PLUG-IN
2 00 9 @

Assessment of Future Li-lon
Battery Production Costs

Peter Mock

German Aerospace Center (DLR)
Institute of Vehicle Concepts

Stuttgart, Germany




PLUG-IN
e S

Introduction
German Aerospace Center (DLR)

« 5.700 employees at 29 research

institutes and facilities in 13 locations =
Hamburg

» Offices in Brussels, Paris and B Neustre

Washington D.C.

e 4 main research fields:

g Berlin B
Braunschweig

_ A
— Aeronautics oagen

— Space

— Transport
B Lampoldshause

B Stuttgart

Peter Mock — German Aerospace Center (DLR) — Institute of Vehicle Concepts




PLUG-IN
2009 "@ﬁ —_—

Introduction
Institute of Vehicle Concepts

Alternative Power

Trains & Energy _

Conversion Innovative
Technological Systems

Fuel & Energy & Technology

Lightweight & Evaluation
Storages Hybrid Design valuati

Methods

Peter Mock — German Aerospace Center (DLR) — Institute of Vehicle Concepts




PLUG-IN
2009 @

Technology Assessment
General Scheme
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Technology Assessment
Patent & Technological Analysis

Example: Worldwide battery related Example: Historical development of
patent applications by chemistry type energy density of Lithium-lon single cells

I I I I
0 Specific volumetric energy density

¢ Specific gravimetric energy density

—<Lead acid based batteries
—+—High temperature batteries
=% Lithium-ion based batteries
— Nickel-metal based batteries
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Energy density of single cell whL"' Ithg'1

Proportion of total battery patent applications

Data source: ISI Web of Knowledge Data source: manufacturer data, scientific publications
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Cost Assessment
General Scheme
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Cost Assessment
Raw Materials - Lithium

Market price & world production Reserves & consumption

=< Price Lithium Carbonate [$/t]
— Price Lithium Carbonate [$1998/t]
\ ~ World production [gross t]

| |
brine (Chile)

\

[million tons]

o
[\
World Production [gross t]

27,400

°
-

Price Lithium Carbonate [$/t]

Identified Reserve base Reserves Production

1960 1970 1980 1990 2000 2010 pharmaceuticals (7 %)
lubricating greases (12 %)
Data source: U.S. Geological Survey (USGS), Data Series 140 ceramics and glass (18 %)

Price is for Lithium Carbonate, world production is for lithium minerals and brine batteries (25 %)

USGS Mineral Commodity Summaries, USGS Minerals Yearbook

Reserves & consumption is for lithium contained in minerals and compounds
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Cost Assessment
Raw Materials - Cobalt

Market price & world production Reserves & consumption

150,000 :
=< Price Cobalt [$/t]

——Price Cobalt [$1998/t]
125,000 + < World production [gross t]
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Identified Reserve base Reserves Production

25,000* W

1960 1970 1980 1990 2000 2010 metals (11 %)
catalysts (11 %)
Data source: U.S. Geological Survey (USGS), Data Series 140 alloys (22 %)

USGS Mineral Commodity Summaries, USGS Minerals Yearbook batteries (22 %)
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Cost Assessment
Overview Cost Model

Materials Components

High-Energy
Amount Technology Costicell s
| Component T Weight (kg) [ Volume () Area(dm*2) | Potential (V) | Mass T Niche |
265

[Polyvinyliden-Fluorid

IN-Methyl-Pyrrolidon ) er ! ! X
! o2 cell leve

|Acetyiene black

X 0,026
LiNio,33C0p,35MNg 3302
see module cost

N-Methyi-Pyrrolidon

Acetylene black High-Energy 2

puminim ! A [ ecmolow | Gostears |
oo Vot | Voome 1| e G | ointr | s [ e |

Separator 27,157
27,157

Polypropylene 40) 0,907 X 59,745
Polyet 40) 94| X X
PP/PE/PP. 40 X X

Eioktrolyte

Propylencarbonate

N(SO2CF3)2 I [Atuminium
0,022

see module cost

High-Power 1
Costicell §
oo Worght ) [ Voloe ] Aves @) | potanal () [ s [N |

Module

354
HighEnergy2
9,00

114,00

0,068

see module cost

erstmal alles kombiniert

High-Power 2

[ Amomt T Tochnology [ Costicals
- oompoen [ Weightkg) | Volume (]| v o) mm.a-(v; [Wass | Niche |
2,65

zss‘ BOA
630,969

PVdF (Kathode)

PVdF (Anode)

[Acetytene black

LiPF6

Propylencarbonate

[Aluminum

Hiille 0,140 Cath. Thickn
Sicherheit see module cost 30 ym
1866,143813 1 4 Gemeinkosten

[T —[3saie | T 2307 € 227a7€ ST eI ) B, B N T

1852,90875
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Cost Assessment
Cell Materials & Components

Price today Price future Atomic mass
Lithium o 5,5 $/kg 6,0 $/kg 6,9
Cobalt 35,1 $/kg 40,0 $/kg 58,9
Manganese 1,0 $/kg 1,5 $/kg 58,7
Nickel 24,0 $/kg 30,0 $/kg 54,9
Oxygen 16,0

