PRESENTED BY:

Bapi Surampudi (SwRI)
Evelynn Stirling (Cummins)
Sean McGinn (MKNIZD Factors)
Jan Czerwinski (AFHB)

COORDINATED BY
David Young (Natural Resources Canada)



08:15 — 8:45

08:45 —9:45

09:45 -10:15

10:15-10:30

10:30 — 10:45

10:45-11:30

11:30 - 12:15

12:15 - 12:45

12:45 -13:15
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MDEC Diesel Workshop

Hilton Toronto Airport Hilton
Ontario, Canada

Thursday, October 4, 2018

BATTERY TECHNOLOGY — LITHIUM ION CELLS

Overview of Automotive XEV markets and vehicle electrification

(Pg 1-32)
Overview of fundamentals and state of the art Lithium lon Cells

(Pg 33-81)
Benchmarking of Lithium lon Cells

(Pg 82-104)
Break Time
Benchmarking of Lithium lon Cells (continued)

(Pg 82-104)

Case Study: Diesel Engine Accessory Electrification on a Class 8 Truck
(Pg 105-116)
Testing of Electrified Powertrains at Southwest Research Institute
(Pg 117-129)
LUNCH

Q&A

DIESEL ENGINE TECHNOLOGY & DPF STRATEGIES & GUIDELINES

13:15-14:30

14:30 — 14:45

14:45 - 15:30

15:30 - 16:15

16:15-16:30

Enabling Technologies - Diesel through hybrid, Evelynn Stirling (Cummins)

(Pg 130-139)
Break Time

Retrofit of DPF Technology to Mining Engines — Technical Aspects,
Sean McGinn (MKNIZD Factors Inc.)

(Pg 140-149)

Experiences of VERT in DPF- retrofitting and 1&M, Professor Jan Czerwinski

(AFHB)
(Pg 150-162)
Q&A, Adjournment
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Workshop Address List

Craig Allair

United Steelworkers Local 6500
66 Brady Street

Sudbury, Ontario P3E 1C8

Cheryl Allen

Vale North Atlantic

18 Rink Street

Copper Cliff, Ontario POM 1NO

Brett Andrews

Cummins Canada ULC

18 Vermont Crescent

North Bay, Ontario P1C 1L5

Gabrielle Beauchamp

Goldcorp

1751 Davy Road

Rouyn-Noranda, Quebec J9Y 0A8

Nathan Bergermann
Nutrien

Serge Blanchette

Goldcorp

1751 Davy Road

Rouyn-Noranda, Quebec J9Y 0A8
Wallace Boehme

Nutrien

Wallace Boehme
Nutrien

Daniel Crossingham

New Gold — New Afton

1419 Waterloo Place

Kamloops, British Columbia V2B 8G3

Ralph Deayton
Mammoth Equipment and Exhaust Inc.

Bob Deprez

AirFlow Catalyst Systems
2640 State Route 21
Wayland, New York

USA 14572

Bus: 705-675-3381
Fax: 705-675-2438
email: kkomarechka@uswsudbury.ca

Bus: 705-682-6857
email: cheryl.allen@vale.com

Bus: 705-499-7208
email: brett.andrews@cummins.com

Bus: 438-889-1767
email: gabrielle.beauchamp@goldcorp.com

Bus: 418-770-3512
email: serge.blanchette@gqgoldcorp.com

Bus: 306-203-1938
email: daniel.crossingham@newqold.com

Bus: 585-728-8012
email: rdeprez@airflowcatalyst.com




Andrew Drazdzewski

DCL International Inc.

241 Bradwick Drive
Concord, Ontario L4K 1K5

Glen Duffy
Vale

Ron Duguay

Toromont Cat

25 Mumford Road
Sudbury, Ontario P3Y 1K9

Tanner Edwards
Nutrien

Marc Endicott

J.H. Fletcher & Co.
68 Short Street
Wayne, West Virginia
USA 25570

Daniel Flom

Genesis Alkali

PO Box 872

Green River, Wyoming
USA 82935

Paul Gapes

Pacific Data Systems Australia Pty Ltd.

PO Box 293
Underwood, Queensland
Australia 4119

Henk Gouws

Assore Ltd.

15 Fricker Road lllovo Boulevard
Johannesburg, Gauteng

South Africa 2196

Rick Hawrylak

Spear Power Systems LLC
19119 Timberlake Forest Lane
Tomball, Texas

USA 77377

Brian Hooten

Genesis Alkali

PO Box 872

Green River, Wyoming
USA 82935

Bus: 1-800-872-1968 ext. 268
email: jhilao@dcl-inc.com

Bus: 705-692-2484
email: glen.duffy@vale.com

Bus: 705-929-6978
email: rduguay@toromont.com

Bus: 304-544-7364
Fax: 304-525-3770
email: mendicott@jhfletcher.com

Bus: 307-872-2477
email: brian.hooten@aqgenlp.com

Bus: +6 173 361 2000
email: pgapes@pacdatasys.com.au

Bus: +2 711 770 6800
email: henkgouws@assore.com

Bus: 281 808 4969
Fax: 281 966 1523
email: rhawrylak@spearps.com

Bus: 307-872-2477
email: brian.hooten@genlp.com




Martin Imbeault

Goldcorp

1751 Davy Road

Rouyn-Noranda, Quebec J9Y 0A8

Seppo Karhu
Sandvik
Vahdointie, Turku
Finland 20101

Jussi Koivuniemi
Sandvik Mining
Finland

Constance Kridiotis
Agnico Eagle Mines

874 Montrose Street
Sarnia, Ontario N7T 5B7

Brian Kutschke

United Steelworkers Local 6500
66 Brady Street

Sudbury, Ontario P3E 1C8

Alain Landry

Glencore — Sudbury INO

8 Edison Road

Falconbridge, Ontario POM 1S0

Patrick Lessard

Goldcorp

3175 Hallnor Road, Hwy 101 East
Porcupine, Ontario PON 1CO

Stan Mack

Johnson Matthey SEC LLC
900 Forge Avenue, Suite 100
Audubon, Pennsylvania

USA 19403

Kevin Mailey

Mammoth Equipment and Exhaust Inc.

107-251 Saultreaux Crescent
Winnipeg, Manitoba R3J 3C7

Rob Martel
Alamos Gold

Bus: 819-865-7173
email: martin.imbeault@goldcorp.com

Bus: 35 840 077 5939
email: seppo.karhu@sandvik.com

Bus: +35 8505950686
email; jussi.koivuniemi@sandvik.com

Bus: 519-333-7507
email: constancekridiotis@gmail.com

Bus: 705-675-3381
email: kimkom@uswsudbury.ca

email: alain.landry@glencore.ca

Bus: 705-465-5877
email: pat.lessard@qgoldcorp.com

Bus: 6 103 222 3295
email: stan.mack@jmusa.com

Bus: 204-297-4375
email: kevin.mailey@mammothequip.ca




Dana Matson
Caterpillar

3700 Steeles Avenue West, Suite 902

Woodbridge, Ontario L4L 8K8

John McLeod
Nutrien

Travis McNally
Nutrien

Scott Middleton
SSR Mining Inc.
202-2100 Airport Drive North

Saskatoon, Saskatchewan S7L 6M6

Jason Nagy

Marindustrial Canada

715 Jacques-Cartier Road
Boucherville, Quebec J4B 6J6

Judit Nelson
Vale
Sudbury, Ontario

Jan Romo

Glencore

2550 Richard Lake Road
Sudbury, Ontario P3G 0A3

Brent Rubeli
CanmetMINING

1 Haanel Drive, Building 9
Nepean, Ontario K1A 1M1

Kenn Schmitz

KES Equipment Inc.

4 Perini Road

Elliot Lake, Ontario P5A 2T1

Micheal Schomer

Small Mine Development
2550 Industrial Way
Battle Mountain, Nevada
USA 89820

Maliki Setagone

Assore Ltd.

15 Fricker Road lllovo Boulevard
Johannesburg, Gauteng

South Africa 2196

Bus: 705-929-3110
email: matson dana r@cat.com

Bus: 1 306 683 1810
email: travis.mcnally@nutrien.com

Bus: 705-427-3051
email: scott.middleton@ssrmining.com

Bus: 514-757-9275
email: jnagy@marind.ca

Bus : 705-692-2151
email : nelsonjudit@gmail.com

Bus: 705-673-3661
Fax: 705-673-1183
email: n.stewart@minemill598.com

Bus: 613-996-6285
Fax: 613-996-2597
email: brent.rubeli@canada.ca

Bus: 705-222-0300
email: kschmitz@kes-eqguipment.com

Bus: 775-407-0106
email: mschomer@undergroundmining.com

Bus: +2 713 230 5329
email: malikisetagone@assore.com




Tanner Smith
Nutrien
Allan, Saskatchewan

Paul Sparenberg

MTU America

39525 MacKenzie Drive
Novi, Michigan

USA 48377

Evelynn Stirling
Cummins Inc.

500 Jackson Street
Columbus, Indiana
USA 47201

Jade Stos
Environment and Climate Change Canada
Ottawa, Ontario

Camilla Sublett
Barrick Gold
Toronto, Ontario

Karsten Taudte
Cummins Inc.
Peter-Traiser-Sttrasse 1
Gross Gerau

Germany 64521

Troy Terrillion

Newmount USA Limited
1655 Mountain City Highway
Elko, Nevada

USA 89801

Greg Tremaine

DEUTZ Corporation

3883 Steve Reynolds Boulevard
Norcross, Georgia, USA

Hal Walls

MineTerra

One East Liberty Street Suite 600
Reno, Nevada

USA 89501

Kevin Watson
Vale
Sudbury, Ontario

Bus: 306-257-2138
email: tanner.smith@nutrien.com

Bus: 313-204-2782

email: paul.sparenberg@mtu-online.com

Bus: 812-344-6166
email; 11181 @cummins.com

Bus: 613-807-8719
email: jade.stos@canada.ca

Bus: 647-338-4750
email: csublett@barrick.com

Bus: 49 615 217 4187
email: karsten.taudte@cummins.com

Bus: 775-778-2149
email: troy.terrillion@newmount.com

Bus: 678-356-1224
email: greg.tremaine@deutzusa.com

Bus: 775-300-9055
email: hal.walls@mineterraco.com

Bus: 705-682-8825
email: kevin.watson@vale.com




Nicole Webb

Nutrien

122 1st Avenue South, Suite 500
Saskatoon, Saskatchewan S7K 7G3

Bob Wilford

Wajax

10 Diesel Drive

Toronto, Ontario M8W 2T8

Vance Ylioja
Nutrien
Saskatoon, Saskatchewan

David Young
CanmetMINING

1 Haanel Drive, Building 9
Ottawa, Ontario K1A 1M1

Bus: 306-933-8679

Bus: 416-574-9908
Fax: 406-259-1863
email: bwilford@wajax.com

Bus: 306-867-7057
email: vylioja@nutrien.com

Bus: 613-943-9264
email: david-a.young@canada.ca
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Overview Of Automotive XEV Markets and VVehicle
Electrification

Bapi Surampudi, Ph.D.

POVYERTRAIM ENGINEERING

T O

Brief History of Vehicle Electrification

2 POVYERTRAIM ENGINEERING 2
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Electric Yehicle Technology Cycles

¥ POVWERTRAIMN EMGINEERING
e T LD

Hudebarer

ELECTRICS

VEHICLES OF GREAT UTILITY
FOIR THE BUSINESS MAN

Inventor: Robert Anderson ,
From Scotland e
T

Peak Electric Vehicle Sales

1832 3 37% EV
Baker Electric Runabout 40% Steam
1909 22% ICE

2 POVYERTRAIMN EMGINEERING
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Electric Yehicle Technology Cycles

¥ POVWERTRAIMN EMGINEERING
e T LD

Invention of Electric Starter
1912

Qil Tycoons/Cheap Oil
1920- 1930

Extinction of Electric Vehicle
1935

2 POVYERTRAIM ENGINEERING
e T L O
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Electric Vehicle Technology Cycles

=
@
0o

POVYERTRAIM ENGINEERING

WO

GM EVI &
Prius Hybrid
1996-97

Corporate Average Fuel Economy (CAFE) Standards:
54.5 mpg by 2025

Y T——
Consumers will have saved

£854.5... s .7 TRILLION

Smiwe e Whe ol the program i
- CARB ZEV Regulation
1990

OPEC Embargo
1973
[ ——— lnu-u-u.inm-u.—m-—

$8,200 |25 o = |
L=== of ntion S patun.
@'. CAFE Standards - 1973 POVWERTRAIM EMGINEERING
11111 org
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Electric Yehicle Technology Cycles

.. POVWERTRAIMN EMGINEERING
it T Org

@'. _ Cheap Oil = 1997-2007 POVWERTRAIN ENGINEERING
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Electric Yehicle Technology Cycles

¥ POVWERTRAIMN EMGINEERING
e T LD

2008 2011

Tesla Model S Chevy Bolt
2013 2016

2 POVYERTRAIMN EMGINEERING
e T LD
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Electric Yehicle Technology Cycles

¥ POVWERTRAIMN EMGINEERING
e T LD

Electrification Opportunities

- —
% 'f_. Turbocharger
i "ii
S—

Air Conditioning
Compressor

Coolant Pump

i Starter
Altarnator
POWERTRAIMN ENGINEERING

L
-
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Plug-In Hybrid EV or Range-Extended EV

Onboard Charger

Lithium lon Battery
Electric Motor

Charger Port
Courtesy: General Motors

- FOVWERTRAIM EMGIMEERIMNG
e T L O

Forecasts in Electrification

2 POVYERTRAIM ENGINEERING 16
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OEM Electric Car Announcements

= BMW - have 15-25% of BMW group’s sales be all electric and 25 electrified vehicles

by 2025
= Daimler - 0.1 million annual electric car sales by 2020
= VW - 2-3 million annual electric car sales by 2025
» Ford - 13 new EV models by 2020

» Honda - 2/3 of 2030 sales be HEVs, PHEVs, BEVs and FCEVs
= Renault-Nissan — 1.5 million cumulative annual electric car sales by 2020

= Volvo - 1 million cumulative electric car sales by 2025
= Tesla — 1 million annual electric car sales by 2020

POVYERTRAIM ENGINEERING

WO

Vi el b}

Ut cad

XEV Growth

China overtook the United States in electric vehicle stock
= 200,000 electric two-wheelers & 300,000 buses

o (hira

= /I/I

an S —r-:'-'__—. -
mid =11 i mi1 il il bty
]
Courtesy of the International Energy Agency

Global EV Outlook 2017 =]
EV Sales Projections =
= 2017 1.1 million &0
= 2025 11 million (50% China) Y

= 2030 30 million (39% China)
= 2040 60 million L
—  80% of global municipal bus fleet to B

be electric

2030

Courtesy of the Bloomberg
Electric Vehicle Outlook 2018

—a Annual global light duty vehicle sales

AR
||| ol ke
...-.lll“ I|

POVYERTRAIM ENGINEERING
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HEV, PHEV and EV Forecasts

HEV manufactured PHEV manufactured EV manufactured
L] 103 L2 q in - Sy
b | i 105
1 B0
11 + Bl 34
" -
aadt i 08 ?
5 9 ] g E aas S, 5 1A an =
] H e =
é 18 1 T wuxE = 051 T é ~
z = 2 = 30 £
21 39—+ A0 F b
15 4 B+ 0 “*1 ey L 20
1 ] n | 05 | o N
= oz 1 —H o s
%1 ]
a8 1-E oL i & - do
i .
[ - L@ o - E = g e o . 4
2000 2015 2020 2015 2010 2015 2020 2025 2010 2015 3020 2025

Courtesy: Avicenne Energy, 2017

S POWERTRAIMN EMNGINEERIMNG 19
eyt el o Fwr.org
Rise of the 48V Mild Hybrid
= FCA eTorque System
— JeepWrangler & Dodge Ram
— 48V BiSG (up to 90 Nm of torque)
— 0.3 kWh lithium-ion battery pack
= Mercedes M256 Engine
— Mercedes’ first 48V system
— 5 kW electric compressor (off to full boost
in 0.3 seconds)
— Integrated starter generator (between
engine & transmission)
— 48V 1 kWh lithium-ion battery pack
— 48V electrified AC compressor & water
pump
POWERTRAIMNM EMNGINEERIMNG 20
T DR
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Low Voltage Hybrid Market Projections

