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Batteries enable important things.
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BY SECTOR ,

NEXT NEEDED FROM
BATTERIES e

Wearables, wearables, Higher energy density.
wearables. ngher power den5|ty

@

*  Demonstration projects. Grid + Renewables in LOWER COST. Higher 0
Microgrids. Smartgrids. energy density.
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How they work.
How they’re made.
Where they’re made.
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COMMON CATHODES

electrochemical system Wh/L Wh/Kg mAh/g —

Li,Mn,0, 2060 490 123 0.2<x<1
Li,FePO, 2070 580 170 0sx<1

Li,V,0, 2920 870 357 0<x<2.42

Li,Co0, 3000 600 151 0.45<x<1

Li,(Ni; sMn, ,Co, )0, 3680 770 200 0<x<0.7

Li,(Nig 5C0p 15Al 05) 0, 3780 740 195 0.27sx<1

Sakti3 — Open to Everyone! 7 S_ﬂ k I IB 8

INCUMBENT: LAMINATION

owder mixin coatin, ressin SEEAITEr ackagin,
p 8 4 p 4 winding packaging

18+ steps for porous
laminated electrode battery
60 DAYS in formation and

T sawent
Recovery |Electrode, .
. — .,_i,s.':%: aging (.SSS and WIP, and
—te B Brying errors in formation destroy
oty pook | | Somet R pm— cells)
ahipping | @ Tesung | IS | o .
[ e - Depreciation/KWh:
i Cycling Container welding 598/Kwh/year
e Retention Coil e e rng Battery Cost: $300-800 /kWh
Recyeling Testing ﬁ;eﬂ‘"‘igs P and Cell Closing
— Smser e e
Assembly Route Dry Room Processing equipment
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>$12B BATTERY TAM:
INCUMBENT TECHNOLOGIES ARE ALL
LAMINATION

2012 GLOBAL MARKET SHARE

M industrial

M automotive
20

AAAAA

M consumer

others
29.8%

[y
v

8.0%
ESONY

lithium ion battery market
(billion dollars)

LG Chem
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2012 2016

Limitations: cost and performance.
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Mechanical Failure

compression during
manufacturing

tension/compression/shear
due to intercalation

active material fracture

v
delaminationfrom
the current collector

SEl layer damage

Sakti3 — Open to Everyone! 11
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Chemical Degradation

LiMn,0,

Dissolution of metal
ions in the cathode
material 5 nm

SEl layer becomes
unstable at high
temp.

Deposition of the
dissolved ions into
anode

Swelling due to off-
gassing

dissolved

material loss

. eg
LiCOy  (CH,O00Li,

e oo ol
contact loss ~ ineriser  ourlager iayer growth
egq

cyclable lithium loss
impedance rise
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o Sakti3 Team

o Select Laboratories /
Industrial Partners

o Prof. Wei Lu
o Prof. Wei Shyy

N @ENERGY
o el

COLLABORATORS

A

Bitrode \ X
v s
%
Prof. Christian Lastoskie

Dr. Jonghyun Park
U.S. Department of Energy

General Motors

o UCB/ Lawrence Berkeley
Laboratory

o Oak Ridge National
Laboratory

o Argonne National Laboratory
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LIMITATIONS IN PERFORMANCE: KEY EFFORTS

Dissolution/Deposition
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STATUS / PROJECTIONS
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R.J. Brodd, C. Helou / Journal of Power Sources 231 (2013) 293-300
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COGS: US AND CHINA, 35MM CELLS / y

10 lines 3 shifts per day, 400min per shift
winder speed 30 cells/min 360 production days per year
3 winders per line yield 90%
90
80 W US |
70 —
@ 60 B China
950
40
£30 n
20
10 13 29 02 01 21 13 29 20 6.3 0.7 00 39
0 — . em |
cell labor utilities land and capital financial insurance freight and
components building equipment customs
BOM/COGS
74% in US; 81% in China
——

R.J. Brodd, C. Helou / Journal of Power Sources 231 (2013) 293-300
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COGS: US AND CHINA, 350MM CELLS /y
90
80 L 790 82.2 B
70 |- B uUS N
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R30 |
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cell components labor utilities land and capital financial insurance freight and
building equipment customs
BOM/COGS
79% in US; 82% in China
]
R.J. Brodd, C. Helou / Journal of Power Sources 231 (2013) 293-300
Sakti3 — Open to Everyone! S_F]KTIB 8




TECHNOLOGY / CAPACITY

o SUPPLY SIDE: stimull, anticipated markets
produced overcapacity in lamination technology

o DEMAND SIDE: EV markets unrealized as yet;
smaller CE cells dominate

o LIMITATIONS: safety issues necessitate complex
systems. BOM / COGS is high for lamination

o UPSHOT: New development path needed for
significant improvement in batteries.

