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MATERIAL CONSTRAINTS FOR OUR
FUTURE ENERGY SUPPLY

) Material needs for future (energy) technologies
) Material-energy nexus
) Impact of renewable energy technologies

) Worry about supply of Critical Raw Materials
» Background of limited growth capacity
> Supply chain issues
) Criticality assessments
) In Europe, US
) In The Netherlands

) Mitigation?
) Circular Economy?
) Substitution?

) Conclusions and next steps
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Linkages of Sustainability

» Intense linkages:

» in 2050 up to 40% energy required for metals
extraction

) Metals required for energy transition i

» Material production leads to CO2 emissions o

> Renewable energy leads to less CO2 emission
for material production

» Focus of this session: Wineral Scarcity
» Energy Materials Nexus / \ —

/

\_' Food Scarcity
—

nstraints for Future Energy Supply May 30th, 2018

Fundamental For Our Future

Vision paper 2025, ed Robbert Dijkgraaf and many others

In 2025 T want 10% of the world's energy to
be supplied by solar, which requires a 100-fold
increase over today’s capacity. We can achieve
this by understanding solar conversion at the

nanoscale and applying this knowledge to new
technologies. It's time to start the next industrial
revolution.

Erik Garnett, FOM Institute AMOLE,

Nanoscale Solar Cells

In the future, scalability of energy solutions and the use of abundant elements in
designing high performance materials will be key (p.18)

Examples are new steels operating at extreme conditions that increase conversion
efficiency, alternatives for lithium, alternatives for the magnetic materials with critical
rare earth elements currently used in engines and turbines.

Regarding resources, techniques will be developed for recovery/recycling of critical
raw materials (p.21)
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DE SITUATIE IN 2010 ....

‘Recyclen moet tweede natuur worden

Bnchovens Gagbied, 22 jsnuar 2010

Olieen gasworden schaars, maar veel zeldzame iiz fioe or nRe
metalen ook. Geen neodymium, geen smartphone. Frijzenstijggiidoos gebt, /e 10

L] 24
Grondstoffen Dreigende schaarste ‘ hlna houd&
{

Tekort aan exoten

doet\Westentrillen Z€ldZame
- metalen zelf

SCENARIOS FOR FUTURE ENERGY
TECHNOLOGIES AND MATERIAL CONSEQUENCES

Bron: Scientific American,
November 2009

replace ALL fossil fuels by 2030 using:
* 490,000 1MW tidal turbines
» 5,350 100MW geothermal plants
) 3 Mton Nd required + 900 1,300MW hydroelectric plants

) If wind turbine with

permanent magnets ~ * 720,000 0.75MW wave converters
) Current production 20 kton Nd+ 1,700,000,000 0.003MW rooftop photovoltaic systems
» 150 years ! » 49,000 300MW concentrated solar power plants
» 40,000 300MW photovoltaic power plants

) ‘scenario”:

6 May 30th,2018
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SCENARIOS FOR FUTURE ENERGY
TECHNOLOGIES AND MATERIAL CONSEQUENCES

) ‘scenario’:
) 65% primary energy from solar

in Sahara e

» Transport through HVDC X . DESERTEC-EUMENA

) 1500 km "

» Copper demand: 60 x current
mine production

(Rene Kleijn et al, Renewable
and sustainable energy reviews, 2010)

CS# collector areas
for electricity

[

W oo
- o
[ ——

Source: Destertec foundation
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SCENARIOS FOR FUTURE ENERGY TECHNOLOGIES
AND MATERIAL CONSEQUENCES

I Change in primary energy demand, 2016-40 (Mtoe)

Eurasia
@ China

30 i Middle East 50

® : &
United T
States P

Southeast
Africa . Asia
India
Central &

South America
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SCENARIOS FOR FUTURE ENERGY TECHNOLOGIES
AND MATERIAL CONSEQUENCES

Global average annual net capacity additions by type

o
Nuclear I 2010-2016
oo I
MNuclear .
0 20 40 60 80 100 120 140 160
aw
® Coal @ Gas @ Nuclear SolarPV @ Wind @ Other renewables
‘World Energy Outlook 2017, IEA
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SCENARIOS FOR FUTURE ENERGY TECHNOLOGIES
AND MATERIAL CONSEQUENCES

Installed capacity by technology in China in the NPS

4000
Historical Projections
3000
=
o 2000 .
- . l l
, . .

2000 2010 2016 2020 2025 2030 2035 2040

Other renewables @ Solar PV @ Wind @ Bioenergy @ Hydro @ Nuclear @ 0il
Gas @ Coal