4
i Al
Global Volume Projections e
Micro & mild hybrid architectures
]
H
L
bi-]
L ]
i

-]
7 1a s 00 il | e =rr g 47 bk S Iois 1008 -+ 8 oY

Wbk bicrs W Hybrids ki Wispan WUS W lurcps W Ching

China and Europe will drive the majority of volume in
low voltage electrification over the next five years

Courtesy: A123 Systems

@,— POWERTRAIN ENGINEERING )
ot i i Twriong

Trends in Energy Storage

@,— POWERTRAIN ENGINEERING "
ot i i Twriong
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Trends in Energy and Volume Density

= Silicon in Anode and Nickel in Cathode
will increase to deliver higher energy
densities

= High energy (350 Wh/kg, 800 Wh/L
designs currently proven)

= Non-flammable electrolyte + high i
temperature operation

= Low cost (30% lower $/kWh, cell level)

(N B B B N B R

Siltion Technalogy |

- Courtesy: SilLion Inc

e
BENENEEN

. POVWERTRAINM EMNGINEERING o
STy RS EETTTL T LT
100 £ % Comrnosral Efwes. in
. ® Agvan ed bohium ion
i) L1 -]
W Ry IRkaim
En - am
. =]
_ 0 150 £ ® UL DOE Battery cout [REY]
; = = » U4 DOY Eattery cost [PHEV]
E Lo . ] % » Cont claimeed by GM aoel Tesla (B V]
3
u =0 = &
B '] .E = A Bty oot Rarged (B
E 20 ] £ Tewka battery cout target {BEV]
4 10 . " 150 E = L% DOE BaThery Coul Tarpei [PHEV)
®
i o e U5 DR energy density [PHEV)
100 - I. [} . 5 ® U DY ey density (BLY)
o i d B
1009 2000 01 013 T3 M4 s e P a0 e Fatental = L PR Sy Sy tapet (FHEV)
Assumes battery pack capable of delivering 320 km of range (~100 kW)
Courtesy of the International Energy Agency Global EV Outlook 2017
. POVWWERTRAINM ENGINEERING o
————— TWrL.Org
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Thermal Systems Review

= Thermal Systom Review
»  Magity of HEY Systerm
Ulikze An-Cooéed Sysierm

Funi i i T8w Fond i g Lo M

e
Appbcabions :

" e —

ki 1 | e Vi

HEW « THERMAL SUIBSYSTERAS

BV INDUSTRY - THERMAL SUBSTSTEMS

@'- POWERTRAIN ENGINEERING 25
ot i i Twriong

State of the ArtVehicles and
View of OEMs

@'- POWERTRAIN ENGINEERING -
ot i i Twriong
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EV Price vs Range

Car and Driver

Don't rest...the competition will be fierce!

woe ERFAAIS G5 Do T8

- R o i

o] 0 o0 s L] 10 '
Range, mile f gl

|-_|-|-|.|.n...

i R | T sty [ lariy B i el W
HT\N-lr 1l By fery G l-—-nn---
enen

POVYERTRAIM ENGINEERING

aaaaa org
Volkswagen Roadmap
o R T I T
e g Shift focus from diesel towards
m":r P itbrr ool chutni sty amd snmgy dera iy _— electrification & EV
B~ | e , ,
=00 % Four new light-duty vehicles
ot i s E":Lm” — 250+ mile range
- expected for all
Lpts 18 '
e m"m" E . Pull of electrification making
D g i e battery its way into motorsports
= e = - — VW LD.R breaks Pikes
Peak World Record
=
Courtesy: Volkswagen and Dr. Adermann at AABC 2017

14
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BMW

= By 2025 BMW will have 25 electrified f
vehicles including 12 fully electric models
— All-electric Mini in 2019

— All-electric iX3 in 2020
— iNext & i4 expected to hit production 2021
* 340 to 435 mile range (over WLTP) '

—
— -1
e 22 2%
L mE= _® —
e .:EE: e ™

29

Porsche

= Panamera E-Hybrid

— Plug-in hybrid capable of 30 miles
all-electric range

— 14.1 kWh battery pack
(104 liquid-cooled Li-lon cells)
— 101 kW electric motor
= Taycan (prev. Mission E)

— Target release moved forward to
2019

— Two electric motors for 440 kW
— 800VDC

* Inductive charging

— 250 mile range with 200 miles in
just 15 minutes (@ 350 kW(charging)

SwiRl

30
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Honda Roadmap - Vehicles

- 2013
1997 ey e - VRS
B = = e
=
e
B e e SEAMWEY
ﬁ“"- k==
m 2011
]‘3‘?'.!
L 1]
1
Li-ion Battery iLiH]‘

' e
=i
Ni-MH Battery =

POVYERTRAIM ENGINEERING

Courtesy: Honda and AABC SFO 2017
T DR
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Hyundai loniq Project
1 £ull line-up of Green Cars on dedicated platform
Hybrid, Plug-In Hybrid & Electric
P 1 [

‘ - w 1ONIQ Electric
f -— Hastery (V) 36 kWh
Miator Fower 38 kW
IONIQ Plug-in Hybrid Changs carnad §AC) bW
e faDg | ok
S kW
B.9 kWh

10NIQ Hybrid
Engine 7 W (105 o
i ,zl‘w"" nmum EDCT
Batery 1.5 kWh
Transmtson BDCT
E=h

Courtesy: Hﬁ?“;m

POVYERTRAIM ENGINEERING
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Kia-Niro HEV & EV

16 electrified vehicles by 2025

The world best fuel-economy SUV
19.5kp! (S0MPG) with 40% system afficiency

J.Lm = 150 kW electric motor
5 = 238 mi range
fripes Tr = Autonomous driving features
(SRS ol
By
— et
o
S —— —
o e Y =
Courtesy: ¥
HYLIMORI
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Niro EV
= 64 kWh lithium-polymer battery

POVYERTRAIM ENGINEERING .

Tesla

= Roadster announced November 2017
— 200 kWh pack
— 620 mile range
— Estimated production of 2020

= Semi announced November 2017
— Class 8 truck
— 36 metric ton towing capacity
— Recovers 98% of braking energy

— Megachargers — 400 mile range
in 30 minutes

— 500 mile range with < 2kW/mi

SwiRl

e

Courtesy: Tesla

POVYERTRAIM ENGINEERING o
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Shenzhen Bus Fleet Converted to Full Electric

= China chose Shenzhen to be a pilot city for electric
transportation in 2009

= 16,359 all-electric buses
— BYD providing 80%
— Over10,000 more buses

than all of NYC's buses ——— &
— 510 charging stations HAIIF T § 1 A
and 8,000 poles installed 77 T AN

1

= The city’s 17,000+ taxis
are next on the radar
— 63% are already electric

o POVYERTRAIM ENGINEERING
e T 1+ RT3 Ll

35

Heavy-Duty Electrification

= This trend of electrification and a push towards XEV has not
been limited to just the light-duty sector

— Cummins, Daimler,VVolvo and more have announced
concepts & plans for electric versions of their products

b BB B
P
O - -

E———— | .

ey |

|

= ' N =1

eCanter Truck Urban Hauler EV
= Claimed range is 62 miles on an = 8,164 kg curb weight

83 kWh battery pack = 100 mile range on 140 kWh battery
= Cargo capacity is 3 — 4.5 tons = 1-hour charge time

= Can tow a 20 metric ton trailer

2 POVYERTRAIM ENGINEERING
e T 1+ RT3 Ll

36
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All Electric Class 8 Tractor from TransPower

= http://www.truckinginfo.com/channel/f

uel-
smarts/article/story/2015/10/transpo
wer-s-totally-electric-class-8-tractor-
video.aspx

= TransPower USA is located in Long
Beach, California, engineered the
electric powertrain

= Chassis and Cab are from
International

= Two 200 hp electric mtoors

= Range 80 miles when pulling 80,000
Ibs at 65 mph

= Next gen technology range 120 miles

SwiRl

POVYERTRAIM ENGINEERING T

WO

Off Highway Applications

POVYERTRAIM ENGINEERING o

WO
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Grouping of Electrical Technology HITACH!

Grouping based on power supply by Eloctrically
SO0E-6, 2 x B0 kW

by Hybrid
{Diesel and Eleciric source)

by Diesal (|
Electrically |
Courtesy: Hitachi EH3s00. 180 1
. POWERTRAIN ENGINEERING %
A T i K (1o swr-mz
Grouping of Electrical Technology HITAGHI
Grouping based on power supply by Electrically
by Hybrid
{Diesel and Electric source)
ZH210LC-5, 211, 122 kW Y 04 o [ e
L130, 13 e, 1051, 735 kw  2.WAY supply /
by Diesel
m N
Courtesy: Hitachi EH3500, 190 | payload
@'. POWERTRAIN ENGINEERING 0
A T i K (1o WL OIR
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Energy loss at hydraulic and electric power systems HITACH!
. 87% _ 83%
Hydraulic Machine Ewm ‘ @ ‘ ﬁﬁin - m 7

85% 80%
- “‘W -’mammr- m

Electric Machine |Engine mi) Generator

Fuel consumption of System Fuel Consumption Ratio
different hybrid systems
e e 2-pump System (Conventional System) | I
Serial Hybnd 2-pump System | 1.10
Paraliel Hybrid 2-pamg System | 0.56
Serial Hybrid 4-pump System | .46
Source: Ochiai, M Parallel Hybrid 4-pamp System | 040
Hybrid in Construcion ' p) B o [
Machinery. Hitachi, bl e q'mlmlm e dins
Courtesy: Hitachi Japan, 2008 4-pump Hydraulic System 0.4

¥ POVWERTRAIMN EMGINEERING 1
e T LD

New Hybrid Excavator ZH210.L.c 5B HITACHI
) "7~ " " T L T

L]
Lﬁ EFVETFTICY

Courtesy: Hitachi Emﬂr Your f/fsl'{?ﬂ.

2 POVYERTRAIM ENGINEERING 42
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Principle of Hybrid System in Excavator HITACHI
P T — == T T e LT = P e ____ By instie sateriae |
Swing stop cycle Reuse energy cycle
- Generate electrical energy - Assist swing acceleration

- Store it to Capacitor - Assist engine power

Courtesy: Hitachi

- POVVERTRAINM EMGINEERIMNG 3
—— 1 s T DR
Layout of electrical component HITACH!
. __ Walishis puisiias |
Electrical component Is added (o standard machine Electric
Swing equipment AL mptar
Pump
'__ﬁydraullc motor for swing
. «— Elpctric motor for swingl'
- Cooling system
for hybrid:
*Radiator
~Water pump
“Water tank
Standard battery j e : Capacitor
Contrel Unit)
_ Courtesy: Hitachi
@' POVYERTRAIMN EMNGIMNEERING "
—— 1 s T DR
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ZH210's Hybrid System HITAGHI

PCU

Capacitor's module

Water
Radiator Pump

i (3 Water-cooling equipment for KRS Gear reducer

PCU : Power Control Unit KRS : Kinetic-energy Recovery System
Courtesy: Hitachi

¥ POVWERTRAIMN EMGINEERING
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VO“EQE of Hybrid System HITACHI

Electric
Assist
: Mator

AC ~200V

DC180~330V
| Hydraulic
Maotar for
Swing

AC~200V

Electric
mator for
swing
Frame Earth Capacitor

DC~180V Gear reducer

Frame Earth
Courtesy: Hitachi

. POVYERTRAIMN EMGINEERING
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Voltage of Hybrid System HITAGHI

AC ~200V

DC180~330V
| Hydraulic

c Maotar for
\ Swi ng

Electric
mator for
swing

AC~200V

Frame Earth ® Canacitor

DC~180V

Gear reducer
Frame Earth

Courtesy: Hitachi

- . POVYERTRAIMN ENGINEFﬂING
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Advantage in fuel consumption HITAGHI

ZX210LC-3
P mode - - !

Fuel consumption

PWR mode 1 i ; '
* -1 T% )

-31
T — 1
I _;mly, | evaluation

I | method
60% ?ﬂ'}ﬁ BO% 90% 100% 110% 120%

Courtesy: Hitachi

- ’ POVYERTRAIM ENGINEERING
e T L O

48

24



MDEC 2018 WORKSHOP

Development Concept Wheel Loader HITACHI

oLt

1. Provide the first commercial Hybrid wheel loader with state of the art technology in
the world.
hic

2, Introduce Hitachi advanced technology with over 30% reduction of fuel cnnsumpﬂm.J

3. Communicate the strong brand image of Hitachi Wheel Loader. J

Courtesy: Hitachi

¥ POVWERTRAIMN EMGINEERING 49
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Solar Electric Speed Boat —- NAVAL DC

= 10 m cfrp Solar Electric Speed Boat
— Low resistance electric hull design
— Embedded solar cells (Si & GaAs)
— 30 knots maximum speed

— Autonomy from fossil fuels at 7 knots
average speed on sunny days

— 80 kw AC motor

— 36 kwh Lithium Polymer Battery at 400V
= Voyaging Catamarans

— Embedded solar cells (Si & GaAs)

— 7 knots maximum speed

— Autonomy from fossil fuels at 4 knots
average speed on sunny days

— 2 -10 kW AC motors

— 30-60 kWh Lithium Polymer Battery at 48
\Y

— Proven for 280 nautical miles

2 POVYERTRAIMN EMGINEERING 50
e T LD
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NAVAL DC Lithium Polymer Battery Packs

= 48V 15.5 kWh to 800V 2MWh

¥ POVWERTRAIN EMGIMEERING =
i ek —— WO

Hybrid System to Meet EU StageV Regulations

A MISURISt | pauMUiipR | indusTrans s
= EU StageV rules for SOx, NOx & CO = 60 % Electric (2x285 kW
for new ships and reduction of CO, Motors)
footprint = 40 % Diesel (2x635 kW
= Comfort — Lower noise and vibration Engines)
= Faster maneuvering to save time = Boost Mode (Electric+ Diesel)

Dlesel + E-mode |
L

Diesel
Generators

Inline Motors

% POVWERTRAIN EMGIMEERING -
i ek —— WO
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DNV GL - Autonomous Pure Electric Cargo

= Range: 100 Nautical Miles

= Capacity: 100 TEU (Twenty-Foot
Equivalent Unit)

= Speed: 6 Knots
- = Battery capacity: 5.5 MWh

COy amission reduction potantial

Emission reduction potential with
autonomous and pure EV technology:
Courtesy: DNV GL

I

i A LA
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Echandia Marine Hybrid System
= AN, ( B
. . IARINE )
= Supercharged Electric Ferry in Sweden
= 180 kWh NiMH battery pack
= 2x125 kW Electric Motors
= 2x90 kW Gensets
= Investment and Operating costs same as conventional
\
LOWER EM|SS|ONS. 1 boat [full day operation]
+ Energy - 580 MWh/year [ - B0%]
+ CO - 260 tons/year | - 85%]
+ NOy -3 tons/year [ - 95%)
+ Particles [PM) - 160 kg/year [ -35%)
@'. POWERTRAIN ENGINEERING o
& Y SR ST T DR
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High Temperature Superccg’ " ~“~~ **"~*== "4TYS)

Dspsan Heavy Industries & Comstruction

Rated Power: 1 MW (Also has 5 MW type)
Rated Speed: 3600 RPM

Number of Poles: 2

Frequency: 60 Hz

Synchronous Reactance: 0.13 p.u
Armature Terminal Voltage: 3300V
Field Coil Current: 150 A
Armature Current: 180 A
Machine Efficiency: 97.77%

' ;“_I 1
f?m ' rib N LT
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Yanmar 70 with Twin Motors -

= Patent Number: GB 2417378 HybridMarine

. . H“-—;____“'
= Multi-mode hybrid system — 30 modes

= Pulse charging of battery bank
= Controller tracking high efficiency contour on engine map

Example Systems

Lo spviery

e (1] i BN e 1}
s 'I

s_]']_"i

-
+ '-.-.-_ Fatent Hum | G 1430099.9
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John Deere

Tango E5

* Bty etommmon Moy
+ gt by Wit ot ey
I ——

L ]

[T ]
[u— [ PR ——
LuMieg hegs 1Ry
Bk o ranes
3 10
Bimang b -
NECATE A DAL

http://www.deere.com/wps/dcom/en_INT/products/equipment/autonomous_mower/tango_e5/tango_e5.page
POVWERTRAIN EMGIMEERIMNG

@' L ‘er-lbiz. j

Lawnbotts

lawnbotts = = NEVEA e A

ETRTE TR T P TR PRSI FTTE - PERETRR- TN - fFay)

S o S— ] o gy o . —— S o

PR

e [T

= http://www.lawnbotts.com/
S POVWERTRAIN ENGINEERI_NF_ .
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Spirit

AUTONOMOUS

TRACTOR CORPORATION

Crivariiras tahnchogy manss Thal wven Dhiugh gou deat
wrtwally ¥ ey i qortrol of the
IRt wh Barritng of
hmslng. pow cen pomerand ths B0-horsspossr SPTRIT b follow
Salh Brough pias Teidi=and mose feeciaaly thas
v powpled # ou smew Sreng

Through mapEng. sensing snd comnol techaclogy. Fou dreel
T T

Guickly than you cowld: I mrythiog sbetrects or

BET Bmiten §huts dome

Thw BFwENT - & WL Pt anD

Tha ESTRITs setennmoss Istnoiogy lin Fes mev oo
srwEmes masninnicee bt and bl s GFIRET W

dupigrad for 8 sarvce bfe of 23,000 Bours and 300 howr sanios
irterrat. Tha modiiar sesrlruilan sl her @ amals berrin—

Pl on @ e Rour mEsshmE (0 I -

£ ¥
Tk 1 ST P
P AR Autmnemuns Tranied Cospuraiinn | Faege, Merk Dedeis, VIA | PRTodadcdves

= http://www.autonomoustractor.com/features1.html
= http://farmindustrynews.com/tractors/spirit-autonomous-tractor-eliminates-need-driver

POVYERTRAIM ENGINEERING

T O

CASE

Just read a press release saying that Case I[H won a gold medal for the SIMA Innovation Prize (the
SIMA is the world's second largest farm show in the world after Agritechnica and is based in Paris)
Press release was in French only, so there's no paint posting It here.

