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Agenda

Introduction to Robert Bosch

Importance of EV-battery research
Current challenges & exciting milestones
Exciting frontiers over the next 5-10 years
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Summary
« Battery models can help reach cost and performance goals for EVs
« New technology is required to reach the cost target for batteries. There
are several candidates, each relies on a lithium-metal anode.
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EV Battery Challenges
Robert Bosch GmbH - 2013 key figures

Bosch Group

Automotive
Technology

Industrial
Technology

Energy and
Building
Technology

Consumer
Goods

46,4 billion euros in sales (62.5 billion dollars)

281,000 associates

World's largest supplier of cutting-edge
automotive technology

Leadingin drive and control technology,
packaging, and process technology

Leading manufacturer of thermo- and
building security technology
World‘s largest supplier of heat pumps

World's largest power tool manufacturer
Leading the field in household appliances
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Electrification Activities of Robert Bosch GmbH
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EV Battery Challenges Project Overview

Some Bosch Series Projects

BMW Active Hybrid 7er SAIC IP24

BMW Active Hybrid 5er

Porsche Panamera Porsche Cayenne | Volvo V60
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EV Battery Challenges

Lithium-ion Battery Systems - Product Range

> Bosch Battery Systems covers all types of applications including lithium-ion battery
technology for automotive powertrain applications.

Power 9.5* - 12 kW 5-15kW 20 - 60 kW 40 - 80 kW 40 - 150 kW

Energy | 0.06 kWh—0.5 kWh 0.6 kWh —1.8 kWh 5 kWh — 15 kWh >15 kWh

Battery systems for each vehicle segment

> Bosch Battery Systems belongs to the world’s leading automotive supplier and is a
proven specialist in electronics.

> The Bosch Group currently makes an annual investment of 400 million Euros ($537
million dollars) in the field of electric mobility and employs more than 1,100 associates
throughout the world.

* 9.5 kW Peak Power Value
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Why are EV Batteries Important?

> Reduction in greenhouse gases

> Decrease dependence on oil

> Lithium-ion batteries are replacing ICEs

> “If the United States is to compete in the future auto industry, it will need to be a major player in
lithium-ion batteries.”
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* Through June

*Marcy Lowe et al., “Lithium-ion Batteries for Electric Vehicles”
**http://www.transportation.anl.gov/technology_analysis/edrive_vehicle_monthly_sales.html
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XEV Market is Growing Rapidly
PHEV will exceed EV by 2020, HEV with highest volume

Sales PC & LCV<6t V)

total market: 81 mio. 89 mio. 113 mio.
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EV Battery Challenges

Vehicle Weight Reduction
Reduce vehicle weight by nearly 30% 2
(Includes body, chassis, interior, electric drive

components, and compounding weight reductions)

3 numbers:

Vehicle volume =113 mio.
Target cost = $125/kWh
400-mi range = 100-kWh

" Electric Drive System
Reduce cost from $30/kW in 2012 to $8/kW
(1.4 kW/kg, 4 kW/L, 94% efficiency)

' Battery
Reduce cost from $500/kWh in 2012 to}$125/kWh I
(250 Wh/kg, 400 Wh/L, 2 kW/kg)

US DOE 2022 targets for 5-year cost of ownership parlty ICE and EV
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Our work on EV batteries

> Ourteam is working on developing more sophisticated battery models for EVs. We are
improving the understanding of what limits cell performance & partnering with controls
engineers to create optimal battery management systems.

N
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EV Battery Challenges

Why is MODELING of EV Batteries Important?