‘World Energy Outlook 2017, IEA
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SCENARIOS FOR FUTURE ENERGY TECHNOLOGIES
AND MATERIAL CONSEQUENCES

Metal mining
constraints

on the electric
mobility
horizon

Developed in collaboration with

{ MineSpans  McKinsey Basic
\\\\\\\\\\ it il Materials Institute
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EV adoption likely to be
challenged by cobalt and
class 1 nickel availability

Our analysis shows that the market for cobalt

will remain tight. The question to be answered

is whether a radical shift toward less cobalt-
intensive batteries is sufficient to avoid a shortage
constraining EV adoption.

MMMMMMMMMMM
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SCENARIOS FOR FUTURE ENERGY TECHNOLOGIES
AND MATERIAL CONSEQUENCES

Exhibit 3

Cobalt supply-demand
balance

Kt refined metal

M Battery demand

W Superalloys

M Cermet tools and hard materials
M Other

Source: McKinsey Basic Material Institute
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STRONG DEMAND GROWTH FOR HIGH-TECH-

MATERIALS

(SOURCE: FRAUNHOFER ISl - DERA, 2016)
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STRONG DEMAND GROWTH FOR HIGH-TECH-
MATERIALS

(SOURCE: FRAUNHOFER ISI - DERA, 2016)

metaal

Lithium

Rare earths
Rhenium
Tantalum
Scandium
Cobalt
Germanium
Silver, copper

applicatie vraag 2035 voor
applicatie t.o.v.

TOTALE supply 2013

batteries
Magnets, e-cars, energy 1.7 -3.1

Super alloys 25
Micro-capacitor 1.6
Fuel cells 1.4
batteries 0.9
Fibre optics 0.8
RFID 0.3
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METAL SUPPLY CONSTRAINTS FOR A LOW-
CARBON ECONOMY?

) Arjan de Koning et al. (Leiden, 2018)

8.0
Demand in 2050 versus production in 2000 2000
7.0 BAU 2050
® Techno 2050
6.04 = BMES 2050
m REM 2050
5.0
4.0

3.0

Fe Al Cu Ni Cr In Nd Dy Li Pb Zn
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B JRC The importance of some rare metals‘~,~g~--

EUROPEAN COMMISSION

+ Rare metals are essential parts of energy technologies
> 3 MW wind turbine - 2 t magnet - 600 kg Nd
> 350 GW of additional wind power in EU = 210 kt Nd = 10 kt/y Nd
¢ ... as well as in other important applications (incl. consumer and
defence electronics)
> 1 hybrid motor — 1 kg Nd
> 100 million vehicles by 2030 in EU = 100 kt Nd = 5 kt/y Nd
+ Resources of some rare and noble metals are limited and often
concentrated in a small number of countries
» Nd annual production: 20 kt

fta May 30th, 2018
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RISK ANALYSIS ON ENERGY TECHNOLOGIES -

JRC-2011
Table 25: Summary of Bottieneck Analyss
Market Factors Poiiical Factors
Theihood of | Umitations to | Concentration | _ Polfical ik
. . Metal rapid demand ‘expanding of supply Overall risk
» High risk: Dy — Nd —Te—Ga—In srowth producion
) Medium risk: Nb =V — Sn — Se Dysprosiom e g [ gh
Necdymium High Medium High Vigh
Teriam egh Wah tow wediam
atam igh i Medum ediom
Indiurm Medium High Medium Medium
Niobium vigh 1w gh wediam
Vs igh 1ow Madum viah I
Figure 2: Metals Demand of SET-Plan in 2030 as % of 2010 Worid Supply ! o e Mo AN 1
iersura Wediara Madim Wadum Low
r ow i wow viah
Shdenom | Medum Tow Wedum Medium
fnium Low Medium Medium Low.
chel Medium Low Low Medium
i Tow Tow Tow Medium

Combined EU/US risk list for renewable energy:
High risk: Dy — Nd

High/medium: Te—Ga—-In—-Y —Eu-Th
Medium risk: Nb —V — Sn—Se - Li

Te ' Sn Hf Ag Dy Ga Md ©d MiMa V NB Cu Se FoMnCo ©r W ¥ 2r T
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RISK ANALYSIS DEPARTMENT OF ENERGY US