The medal was awarded for Case IH's new V2V communication system, which allows an operator
to control 8 second machine in the field (master-slave concept). For sxample, the combine driver
could also stear and adjust the speed of the grain cart tractor in the field. Or one operator could
take care of two tractors doing tllage In a field. 1t s not mentionned whisthar or not an oparator
must be present in the cab of the second vehicle, and what Is the distance range over which V2V Is
effective. However It |5 definitely a step towards master-slave and autonomous tractors. Deere B
testing a similar system, but Case [H got ahaad!

In other news, Case IH also won a silver medal for a OVT PTO transmission, that allows to adjust
PTO speed independantly of engine speed to adapt to varying field conditions, and providing nice
fuel savings. One other thing Deere is working on, but got behind others.

Case IH utilize "follow me"
technology and vehicle-to-
vehicle communication with a
driverless tractor that follows
ocne operated by a person.

= http://www.farm-equipment.com/pages/Ahead-of-the-Curve-Autonomous-Tractors-are-on-the-Horizon.php

= POVYERTRAIM ENGINEERING
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Fendt Electric Tractors

= http://www.fendt.com/us/2466.asp

POVYERTRAIM EMNGINEERING

WL OTR

Kinze’s Electric Tractor

POVYERTRAIM EMNGINEERING
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Summary

= Global sales of XEVs continue to increase
— China leading the way in BEV (buses and small vehicles)

= HEVs & EVs forecast to be commonplace among OEM offerings come 2025
— Tesla aim for 1 million cumulative EV sales by 2020
— VW aim for 2-3 million annual EV sales by 2025

= HEV and EV not limited to light-duty
— Tesla & Cummins announce EV semi

= Battery voltage increasing
— Porsche Mission E will use 800V battery system

POWVYERTRAINM EMNGINEERIMNG
63
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Summary ...

= Electrification of off highway and marine machinery is primary driven by emission
regulation, comfort and efficiency considerations

= All off highway OEMs are in the process of developing new electric versions of their
products

= Standards and regulations in the electric and battery system area are in early stages
of development with several working committees

= As battery prices decreases manufacturers are preparing to meet impending volume
production opportunities

POVYERTRAINM EMNGINEERIMNG -~
2 = T, D
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Overview of fundamentals and state of
the art Lithium lon Cells

Bapi Surampudi, Ph.D.

¥ POVWERTRAIN EMGIMEERING
i kb WO

Overview

% POVWERTRAIN EMGIMEERING
i kb WO
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Supply Chain

LIB FOR AUTOMOTIVE
VALUE CHAIN

Courtesy

.
..... .
s i EWTLOE

Electric VVehicle Targets

g
&
g
| =
=
b
ol
|2
=) W
10" o', ow 10’ 10"
T Specific Power (W/kg) Souce Product data sheens

Acceleration
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Cell Chemistry Review

E— FHIVITREY FACKS - EILL CHEMITTRY

= Cell & Chemistr
Cholce For xEVs
= Diversity of Cell Type and
Coll Chemistry In
Segmant

HLW - CTLL CHINISTRY

EV BATTERY CELL CHEMISTRY

Courtesy: kevin Konecky - Total Battery Consulting and AABC 2017 SFO

POVYERTRAIM ENGINEERING

I ———— ST O
Beyond Conventional Lithium-ion
800
o500
=
£
= 400
200
200 400 600 BOO 1000
solid state batteries could deliver high volumetric energy density than other
lechnologles
Courtesy: e SETTETLT
POWVWERTRAIN ENGINEERING. o
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Metrics for Batteries

Comparison of today's batteries with USABC 200 mile battery electric
vehicle goals. All numbers are at the pack level
Enevyy Density (300
Wit

b 65 )

Fast changs to 0%
COD {15 mera)

Cabandaer e (15 yeas)

s80/kWh ——— el e iy “Ccio e (1000 cycien)

Cost remains a big challenge
 Fast charge becoming the next big focus area |

Ohas (D e Argrre &
) POVYERTRAIN EMGINEERIMNG
71
AR T IR 1oy ST O
specific Energy [ specilic Energy
Lilon Chemistry Cell-level [ Pack-level Application Example
(Whrikg) | (Whri'kg)
LTO-NMC 1] 575 Mutal Can Prismatic  Toshiba — Honda Fit
LiFePiud 131 B39 Prismatic Pouch A2 - Chevy Spark
LiNMOLMO 129 kg2 Metal Can Privematic  Samsung — Flat Se
LINCA 72 1493 Cylindrical 18650 Pasasonic — Tesla Model 87X 100D
LiNMC [(Ni-rich) 2 1519 Prismatic Pouch LG Chem. ~ Renault Zoe
Courtesy: kevin Konecky - Total Battery Consulting and AABC 2017 SFO
- POVYERTRAIN EMGINEERIMNG 7
SRl i | PTLOTE

36



MDEC 2018 WORKSHOP

EV Vehicle Trends ...

Courtesy: kevin Konecky - Total Battery Consulting and AABC 2017 SFO

50% Increase In Pack-Level Specifi

o -

Bothiry Pork Spexific Inengy
=]
B 4
—
&
Q =
&

Wiw )

¢ Energy in 5 yrs!
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Automotive Cell Landscape
3-—.-..
en | gl iz
o
= k - 15000 k T
s z 3
gmn = ool .
E ol g = E I £ -
< s BT 4 ; o RENY.
b . - .'J
N faml L
1000 | T B 000 | " .‘"__1_
W Ny "
a § 1. I nl-. 0 i & ad i i i 5§ i i i
] E 109 150 o0 e 0 0 100 150 20 M0 MO 30 400 450 500 550
Specc Enargy (Vi) Enargy Density (Whil)
Courtesy: JM and AABC SFO 2017
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Automotive Cell Landscape

Predictions
s L Lt E VIR a—
o :__ 12008 b ;:'"

=0T Y s
2 ] 2 - R
% . § w0t 1 =
EMF -l i & i o = P
Emr E 0 -

1000 k- 2008

" = " ™ 20 fa 0 1S M0 D 30 3 4n a0 S0 M

Specific Energy (Whikg)

Courtesy: JM and AABC SFO 2017

SwiRl

Energy Density (Whil)

POVYERTRAIM ENGINEERING
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State of Art Lithium lon Price Breakdown

Cost breakdown of a typical S04 cell

g
» Ao
* Elecirofyie + Separmicr
& —

Cost Breakdown of a Typical 504 Battery Pack

T O

POVYERTRAIM ENGINEERING
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Working Principles of a Lithium lon Cell

¥ POVWERTRAIMN EMGINEERING
e T LD

7

Lithium lon Cell Components

Porous Negative Porous Positive

Electrode e Eleciroda

Positive Electrode
Active Material

Courtesy IEEE Control Systems Magazine, June2010

2 POVYERTRAIM ENGINEERING
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Lithium lon Cell Components ...

= A porous negative electrode of a Li-ion cell is connected to the negative terminal of
the cell. This electrode usually contains graphite, which is an intercalation material

= A porous positive electrode is connected to the positive terminal of the cell. The
positive electrode can be comprised of various chemistries, but it is usually a metal
oxide or a blend of multiple metal oxides, such as LixMn,O, and LixCoO,

= A separator is a thin porous medium that separates the negative from the positive
electrode. The separator is an electrical insulator that does not allow electrons to
flow between the positive and negative electrodes. However, being porous, the
separator allows ions to pass through it by means of the electrolyte

= The electrolyte is a concentrated solution that contains charged species. These
charged species can move in response to an electrochemical potential gradient. Note
that some Li-ion batteries have a solid electrolyte, which serves both as an ionic
conducting medium and an electronically insulating separator

POWVYERTRAINM EMNGINEERIMNG
. - T, D

Working Principle of a Lithium lon Battery

= The process of moving ions in and out of an interstitial site in a lattice is called
intercalation

= Both electrodes have lattice sites that can store lithium

= Charging (discharging) causes the Li ions to leave the lattice sites in the positive
(negative) electrode and enter the lattice sites of the negative (positive) electrode

= The difference in energy states of the intercalated lithium in the positive and negative
electrodes governs the energy stored in the Li-ion cell

= Each Lithium-Ion cell has a typical operating voltage that is subset or in between 2.0V
and 4.2V

= The actual cell voltage depends on State of Charge (SOC)

= Temperatures variations and change in rate of charging compared to recommended
rate will deteriorate the cells

POVYERTRAINM EMNGINEERIMNG
. - T, D
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Equivalent Circuit Model of a Lithium lon Cell

[r-:.:!
| ;
v 1/ /
| SR R }’-:'rrrcf +k.)

o[RS R,/ Ve | R.R / 1
ARL 74N _;,m‘_mf_,‘i_,{_r (& -RRofe 18]

Y, 1/ 1., -
OB, +R) SR, +K,) [irs |+

i L
C

P L L

Vs R
(1.1 mly R (1.2midy

(0.4 mdy

o

(B2KF)

Ve
.
—F1 074 kF)

Courtesy NREL http://www.nrel.gov/vehiclesandfuels/energystorage/pdfs/evs17paper2.pdf

- POWVYERTRAINM EMNGINEERIMNG
B wr.erg

What is a Battery Management System (BMS)?

= A BMS is composed of hardware and software that control the charging and
discharging of the battery while guaranteeing reliable and safe operation

= BMS also does cell balancing and thermal management of the pack

= BMS requires a battery model that describes the internal states and dynamics as pack
ages

= BMS limits available discharge power and the charging power under cold
temperatures to protect the life span of the battery pack

= BMS communicates and coordinates with vehicle supervisory controller and electric
motor controller to deliver best performance in a safe and graceful manner

- POVYERTRAINM EMNGINEERIMNG
B wr.erg
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AView of Aging

What happens in a Li-ion cell?

Novi, Michigan

SwiRl

= Impedance rise

— Arises mainly from the
positive electrode
= Capacity fade
— Originates at the positive
electrode
— Manifests itself at the
negative electrode as a
thick SEI
= \/oltage fade

— Avrises from crystal
structure changes

POVYERTRAIM ENGINEERING 83
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Cell R&D Areas

15 ming charge: Recycling.
Li plating Hytro, Pyro, Direct
Silicon anodes: | High voliago
irderiace reactvily r 1 cothodes (=43 V)
Cathode: Iniariace macthdy
aphite me/
9%
« i
g oot
L o I
3 0 :
5 o HE
-
5 3
Lithium melal enods:
Protaction against \ Sillur [Oxyge
dendriles

MagneshsyCakcaum-son ballaries

Maosd new maberiaks

 EP |_'_ Challenges range from fundamental to applied _-:w_n

SwiRl

calhodes:
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Advanced Lead Acid Batteries

o POVWERTRAIMN EMGINEERIMNG o5
e T L O

ZEBRA Batteries (NaNiCl)

The ZEBRA cell has a central positive
L S8-DEA Il {EBRA electrode mainly consisting of Nickel
and sodium chloride plus some
Q0 s U wocrotye additives and a liquid electrolyte
L[I"?l‘ Cormins wchvirly tetrachloroaluminate contained within
i L fﬁ': Yk a beta alumina tube electrolyte. The
EVAER: S [ f’fﬂ@ﬁ" cell works in a range of temperature
Operating range I CHes ] chemgs between 270°C_-350°C and _during
- prigi-iit charge sodium ions formed in the
270°C to 350°C, e chiore s R I central positive electrode moves
_ ) ararmic maciryin g through the wall of the beta alumina
Typies) capanity. SAh L odum e S tube to form the liquid sodium
100% Ah-efficiency A | B negative electrode which is contained
S’ by a square section mild steel case
ZNaCl + Mi s NIiCl; + 2 Na -zan

Source: Developments and Improvements in Zebra Nickel Sodium Chloride Batteries Dr. A. Turconi, - MES-DEA Sa, Via Laveggio 15, 6855 Stabio Switzerland

2 POVWERTRAIMN EMGINEERING
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ZEBRA Cell Characteristics

Cell Characteristics ML3AC ML3P ML3X
Capacity 32Ah 38Ah 38AL
ocv 2.58V 258V 258V
Deep Disc. Cy. Stability | Very Good Good Very Good
Normal Charge 10A: 2.67V/cell 0A: 2.67V/cell 10A: 2.67V/cell
Fast charge 30A: 2 85V/cell NO NO
(To be defined)
Regen. breaking 3.1Vicell. 60A. 4%S50C 3. 1V/cell, 60A. 4%50C 3.1V/eell. 60A. 4%S0C

Voltage Max generator

2.85V/cell up to 70%SOC,
then 2.58V/cell from 80% to
100%S0C

2.67V/cell up to 70%S0C,
then 2 58V/cell from 80% to
100%S0C

2.67V/cell up to 70%S0C,
then 2.58V/cell from 80% to
100%S0C

Source: Developments and Improvements in Zebra Nickel Sodium Chloride Batteries Dr.A.Turconi, - MES-DEA Sa,Via Laveggio 15, 6855 Stabio Switzerland

SwiRl
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Ultra Battery

& LISIPENN () scoult

Energy Storage Excollence
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Ultra battery Principle

Figure 1; Schematics of standard lead-acid csll (top lef),
ultracapasiior (top right) and their combination in the
traBlattery™ cell (bottom)

Reduced Sulfation Leads to Wider Applicability and Longer Life

The reduction of the rate of negative plate sulfation, which is the dominant cause of aging of valve regulated lead-
acid (VRLA) batteries when used in high-rate partial State of Charge (pSoC), is achieved in UltraBattery® cells as an
outcome of the carbon-based supercapacitor both being in parallel and sharing a common electrolyte with the

negative electrode of the lead-acid cell. =
; Y
@'. POWERTRAIN ENGINEERNBPAPE -g.

Y p—

Ultra Battery ...

Why UltraBattery®?