Sakti3 — Open to Everyone! Sﬂ KTIB &

The best way to build a battery
(if you could do it at low cost).

Sakti3 — Open to Everyone! S—g KTIB 8
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CHOICES!

nanotubes nanoribons

nanosheet nanodisks nanopillers nanoflowers
——

Jitendra N. Tiwari et al, Progress in Materials Science 57 (2012) 724-803

Sakti3 — Open to Everyone! 21 S_HKTIB &

THOUGHT EXPERIMENT.

Sakti3 — Open to Everyone!
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DIMENSION-DEPENDENT CAPACITY PER CUBE

R=100 nm R=1um R=10 um —_a— 1D
1 ‘ All!w
. B
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Q/ Qmax

DIMENSION-DEPENDENT CAPACITY PER CUBE
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Today’s thin film.

Sakti3 — Open to Everyone! S—F_I KTIB &

STATUS / PROJECTIONS
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Sakti3’s approach: computationally-
driven design.

SAKTIZ 9§

INVESTORS
khosla ventures

ny
BERINGEA

BVENTUILES

7N
ATOGCRN

SAKTIZ 9§
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SAKTI3 BUILT A NEW SUITE OF
COMPUTATIONAL TOOLS

Multiphysics Modeling: Cell Performance

Cell Optimization: Materials Selection
Battery Optimization: S-P Configurations,
Charge Protocols

Battery SOC Estimators: Use of
Multiphysics

Battery Production Modeling: Plant
Optimization

Financial Modeling: Manufacturing Model
Incorporating Plant Design

o9 e oe
9o OO 09
® 0 00

Life Cycle Analysis Modeling for Battery
Products: Solid State

LA

PARTNERED WITH UM

@ available @ partially available @ not generally available

Sakti3 — Open to Everyone! Sﬂ KTIB &

SAKTI DESIGN CODES

cell performance cell optimization SOC estimation | battery optimizationI

Wh/kg - . multiphysics serial-parallel
v i Ty model based i
Wikg Y $
k O _ _
i e oy SHE LS

material selection
Wil

!
!

layer thicknesses charge protocol

B o 5
i
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Gant optimization \
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SAKTI DESIGN CODES

life cycle analysis \

cumulative energy demand index
global warming potential index

8 oos

Sakti3 — Open to Everyone!
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SAKTI CELL-LEVEL PROJECTIONS: SOLID STATE

voltage (V)
w
w o

n
ul

N

=
ul

2210 Whll

1920 Whll

—cathode 1
— cathode 2
—cathode 3

1170 Whll

o

0'?:apacity (Ah) L

15
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SAKTI CELL OPTIMIZATION

energy density (Wh/l)

electrolyte thickness cathode thickness

Sakti3 — Open to Everyone! S'QKTIB &

Capabilities.

Sakti3 — Open to Everyone! S'QKTIB 8
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STATUS / PROJECTIONS
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STATUS / PROJECTIONS
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PERFORMANCE

AUTO GRID KT]B
commercnal commercial commercial CHAMPIONS

energy density

1030
(Wh/L)
specific energy 380 160 130 440
(Wh/Kg)
power density 790%*x 2700* 4600** 1800***
(W/L)
gravimetric capacity @ M 39 180
(mAh/g)
cell capacity (typical) a8 33 20 0.00012
(Ah)

* pulse power at 80% DOD
** unknown test protocol: assumed to be pulse
*** averaged power density of constant current discharge

Sakti3 — Open to Everyone! 37 S—HKTIB &

To have real impact — we need to
make them more cheaply.