> Save money on testing Dischane
> Improve battery control

« More efficient utilization
> Optimize design

o Cell & pack
> Improve understanding of limitations &

avoid failure modes :

> Quickly understand the possible impact M

Electrolyte Separator

Of neW ChemiStrieS #Electron and Li-ion move reversely at charging

LixCB

Anode Cathode

Source: (Automotive Energy Supply Corporation, 2007)
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EV Battery Challenges

Models are essential to improving battery performance
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Thermal management strategies
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Advanced Battery Management Software
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Current Challenges in EV batteries

> Where are batteries now? > Models can help!
. Expensive
« Limited range
« Long charge times

ViiITTVRIW

« Utilize more of the battery
« Reduce charge time

ANNUAL FULL
MSRP  RANGE peicocr  MPGe e
Holied @5 $39200  76mi  $600  105mi  4hrs
$69.900 208 mi $650 95 mi with Tesla .
— fo Ford Focus Electric

2013 Tesla Model S (60 kwh) et

$36,625 82mi $500 118 mi 3hrs
@ $41350  80-100 mi Es‘ézom an?;::ﬁled 30 mins. =
BMWi3 Honda Fit EV
- gf
$30.145 338"?"03 950 oemi S @ ) $28800  68mi $600 107 mi 6 hrs
2013 Chevrolet Volt Plug-In Hybrid Smart ForTwo Electric

e —
y 4 g e f 5 Nz
(H $28800  75mi $500  115mi 4hrs @ $27495  82mi $500 19 mi 7 hrs

2013 Nissan Leaf Chevrolet Spark EV
e The Most Impressive Stats
(@) ﬁ i 11 mi EV. .
= H $32,000 547(1)1; OH. $950 95 mi 15 hrs Charge times vary based on state of battery and equipment

2013 Toyota Prius Plug-In Hybrid

* http://www.businessinsider.com/electric-car-comparison-chart-2013-8
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EV Battery Challenges
Current Challenges in EV batteries

> Where are batteries now? > Where do we want to be?
« Cost: $300-500/kWh « Cost: $125-200/kWh (~59% reduction)
« According to recent news, Tesla o USDOE goal is $125/kWh
estimates pack costs of $300/kWh now « “Sanford C. Bernstein, a research firm,
& hopes to reduce below $200/kWh w/ reckons that when costs drop below $200
the gigafactory” a kWh, battery-powered cars start to
o Life: become competitive with conventional
« Nissan:™ ones without subsidies.””
. 8years; 100K miles « Life:
- >9 bars of capacity on the gauge for . USDOE goal is 15 years, 1000 cycles
60mos. ' ' >80% initial capacity
« Tesla (from their website):
. 8years; either 125K or unlimited LrienPéicng and Enargy Danshy, 13912002
miles 225 3.60
« Unclear minimum capacity 200 [ 320
175 + 2.80
150 - + 2.40
2 s F200 @
§ 100 1.60 g = Wh/kg
75 1.20 ~f—USS/Wh
*http://www.businessinsider.com/elon-musks-assault-on- 50 0.80
batteries-2014-6#ixzz35UtwoBNy 25 0.40
**http://www.nissanusa.com/electric-cars/leaf/charging-range/battery/ 0 0.00
***http://money.cnn.com/2013/04/26/autos/tesla-service-gaurantee/ AT N R R O S R R R R S
**EE hitp://www.washingtonpost.com/blogs/wonkblog/files/2013/04/ EORRT W X R R PR R
lithium-ion.jpg
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Mass-Market EVs require cell technology breakthroughs

Energy per mass Cost per energy
(Wh/kg) ($/kWh)
Today’s values: 75 to 130 ~300 to 500
(battery system) (battery system)

Nissan Leaf 24 kWh, 84 mi range $15k pack
(small passenger car)

Tesla Model S 85 kWh, 265 mirange  ~$26k pack
(family sedan)

Research and Technology Center North America
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Automotive energy storage

The Li-ion cost trajectory is not sufficient

Battery A A
system cost m

75 750
($/kwh) U Not reaching

USDOE goal of
$125/kWh*

50 O \ 500
- 200

20 )
Increasing production, increasing energy per mass /

0 “—~roitme 0
2011 2015 2020

Sources: Tiax, Institute of Information Technology, SB Limotive
* http://www.uscar.org/guest/article view.php?articles id=85
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Automotive energy storage

The Li-ion cost trajectory is not sufficient

Battery A A
system cost m
($/kWh) 75 750

\V

. O
A technology
disruption is Q
10 needed to reach 100
; 125 $/kWh ~ 17
2011 2015 2020