Total lifetime energy throughput capacity, when used in pSoC applications, is far beyond
previcus lead-acid technology

= leads to lower ifglime cost per kWh

Ability to operate continuously in a pSoC regime (i.e. operating in a band of charge that is
neither totally full nor totally empty)

2 leads to viability of use models where energy is charged and discharged at significantly
higher efficiency

Enhanced charge acceptance (charge and discharge occur at similar or equal rates,
whereas traditional lead-acid cells can discharge quickly but charge more slowly)

= leads 1o quicker recharge, increased uptimea, and wider applicability

Consistency of behavior of individual cells in long strings

= leads to lower mainlenance %‘,
; C
@'. POWERTRAIN ENGINEERIEE P> -g.
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Ultra Battery Cycle Life...

LiitraBattery™ Longévity Linder High-Rate

i yohng | sty Rarcd ot ol F000

%‘
[
POVWERTRAIN EMGINEERH - ..72
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Ultra Battery Efficiency...

Partial State of Charge Watt-hour Efficiency Test
Furukawa, 2013

%
[
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Ultra Battery PV Hybrid Cycling

Battery Under PV Hybrkd (low-eate) C

i
@'. POWERTRAIN EMNGINEER EE ..; 4

Ultra Battery Charge Acceptance

Discharge Terminal Voltages During a High-rate PSoC Cycling Test
(Furukawa, 2013)

N & B0 10 N 700K
%_h
2
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@' ORI aSvriorg

Ultra Battery Has Low Cell to Cell Variability

Daily Variation of Cell Voltages for each Technology on Trial

(CSIRD, 2012)

%‘
[
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Lithium lon Cell Makers

48



MDEC 2018 WORKSHOP

£ 2 Sl

Pure-Silicon Lithium-lon Battery System for
Reducing Barriers to EV Adoption

Dv. Benjamin Park. Founder & CTO

4 June 201
L
s/ @
.
prr

g
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Enevate’s- Silicon Dominant Anode

* Breakthrough Li-ion battery technology: Novel silicon-dominant
composite anode approach

* Nanoscale SiC layer increases performance while being cost-effective
and manufacturing-friendly

» Fab-light manufacturing strategy is capital efficient while enabling fast
and efficient low-cost manufacturing

* Anode production line 1 operational today
+ Safety certs completed for first product

* Capable of accepting charge at ultra-high rates

Courtesy: Enevate

. POWERTRAIMNM EMNGINEERIMNG
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Enevate’s- Silicon Dominant Anode

* HD-Energy™ Anode: Silicon-Dominant Composite Micro-Matrix
= Enevate manufactures active material film from faw materials
* Silicon source is inexpensive
¢ Seff-standing, monolithic, singhe-particle

= Properties
* Silicon-dominant: »70% silicon
* Gravimetric energy density: ~2800 mah/g
+ 1500 mak g wniaed in oell deugea, volumaers and esenpy densimes of TR0 WL 200 Whilg ;
= High initial Coulombic efficiency: 93% for anode, =208 for full cefls ‘
* High density of anode: 1-1.5 gfoc
* Silicon surface area: <10 m*fg

+ Compatible with existing highvolume manufactu NNE processes
+ Unkls namewre of slicon wiler spproscat

* Composite comprised of carbon as conductive matrix, silicon as main active material,
silicon-carbide as silicon-surface protecting nanometer-scale layer

* Anodes are bonded with proprietary process to the current collector

* Anodes are then sent to Enevate’s cell assembly partners

Courtesy: Enevate

.. POVWERTRAIMN EMGINEERING
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Enevate’s- Silicon Dominant Anode

+ “Free” process — coating Is created as part of normal heat-treatment process

= Self-limiting process
= Matrve oxidie Layer thickness 15 conwerted
s Nanoscale thickness

= Conformal layer

* Prevents side-reactions with lithium consumption from 50,

= |mproves coulombic efficiency

i
= Reduces Impedance J

1=
i Tem

* Both Ultrafast Charging + High Energy Density Cells:
15 minutes full charge with uncompromised cycle life and energy density

= Deliver up to 31X runtime (Le. talk time) with 15 minutes charging

* TSOWh/L enengy density now, rosdmap o 1000WhH/L
= Longer Runtime

* Excellent low temperature performance, tested to -20degC

Courtesy: Enevate

. POVYERTRAIMN EMGINEERING
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Enevate’s- Benchmark Results

Enevate Conventional

Sillcon-Dominant Graphlts
A0 Ah 11 Blvrlh

i HE
HE H E
Tests done on Android Smartphone : i
~35-50% longer smartphone runtime 7 i
“ter W Lo 0P aee MO Dpabe .}.E
; L_\\_ : s
N

¥ POVWERTRAIN EMGIMEERING
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Enevate’s- Fast Charging

* Conventional graphite cells fade quickly if charged at high rates

= Aoot cause: lithium plating
= Enevate's cells can support higher rates of charge because:

* Cell design has excess capacity on the anode

* Enevate’s anode voltage is higher when the cell is fully-charged = more margin

to OV s LifLi+

+ Cycling done with CC/CV charge regimes using 4C currents without any

noticeable degradation

= Max rate of chasge abowe 40 B unlmown

4C charge currents without noticeable degradation
Enevate Charges 5X Faster than Samsung Fast Charge
[Bx Faster tham Copyentional Charge)
[c»
/ !
1% S
ourtesy: Enevate 1 L
o e B 15min 7 Samiin
@'_ POVYERTRAIMN EMGINEERING 102
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Fast Charging

5 Minute Charge: Paradigm Shift in EV “Refueling”

A5
Enevate HD-Energy™®
&0 Li-ion battery
350
300

Parsmim EV
S-minute charge
“Mardard EV2

Comentional
Lision battery

Distanee with § minutes charge (k)

comentiansl O Fist Crare_gy ——

= &2 L L] n L 1m0 119

Battery Pack Size (kiwh) (:. ENEVATE

BABL POLE - Sy Debps

POVYERTRAIM ENGINEERING

Enevate Technology Roadmap
g
Each Generation of technology each can be individually licensed
Ao EGPENEVATE
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| O Kaplan, & Pullen, J. Rempal, D Ofer, 5 Dalton-Castor, B
| Bameti, Suresh Sriramuly

AN, Fows
X5 Hartwell Svgron

L.ﬂ‘?'lh:i:l;

warw CAMDPCWER pom

T e e
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Ni Rich Cathodes

With the selection of sultable cell components, high-Ni cathode materials can be implemented
in Li-lon pouch cells or eylindrical cells with long eycle life even at elevated temperatures.

Cycle Life of CAM-T 3 Cathode (Graphite Ancde Cycle Life of CAM.T 3 cathode /Graphite Anode
200 mAh, Multi-Layer Pouch Cells (4.2V =27 V) 1.8 Ah, 18650 Cylindrical Cells (4.2V =27 V)
100 L 100 100 - 150
45°C JE‘ E
= .
= 80 | - 80 & £ 8o - 130
o
= . 15 = g
E o 8 E:p. :::m:m E::l 60 § E o | (:ap Hetention, Cell 1 . 110 g
I o Cap. enlion, Cell 2 =
E —o-DCR 5 5% SoC | & ; Cap. Retention, Cell 2 ::
= . ® = ~DCR @ 50% SoC
40 | ;.rt‘I 40 o S 40 k - 80 =
a ..r":'-lr 3 &
G 33 P =1 o il o
20 pogwe—eT - 20 E L e - 70 g
u 1 1 1 n 1] : B - =0
0 200 400 &b0  B0O 1000 ¢ 200 400 EBOD  EOD 1000
Cyele Number Cycle Number
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High Ni Cathodes ...

With the high discharge capacity of such cathode materials, energy > 700 Wh/L can be achieved

with graphite anode.

730
E CAM-7.3
= 720
E 70k CAM-7.2
s F [}
> 700 E
= F NCM(811)
S 690 f
(=] E
= 680 F
2 F
S 670 EA NCM(622)
w E M
660 F Calc.
F ® Meas.
650 C 1 1 1 1 1 1 1
180 200 220

Cathode Discharge Capacity (mAh/g)

‘EmAhicm? electrode loading, ~20% porosity

SwiRl

Cell-Level Energy Density with Graphite Anode (4.2V -2 7V)*

Photograph of 5.3Ah CAM-7/Graphite CelF

POVWERTRAIMN EMGINEERIMNG
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Impact of Separator on Capacity at High C Rates
One implication of our findings is that improper selection of test conditions can resultin
erroneous characterization of active material performance.
4{ Poorly designed test conditions | I Appropriate test conditions }7
240 240
I : B 200 : *—
D 200 e S : .-,
B R g E e,
P e z OO0
3 . e ] : Yoo
g. 120 F —6 3 120 E -0
e E o NeM(111) \ 2 :
’g Rl S CIVE \-.\ §~ 80 F —o-NCM(111)
2 gf -.‘ wf —e—CAMT
ob ) S ——
C20CM0 C5 C2 1C 2C 3C 5C G20 ¢ C2z 1C 2¢ 3C 5C
Current Rate Current Rate
NCM loading: ~ 10 mg/cm?, ~ 2 mAh/cm? NCM electrode: ~ 17 mglcm?, , ~ 3.4 mAh/cm?
CAM-T7 loading: ~ 15 mg/cm?2, ~ 3 mAh/cm? CAM-T7 electrode: ~ 17 mg/cm?, ~ 3.4 mAh/cm?
Separator: glass Separator: high power separator
Anode: Li metal, 43V -30V Anode: Li metal, 43V -30V
@'_ POVERTRAIN ENGINEERING 108
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Impact of Relative Humidity on Life

Exposure of calendared electrodes to high RH (for 24 h) adversely affects the 45°C cycle life.

Capacity Retention during 45°C Cycling of CAM-7/Graphite
200 mAh Pouch Cells (4.2V — 2.7V}

45°C

100
=
c
o
E 90
3 —e—0.8% RH
% —&—15% RH
2 80
3 ——50% RH
?’D L L L L - L
0 200 400 600 800 1000

Cycle Number
* Data shown are the average of three cells. 4.2V - 2.7V, 1C CCCV charge — 1C discharge, DCR measurement at 45C every 50 cycles;

¥ POVWERTRAIMN EMGINEERING
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Impact of Relative Humidity on Life
Exposure of calendared electrodes to high RH (for 24 h) adversely affects the 45°C cycle life.

Capacity Retention during 45°C Cycling of CAM-7/Graphite
200 mAh Pouch Cells (4.2V - 2.7V)"

45°C

100
2
=
o
E 90
& ——0.6%RH
% —e-15% RH
8 80—
3 ——50% RH

?D L -
0 200 400 600 800 1000

Cycle Number
* Data shown are the average of three cells. 4.2V — 27V, 1C CCCV charge — 1C discharge, DCR measurement at 45C every 50 cycles;
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Impact of Relative Humidity on DCR

RH exposure adversely affects the Initlal DCR, as well as the rate of DCR Increase at 50% SoC .

Cell DCR During 45°C Cycling of CAM-T/Graphite
200 mAh Pouch Cells (4.2V - 2.7V)"

1]

T
—e—0E% RH I | 45°C
'E Sl u- 15% RH i
§ 65 H 5% A . ]‘F_ « 1 i
2 s [ 1 % ¥
§ T { e
@ 45 . I -f'/ _F q‘_‘t’
E 5 1. N - :r'j
= I -Fj_’ ;,P‘F‘Ib
| & g P i
et
" o :11:Im 400 mn B 1000

HNumber of 1C cycles

* Drala shown are e averags of three calls, excepl for e 50% RH condiion - average of 7 calls
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Batteries with Wings
How Electric Cars Impacted Electric Airplanes in Driving High
Energy Density Batteries

Qichao Ha, Founder & CED. SolldEnergy Systams Corp.

. POVYERTRAIMN EMGINEERING
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History and Timeline
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Solid Energy Lithium Metal Anode

SEMI-E0LID LI-METAL

POVWERTRAIMN EMGINEERING 115
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Energy Density
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— Characteristics

POVYERTRAIM ENGINEERING o
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Lithium Sulfur Cells
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Lithium Sulfur Overview

# High theoretical capacity, energy and power density — Expected for
practical 300 to 600 Whikg

e Sulfur cost is cheap and environmentally safe

# Li-S can provide the break through we are waiting for - but farther
development needed

» Developers: Sion power (U.5.A.), Eagle-Picher (USA), PulyPlus
(U.5.A.), Oxis Energy (U.K.) - Ouis is leading with a 310 Whikg pre-

production
|| LS [Lion

e - WhiKg 2500 580
o WhiL 2660 1810
= E -

Lt om ON% Lo Likeonils 0NN UM Lt il (T00 Vel Ll imills

Wt s [H88 ]

Courtesy: Shmuel De-Leon
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Preview, Merits -
)
a0k LI-NMCE22
~ |
LitTmwarm i ey 2 Tesla rhiﬂde\ | S PTDJECI'E!{! Li-8&
™ B |
- 200 - ’__,-"[ . |
e — - o Gr-NMEB22 Projected Li Si-S
Lithium i i Eakiln i i o
P . — . v
Adwtal - - &
snnde e Sl it S ""D\ﬁmn&h‘ai&d Li-S
LA Su i Balery =
§ = ILi" = I & LiS Miszan Leaf
[i] e A i i
o 104 200 300 400
o Pack-Level Whmikg
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Preview, Challenges

Challenges

Anode iohgme changs. resctivty with slecirolyte snd polysulfides
& Lhium derdinks
- Cathode Machamcnl shese. condacimty, kinstics of reectxn. polysulhde
= confaemanl, balance lasding
S— By iy Wiy gk Liply
;=.. Bmder Mechanical s chemmcal requinerends ee afcult ta schaes
— i
—— —
g — T
- Blectralyte
- e T wa —
s e s AL Ba 1
— e e
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Li S Developments from China

Recent Progress on Development of
Lithium-Sulfur Batteries

'd

L
.-""

Yuegang £hang

Department of Physics, Tsinghua University

MontaVista Scientific, Inc.

POVYERTRAIM EMNGINEERING
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Stability via Encapsulation of S

2 Meed an open carbon structure to increase the sulfur content in composite
cathodes

O Need chemically functionalized carbon to effectively anchor sulfur or
polysulfides

2 Need more conductive, robust 30 porous carbon scaffolds to reach a
commercial-level areal mass loading for practical sulfur cathodes

POVYERTRAIM ENGINEERING
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Highly Nitrated Graphene Cathode

T o
e . iR

- i s M -
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Predicted Roadmap from China

S00
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@'. POVERTRAIMN ENGINEERING
125
T L TR - -3 R
Li-S Battery with Fluorinated Electrolyte
Electrochemical Performance of Fluorinated Electrolyte
L WL ‘:-:“"' + AT A
DoL "-' E i
kv £t AL | e
F Electiiyte 1 M LTFSI DOLITTE (11 VR I R e
R 11
11Db|~ E L R R S L
- R g e
% shpal] TR ————— sttt E ]
; " -\'-lq- w o4 \
& L I LT e — - E i CE=gT
3 “':" COLMDME g t' - :
[T F1] - 40 1 0 F] 0 il
Cycle Number Cycle Number
couresy:
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Li-S Battery with Fluorinated Electrolyte - Conclusions

¥ A new electrolyte based on an organo-flucrine ether sclvent was developed. The new flucrinated
electrolyte prevents the redox shuttling effect and significantly improves the performance of the Li-
S battery.

v Self-discharge of Li-5 battery with fluorinated electrolyte was significantly mitigated.

v A deep understanding of the enabling mechanism of Li-S battery with DOLTTE flucrinated
electrolyte was gained by analytical techniques of HPLC, XPS, SEM/EDX, and operando UV-Vis:

¥ Low solubility of high-order polysulfides in the fluorinated electrolyte mitigates the shuttle effect
and enhances the capacity retention of Li-S cell.

+ SEI formation on the sulfur particles by reductive decomposition of fluoroether further prevents the
dissolution of the polysulfide and improves the sulfur utilization.

¥ Chemical reaction of fluoroether with lithium anode forms a protective layer acting as a physical
barrier eliminating the parasitic reactions of dissolved polysulfides with lithium.

couresy:
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Toyota Prius Prime NCM Cells
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Prius Prime — Cell Specification

PHV cell specs. Prius plug-in

Voltage (V) 3.7 37
Capacity (Ah) 21.5 m 25
Weight (g) 726 720
o 148 (W) 148 (W)
D'"’('ﬁ'f"s 26.5 (T) pmass 26.5 (T)
105 (h) W 105 (h)

TOYOTA

Courtesy: Toyota and AABC SFO 2017
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Prius Prime — Cell Specification ...

