/ GW)
0 520k
. 20um | 575 | =022' | 157 = g
Inin CIGS [9] nop | 11 | 2 23 13 | $0.018/ W
0.25 Ty,
~$100/ kg

Estimated 2011 Material Supply Base for Indium

Primary annual production from Zn byproduct recovery
_dxpxX, I, [P+ T+®R, x RV,)

103 xnxU, [1 - RA] 550 - 650 MT [20, 21] CA*T($/WP): 106L X,(1-R,)

Notes and References:

The element prices shown are rough estimates from a relevant ind
the duration of delivery, are highly guarded and need to be considt

A

Material constraint if relying upon byproduct

'Representative weight percentage, calculated from the CIGS stoichit

2 For sputtering, the target material utilization for a rotary target is ar HPa H
30%. The net fraction of material that is then captured within the recove ry at p rese nt effl ciencies
efficiency. The value shown here is the product of these two for a ~ 6 5 O / 2 3
the co-evaporation approach to CIGS module manufacturing. ~

3 This will very much depend upon the chosen form factor, and rotate
material on a spent sputtering or evaporation target can usually be
the remaining material on a used rotary target could be resold with 2 8 G W
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Gallium in Cu[ln_,Ga,], Se,, or ‘CIGS’

BEST-EFFORTS ANALYSIS OF THE MATERIAL INTENSITY AND COST FOR
GALLIUM IN CIGS. 2012 BASELINE.

p Y Ya I C
Wm A P.&T
em” ( A A+T
Element A of interest d (gem™) Xa %) R, (MT/ GW)
03 Sk
- 2.0 um 5.75 ~0.07' 157 = g
Inin CIGS 9] [10] 9,11 | [4,12] 7.5 [14] $0.005/ W
0.25* T,
~ $100/ kg’

Estimated 2011 Material Supply Base for Gallium

Primary annual production from Bauxite (Al) byproduct recovery
_ dxpxX,
10°xnxU,

Notes and References:
The element prices shown are rough estimates from a relevant industry collaborator. The exact pricing terms for any material supply contract, and
the duration of delivery, are highly guarded and need to be considered on a case-by-case basis.

IRepresentative weight percentage, calculated from the CIGS stoichiometry within the given references.

2 For sputtering, the target material utilization for a rotary target is around 80%, while the material utilization of a planar target is around
30%. The net fraction of material that is then captured within the module is then the product of this material utilization and the transfer
efficiency. The value shown here is the product of these two for a rotary target, and is also a representative collection fraction for
the co-evaporation approach to CIGS module manufacturing.

3 This will very much depend upon the chosen form factor, and rotatable targets are generally more expensive than planar targets. The remaining
material on a spent sputtering or evaporation target can usually be resold—in consultation with a CIGS manufacturing firm we assume here that
the remaining material on a used rotary target could be resold with a typical reclamation value of around 25% of the original value.

4 This may be deposited from a Cu-Ga composite target if sputtering.
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Gallium in Cu[ln_,Ga,], Se,, or ‘CIGS’

BEST-EFFORTS ANALYSIS OF THE MATERIAL INTENSITY AND COST FOR
GALLIUM IN CIGS. 2012 BASELINE.

p Y Ya I C
Wm A P.&T
em” ( A A+T
Element A of interest d (gem™) Xa %) R, (MT/ GW)
03 Sk
- 2.0 um 5.75 ~0.07' 157 = g
Inin CIGS 9] [10] 9,11 | [4,12] 7.5 [14] $0.005/ W
0.25* T,
~ $100/ kg’

Estimated 2011 Material Supply Base for Gallium

Primary annual production from Bauxite (Al) byproduct recovery
_ dxpxX,
10°xnxU,

Notes and References:
The element prices shown are rough estimates from a relevant industry collaborator. TH
the duration of delivery, are highly guarded and need to be considered on a case-by-casq

IRepresentative weight percentage, calculated from the CIGS stoichiometry within the giv . | . . f | .
2 For sputtering, the target material utilization for a rotary target is around 80%, while the 1 Material constraint if re ying upon

30%. The net fraction of material that is then captured within the module is then the prqg P H
efficiency. The value shown here is the product of these two for a rotary target, and is a byp rOd uct recove ry at prese nt Effl ciencies
the co-evaporation approach to CIGS module manufacturing. = 300 / 7.5
3 This will very much depend upon the chosen form factor, and rotatable targets are genera
material on a spent sputtering or evaporation target can usually be resold—in consultati
the remaining material on a used rotary target could be resold with a typical reclamation
4 This may be deposited from a Cu-Ga composite target if sputtering. 40 GW

I, {PA FT4R, x RVA)}

[1-R,] 250 -300 MT [22, 23] Cor(B/W,) = 10° X,(1-R,)
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Gallium in Single-Junction GaAs

BEST-EFFORTS ANALYSIS OF THE MATERIAL INTENSITY AND COST CONTRIBUTIONS
FOR GALLIUM IN SINGLE-JUNCTION GaAs. 2012 BASELINE.