Sources: Tiax, Institute of Information Technology, SB Limotive
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Automotive energy storage

Costs can be lowered if the energy rises

1000 E LI IIIIIII LI IIIIIII LI IIIIIII LI L LILAL
D 100 ¢ TODAY :
3 : 1< Li-ion battery: 50 $/kg
% - 500 $/kWh -
8 10F 45 Car: 12 $/kg
5 F 100 $/kWh -
a1 3 3 < Bottled water: 1 $/kg

Ol I L1 IIIIIII L1 IIIIIII L1 IIIIII_
0.1 1 10 100 1000

Energy content (Wh/kg)
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Automotive energy storage

Costs can be lowered if the energy rises

1000 E LI IIIIIII LI IIIIIII LI IIIIIII LI L LILAL
: GOAL
D 100 ¢ TODAY :
3 : 1< Li-ion battery: 50 $/kg
% - 500 $/kWh -
8 10F 45 Car: 12 $/kg
5 F 100 $/kWh -
a1 3 3 < Bottled water: 1 $/kg
Ol I L1 IIIIIII L1 IIIIIII L1 IIIIII_
0.1 1 10 100 1000

Energy content (Wh/kg)

Goal: maintain cost of today’s Li-ion batteries ($/kg)
and increase energy/mass by 5x to reach 100 $/kWh.

Research and Technology Center North America
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EV Battery Challenges

Chemistries exist with much higher energy/mass

Cell energy/mass (Wh/kg) Technology change; need tq B Achieved
800 overcome fundamental barriers —1 800 [ ] El;tl;]etial
700 / 700
600 600
500 | shiftto advanced Li-ion 500
400 anodes and cathodes 400
300 ~ 300
200 200
100 100
0 4-_-

Lead NiMH Li-lon Li/HE Li/Sulfur Li/Air
Acid
*Limited cycle life for lithium
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Frontiers in EV batteries: Future Materials

System Mass for 100 kWh ., (kg)

> Dramatic gains in energy density are

700 1000 500 400 300 200
possible, however significant challenges 7150
remain so- ”““'y N
. Lif0,
> Risk vs. Reward should be considered. 0Fomc /o open 20

| Gr/LMRNMC

Gr,‘NMC&E?

« Example lower risk path:
« Replace graphite anode with silicon

400

Lar
=
=
lume for 100 kWh .

300

Useable Energy Density (Wh /L)

. f-4- ifO,m - £
. Replace cathode with NMC333 ool aedels  Zak e | E
. Replace cathode with advanced /] i [commens | &
. 100 - [ _Nissan Leaf £ 3 1000

metal oxide (LMRNMC) 22kwh,, .

. Disruptive technology capable of % 100 200 300 400 500 600

- Useable Specific Energy (Wh .. /kg)
meeting $125/kWh target probably Comparison of materials-to-systems analysis
. oL (main panel) and “active materials only”
requires lithium anode. analysis (inset) of Li-O, batteries for electric

vehicles

Source: Gallagher et al. “Quantifying the Promise of Lithium—Air
Batteries for Electric Vehicles” Energy & Environmental Science,
2014, DOI:10.1039/C3EE43870H
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Frontiers in EV batteries: Li-Metal

Negative
Electrode

Electrolyte

> Anode: Lithium Metal
« Primary challenges:
« Low potential-> Electrolyte decomposition
« Morphology changes—>unstable passivation, solvent dryout
« Dendrite formation—>electrical shorting risk
« Current strategies to promote stable cycling have challenges
« Polymer or ceramic solid electrolytes
« Room-temperature Li* transport
« Chemical and mechanical stability
« Novel liquid electrolytes (solvents & salts & additives)
« Coulombic efficiency
« Alloying (e.g. Al/Li or Mg/Li)
« Many approaches work well < 1mA/cm?2, but not higher current
densities

*http://www.npc.org/FTF_Topic_papers/17-Advanced_Batteries.pdf
** hitp://www.solarnenergy.com/contents_img/259787.jpg
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