[ Qutput power at low temperatures and SOCs improved to expand EV mode range ]

1.4
12 ;
1.0 - ! 'J-‘ﬂ'?uj
08 -

0Ee 4

0.4 -

02 -

0.0

Output power ratio
(Prius plug-in = 1)

Prius plug-in Prius Prime
Fig. Output power performance of the cell at 0°C, SOC 10%

Courtesy: Toyota and AABC SFO 2017

POVYERTRAIM ENGINEERING

T O

65



MDEC 2018 WORKSHOP

Prius Prime — Safety Test List

el

Vibration Goad

Mechanical shock Good

. Impact/crush Good
Mechanical Brces Good
MNail penetration Good

Altitude simulation « UN38.3 Good

Thermal High temperature endurance *» GB/T31485 Good
Temperature cycling » |ECE26E0 Good

External short circuit Good

Overcharge Good

Electrical Forced discharge Good
Forced internal short circuit Good

Seawater immersion Good

Courtesy: Toyota and AABC SFO 2017
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Envia Cells
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Envia High Energy Pouch Cells

= High Energy Drone Pouch Cells

envia (ENV35011-CRC)

Key Features & Benefits:

o YS0WWhKg usable specific energy at G110 rate

o BADWHL usabibe enengy denaity (veithout terrace) at C10 rate f 3
o Excellent high voltage [4.470) stabadity

o Proprietary Si-based anode and Cobalt-rich composite 3
ORC) cazkode
o Ly £t 51
Appliications:
o Unmanned aerial vehicles (L)
o Flying somabies e
o Military apphcations
o Gl apidications . )
— |
L
Cell copacity a1 CAD ale Al 10.5:
Sl o e gy ik CF L0 rane Whi 350
[Erveripy derminy o T30 e WhiL| [ || ez
Ll wtght gl 2 111 11,
Call fimancons mm|  iESuhduh N
Niserirdl weilage [¥] v 365 |
Opesating Lempersture | 0] degrees "IC| A01a55)
\altage range WSS dar] iil
Courtesy: Shmuel De-Leon - - . L
- POVWERTRAINM EMNGINEERING T
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XALT Cells
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Lithium Titanate

XALT Launches High-Performance Lithium Titanate Cell

r—
[

Technology

- -

LE W W

Y T B g g i i Y, i o

- g

(D

6

h,
A

ks 0 ] g Y g [t 0 VT i

Courtesy: XALT
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«  Currently using Two Chemistries (more possible) NALT Lifim-lo, Cof Pt
-~ NMC/Graphite & NMCILTOD -
+ Three electrode designs HP. HE, UHP e
+  Two standard formats 5‘ j
= 255mmx255mm . | I | ‘
+  216mmX216mm . Aoy g e m.-,---,.
Currant Energy klax Max Paak Power Poar b E d
Products Density Charge Dizcharge <10 sec ”"u;l I: T
(Ah) Whyk {CRata)} | (CRate] (C Ratn) i
High
Enevay 25-75 178 2 3=-5 5-8 21t 3:1
RME
e Sy 1%k 2 6-8 10-12 3106l
Uftrs High y .
B W Ey 110 E 15 25 B:ltolll
High Power - .
o 60 80 8 & 10 5:1 to 8:1
Courtesy: XALT
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XALT Cells in Marine Service

« Hybrid

+ Full Electric

Courtesy: XALT

SwiRl

Electric

Ferry

— Prinsesss |
Benedikte |

= 27 N&h A
(NMC)

Two Ferries: 4.2 MWh
Capacity: 1,250 Passen
cars, 539 trucks; tra
to 50,000 passengers and
cars daily

Ferry

- Ampars
{Zero Cat)

- 1.4 MWh -
{NMC)

MNew 532 kWh OSV.

Appli:atlonal
= 300 kWh |
nmc) |

POVYERTRAIM ENGINEERING
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Alveo Energy

Spin out from Stanford in 2012.

Raised series A and ARPA-E award in 2013.
Raised series B in 2016.

Movel sodium-ion cell chemistry based on Prussian blue (PB) electrodes and an

agueous-organic cosolvent electrolyte.

Technology benefits: lower capex, longer life, and higher power than lead acid in
the same footprint, with no lead or acid.

Present status: initial manufacturing scale up and product engineering.

MNext major milestone: first packs to customer demo testing in <2 years.

.. POWERTRAIMN EMNGINEERIMNG
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Alveo Cell Technology

Prussian blue (PB) anode and cathode:
= Zero-strain Na® intercalation in both electrodes, Meither limits call cycle life.
= Open framewerk PB structure cycles Na® at very high C-rates,
= Modest specific capacity (70 mahlg) but at a very low price (32%g).
Agqueoaus-organic cosolvent electrolyte.
= High Na* conductivity enables high power.
= Good safety: nonflarmmable, pH-neutral.
Cell architecture requires no new manufacturing methods.

Schamatic of Alved Call

Aluminum

Prussian biue anode | Prussian blue cathode

Na® v‘ o

. POWERTRAIMNM EMNGINEERIMNG
STy RS EETTTL T LT
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Alveo Cell Performance

«  Mominal 1.6 V cell with energy density up to ~55 Whil.
= High power:
- Up to BO% energy extracticn during 12C discharge.
—  Lead acid: 25-30%
+  Long cycle life:
- =3% capacity loss after 12,000 deep discharge cycles/S months of testing.
= Projected cycle life =30.000 cycles.

Cell Voltage Profiles vs. C-rate

Cell Cycle Life (1C-1C, 5C-5C, 100% DOD)
i y

ok »
1C-iC

u

wm

- CellBTS
* Cell 876
= CellB77

E
100 =
20 s z 1C-1C
— 1 2C deschanpe % @0
_ 184 — i5Cdscharge [
< ; 20C discharge %
& b &
- R i =
R NS :
> . T 40
= Fid
z T
= 20
1.2 E
T T T T 1 i 4
0.0 0.2 04 0.6 0.8 1.0 a 2000

Moamalized Capacity

4000 6000 8000 10000 12000

Cycle Number
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Solid Electrolytes
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Solid State Battery Companies

Po¥ Solid =
hdPower ==

Bullk @ sglid,

OHARA, TOYOTA
Bolloré

= AT
PELWH_-_FT_H__ I'ricto

HEAnD R TE

—

~Ys
<cywesr [T 0N (@ ARPLIET dyson
GEEZ= MPRINT o4 sAKTIa 2

Large Format
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Solid State Battery Advantages

Solid-state allows for the parallel pursuit of high energy
density and safety

* Non-flammable, high temperature stability

* Benign failure under abuse conditions (e.g., puncture,
overcharge, etc.)

* 5V+ stable voltage window (sometimes)
* Long calendar life
* Enables entirely new classes of electrode materials

* Allows for more packaging options (bipolar designs,
unpackaged cells, etc.)

Courtesy:  JL5oilke! Pewpne
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Solid State Battery Challenges

* Rate capability limitations
o Conductivity drops with temperature

o No liquid to conform to interparticle and interlayer interfaces

o High C-rates require higher current densities than for thin films

* Cycling with Li metal anode
o Separator and/or any protection layers must be dense, stiff,
Lit-conductive, and chemically compatible

o Lithium can propagate across open pores or grain boundaries

o May require conservative charge rates and temperatures

* Other miscellaneous
O Needs to approach cost parity with Li-ion
o Higher stack pressure may be needed than for Li-ion
o Layer thicknesses and material loadings must be appropriate

for high energy density

. Courtesy: WSoMdPewar POVYERTRAIN ENGINEERING
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Bollore Solid State Battery

T 2
hﬁa% i" [j{ ]Ih H.L".’ * Based on Poly[ethylene oxide) (PEQ)

* Low conductivity requires high cell
temperature

LMP Battery Characteristics * Can safely use Li metal if charge and

discharge conditions tightly controlled

| Battery

[ Wolume (L1 300

oot B oo T S Modest 100 Wh/kg and 100 Wh/l
Electrical Specifications

| tnergy ki W) Scalable
Freak Power 45k {301 [ Modest 150 W/L peak power

[ Mominal Volkage AL0%
Thermal Characteristics

[ T—— BU'C - a0'C 1 u—‘} Marrow temperature window

| Ambdert Tempersture 2L - #1607

hetpcffwew. bluscar. e fles-batteret-dmp-Rhium-metab-polymen:

= Courtesy: MGkt Pewar POVYERTRAIMN EMGINEERING
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Solid State Battery — Energy Density Improvement

Li metal anode is key to solid-state cells matching and
surpassing Li-ion cell-level energy density

255 Wh/kg, 635 Wh/L
[Stack Laval®)

Current
Collector 410 Wh/kg, 963 Wh/L
hod (Stack Lavel*)
cathods 495 Wh/kg, 820
Wh/L (Stack Level®)
Anode - —
1 [ ]

= Canverzion cathods

= NCM B11 cathode = NCM 211 cathede
+ Graphite anode * Lithium anode = Lithium ancde

*Includes cathade, anade, separator, and current callectars, Assumaes 20 micran separator and 4.0
mdhfem? capacity loading

. Courtesy: 3o St Perwne POVWERTRAIMN EMGINEERING
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Solid State Battery — Electrolytes

Shaar
Madulus

Call Tharmal Li Matal Maisture
oV Stabal
Processability  Stability  Stability  Stabilivy T":""""‘“ i
hm

Comdutivity

Polymers
[, PEQ)

Caidan
le.g., LLIO]

Phashates
le-g-. LATP)

Sulfides
fe.g-. LGPS)

= |on transport number, also called the transference number, is the fraction of
the total current carried in an electrolyte by a given ionic species

= Shear modulus impacts the tendency for dendrites to form on the anode
surface during cycling and should be at least twice that of Li metal in order

to prevent dendrite nucleation

Courtesy: MGl Pewnr
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Current Status of Solid State Batteries for

Automotive Applications
Venkat Anandan

Energy Storage Research Department

HEV

Hytwiel Elachic
Vehecle

PHEV

Phug-in Hytwid
Elecinic Vehicle

BEV

Baltory Eloctric
Vehicle
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Performance to Target

By oy
LAHE Y

AERME R
OO0
A00L00 |
ELL iR
(Lt
-

=T==+*USAEC Goal
=r==*350A Li-ion Pouch Cell

Vel Energy Density L)

Cathode Materials

BE e W e R R

ALO0 |
g ] A e e ===*USABC Goal

2 o000

250, 00
gms.m
1S |
E 100,00 |

s 0.0

B

===+ 504 Li-on Pouch Cell

LN BLANUM § ST NG W MLA

A bulk type SSB design containing existing active materials can meet
energy density target for automotive application

Lithium Lartharmim Zreonium Oxide (LLID) meets most of the requirements |

Courtesy: i TUTENT oo

2 POVYERTRAIM ENGINEERING 150
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Current Solid Electrolytes

Manufacturability
: Nagligible electronic
(<80 juma shests) S N - conductivity

Transferance
Numbor=1

Fracture B e Elactrochamical
Toughnass \ P . window 0 o = 6V

Sheai Modulus with electrods

- LIPOM -e-Garnet -e-Li-MaSIiCon -ePerovskite

Chemical Stability

e-Sulfides

Lithium Wrthamam Zreonum Oxide (LLID) meets most of the requirements |

Courtesy: i SEETETRTEL___.,

POVYERTRAIM ENGINEERING
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Prius Prime — Pack Specification

[Eruergr,I doubled and energy density impn:wed:]

Table, Batlery specs

Bathﬂ.r".-I Battery specs. | Prius plug-in | Prius Prime

56 cells 85 cells
Cells (16 cells = (19 cells =
4 stacks) 5 stacks)
Voltage 2072V 5 3515V
Energy 4.4 KWh [597 2 8.8 kWh
Weight 80 kg 120 kg
: (Specific energy) (55 Whikg) (73 Whikg)
Fig. Intem::;ﬂ;e of T 87L 145 L
(Enargy density) (50 WhiL) (60 WhiL)
TOYOTA

Courtesy: Toyota and AABC SFO 2017

@'. POWERTRAIN ENGINEERING 155
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Prius Prime - Thermal Management

[Eaﬂery warming system expands EV mode at low temperatureﬁl

A After battery warm-up
denmfy-ﬁe sity
H |I.= :'::;55 _"_ d:tsty

l:-'.|

Before battery warm-up
Required vehicle output power

Battery power

EV mode range under cold
conditions

i EV mode range under warm
<:I conditions

.
-

Battery SOC
Fig.2. lllustration of output increase

Fig.1. Electric heater pattern Wit betlery Warm-up 511':%2"61. A
Courtesy: Toyota and AABC SFO 2017

@'. POVERTRAIMN ENGINEERING 154
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Prius Prime — Charge Scheduling

M

I
I
Target temperature range |
I

Battery temperature Charging Full charge
Heater operation
Plug-in Warm-up start Departure time 3

/‘ =D (automatic) set using timer
F

ig. Operation after setting departure time using charging timer function

TOYOTA
Courtesy: Toyota and AABC SFO 2017

¥ POVWERTRAIMN EMGINEERING
e T LD
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Prius Prime — Pack Safety Tests

Tahle 1. Vehicle tests Table 2. Battery pack tests

Frontal impact Good Vibration Good
Rear impact Good High-altitude simulation Good
Side impan.t Good Mechanical I . |2ﬂhpﬂl._‘:t.|'!:!'l.l;h - gﬁ I

echanical shoc

Wmf;::ray Good Drop . Gnod_l
racistanieo Good Thermal prﬂp&gahunl Good
Hiohwcilage Thermal Thermal shock and i Good
fe Good Fire resistance Good
safsty Ower temperature pratection Good
inmereed Good External short circuit Good
road Electrical Over charge protection Good
Over discharge protection Good
Salt water immersion Good

Humnidity/maoisture exposure Good
Smoke exhaust performance Good
TOYOTA

Others

Courtesy: Toyota and AABC SFO 2017

2 POVYERTRAIMN EMGINEERING
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Malibu Hybrid Pack

Battery
. 1.5 kWh lithium-ion battery
« 80 Prismatic can cells from Hitachi
. 300V
Air Cooled

« Accessory loads efficiently
supplied by battery pack and DC-
DC converter

« Built in Brownstown, Michigan

Courtesy: GM and AABC SFO 2017

SwiRl

POVYERTRAIM ENGINEERING

T O
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Volt 2 PHEV Pack

Battery

m 78.4 kWh lithium-ion battery
m 96s2p Pouch cells from LG

m 360V

m Ligquid Cooled

m Common Cell, Module, Electronics
with Gen2 Volt

m Built in Brownstown, Michigan

Courtesy: GM and AABC SFO 2017

SwiRl

POVYERTRAIM ENGINEERING
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Bolt EV Pack

Courtesy: GM and AABC SFO 2017

SwiRl

Cell Chemistry Ni-Fich NMC

Cell Configuration 955 3P (288calls)
Energy 50 kWh
Fower 160 kW
Neminal Voltage Jsav
Mass 435 kg
Cooling System Liguid Cooled
& of Sections 5

POVYERTRAIM ENGINEERING

T O
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Pack Operating Envelope

Applications Analysis
Battery Pack Operating Envelope

+ Cell/Module Current Limited
operating envelope, power
capability as a function of : R

+ Temparatura

+ State of Charge
Pulse duration

Derived from HPPC cell data

Dischangs =

Courtesy: JM and AABC SFO 2017

SwiRl

W = 30sec Chy
W - 10sec Oy
B - 1sec Chy

B = 1sar Dely
._::I'Da.-nlhllg
.='.§Da.-nlhl|g

POVYERTRAIM ENGINEERING
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Summary

= |n this presentation we reviewed:

— Cell supplier and chemistry landscapes along with performance metrics and future
directions

— Fundamental operation of a lithium ion cell

— Two types of advanced lead acid batteries

— Several samples of production lithium ion cells

— Upcoming chemistries such as Lithium Sulfur and safer solid state technology
— Samples of several battery pack constructions

POWVYERTRAINM EMNGINEERIMNG
B ST LD
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“EsisEsi—

and Safety Consortium

Benchmarking of Lithium lon
Cells

SOUTHWEST RESEARCH INSTITUTE"

Bapi Surampudi, Ph.D.