» Highrisk: Dy—Nd-Th-Y - Eu

Criticality Movement: Short to Medium Term

) Medium risk: Te — In — Li A i Dy-ncusiiee
(high) [ J ®
Neodymium
Galliom Tellurium Vetrium o
< I i) 4 @
] Indium  Europium
W
H o
e &~
; Praseodymium
ﬁ 1 ‘samarium
) Combined EU/US risk list for renewable 5 | (%
energy: E
) High risk: Dy — Nd 1(low) 2 3 4 (high)
) High/medium: Te—Ga-In-Y—-Eu-Th -
) Supply risk

Medium risk: Nb -V — Sn—Se - Li

Figure 8-3. Comparison of short- and medium-term criticality
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CAUSES FOR REDUCING SECURITY OF SUPPLY

) Increasing demand
» Especially for hi-tech materials

) Geology
» Reserves harder to find
» Reducing quality of reserves
» That require more water and energy

» Many critical materials are by-products

) Geopolitical monopolies

IDENTIFIED

UNDISCOVERED

= INCREASING ECONOMIC FEASIBILITY —>

© Fluorspar

e

Brazil
-+ Miobium
© Tantalum

[ # Democratic Republic of Congo
SouthAfics - Cobalt

© Platinum Group Metals + Tontalum

\

Rwanda

Tantatum
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DISCOVERY RATE OF MAJOR MINERAL DEPOSITS

Figure 1. Until recently, discovery rates moved in line with exploration expenditures.

WORLD NON-BULK EXPLORATION SPENDING AND DISCOVERIES, 1975-2013.

Number of Spending
discoveries ($billions)
il Huge increase in spending with &
no corresponding increase in - +——— 20

150 the number of discoveries
15

100

10
50 | I .
1975 1980 1985 1990 1995 2000 2005 2010

M Discoveries Estimated unreported discoveries -= Exploration spending

Source: MinEx Consulting.
Note: In constant 2013 dollars. Based on moderate, major and giant discoveries. Excludes satellite deposits in existing camps.
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DECREASING QUALITY OF RESERVES:
LOWER ORE GRADES AND LESS FAVOURABLE
LOCATIONS

The production of 1 ton of

copper is associated with
250 tonnes of solid waste

(Monash University, 2007)

£
o

copper ore grade
-
=
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TNO i e
MANY CRITICAL MATERIALS ARE BY-PRODUCTS

Co-elements that have no, or limited own
Carrier metals. Bulk metals, genecally of production infrastructure. Mostly highy
lower value vahsable, high-lech metals  g. essential in
slectronics.

Co-ciamants that.alac /1ays. consdarmble Co-elements that end up in residues, or

s emissions. Costly because of waste
management or end-ol-pipe measures.

own production infrastructure. Valuabie to
high economic vaks; some used in high tech
‘applications
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MANY CRITICAL MATERIALS ARE BY-PRODUCTS
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COUNTRY CONCENTRATION
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= China = Chili = Peru = Bolivia = South-Africa ® Russia = USA = Kazakhstan = India
= Brazil = Congo = Mocambique = Zambia = Canada = Australia = Morocco = Indonesia = Filipijnen
= Mexico = Mongolia Korea = Argentine = Turkey EU Japan Rwanda Uzbekistan
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CHINA’S DOMINANT ROLE

share global production of China (%)

May 30th,2018
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EC MATERIAL CRITICALITY ASSESSMENTS
e 1st assessment 2010
* 22 revision 2017 by Deloitte — BGS — BRGM - TNO

Supply Risk
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short term criticality

innovation
for life ms m—

CRITICAL MATERIALS FOR THE DUTCH ECONOMY

64 materials studied by TNO (tasked by Ministry Economic Affairs)— report published december 2015
Based on link between raw materials/intermediates/final products — industrial sector

) Criticality = f (country concentration, quality of governance-index, export restrictions, recycling)
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NOT JUST ABOUT RAW MATERIALS, BUT ABOUT

THE WHOLE VALUE CHAIN

mDuitsland
mBelgié
= China (Volksrepubliek)
mitalié
 Frankrijk
= Verenigd Koninkrijk
mPolen
m Verenigde Staten van Amerika
= Oostenrijk
= Taiwan
= Spanje
= Turkije
= Denemarken
mJapan
= Luxemburg
= Korea (Republiek)
= Mexico
= Thailand
Hongkong
Vietnam

overige

May 30th,2018
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FME-INTERVIEWS 2012: DID YOU
EXPERIENCE SUPPLY IDSRUPTIONS?