Sakti3 — Open to Everyone! S—HKTIB &
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SAKTI PROCESS METHODOLOGY

0 continuous, vacuum process
o cell are stacked to make higher capacity batteries

"

- anode
electrolyte
cifeddigerrent collector
substrate I current collector

cathode
I substrate

interlayer

anode current collector

Sakti3 — Open to Everyone! 39 S—HKTlB &

SAKTI DEVICE METHODOLOGY

o Thin electrodes (micron range) compared to conventional laminated
battery cells (hundreds micron range)

o No additives are required to achieve high energy and high power

anode current collector
anode

electrolyte
cathode

cathode current collector
substrate

Sakti3 — Open to Everyone! S—QKTlB &
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SAKTI3: MANUFACTURING ADVANTAGE

C 9 steps for sakti3 solid-state battery

physical vapor deposition:
SAKTIS 8 el prereseses in o ins manufactured fully charged and ready to
use
Depreciation/KWh: $48/KWh/year [3]
Battery Cost: $ 390/kWh [3]

— 18+ steps for porous

laminated electrode battery

* 60 DAYS.

formation and aging ($$$ and
WIP, and errors in formation
destroy cells)

shipping | ©
e

O O DAYS in formation and aging — cells

17— o | s | Depreciation/KWh:
| cl;f . $98/KWh/year [1]
B R = s Il « Battery Cost: $1080 /kWh[2]

— - i -
Sakti3 — Open to Everyone!
COST REDUCTION ROADMAP:
CONSUMER ELECTRONICS
2,500
2,155
2,000
-é 1,500 s
& 1,000
500 341
89
1 2 3 4
scenario

o CAPEX: capped at S20MM.
o Production volume, scenario 4: 9MM/y.
o Sakti COGS ~$0.90. Present pricing (iSuppli) at $5/per cell.

Sakti3 — Open to Everyone! S—g KTIB 8
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$/KWh

COST REDUCTION ROADMAP:
AUTOMOTIVE

2,000
1,800 |
1,600 |
1,400 |
1,200 |
1,000 }
800 F
600 F
400 |
200 F

1 2

scenario

o CAPEX: capped at S60MM.
o Production volume, scenario 4: 2.8MM/y.
o Sakti COGS ~S8.

Sakti3 — Open to Everyone! 43
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COST REDUCTION ROADMAP:
GRID STORAGE

2,000 ¢
1,800 |
1,600 }
1,400 }
1,200 }
1,000 }
800 |
600 |
400 f
200 |

1 2

scenario

o CAPEX: capped at S60MM.
o Production volume, scenario 4: 2.8MM/y.
o Sakti COGS ~S8.

Sakti3 — Open to Everyone! 44
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How fast can new technology scale
in batteries?

Pretty fast if the manufacturing
platform is similar.

Sakti3 — Open to Everyone! S_H]( I ]3 &

TECHNOLOGY PATH

Sakti3 — Open to Everyone! 46 Sﬂk I ]3 &
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TECHNOLOGY PATH

Sakti3 — Open to Everyone! 47 S_Hk l ]3 &
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W01

TECHNOLOGY PATH

5.
e
(4

W S

\ond h11.7"

12 years: 2001-2(

Sakti3 — Open to Everyone! 49 S_H]( I ]3 &

Integration.
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BATTERY INDUSTRY:
VERTICALS AND HORIZONTALS

Applications|  \yearable
toh lapt
device STETRIeTE -

Pack

Module

Batteries

Packaging Technology
Electronic Technology
Batteries Control

Battery Manufacturing
Materials
Electrochemistry/Technology
Mining

Sakti3 — Open to Everyone! 51
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BYD: VERTICAL

BYD’s Vertical Integration: Best-in-Class Costs

BYD Unique Tooling Division

BYD Chemical Division BYD Wafer Fab
Powders.

| -
LED chip - e ¥

Power
v Mosfet
Sfpa rator
Jolly Rod

Plastics
Metals
Diecasts

- - LED

\ ‘ Driver IC
.‘ - N .. .
V J'GBT
o ‘n e = Components
FE Battery System - Inverter
5°‘°’ Charger BMS LED Condenser
Build Your Dreams Motor Driver Lighting R
]
Sakti3 — Open to Everyone! 52 S—QKTlB &
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manufacturing
equipment

Hitachi Plant
Technologies

Hitachi Setsubi
Engineering

Hitachi
Engineering &
Services

materials

Hitachi Cable

Hitachi Metals

Hitachi
Chemical

Hitachi
Powdered
Metals

adopted from https://www.semiconportal.com/en/archive/news/

Electrodes, etc

HITACHI: VERTICAL AND HORIZONTAL

battery Application

social Innovation

transportation
system division

Hitachi Maxwell gower syt

group

industrial system
group

Hitachi Vehicle Energy Bl plannifEEy

Hitachi Battery Systems Company

Shin-Kobe Electric Machinery

/100618-hitachi-lithi

development
system group
Hitachi
I construction
machinery

Hitachi
appliances

based on Hitachi’s Chart presented at April 2009

ion-battery-business.html

Sakti3 — Open to Everyone!
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CHOICES - if foundries
are available.