P i o L P &T C
d ‘cm’ X Wm™ A A+T
Element A of interest (gem™) A (Wm™) R, (MT/ GW)
P
0.30 Ga
in Si i ~ $400/ kg
Ga in Single-Junction 2.5 um 532 235
GaAs (MOCVD) [15-17] [18] 048 [19] 0.00° 91 %14] $0.373/ W
* T™™G
=~ $2100/ kg°
0.30 P,
in Si i ' ~ $400/ kg
Ga in Single-Junction 2.5 um 532 7
GaAs (HVPE) [18] 0.48 235 5 91 [14] $0.046/ W
0.00 Tg.
~ $100/ kg

Estimated 2011 Material Supply Base for Gallium

Primary annual production from Bauxite (Al) byproduct recovery

_ d x p X XA :I_A P,+Tx(R, x RVA):|
= R 250 — 300 MT [22,23]  CorW)- (3 B 20

Notes and References:
The champion module efficiencies shown in this table are taken from Table II in reference [19]. The efficiencies are

independently-verified, but not all of the modules represented are produced and sold at GW—or even MW—Ilevels of scale.
The element prices shown are rough estimates. The exact pricing terms for any material supply contract, and the duration of
delivery, are highly guarded and need to be considered on a case-by-case basis.

3Tt is our understanding that Ga is not currently recovered from the MOCVD and HVPE processes for depositing GaAs, but this is more

than likely due to the fact that these are currently just research-level investigations.
8 Estimated price of around $2500/ kg for large volume purchasing contracts of Ga(CH,),, provided by a relevant major supplier.
" This module efficiency has not been demonstrated and is used for illustrative purposes only. An HVPE GaAs cell efficiency greater than 20%

has been reported in reference [24].
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Gallium in Single-Junction GaAs

BEST-EFFORTS ANALYSIS OF THE MATERIAL INTENSITY AND COST CONTRIBUTIONS
FOR GALLIUM IN SINGLE-JUNCTION GaAs. 2012 BASELINE.
U, I
p N A P,&T C
d g3 2 A A+T
Element A of interest (gem™) Xa (Wm) R, (MT/ GW)
P
0.30 Ga
o . ~ $400/ kg
Ga in Single-Junction 2.5 um 532 235
GaAs (MOCVD) [15-17] [18] 048 [19] 0.00° 91 %14] $0.373/ W
~ $2100/ kg
0.30 o
o . : =~ $400/ kg
Ga in Single-Junction 2.5 um 532 7
GaAs (HVPE) [18] 0.48 235 - 91 [14 $0.046/ W
' ~$100/ ke
Estimated 2011 Material Supply Base for Gallium
Primary annual production from Bauxite (Al) byproduct recovery
CdxpxX C oW :I_A[PﬁH(RAxRVA)}
A W[l - RA] 250 - 300 MT [22, 23] A+T($ P) 106 XY(l _RA)
A

Notes and References:
The champion module efficiencies shown in this table are taken from Tab

independently-verified, but not all of the modules represented are pr . . . .
Material constraint if relying upon byproduct

The element prices shown are rough estimates. The exact pricing terms fe

delivery, are highly guarded and need to be considered on a case-by recovery at present efficie ncies

31t is our understanding that Ga is not currently recovered from the MOCVL ~ 300 / 91

than likely due to the fact that these are currently just research-level inves

% Estimated price of around $2500/ kg for large volume purchasing contracts
" This module efficiency has not been demonstrated and is used for illustratiy

has been reported in reference [24]. 3 - 4 GW
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Are these energy-significant levels of deployment?

50 et ——— T r Y ' Projected trends in primary power
: [ RENEWABLE consumption: =15 TW in 2004; =30 TW in 2050
40 I NUCLEAR
. I coAL Pre-Industrial CO, concentration: 280 ppm
I— R

I GAs

=il Carbon-free power requirements (including
efficiency) in 2035 to keep CO, <550 ppm:

20 =10 TW

10 § In 2050 to keep CO, <550 ppm: A LOT

WRE= Wigley, Richels, and Edmonds model.