POVYERTRAIM EMNGINE Eﬂ I

S ik WL OTR
= Period: Nov 30 2015 - Nov 30, 2019 i’ _' ‘ ;ESIS.ESF = m
= 70% Cell/Vehicle benchmarking and 30% research i T
= Basic benchmark of one XEV per year e

Manufacturing
4, . Benchmark Jg&
& 2 cells/yr
Ally W
a JoHn DeERE ﬁ £ TranATEssI - =

P . Safety Cycle Life
e b, \
-8 m
v
'I'ﬂ'l'.'l.
- m‘tnm TATA MOITORS

BaS|c Vehlcle Research
VW e-Golf i Chevy Bolt 1 Topic/Yr

Y
USABC Start-Stop Fast Charge
Cycle Aging Models Algorithms

Module Fire

Safety of Aged Cells Propagation

e
KIA Soul EV
@" POWWERTRAIM ENGINEERIN’G

'bi:-r 1 Org
4
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Cells Being Tested in EssEs-II

(Year 1 and

2)

Benchmarking
|
: ::T;‘;";C\:’"Sma"c * LGChem P1.7 .
: * 15.9Ah3.7V

* NMC Cathode, Si-C anode
« Target Application: EV (eGolf)

* LGChem Prismatic Cell*

* 56 Ah3.7V

* NMC Cathode, Si-C anode .
*Bolt disassembly pending

« Target Application: EV (Bolt)

LMO
Target Application: PHEV (Volt Gen I1)

e

Samsung Prismatic

37.6 Ah3.7V

NMC

Target Application: PHEV

Test & Model Aging -
USABC Start-Stop Cycle

A123 AMP20M1HD-A
20Ah3.3V

LFP

Target Application: Mild Hybrid

Overcharge tolerance of aged
LGChem cells

LGChem P1.7

15.9Ah 3.7V

LMO

Target Application: PHEV (Volt Gen II)

POVYERTRAIM ENGINEERING

— 165
WL OTR

Cells Tested

- 9O ™|

in EssEs-|

w

* A123 Systems 32113 EIG F014 * Toshiba SCiB * LG Chemical o IR
* 4.4Ah3.3V * 14Ah3.3V * 4.2Ah2.4V * 15Ah3.7V 3.0Ah, 3.6V
* LFP * LFP « LTO « LMO NCA (NNP)

= =

F

+ A123 Systems® BAK 26650 HP-Fe 0 * LishenLP2714897 . gqrgel cP160-365
« 20Ah3.3V ° 2.2Ah32V ¢ 60Ah3.2V * 20Ahr3.2V « 16Ah,3.65V
o .« Lep .+ LFP .« LFP -+ NMC

’Qm

\ <

e
. |;._|

* LGChem P1.5B * XALT

* 159Ah3.7V * 31Ah3.7V

* LMO + LMO

LE

* K2 Energy 26650P .
* 26Ah32V .
* LFP .

Tesla Panasonic Cell
3.0Ah,3.6 V
NCA

+ ToshibasSCiB * AESCCell (ussniw) « Enerdel CP160-365 * Sinopoly (sp-LFPaoaHA) * AESC (Infiniti) + Saft VL6H
+ 20Ah,23V ° 33Ah3.7V + 16 Ah,3.65V + 40Ah, 3.2V © 4.1Ah,4.65V - 7Ah,36V
« LTO * LMO+LNCA * NMC . LFP * LMOwithLNO * NCA
Year 1 Type A Year 2 Type A Year 3 Type A Year 4 Type A

Year 1 Type B

SwiRl

Year 2 Type B

Year 3 Type B

. Year 4 Type B
POWERTRAIN EMNGINEERING

166 Fwri.org
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Benefits of Sharing Test Data
Across Industries

= Batteries are used in many industries and each
application needs test data to design, diagnose and
control for safe and long performance

= EssEs creates unique test procedures that are battery
size factor agnostic and applicable across all industries

= Bringing together testing needs from all industries to
produce a generic data base that can be applied across
multiple applications is very cost effective for all
participants

| p— s

Courtesy: Toyota

Courtesy: Beoing
Courtesy: Tesla Motors Courtesy: Volvo

.. POWERTRAIMN EMNGINEERIMNG
i e 167 wwri,org

Intent of Testing

= There are many chemistry, size and format, price and safety
differences

= There will be no clear ‘winner’ but rather a best match for a
particular application

T
= e AL,

g s

Source : AABC 2010, Pasadena, California and Boston Consulting Group

. POWERTRAIMNM EMNGINEERIMNG
I ———— 168 T DR
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EssEs Consortium Model

= SWRI Cooperative Research Program to serve market need to test commercial
energy storage components and do precompetitive research

= Consortium is a group of companies that form an organization for a finite duration to
meet a common goal

= Each phase is for a duration of 4 years and ESSEs phase 2 is in Year 1 now
= Example testing hours for EssEs-I Year 1

— Cycle Life and Characterization — 160,000

— Safety/Abuse - 300

— Calendar Life — 170,000

= Each member pays an annual membership fee

= Designated representatives from each member company will form a group called
‘Program Advisory Committee’ or PAC

POWVYERTRAINM EMNGINEERIMNG
169
2 = T, D

EssEs Operations

» Two PAC meetings per year
— PAC meetings have an informal atmosphere and high levels of interaction
— Members are encouraged to interject with questions and comments at any time

= PAC members vote how to direct the consortium work

— SWRI proposes test procedures, list of cells and a few topical research projects to
PAC

— SwRI will poll PAC for majority opinion after SwRI and PAC discuss plans and
agree on approved course of action during PAC meetings

= Relationships between members and their suppliers are confidential
= Material analysis will be done as part of topical research

= Specific member feedback is kept confidential

» Data and reports are uploaded to Vault on a monthly basis

POVYERTRAINM EMNGINEERIMNG
170
2 = T, D
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How to Join EssEs-II ?

= SWRI will provide the standard consortium contract to you for approvals
= Membership cost for EssEs Il is

— $65,000 a year for EssEs-1 members

— $75,000 a year for new members

— $32,000 a year for small companies with restricted data access and voting rights
= SWRI will invoice every year in March

POWVYERTRAINM EMNGINEERIMNG
e s T, D

171

List of Deliverables

= Complete data set in binary (mat) and ascii (text) format
— SwRI executes PAC plan and presents test data at PAC meetings

— Test Procedures and Raw data are posted on EssEs Web Site for secure member access
(https://vault.swri.org/esses)

= Basic and comparative data analysis

= Monthly progress reports

= Two PAC meetings every year

= Status on SWRI internal research during PAC meetings
= Results of one topical research per year

= Industry update from conferences

= Guest presentations

POVYERTRAINM EMNGINEERIMNG
e s T, D

172
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EssEs Work Scope

POVYERTRAIM EMNGINEERING

@'. —— 173
e ki paiiciiey FTLOTE
Scope of Work
XEV Benchmarking Cell Benchmarking for BMS Topical Research
Procurement and Inspection development Member picked topics
CAN bus decrypt for Procurement of cells Charge algorithms
battery operation signals Performance testing Diagnostic algorithms
Performance testing on road Quality testing Safety of aged cells
Charge testing Life testing modeling Life duty cycles
Vehicle and pack disassembly Safety testing Fire propagation
Part inspection at EssEs
meetings
@" POWERTRAIMN ENGINE‘_I_E_ﬁlN_FE 174
e ki paiiciiey FTLOTE
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Type of Tests

= Perform testing regime on

three battery cell types per Full Data Set
year:
» Manufacturing
» Characterization Manudsciuring
. Life e
« Safety/Abuse Charsctrization Lte

Total tests per cell type

Test Type # of Test # of Samples | Total tests
types per test
3 60 180

Manufacturing

Characterization 22 4 88
Cycle Life 9 2 18
Calendar Life 9 2 18
Abuse 2 6

¥ POVWERTRAIMN EMGINEERING 175
e T LD

EssEs Builds Custom Cell Fixtures

= SwRI designed and
fabricated fixtures
for cell testing
= More accurate and
consistent results
= Fixtures for
different geometries
e.g.
— Cylindrical
— Pouch
= Ability to calibrate
normal pressure on
flat cells
= Active or passive
cooling as needed
= Good electrical
contact

2 POVYERTRAIMN EMGINEERING 176
e T LD
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EssEs Builds upon Available Standards

= SWRI cell testing procedures have been sourced from
— SAE 2464
— UN 38.3
— USABC
— US DOE Battery Test Manual for PHEV
— |EEE
— UL
= Test procedures have been modified as needed based on member
feedback and SwRI experience

= SWRI is certified to ISO 9001:2008 and ISO 14001:2004 and accredited
to ISO/IEC 17025:2005

POWVYERTRAINM EMNGINEERIMNG
177
B ST LD

List of Tests Conducted in EssEs

= Manufacturing

— Physical and Electrochemical
= Characterization

— Static Capacity, Cold Cranking and HPPC
= Cycle Life

— Taguchi L9
= Calendar Life

— Taguchi L9
= Safety

— Overcharge, Penetration, Thermal Stability
= Topical Research

— Member selected (e.g. Material analysis, Module tests, Cost share in a
US Government solicitation)

POVYERTRAINM EMNGINEERIMNG e
B ST LD

89




MDEC 2018 WORKSHOP

Manufacturing Testing

= Average sample size
is 60

Cell Binning
= Provide statistical .-
information on i I
variation due to ior al
manufacturing { 3
process el i i

= Measured Beginning
of Life (BOL)
parameters:
— Manufactured
Weight
— Open Circuit
\oltage
— Internal
impedance
— Capacity
= Nyquist analysis
= Cells are binned or
down-selected based
on measured
parameters

B L] Ll

e

Multivariate
Kernel Density

| |cem cell2

Weight
BOL conditioning
EIS

POVYERTRAIM ENGINEERING
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Characterization Testing
| [celn cenz

HPPC
Static Capacity
Cold Cranking

= Hybrid pulse power characterization
(HPPC) test is done at 0, 25 and 45
deg C and allows for
— Design of life test matrix
— Sizing battery pack for an
application
= Static capacity test is done at 4 C-
Rates and 4 temperatures for each
cell type
— Itincludes charge capacity tests
that allows for calculating charge
and discharge efficiency map for
the battery
= Cold cranking follows VDA standard
and is BSF (Battery Size Factor)
agnostic

b IR

POVYERTRAIM ENGINEERING RS0
T O
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Safety Testing

Ambient Temperature: 50 deg C

Cell1 Cell 2 Cell 3

Penetration

e e

b e - b

Impact of Age in Safety

Over
charge

Thermal

100% SOC
Stability

@i

POVWERTRAIN EMGINEERING
181 swri.org

Cycle Life Testing: EssEs Approach

= Map-based instead of

Taguchi L9

Test

Nom SOC

target based

50

50

= Generate statistical model

50

50

» Use model to predict life

50

for applications in multiple
domains (Transportation,
Stationary, Off-highway
and Consumer
electronics)

CycleLife = f (Temp, DOD, ChargePow, DischPow, Ah _hrThru)

SwiRl

Power and Capacity Fade Measured

50

PR ——

POWERTRAIM EMGINEERING 7

91



MDEC 2018 WORKSHOP

Calendar Life

Taguchi L9 Design used with
— Temperatures 25,45 and 55 °C
— SOC 50,70 and 90%
= Reference Point Test (RPT) data taken once every Pl Datatat
28 days
= Battery is disconnected from all equipment
during rest period
= Thermocouple continues to monitor

Mundatonng =
=

Chara teranatae

temperature
CalendarLife = g(Temp, SOC,t)
Eaguiiity Enda Sk b Tamparatog ) Eulm'x.l.:L‘t'ﬁ.lDuln ) ) -
. e o :
o
g’ = ! T
o
- .-/ =
! . i | ]
E o g " £ e |
¥ il ] | E T
¥ - i - s 1
X B
e __/J =
= ‘ Day 1 } | lowy2
‘. by o o J L] k) b e s e
Gzars Rost of Tew o Ty e ocadal

¥ POVYERTRAIM ENGINEERING P
e T L O

Sample Topical Area of Research:
Lithium Plating Effect at Low Temperatures

» Lithium plating mainly occurs = L [
at anode side due to ' .
intercalation kinetics at cold
temperature during charging
process

= Comprehensive literature
review done

= BMS calibration data for
inception of Lithium plating
was identified so it can be

Cu Corromt Collostes

Cell Voltage /' V o

0.6 1.2 1.8 2.4

avoided in operation o e a8
. . . Spoals wi { huai iy | il ol ot | o9 Timiuratase
= A real time diagnostic feature b= e o
was identified for identifying as
it occurs

2 POVYERTRAIM ENGINEERING 184
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Sample Topical Area of Research:

Frequency Regulation Decomposition for Cycle Life Prediction

= Each battery application has several load duty cycles

—  Hybrid Vehicles (Micro, Mild and Full)

—  Plug in Hybrid Vehicles (PHEVs)
—  Electric Vehicles (EVs)

—  Grid Storage Frequency Regulation
—  Grid Storage Renewables (Wind, Solar)
—  Niche Applications (Space, Under Water, Aerospace, Medical)

ot g o

—  Stationary Applications (UPS, Telecom towers)
= To test batteries for any application life, several duty cycles have to be

run for many years

= Any duty cycle can be broken down into several basic components
= By testing for life of battery at each of these components and the full

duty cycles a relationship can be established to construct life estimates

from components to any duty cycle

= SwRI has a patent awarded — Royalty free usage for EssEs members

Do Life testing at each component

Life testing of actual duty cycle

Decomp into components

Then, relate component life to duty cycle life

POVYERTRAIM ENGINEERING

WO

Cell Acquisition

POVYERTRAIM ENGINEERING

WO
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ChevyVolt Pack Evaluation ...