30

25

@ problemen met EU kritische

2 materialen

B problemen met andere kritische
15 materialen

@ geen problemen
10

.
geen problemen wel problemen

nnnnnnnnnnn

Wat zeggen de ondernemers?

*“China heeft de markt opgekocht, waardoor het
materiaal niet meer leverbaar was. Dat is wat de
toeleverancier heeft verteld”

*“Single source was de oorzaak van het probleem en
het feit dat die ene fabriek beperkte capaciteit had,
die de voorraad aan andere sector had verkocht”

*“Met diverse kritische elementen heeft ons bedrijf in

het verleden leveringsproblemen (erg lange
levertijden) of kostprijsproblemen gehad”

Materials

- . 5
D) 2 [ TNO [t TUDelft
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Wat zeggen de ondernemers?

*“We hebben een leverancier gehad die vlak bij
Fukushima zat. Door de lek in de reactoren van de
kerncentrale gingen de bedrijven dicht na de
aardbeving.”

*“China heeft de RVS markt opgekocht, met als
resultaat dat de levertijden langer werden en dat de
prijzen stuk hoger werden”

*“Er was tekort aan staal op de markt, en ons bedrijf
is een relatief kleine speler”

*“Het heeft te maken met pre-scribed leveranciers,
waar jij een klein spelertje bent.”

)2i [ TNO it TUDelft
Molycorp Trading One Dependence
THE RARE EARTHS COMPANY For Another?

Petroleum Supply Chain

Crude Oil Petroleurn AT Gasoll Distril Consu
R Refinin Sataltic Produ to Fill Acce
SEev ey 9 Cracking 48 Statio 2 __‘

Hybrid Vehicle Supply Chain

\REE Refinement REE Metal:
N of Ultra- letals REE Alloys
ining/Milling/ oiire| Chdldas Production Production

)/ Concentrates

aaaaaaaaaaaa
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THE CIRCULAR ECONOMY MAY CONTRIBUTE TO
SOLVING SUPPLY ISSUES

i X

il May 30th, 2018

112|113 | 114

>

B >50% [ »2550% [ =>1025% [ 1-10% W <1% [ 222
(Source: UNEP)

May 30th, 2038
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Global sales, 2009
a) Mobile phones b) PCs & laptops a+b) Urban mine
units/ year ine production / share
~ 325t Ag ‘21000 ta » 3%
31t Au Au: |2400 ta » 4%
12t Pd 220 ta » 16%
= 12,000t Cu 16 Mta » <1%
1300 milliol Li-lon batteries | | ~140 millior Li-ion batteries
X 38 g Co= 4900t Co X 65 g Co= 9100t Co Co:75000 ta » 19%
iny metal content per piece >+ Significant total demand
Other electronic devices add even more to these figures
40
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4 Negative value recycling

Value

¢ Rechargeable batteries

« LCD displays
¢ PhotoVoltaic (end-of-life)
Recovered modules
- » Dispersed Silver in Textiles
' : or RFID’s

Supplier’s recycling fee

The value of the material is not sufficient to cover suppliers return +
recyclers return + recycling cost

< financing models, government incentives or legislation is needed

May 30th,2018
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SUBSTITUTION AS A STRATEGY

HCNOPSC non-metal elements

Na Mg Al Si —}— elements of hope
K Ca Fe

Ti Cr Mn Cu
B __F JAr Br |\-—critical elements

frugal elements Li Be Sc V Co Ni zn Ga
Ge As Sr Y Zr Nb Mo PGM
Ag Cd In Sn Sb Te Ba REM|

Ta_ W _Re Au_H TI_Pb_Bi

» A fantastic challenge for energy technologies research !!

a May 30th, 2018

CONCLUSIONS AND NEXT STEPS

)
)
)

~

~

~

~

Energy transition is strongly depending on secure supply of raw materials
Raw material supply faces challenges in decades to come

Raw materials implications of large scale implementation of (new) renewable energy
technologies should be assessed in early stages

More attention for the complete supply chain for energy technologies

Search for robust, alternative strategies desirable
) The Circular Economy
) Ensure lifetime extension
» Design for maintenance, repairability
» Enhanced recycling
) Substitution strategies

What are the implications for Dutch policy and Dutch companies?

CALL FOR A PROGRAM:

> ENERGY TRANSITION AND MATERIAL REQUIREMENTS IN CIRCULAR
PERSPECTIVE

a2 May 30th,2018
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