Sakti3 — Open to Everyone!
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CHIPS: ARM

* ARM licenses its desighs — $500,000 - $10 million per design.
¢ ARM has 20 to 30 key mobile licencees, and each chip they ship brings in a royalty.

¢ ARM relies on the spontaneous order of global markets rather than speculating on
future demand.

Business Development
ARM licenses
technology to
Partner = Higher license fee
= Fewer use constraints

= Greater commercial and
technical interaction

= Increasing internal
investment by Partner

= Increasing ARM / Partner
business knowledge

licence

‘OEM sells consumer products

23 yrs to design new processor 4 34 yrs from license to royalty J Processor can shipfor +20yrs.

ARM business model ARM'’s license option

P anandtech /7112/th, diaries-part-1-h b del-work:

Sakti3 — Open to Everyone! S'QKTIB &

MODELS

4 . Y
design manufacture
AMD TSMC AMD
Nvidia Global Foundries NVIDIA
TSMC Qualcomm
Global Foundries MediaTek
S

http://www.anandtech.com/show/7112/the-arm-diaries-part-1-how-arms-business-model-works

Sakti3 — Open to Everyone! S'QKTIB &
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MARKETS

Qualcomm, Samsung, MediaTek, and Nvidia dominate — their CPU
hardware is based on ARM'’s Cortex-A series of processors.

TABLET REVENUE SHARE SMARTPHONE REVENUE
2013 SHARE 2012

Intel, 8% Intel, 6%

comparison of the share of revenue generated by Intel and ARM based manufacturers

http://

Sakti3 — Open to Everyone! S_ﬂ I< I IB &

SOLID STATE BATTERY PRODUCTION

o Fast scaling is possible: thin film manufacturing
base established across several industries.

FOR THE FIRST TIME — FOUNDRIES EXIST.

o Mass customization is possible: use of low cost
substrates enables multiple SKUs on each line.

o Optimization of manufacturing will yield
improvements for years to come: low BOM / COGS
and improved simulation tools in manufacturing.

Sakti3 — Open to Everyone! 58 S,ﬂl(TIB &
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Challenges

e 90 TWh/year in energy use

Today: consumer electronics (primarily)

¢ 6800 million mobile cellular subscriptions + 460 million laptop computers

U.S. Vehicle Fleet

e 254 million vehicles
e 7600 TWh/year in energy use

World Vehicle Fleet

¢ 800 million vehicles
e 29300 TWh/year in energy use

Sakti3 — Open to Everyone!

s SAKTIS 2§

SAKTI3 Tenets

Continuously develop new technologies that will become
products that improve people’s lives.

Select worthy technology problems that
merit the efforts of outstanding workers.

Create profitable products that offer world-leading capabilities.

Respect and value our team and our investors,
using transparent, logical rules and processes.

Exhibit interpersonal excellence in interactions
within and outside the Company.

Sakti3 — Open to Everyone!

2 SAKTIZ 2§
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THANKS!

Sakti3 — Open to Everyone!
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DIFFUSION EQUATIONS AND BOUNDARY CONDITIONS

3D @:%i(ﬁ@j x -0, ol __ i
ot roor\ or or|,_, or|,_q FD
| 2R
ot ror\ or orl,— orl,., FD
| 2R
1D >z oc o°c x =0, ac Z_L
PPy 02|, oz|,.,  FD
|<T>| ot oz
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VOLUMETRIC CAPACITY

Particle Size (R) 0.1, 1, 10 (um)

see below

Crate 0.1,1,10 based on maximum concentration
b * Baseline value, Dyy,o: 7.08x101> (m?/s)
Diffusivity 16’:"(% » Diffusivity varies depending on SOC
LMO . DNMC: 1014~ 1016 (mZ/S)
Crrax 22,900 mol/m3 e« LMO material (density: 4,140 m3/kg)