Lithium 7% 4% 7%
Cobalt 9 60% 0% 0%

Manganese 0% 62% 0%
Nickel 0% 0% 59%
Today (ca. 2006)
Price today 30,0 $/kg 17,0 $/kg 27,5 $/kg
Raw material cost 21,5 $/kg 0,8 $/kg 14,5 $/kg
Raw material cost 9 72% 5% 53%
Manufacturing & overhead 8,5 $/kg 16,2 $/kg 13,0 $/kg
Future (ca. 2015)
Raw material cost 24,5 $/kg 1,2 $/kg 18,0 $/kg
Raw material cost 81% 10% 67%
Manufacturing & overhead 5,8 $/kg 10,9 $/kg 8,8 $/kg
|Price future 30,3 $/kg 12,1 $/kg 26,8 $/kg 27,2 $/kg 27,9 $/kg 22,8 $/kg|

@ determine raw material prices today and in future

@ calculate material composition

@ break down today’s material price

@ account for material price developments and learning effects
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Cost Assessment
Cell Level

potential cathode material [V] energy content cell [Wh]
; ; average cell voltage [V] ;
potential anode material [V] capacity cathode mat. [Ah/g]

mass cathode material [g]

density cathode mat. [g/cm?] ' density anode material [g/cm?]

mass anode material [g]

volume cathode material [cm?]
thickness separator [um]

active area cathode [cm?] volume separator [cm?] volume cell [cm?]

: [...]
thickness cath. (HE/HP) [pm] area separator [cm?]
volume / mass electrolyte

mass mantle [g]

volume anode material [cm?]

[l input factor
[ calculated value
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0 A a
High-Energy 1
Amount Technology Cost/cell $
Component Weig_;ht (kg) Volume () Area (dm*2) Potential (V) | Mass Niche
LiNi0,33C00,33Mn0,3302 0,143 0,062 45,071 3,9 2,46 3,29
Graphit 0,063 0,042 45,071 -0,22 1,26 1,88
Separator 0,005 0,015 99,156 0,32 0,43
PVdF (Kathode) 0,007 0,003 0,18 0,26
PVdF (Anode) 0,003 0,002 0,08 0,11
Acetylene black 0,007 0,003 0,13 0,18
LiBF4 0,005 - 1,53 1,91
Propylencarbonate 0,061 0,050 0,07 0,08
Aluminium 0,009 0,003 0,16 0,18
Copper 0,020 0,002 0,40 0,44
Hulle 0,032 Cath. Thickn. 1,32 1,55
Sicherheit: 150 um 0,00 0,00
_ see module cost

Gemeinkosten 0,00 0,00
Total 0,356 kg 0,132 | 0,07 kWh 3,68 V 7,92 10,32

i DLR
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Cost Assessment
Cell Level — Monte-Carlo-Analysis

M regressionsempfindlichkeits-Diagramm - Zelle T19

Yerteilung  Tormado EIEn=_=i-::h;a;u_ltue.r:z:u::}'utI

use of Monte-Carlo analysis for

evaluating uncertainties mRHDL It P

distributive functions instead of LINIOZ ¢ $fkeiB1 4
fixed values for input parameters

,Tornado di agram “ -198 KathodendickerR1 8

Gemeinkosten fYolumen/t18

identification of influencing factors -
on battery cell costs |: F Sk 2

Separator F $ikg/B30
Acetvlenschwarz/ $koiB11

Standard-Koeffizienten
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Cost Assessment
Results Pack Level

* resulting production costs at pack level:
210 - 375 $/kWh (High-Energy)
400 - 625 $/kWh (High-Power)
depending on materials and volume
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Cost Assessment
Results — Previous studies

1,500 . . .
Bosch, 2008 — Average 90 % learning curve

1,250

1,000

T Roland Berger,200

750 4 Argonne, 2000

500 |\& Roland Berger,2
& CARB, 2007 DLR, 2007

CARB, 2007 =

S
4
&+
~—
R4
(S
©
o
Q
=
(1)
20
(T
o
(2]
i)
2]
o
&

Argonne, 2000

250

DLR, 2007 |

250,000 500,000 750,000 1,000,000
Produced number of small BEV (cumulative)

Peter Mock — German Aerospace Center (DLR) — Institute of Vehicle Concepts



PLUG-IN
2009 @

Technology Assessment
General Scheme

Patent Publication | R&D activity
analysis analysis analysis

Analysis of technological parameters

Cost assessment

external influences ; . competitiveness
competing technologies Integrated modellng future market scenarios
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Integrated Modeling
VECTOR21

: : fuel prices  {axes
vehicle energy consumption \ v / raw material prices

vehicle costs —__ VECTORZ?21 <+«—— customer types

: vehicles €«=p customers :
technical measurements < annual mileages

Total Cost of Ownership

costs (customer,
manufacturer, society)

well-to-tank 1 Fixed Costs
M tank-to-wheel B Variable Costs

2010 2015 2025 2030 2010 2015 2020 2025 2030
O Gasoline (G) O G-HEV M Diesel (D) DD-HEV MCNG ECNG-HEV O G-EREV EBEV OFCHEV
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Conclusion
Contact / Further Information
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