SO_ ' I ] l e 1 N T . I = I LS i S I ) 1
o

Primary Power (TW)

40 I [[] GENERIC CARBON-FREE WRE 350
[ [ RENEWRBLE WRE 450

- B NUCLEAR WRE 550,
S WRE 650 445-490 2.0-2.4
. £5

WRE 750

20 - 1990 PRIMARY ENERGY = 490-535 2.4-2.8
“BURN RATE" ~|592a
i 535-590 2.8-3.2
10 it (‘Dire Increase’)
P 590-710 3.2-4.0
Iy — :
Q o o [ [ Q o o o Q [ o
o = 5 S a 3 @ o 5 2 o =] 710-855 4.0-4.9
-— o™ o™ o™ o™ o™ ™~ o™ o™ o™~ o™ (8]
YEAR 855-1130 4.9-6.1
Source: Hoffert et al. (1998). Nature, 395, 881. (Table 3.5 in IPCC Fourth Assessment Report)
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Is there a precedent for a predicament such as this?

George Bissel £

o Vot i 0 o W, & VAR et

Titusville, Pennsylvania (1859)

NATIONAL RENEWABLE ENERGY LABORATORY



How did the thinking evolve?

NUCLEAR ENERGY AND THE FOSSIL FUELS

BY

M. KING HUBBERT

\What on earth can we do
about Hubberts Pimple?

PUBLICATION NO. 95

SHELL DEVELOPMENT COMPANY
EXPLORATION AND PRODUCTION RESEARCH DIYISION
HOUSTON, TEXAS
JUNE 1956

P=dQ/dt

AN
fULTIM ATE\,

*

CUMULATIVE
PRODUCTION

SANNNNNN

PN N\

TIME ¢

PRODUCTION RATE:

Figure il - Mathematical relations involved in the complete
cycte of production of any exhaustible resource.
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How did the thinking evolve?

4 x‘a\\\x\\sﬁ -
€ [25XI0 | t
3 55'-3% PROVED RESERVES 9
0 3 AN 9 S ,200 X 109 BBLS
| 30 x 10° BBLS N
m ‘%\ ULTIMATE
(1] //// N\ ‘
2 A \| F\
& 2 M50 x10° BaLs
CUMULATIVE % \ '
» PRODUCTION / | NN ULTIMATE
=
o 52.4 X102 BBLS- 7 \ \‘\
m—— [ — J
- | N e
- ~ <
@ S~
0‘ ————— R T T LT T - ::-H
1850 1875 1900 1925 1950 1975 2000 2025 2050
YEARS
Figure 21 — Ultimate United States crude-oil production based
on assumed initial reserves of 1560 and 200 billion barrels.

Source: Hubbert, M.K. (1956). Shell Oil Development Company, Publication 95.
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How did it actually play out?

5— —500
/’/ =
z S =
8 © 4 7 400 §
o
=
29 / ol . .
o § 3 ,;/NUCLEAR—-—-SOO e L US Oil Production and Imports
a ’\ POWER = 11 -
w PETROLEUM—3»" S 2
3 £ \ / -3
R N q 7 0 LS 10 s
- Z \ < J
Q g N / WS 9 )m\ L4
= N ya loo © —— Product \f“
o o \§§ ~N 2 roduction
\ an gy 8 Imports \
rﬂ5§§§\ S§\ ,;.a—’/ T — . "\

1900 . 1940 1980 2020 2060
YEARS

Figure 29 - Concurrent decline of petroleum production and
rise of production of nuclear power in the United States.

Million Barrels/'Day

Vv
Source: Hubbert, M.K. (1956). Shell Oil Development Company, ; [J
Publication 95. /.ﬁ\//

L

1 -

e N

T U T

1920 1930 1940 1950 1960 1970 1980 1990 2000

Source: DoE (EIA) Data
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Getting to the fundamental question

36
s =
42 — Canvantional Patrolaum, Heawy Oil, Oil-
Sands and Qi Shale = 28.9 trillion BOE oi Sh.ill =
w | 14 Willions
o ' BOE
§ 8
= 28
8 24 S
o \\ From R Eggert et al.,
- 221 “Depletion and Future Availability of
E 20 :"“WS;"" Petroleum Resources,”
BOE The Energy Journal, 30 (2009) 141-174.
S 18
;|
% v Average
J Total Costs
a 'tH
E 12 1 . Ln _r—f
pore e o) VR R (NS ), 1 o [ — | | ‘
- 10 4 tritliomn g? ! [ |
& BOE | |
g 81 A B | |
[ [
< § | .
4 0 = b
2 Total Future Volume
] . - : — '
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The fundamental supply question for these energy-critical elements

- By-product recovery at
current efficiencies

so0 — |llustration of a Critical Element Supply Curve
(e.g. 55% for Te)

By-product recovery at
2,500 - enhanced recovery efficiency

(e.g. 80% for Te)

2,000 - Increased recycling in
manufacturing and recovery from

expired modules, displays, etc.