94
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Wikl LM esRaldd '
. POVWERTRAIN EMGINEERING
et s LA 189 swiri.org

Mercedes Start-Stop Saft Pack

- | r e i '-.. v y i
2 POVWERTRAIN EMGIMEERING
————— 190 wwri mrg

95



MDEC 2018 WORKSHOP

Nissan Leaf AESC Battery Pack

POVYERTRAIM ENGINEERING

)
i 5
- . i
A Y BB BT 191 mwiri.org

VW e-Golf Battery Pack

2 POVWERTRAIN EMGIMEERING
————— 192 wweri org
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Sample Guest & Internal Presentations

= Guest o : i
— Toshiba | ' | '
— ATL ' ==t [y
— CATARC ! '

nnnnnnnnnn

— Li-S chemistry commentary by SwRI
— Silicon Clathrate anodes by SwRI
- UL

= Internal Research
— Format and Thermal Analysis of Lithium lon Cells
— Emissions from LiB abuse
— Fatigue component of cycle life

— High fidelity heuristic calendar and cycle life
model development

— Modeling and Customization of hybrid pulse
power testing

- sy it
Courtesy: SRl and Dr. Miler
.. POWERTRAIMN EMNGINEERIMNG
i e 193 wwri, org
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How are Members using EssEs Data?
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Safety Assessment
= Objective
— Evaluate SAE or EUCAR rating for
cells and fire propagation propensity
in modules
= Approach
— EssEs consortium addresses most
common field safety incidents by
focusing on data for penetration,
overcharge and thermal stability
— One production per year will be
subjected to penetration and fire
progradation will be studied
= End-Goal
— Select the safest cell for member product

build and learn from benchmarking
packaging from other OEMs

SwiRl

Safety Assessment of Fresh and Aged Cells

POWVYERTRAINM EMNGINEERIMNG

195 Swirl.org

Life Predictions
= Objective

— Generate data driven life models
= Approach

— EssEs consortium generates life
data on duty cycle components

— Life model was created from
these components

— Life prediction from model and
an actual frequency regulations
test were compared

= End-Goal

— Validated life model for grid storage

applications

Prediction of Life of Battery
Under Frequency Regulation Cycle

—
n‘g\: —_—————
A
A
LTy e =~
wid TR e
asa| “ ."‘3.
SN

POVYERTRAINM EMNGINEERIMNG
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Calibrate Equivalent Circuit Models

= Objective
— Generate equivalent circuit models
for cell for use in BMS
= Approach

— EssEs consortium generates data
that can be used to calibrate
equivalent circuits

— Circuit component values can be
calibrated to be valid across cell
performance variations with
temperature and age

» End-Goal

— Validated Equivalent Circuit models

are used to actively control battery

packs and maintain state of health

*SOUMCe:  pmpms meses

Data of OCV vs SOC for Saft 6 Ah Cell at Various Temperatures used
to Validate a Two Capacitance Model*

peen vl Vollage

___ EssEs data was used To calibrate models

TPOWERTRAIN ENGINEERING
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= Objective
— Generate calibration data needed for SOC
estimation in BMS

= Approach
— EssEs data has information regarding
following relationships
» OCV estimation from HPPC data
» OCVvs SOC

Look up SOC based on OCV from EssEs
data

Coulomb counting or integration of current
can also be used to estimate SOC

A Weighted sum of both methods may be
used as shown in Hitachi’s illustration

= End-Goal

— Improve fidelity of SOC estimation for BMS
control

*Source: Kei Sakabe et.al, Hitachi, Presentation at AABC Europe 2012

SwiRl

serd Becoitieyg 1 Sadtepany ol e calmsletesd BOC
B T ey P

ey dwlisteip of wicn SOC

SOC Estimation of a Li-lon Battery*

voltagr
L

faen i il

OCV Data from EssEs
POVWERTRAIN ENGINEERING
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SOH Estimation for BMS

= Objective
— Generate calibration data needed for
SOH estimation in BMS
= Approach

— EssEs data has information regarding
following relationships
» Temperature based resistance from
HPPC tests
« Initial DC resistance is acquired from
(Electrochemical Impedance
Spectroscopy) EIS tests
— Estimated resistance is auto tuned by BMS
controller based on error on estimated
soC
= End-Goal

— Internal resistance based adaptive SOH
estimation

*Source: Kei Sakabe et.al, Hitachi, Presentation at AABC Europe 2012

-Imag (mOhms)

£084 b calculated trom intermal reshisncs incresss
H i sibtmined freen discrepsncy of the cakoulaied S0C

SOH Estimation ot a Li-lon Battery*

Real (mOhms)

Initial DC Resistance from EssEs EIS Data
POVWERTRAIMN EMGINEERING
199 mweri, g

Lumped Parameter View of Ageing

= Objective
— Identify dominant age related parameters in
an equivalent circuit model
= Approach
— EssEs data
* BOLEIS

« Cycle Life RPT (HPPC and Static
Capacity)
Calibrate equivalent circuit model in
illustration to EssEs data

Generate Nyquist diagrams from model at
different ages

Observe change in ohmic resistance, and
Warburg diffusion resistance

= End-Goal

— The equivalent circuit shown could be used
in an diagnostic algorithm of BMS

500 B W

—a—franh slectrode e

400 after 10th cycle [
—aftar 80th cycle I T
= aftnr260th cycle L

E 300 | [

s Vs

™ 200 | 4 _.-/

- . /-

SIMHE yam e e ‘—f)

100 - 56.110H: .
(g ottt

@ 100 200 ET) 400
i ={ohm)

T | bkt et irved g e bl o i b L | 1918 ol

. oy s Wi o
Source: Bt Bt

e
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Aging Metrics lIdentification
and Quantification through Heuristic Patterns

= Problem

— Significant amount of cell-aging
data needs to be deciphered

Aging Wariable

= Approach
— Post-process EssEs cycle life data
— Examine specific cycling
parameters such as hysteresis

— Identify key features of the
behavior that correlates to cycling

= End-Goal

— Find a feature or combination of
features that correlates to cycle
life degradation

. i i A " i
@'. POWERTRAIN ENGINEERING

WL OTR

Aging W ariskie

@'. POWERTRAIN ENGINEERING oo

WL OTR
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Gamry EIS Equipment

8 Channels

SwiRl

20V compliance
300mA current source

Useful to measure
* Internal Impedance
* Open CircuitVoltage
* Equivalent circuit fit

Dowtatr o b Cien Corsat Vmpen

I

e

R L
POVYERTRAIM ENGINEERING
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Thermal Chambers

= Cincinnati Sub-Zero (CSZ) make

= Six chambers

- 32Cuft
— -34t0190deg C
— 10% to 98% RH

= One chamber

- 16Cuft
— 34t0190deg C
— 10% to 98% RH

= One chamber

- 16Cuft
— -45t0190deg C
— 10% to 98% RH

= ESPEC chamber

— 15Cu-ft
— -70to 180 deg C

ESPEC

Thermal Shock

Chamber

i g ‘.#
L] %;!'

|

Lo

Cincinnati Sub Zero
Thermal Chambers
Customized with Racks|

POVWERTRAIN EMGIMEERING
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Power Cyclers

= Bitrode MCV-18-100
— 8 channels
— 0to 18Volts DC
- 100A

— Resolution: 0.01 sec, 0.001V,
0.01A,0.1W,0.01 Ah, 0.01 Whr,
05C

= PEC Corp SBT 05250 W
— 68 channels
— 0to 6Volts DC, 250 Amps
— 2 automatic load ranges
— 25A,250A

— Accuracy: current 0.03%FS,
voltage 0.03%FS, resistance
0.05%FS, power 0.05%FS

- POWVYERTRAINM EMNGINEERIMNG
205
T wrl.org

PEC Cyclers

Abuse Chambers

To Scrubber System

Xantrex XFR 40-
70 Power Supply

BOS/S Bipolar
Power Supplies
Press Controls

Chamber Main Pump
Signal Generator
Low Flow
Air Intake Pump Battery Charger
Controller
Low Flow Battery
Pump

- POVYERTRAINM EMNGINEERIMNG
T wrl.org
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Adiabatic Calorimeter

Calorimeter Bomb
35cm & by 35cm
height cylinder

High Energy
Programmable
Spark Coil

Programmable
Power
Supply/Load

Specification: Exothermic sensitivity of up to 0.2 C/min, tracking rate of up
to 20 C/min, integrated charger 60V/50A, discharge 60A

.. POWERTRAIMN EMNGINEERIMNG
i e 207 wweri, g
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Diesel Engine Accessory Electrification of a Class 8
Truck
@,_ Bapi SurampUdi’ Ph'D' POVYERTRAIM ENGINEERING.

T O

Presentation Overview

= Program Objective

= Electrification Overview/Components
= \ehicle Integration

= Testing And Analysis

= Conclusions

2 PO ZEV LA EIWGINEERING
e T LD
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SunLine Truck Platform for Accessory
_Electrification

.. POVWERTRAIMN EMGINEERING
e ———, e arg

Program Objective

= Design, Construct and Demonstrate a Diesel Reformer/Fuel Cell Hybrid Electric
Class 8 Tractor

= Evaluate New Technologies
= Electrification of Engine Driven Systems
= Verify System Performance by Demonstrating the Vehicle in Commercial Service

= Demonstrate Spinoff/Dual-Use Technologies Useable in Other
Military and Commercial Applications

= Disseminate Information Valuable to Trucking/Transit Industry

. POVYERTRAIMN EMGINEERING
e ———, e arg
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System Electrification

= Cooling System
— Water pump
— Thermostat
— OEM radiator and cooling fan remain

= A/C System
— Compressor
— Expansion valve
— OEM Condenser and evaporator remain

= 14/42VDC alternator installed (as fuel cell backup)

POWVYERTRAINM EMNGINEERIMNG
i rwriong

Electrified Component Layout

User Water
Interface

Display

Hydrogen
Storage
Box

User

Interface

42V Battery Pack AC Compressor

Controller

a7
o

A

i Cooling
System

Controller

Fuel Cell Box

RPECS Controller Controller

POVYERTRAINM EMNGINEERIMNG
. - T, D
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Cooling System Block Diagram

Electric

-
' ! Ml Diverter Valve
Engee Bock
Temp and Procaus
(ATCE, 1FS)
/ Fresaurs =
ATCLIPG g o
& Witer Pump
OEM Engine g Cu?:;llu
42 VDC Electric
Water Pump and "
Controller Dutig o ; :m;.,r':r;" /nih_ Bypass C_oolz_ant
fhi Outit Temp Flow Circuit
e (New)

¥ POVWERTRAIMN EMGINEERING
e T LD

Air Conditioning System Block Diagram

e L B MR
= |5 3
| —_— i
FER 7 i
s
. L 1
42 VVDC Electric g
Air Compressor ||

Thermostatically Controlled
Expansion Valve

2 POVYERTRAIM ENGINEERING
e T L O
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Fuel Cell and Hydrogen Supply

. . o *'1(_ =2 — Ballard Nexa™ 1.2
_ v Fuel Cels

»5 kg of 5,000 psi =)
Hydrogen Gas Storage

User Interface

".I = Dash Mounted

= Touch Screen
Display

= GUI Computer
— Xenarc PC
— Win 2000
— LabView™

— Located in
Center Console

POVYERTRAIM ENGINEERING
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Rapid Prototype Electronic Control System
(RPECS)

= PC 104 Form Factor

= QNX Real-time
Operating System

POVYERTRAIM ENGINEERING

WO

Supervisory Control

POVYERTRAIM ENGINEERING

WO
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Communications

“ECU
= J1939 communications between RPECS and ECU (real-time)
= Fuel Cells
= RS232 serial link between each of the two fuel cells (250 ms)
= User GUI
= TCP/IP communications between RPECS and GUI (250 ms)
= SWRI FTP site
= FTP protocol between RPECS and SwRI site for data upload (on demand)

POWVYERTRAINM EMNGINEERIMNG
B ST LD

On-Road Testing and Analysis

= Data Storage

= Stored 193 elements at 5 second interval
Vehicle data from CAN

= RPECS parameters

= Fuel cell parameters

= Uploaded from truck on a operator driven basis (Daily)
= Data Reduction

= Daily data reduction based on energy consumption

POVYERTRAINM EMNGINEERIMNG
B ST LD
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Energy Analysis Assumptions

= Cooling System
= Mechanical water pump calculations
= No consideration for thermostat
= AC System
= Mechanical compressor energy NOT considered
= AC energy savings based on engine fan On/Off

o POVWERTRAIMN EMGINEERIMNG
e T L O

On-Road Testing
Total Distance (km) 3,387 | Engine Run Time (hours) 82
[miles] [2,105]

Total Fuel Cell Energy Output 193 | Fuel Cell Run Time (hours) 75
MJ)

Total Engine Output Energy (MJ) 12,807 | AC Run-time (hours) 46

Total AC Fan Consumption (MJ) 1,850 | Diesel Fuel Consumed (1) 4,266

[gallons US] [1,127]

Total Water Pump Consumption 78 | Hydrogen Consumed (kg) 3
MJ)

14 V Alternator Energy (MJ) 140 | Average Engine Efficiency 29%

42 V Alternator Energy (MJ) 51 | Average Fuel Cell Efficiency 51%

Max Ambient Temp (C) 54 | Average Fuel Economy (I/100km) 30.5

[F] [130] [mpg] [7.7]

@'_ POWERTRAIMNM EMNGINEERIMNG
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Water Pump System

450
»Cumulative pumping 400 1 Eiocticai -,
energy comparing 350 w
estimated mechanical 400 |
pump and electric 5
250
pump > {/
2 200
] /_/
150 /
100
50 A
0 T T T
0 1000 2000 3000 4000

Distance (Km)

POVYERTRAIM ENGINEERING

Cooling System Energy Savings

=Electric water pump
achieved 81% energy
savings over mechanical
water pump

450

400

78

\EI Electric Water Pump B Mechanical Water Pump\

POVYERTRAIM ENGINEERING
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A/C System Energy Analysis

4500
=Cumulative fan 4000 1
energy comparing 3500 1|
OEM control 3000
algorithm to electric 2 o500 .
compressor control %2000
algorithm 5 1500
1000 4
500 -
0

-+ Electrical -/'-"
-= Mechanical
1000 2000 3000

Distance (Km)

4000

POVYERTRAIM ENGINEERING
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AC Cumulative Energy Consumption

. 4500
=Electric A/C
compressor achieved 40007
. 3500
56% energy savings over
3000
OEM system % 2500 |
based on fan control 5 5000
]
1500
1000 +
500

0

1761

O Electric AC System B Mechanical AC System

POVYERTRAIM ENGINEERING

WO
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Conclusions

= System Operation

— Operational strategies have a dominant effect on net energy savings

— Net energy savings could be realized with the supply of electric energy from efficient alternator
= Cooling System

— Cumulative savings from electrified water pump can be substantial

— For maximum energy savings engine fan operation needs to be integrated into cooling system
control strategy

= A/C Compressor Electrification
— AJ/C system savings dominated by Engine Fan On/Off strategy
— Location of electric compressor in engine compartment results in reduced performance
— Relocation of condenser will decouple cooling system and A/C system control strategies

POWVYERTRAINM EMNGINEERIMNG
e s T, D

SunLine Program Activities Summary

= Upgraded to 20 kW fuel cell

= Replaced engine driven fan with electric fans

= Replaced and relocated OEM A/C condenser and added electric cooling fan
= Electrified truck air compressor (scroll type, oil-less)

= Measured 13% fuel economy savings over baseline vehicle in dyno testing

= Currently in service at SunLine Transit

POVYERTRAINM EMNGINEERIMNG
e s T, D
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Testing of Electrified Powertrains at Southwest
Research Institute

@’_ Bapi SurampUdi) Ph'D' POVYERTRAIM ENGINEERING

Outline

= Vehicle Bench Marking
= Pack and Module Evaluation
= Cell Evaluation

SwRI Capabilities

POVWERTRAIMN EMGINEERING
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Vehicle Benchmarking Overview

Characterization Evaluathon

Asquire Vehicle, Charger, Spares

Therrmal Stress Evaluation

Rermove Pack and Instrumant

Age Evaluation
Rear Doundary Evaluation

DAL and Instrumentation

Deconstruction pnd Component

Ra-imert Pack, Cooling, Contacts

and Communications,
Clear Codes

Bateline Evaluation on Chassls
Dynamometer knd Road

POVYERTRAIM ENGINEERING 235

T O

Vehicle Acquisition and Pack Removal

Break In & Baseline heck

.r:"d' = _"“:}

et

Disable HV Interlcoks

Acquire XEV

o POVYERTRAIMN EMGINEERING o
L LT PV 1 0t WL OIR
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Instrumentation, Control and Data Acquisition

Thermocouples & Voltage Sensors
on Modules

;._j‘i!fﬂ- T

Voltage and Current Sensors on
i Junction Boxes and Contactors
L Sk -

Thermocouples on Coolant Lines

Robot Driver on Dyno
POWWERTRAIMN EMNGINEERING

237

i oo WO

Type

Source.
Slope

Mode

Coupling
CH2 200 M 250ms CH3 7 220my

Install Circuits to

Enable Regeneration

On 2 Wheel Chassis Dyno

2 POVWERTRAIMN EMGINEERING e
e T L O

Re-Enable Interlocks Clear Codes
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Characterization Testing - Range

= Performance
= Charging

Regeneration Modes,
Blend with Friction Brakes

110Vand 240V DC Fast Charging On Road Metrics
Charging

.. POVWERTRAIMN EMGINEERING 5
e ———, e arg

Thermal Stress Evaluation

Hot Temperature Testing (45 °C) Co|<_i Temperature Testing (-20 °C)
Effect on
= Range
= |n-Situ Pack Performance
= 10 Sec Pulse Power
= Charge strategy

. POVYERTRAIMN EMGINEERING a0
e ———, e arg
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Impact of Aging
S = g — = Every 10,000 miles Study effect on
o | e - .f;",-: - Bt » Range
2T : ) = In-Situ Pack Performance
= 10 Sec Pulse Power
= Charge strategy
= 100,000 mile test

Arng o Arnisent Dot sae
AL vk i 0 5L er Stasdard Duonp

Crile
3 O iy D e i iy
Fui oo mo=th

Starags Sufety Teet 5t 45 deg €

P Bt T it 0 il 1060 8 5000
S g 197 62 L O

¥ POVWERTRAIMN EMGINEERING 241
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Operation Near Boundaries

Patterns

' Deep Discharge

Long Storage at ambient,
Hot and cold

\ Limp Mode?
With and Without Charger Plugged In Trade off with Life ...