A
cylinder -I cube
R E 7/ 2R
2R
Sakti3 — Open to Everyone! 63
DIFFUSION-LIMITED CAPACITY
R=100 nm R=1 um R=10 um

1o—e—a= —e— 1D

0.8; 1 0.8
——— 2D
_0.6; 1 0.6 .
£
g
S 0.4; 1 0.4

0.2} 1 0.2 8— 3

0 : 0 : 0 ‘

10"10° 10° 10%10° 10" 10™"10° 10"

Cpro: 22,900 mol/m?
C RATE C RATE C RATE Diffusivity: Dy= 7.08 x 101> m?/

Sakti3 — Open to Everyone! 64 SﬂKT]B 8
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DIFFUSION-LIMITED CAPACITY

R=100 nm R=1 um R=10 um
lo—s—a Ilo—s—9 —e— 1
R
0.8} 1 0.8 1 0.8}
—o— 0
. 0.6 1 0.6 | 0.6 '
g
0.4} 104 | 0.4
—8— 3
0.2} 1 0.2 1 0.2¢ ‘
0 : 0 : 0
10710° 10" 10710°10" 10710° 10" ¢ ., 000 moym
C RATE C RATE C RATE Diffusivity: D=10D,
Sakti3 — Open to Everyone! 65 SﬂKTIB &
PACKING FRACTIONS

- Y A—
sphere ’.’ cylinder |!JL cube _’
z ¥ 2R 2R ” E/VZR
2R “orR 2R
4 7[R3 3 3
A - -%10523 Zﬂr‘; -"10.785 8_R3=
8R 6 8R 4 8R
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STATUS
I

e R
ORNL electrochemistries: Cym bet electrochemistries:
e anode: Li ¢ anode: Li
* electrolyte: LIiPON « electrolyte: LiPON
* cathodes: V,0;, LIMNnO,, _,;,’?(MBF—T * cathode: LiCoO,
H1Ga(0p, (T lpefo), ENERCHIPT founded: 2000
412 ' published since: 1991 CRC3105-RAC P
m entity: R&D price (calculated): $3x108/KWh
TEM image of LiMn, Ni, ;0, cathode film ST e s
battery
( D
Front Edge Technology Infinite Power Solutions
electrochemistries: electrochemistries:
Z NanoEnergy™ F « anode: Li E’ « anode: Li
fe = 4 gty : * electrolyte: LIPON THINE] * electrolyte: LIiPON
« cathode: LiCoO, drssis * cathode: LiCoO,
Front Edge Technalogy demo  found: 1994 Infinite Power Solutions solid founded: 2001
cel entity: commercial state battery entity: commercial
price: not in production \ price (calculated): $1.1x103/KWh/

Sakti3 — Open to Everyone!
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CELL DISCHARGE: THICK CATHODE, HIGH RATE

cell discharge voltage

votage (V)

v T U

tme ()

Li ion concentration in cathode
)

o o o
g 2 3

Liion concantiation (hormiaized)

)

0z 01 08 08
2(normalizad)

Electrolyte
9pO0y31ed ul uoljesiuaduod uol 17 pazijewsou

During higher rate discharge, cathode is less utilized.

Sakti3 — Open to Everyone!
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CELL DISCHARGE: THICK CATHODE, LOW RATE
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During lower rate discharge, cathode is more utilized.
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Room temperature @ C/10—champion cell
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O Cell cycling at C/10 rate (C is the theoretical value, not the nominal value) at room
temperature

U Discharge cutoff: 1.5V

U Maximum discharge energy: 1028 Wh/L

O Simulated energy density: 1107 Wh/L
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Replacing all the batteries on the planet with
improved versions — that’s a lot of batteries.

LCA is important.
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S LIFE CYCLE ANALYSIS: BEV MOBILITY

Prof. Christian Lastoskie, University of Michigan
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LIFE CYCLE ANALYSIS
Prof Christian Lastoskie, University of Michigan
cumulative energy demand index global warming potential index —
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COST REDUCTION: CATHODE EXAMPLE

conventional laminated cells gsoﬁd state cells

o cobalt and nickel are expensive

metals o Avoid expensive metals
O cost associated with processing o cost associated with processing is
could be high low

o materials made from precursors need

X o PVD targets / source materials
to be annealed and crystallized

are cheaper
o all active materials need to be milled

to particles of desirable sizes @ no milling or coating needed

o LiFePO4 requires carbon coating o low temperature processing
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