1,500
Recover comingled precious

or other commodity metals.

1,000

Main-product supply of
element of interest
500

Cost ($/ kg) of element recovery

0Deposit1 < > Deposit 100+
Annual Output (MT)

ZprXXA[l-RA]

I
107 xx U,

From Woodhouse, M.; Goodrich, A.; Margolis, R.;
James, T.; Lokanc, M.; Eggert, R. “Supply-Chain
Dynamics of Te, In, and Ga Within the Context of
C $/W ) = I, | P, +Tx (RA X RVA) PV Module Manufacturing Costs,” accepted by The

A+T( p)

1 06 XY (1 _ RA) Journal of Photovoltaics.
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Potential improvements in the material intensity for each element
leads to an ability to absorb potential price increases

AND COST CALCULATIONS WITH 2012 METAL PRICES

BEST-CASE MATERIAL INTENSITIES FOR THESE ENERGY CRITICAL ELEMENTS,

Byproduct
Material
CA+T
p n Ua I, with 2012 | Constraint
Element A of d (gem™) (Wm?) [ (R,=0) (MT/ GW) ( Pl &T) (At2011
interest Xa Primary
Production)
Te in CdTe 1.0 um 5.85 0.53 180 1.0 17 $0.0083/ W | 35 GW
In in CIGS 1.0 pm 575 ~0.22 200 1.0 6.3 $0.0049/W | 103 GW
Ga in CIGS 1.0 um 575 ~0.07 200 1.0 2.0 $0.0013/ W | 150 GW
Ga in Single-
Jlgizcsm 10 um 532 0.48 250 1.0 10. s0.04/W | 30 GW
(MOCVD)
Ga in Single-
Junction 1.0 pm 5.32 0.48 250 1.0 10. $0.00s/wW [ 30 GW
GaAs (HVPE)

Notes:

commercial production.

Estimated 2011 Material Supply Base

(Primary annual production levels from byproduct recovery, predominantly Cu (Te), Zn (In), and Bauxite (Ga) mining)

Tellurium: 500 - 600 MT [8], Indium: 550 — 650 MT [20, 21], Gallium: 250 - 300 MT [22, 23]

CdTe and CIGS assumptions are based upon predicted full-potential module efficiencies and
active layer thicknesses, for the case of single-junction polycrystalline modules in average
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The fundamental supply question for these energy-critical elements

- By-product recovery at
current efficiencies

so0 — lllustration of a Critical Element Supply Curve
(e.g. 55% for Te)

By-product recovery at
2,500 - enhanced recovery efficiency
(e.g. 80% for Te)
Increased recycling in
2,000
- manufacturing and recovery from

expired modules, displays, etc.

1,500
Recover comingled precious

or other commodity metals.

1000 o e e e e e e e e e e e e e e e e e e

Main-product supply of
element of interest
500

Augmented supply base
with higher element price

Cost ($/ kg) of element recovery

0
Deposit1 € > Deposit 100+

Annual Output (MT)

:dxpxXA[l_RA]

I
107 xx U,

From Woodhouse, M.; Goodrich, A.; Margolis, R.
James, T.; Lokanc, M.; Eggert, R. “Supply-Chain
Dynamics of Te, In, and Ga Within the Context of
I, | P,+Tx (RA X RVA) PV Module Manufacturing Costs,” accepted by The

1 06 XY (1 _ RA) Journal of Photovoltaics.

Car ($/Wp) -
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Concluding Thoughts

[1] At present recovery efficiencies, the primary production of Tellurium from Copper,
Indium from Zinc, and Gallium from bauxite is not enough to support energy-
significant levels of PV.

[2] At metal prices typical for 2011, the contribution of each critical element to total
module manufacturing costs would have been tractable.

[3] With improvements in the net material intensity, there is also the potential for these
PV technologies to absorb even higher element prices—perhaps even up to an order
of magnitude for each.

[4] The ability to absorb such potential price increases leads to the possibility of an
augmented supply base for each element.

[5] To avert potentially debilitating increases in the price for any mineral resource,

TIMING IS OF THE ESSENCE, and so it will be advantageous to
GET ENGAGED EARLY.

Corresponding Authors: michael.woodhouse@nrel.gov, alan.goodrich@nrel.gov
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