2 POVYERTRAIM ENGINEERING 242
e T L O
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Vehicle Disassembly and Inspection

¥ POVYERTRAIM ENGINEERING
e T L O

243
Vetrics Extracted as a Function OTAge and
Temperature =

=_— /
@'. o POVERTRAIMN ENGINEERING »
s ki TWrl.org
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In-Situ BMS Analysis S

. % Discharge Power
= Management algorithms are extractedas . " |

a function of age and temperature e
Range

——bman T

w
P'ua End of v ;
] Charge =
g — End of Temperature
Up Dischg
Patterns Voltage
Charge Strategy
=0 .
| [ [ S
1%'._-\\“.. .?5:
T SRl
ml-a' T T R L L] T
Charge time Electrical Variable
e POWVWERTRAIM ENGINE:E!?.IN_FG 245
= - iu.-'r:.w_g_
Component Evaluations
DC-DC
/ Converter \
Battery Pack
\ Motor
Inverter
e FGWERTRA;;\I_JI‘E:HGTNE‘_I_EﬁINJG 246
[ —— iu.-'r:.w_g_
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Communication Evaluation

= {
- R ——._ Fitmwe POVWERTRAIMN EMGINEERING
e T LD

247

Pack Evaluation Overview

-
s

2 POVYERTRAIMN EMGINEERING
e T LD
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Pack and BMS Characterization

{
;
} :
Static
Calibrations
o Dynamic Thermal
2 Calibrations Stress
=
E
[
ey
[=
© ElectricVariable
POWERTRAIN ENGINEERING
= - WL O
- = rN'I "\l‘l-i'ﬂ-lnl-r-ll'
Pack Life Evaluation A Wit
Al ﬂ_f NV
Bl Tt Wity
HIL Aging ‘
E Lty Bananl [Raps- Dvchage ol
Accelerated Aging
;f‘ ! Hardware In the Loop Test Setup
¥
 ,
Calendar Aging
Energy Theoughpat
@'. POWERTRAIN ENGIMNEERING
— 250
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BMS SIL Evaluation or Developgm__e__nt

r I.I.'-.'-. '.,.:-_-... 1 h
¥ POVYERTRAIMN EMGINEERING
e T LD
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Overcharge

Electrical
Safety
Validation

Over
discharge

-
-
oy

¥ POVWERTRAIN EMGIMEERING o
i ek —— WO

Salt,
Mist, Fog |

Thermal
Shock !

Environmental

R - Safety - Fire
Humidity Exposure

/ \

Water Dust
Immersion Exposure |

- POVWERTRAIM ENGIMNEERING 254
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Post Test and Material Analysis

Bulk :
X Ray
Thermal
X Dielectric
Mechanical | Solid lonics
Electrochemical q
ICorrosh Material
orrosion Characterization
Local:
~ AFM
/ STM
Electrical: SEM
Impedance SKP
Raman

Argon Glove Box

@'. POVERTRAIMN ENGINEERING

. 255
. ST O

Manufacturing

Charge \
Algorithm
Development
Cell
Evaluation
POVWERTRAIN EMGIMNEERIMNG Vo6
N ST O
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Summary

= SWRI can support customer with cell, module and pack development and evaluation
= SWRI can assist in BMS development or evaluation

= SWRI can perform xEV benchmarking for aiding and accelerating product
development

= SWRI can build complete vehicle prototypes of light duty, heavy duty and commercial
off high way vehicles

POWVYERTRAINM EMNGINEERIMNG
B ST LD

257

Contact Information

= Bapi Surampudi
— Desk: (001)-210-522-3278
— Cell: (001)-210-249-6265
— bsurampudi@swri.org

POVYERTRAINM EMNGINEERIMNG
B ST LD
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Enabling
Technologies -
Diesel through
hybrid

Evelynn Stirling

October 2018
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Enabling technology

Definition

An enabling technology is an invention or innovation, that can be
applied to drive radical change in the capabilities of a user or
culture. Enabling technologies are characterized by rapid
development of subsequent derivative technologies, often in diverse
fields. Equipment and/or methodology that, alone or in combination
with associated technologies, provides the means to increase
performance and capabilities of the user, product or process.

https://educalingo.com/en/dic-en/enabling-technology

Cummins | 261

Significant Reduction in Emissions
Over Time

Off-Highway Emissions Timeline

o (02) —= Highway | (g/kWhr) | (g/kWhr) Technology Levers Available

AT 02 0] 0.5 -Exhaust Gas Recirculation (EGR)
8 EuroVi 04 0.01* -Selective Catalytic Reduction (SCR)
7 Tier 2 -Diesel Oxidation Catalyst (DOC)

e
IS

°
w
Particulate Matter (g/kwhr)

6.4

| Tier 3
Tier 41
. 4.0

Technology Levers Available.
-Diesel Particulate Filter (DPF)
-Fuel Injection Pressure

Oxides of Nitrogen + Hydrocarbons** (g/kwhr)
o
I
o

Tier 4F
2 s ey
20 PM Total 04
96%

1 ol Stage V

0 0
1995 2000 2005 2010 2015 2020 2025

75(100%)-174HP Nox wn 175-750HP Nox 75(100%)-174HP PM e 175-750HP PM

* Includes Particle Count of 10412 and 611 for off vs on highway ETC respectively

Cummins | 262
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Why we act.

BY 2030...

MORE (0] MORE
09% . | 30% 409 i
0 EXTRACTION MORE ENERGY 0 WATER

REAL BUSINESS EFFECTS

n/ OF CUMMINS UNEVEN Inabilit in di i
y to sell products ¢ supply chain disruption *
5 0 OPERATIONS REGULATORY material price volatility « competition for metals

ARE 1N waTER sTRESSED AREAs | ENFORCEMENT | 504 minerals « community distress

Technology Introduction - Recent Tiers

I.H.Tﬂ‘.l.

.' - ":]'J @Tﬂr'ﬂc'r_w ﬁ\.—‘\";mﬂ:

| Tier 4i (Stage 3B) Em|ssmns—‘ ‘ Stage V Emissions (2019/20 CMI Products) ‘
TPEM Effect
Tier 3 (Stage 3A) Emissions Tier 4F (Stage IV) Emissions TBD Emissions Standards
-NA Tier5 potential remains gray.

-Likely to see an increase in the

availability of new technologies
such as hybrid, start/stop,
T electrification, etc.
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Over 50k Tier 4 Final engines
produced

QsG12_ Qsx15 QSF2.8

8,000 T4F Quarterly Builds
= QsL9
7,000
- QSF3.8

6,000

5,000
T4F Regions

equipment build region
4,000 assas (P gior)

Japan

3,000

East Asia 9
2,000 ‘

|
South &

Central /|
America

1,000

2015 2016

Cummins | 265

Operating TCO Comparison: 6.7L
T3 T4F MY 2019

4.6% 4.3% o Bl.Q% -
@initial cost- o 4.9% 4%,
_54% 5%
OOperating cost
BReman cost

BFilukd Cost

*TCO savings realized with newer products is highly duty cycle dependent.
*Regional diesel & DEF pricing have direct affects on the above.
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Stage V & DPF Regeneration Capability

In production with DPF equipped engines since 2007.
Automotive learnings continuously leveraged in off-highway.
Off-Highway DPF experience since 2011.

Millions of validation hours/miles with aftertreatment systems.

Historical Experience

Non-EGR engines run naturally higher exhaust temps that assist with
keeping the aftertreatment passively clean.

Combination of VGT+IntakeThrottle enhances thermal management
capability.

Single canister aftertreatment mitigates temperature losses thereby
keeping more heat in the system.

Stage V

The Right Architecture

Over 60k Stage V specific field test hours achieved to date.
Team of engineers have consistently monitoring field test data to make
calibration and tuning optimization to support regen capability.

Extensive Validation

Result: Confidence & Optional Regen Interface
P ° e

Cummins | 267

Power Advancements Support Downsizing e

Proven downsizing success stories from the T3 to T4 transition.

http://www.hyster.com/north-america/en-us/announcements/press-releases/manufacturer-evaluation-proves-long-term-performance-and-durabilty-of-hyster-tier-4-engines/

-Tier 3 11L replaced with Tier 4 9L.

-Engine torn down at 10K hours revealing minimal
wear to critical engine components!

“This test proves to the entire industry what Hyster, Cummins and
our customers using Tier 4 engines have known all along: Tier 4
engines combine all of the performance, durability and toughness
traditionally associated with Hyster® lift trucks, with significantly
enhanced fuel economy and sustainability benefits to achieve
compliance and help increase profitability,” said Brett Schemerhorn,
President of Big Trucks for Hyster.

268

134



MDEC 2018 WORKSHOP

Coming in 2022

the next generation heavy-duty diesel engine

m P —— Fhase 1

e Y il
- Pl Ahead
480 ] O SuperTruck | S0/S5% BTE Engine Only
. O SuperTruck | SHESK ATE w/WHE

480
3
_,-.% 440 O
=
&
Y 420
E. 0

400 U

380

O
360
2008 2012 2015 2018 2021 2024 2027 2030
CONNECTED CUSTOMER CARE
We are going digital.
CONNECTED PRODUCTS CONNECTED SOFTWARE CONNECTED ENTERPRISE CONNECTED ADVISOﬂ
270
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Guidanz Overview

= A suite of genuine service products, features
and capabilities.

= Maximizes efficiency by streamlining processes
associated with a service event.

« Eliminates non value-added steps

= Products include Guidanz Web, mobile app,
and, INLINE™ 7 and INLINE™ Mini vehicle
datalink adapters.

= Single sign-on interface to access common
Cummins service systems.

Cummins | 271

Value Proposition

B0

NV
S

Customers

Ability to read J1939
public and engine
related faults to share
with service provider

Increased uptime

More efficient service
experience

Reduced downtime

Reduced travel
when technician is
equipped with the
right parts

Access to a certified
service provider and
1-800-CUMMINS ™

Service Providers

Streamlined service
flow

Single sign-on guided
workflow.

Expedited warranty
claims processing.

Immediate
Assessment

Cummins | 272
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Service Journey — Benefits of Guidanz

Read fault code information
i Identify nearest service
! location

Share location and fault code
i 1 identify and reach customer
i+ location per scheduled time

i information with the service
i location

_____________

3 Prepare Technicians with right
i | parts and tools needed to perform !

i ! the repair

GPS location helps technicians to

________________________

Perform diagnosis and complete : |

i repair with reduced number

i1 of site visits

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Reduced equipment downtime
Improved service experience

____________________________________________

Cummins | 273

IC Engine

274

POWERTRAIN OF CHOICE

b s

Hybrid
(Range Extended)
2020

Battery
Electric
2019

Fuel Cell
Electric

Cummins | 274
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Wide Range of Development in Progress

. =] e
2 L W
M* o T
Purolator BEV | Quebec PHEV DOE PHEV CERC
Program Program Program Program

North America & Europe North America Region
Class 4 P&D Class 7 & 8 Bus Class 6 P&D Class 5 P&D Class 8 LH Market
xEV (BEV) xEV (REEV) Mild Hybrid Architecture
SAE J1772 SAE J3105 (wip) SAE J1772 SAE J2954 (wip) SAE J1772 Charging
No Engine ISB 4.5L Diesel ISF 2.8L SI - Gen Set
50 - 111 kKWHr NMC & LTO Chemistries 5 kWHr (48V)  ESS Energy
2017 2018 2020 2021 Demos
2 years 3 years 5 years Program
™4 / STL/TM4 / IVI PACCAR/OSU/ FCCC/ANL/OSU Peterbuilt/ Eaton/
Bt ANL / NREL / Purdue / ORNL ORNL / NREL Partners

SuperTruck 2
Program

J  curnmins | AW

Alternate Energy

electrification e natural gas e
gasoline e others

Super
Power

Solution

Powertrain
Integration

transmission e axles e brakes

Intelligent Data
Systems

connected systems e
controls e intelligent
transportation

Super Engine
System
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>

>

energy diversity is KEY

Cummins is committed to being a diverse
powertrain supplier across our regions and
markets.

We are in a period of transformative change
within the industry. With change comes
opportunity.

The future includes:

Internal combustion powertrain fueled by
conventional and non-conventional fuels.

Electric powertrain as pure EV, range
extended EV and hybrid.

Connected solutions to drive the demands
of digital business.

Cummins 277

Cummins \ 278
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Sean McGinn

F| = »
.ﬁg MENLZD | Factors

October 4th, 2018

Overview

Maintenance

Duty Cycle Profiling

Management — By - Numbers

Passive DPFs

Fully Integrated Tier 4
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Maintenance

Emissions Testing

» Monthly CO tests ?

+ O,, CO, NO, NO,, NOx, CO,, Exhaust Temp ... DPM

Which is better for underground mining?

Option 1 Option 2
NO =400 ppm NO = 150 ppm
NO, = 50 ppm NO, = 150 ppm
NOx =450 ppm NOx = 300 ppm

Maintenance

Quantified vs Qualified
Pressures
* Boost, Fuel, Oil , Intake Restriction , Backpressure

Temperatures

« Cooling delta T, charge air, fuel
ECM data and verification testing
Your current 250 hr PM inspection list (engine) ?
AD30 retrofit DPF example
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Duty Cycle Profiles

Logger / Monitors — CPK Dyntest

Duty Cycle Profiles

Logger / Monitors — ECS / CDTi

i, Comuiatees Time Abors PFrevune

cunnaBRE

"‘.n.

L

s I .,
- Il L L e e r g
N N O N T E R YR IT TR

-
=
I

SRR NN ENFR RN RN R
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Duty Cycle Profiles

Logger — Omega (temperature only)

Duty Cycle Profiles

Magnehelic — backpressure — 0-100 iwg

143



MDEC 2018 WORKSHOP

Management By Numbers

AD30 Exhaust Temperature

() cori

10U0%

100%

Cumulative Time Above Temperature

90%

80%

70%

60%

50%

perature (%)

40%

30%

20%

me Above Tem|

=10%

0%

EEmTime @ T

—m— Jan3- Dec3 (0
hrs)

—— 30% Cutoff

Note: 340 to
590 hrs on
DPF

AD30 Exhaust Backpressure

f '.:.";I C_-_DT'

Cumulative Time Above Pressure

90% |

80%

% 40 iwg

60 iwg
So% -
a
B
£
0% -

10% - g%

1-4%0.2960.0%0.0%0.C %0.0%0.0%0.0%0.0%0.

40/ 60/ 80 Rule
Note: 340 to

590 hrs on
DPF
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R1600 Exhaust Temperature
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Cumulative Time Above Temperature
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R1600 Exhaust Temperature
= CDT: Cumulative Time Above Pressure
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AD30 Clariant Emissions Results

Catalyst 1 — Higher NO,

[ EED| TESTLOCATION]  AVG | MIN |  MAX PARAM ENGINE_TYPE MODEL EMISSIONS_CONTROL
1950 Inlet DPF 9 [} 0 SMOKE C15 408 HP AD30 DPF
1950 Inlet DPF 10.5 10.5 10.7 02 C15 408 HP AD30 DPF
1950 Inlet DPF 220 210 228 CO C15 408 HP AD30 DPF
1950 Inlet DPF 405.4 395 415 NO C15 408 HP AD30 DPF
1950 Inlet DPF 35.8 34 37 NO2 C15 408 HP AD30 DPF
1950 Inlet DPF 7.7 7.6 7.7 c02 C15 408 HP AD30 DPF
1950 Inlet DPF 747 721 767.9 T.GAS C15 408 HP AD30 DPF
1950 Inlet DPF 37 36.5 37.4 MEQI C15 408 HP AD30 DPF
1950 Inlet DPF 4411 432 450 NOx C15 408 HP AD30 DPF
1950 Outlet DPF 1 0 0 SMOKE C15 408 HP AD30 DPF
1950 Outlet DPF 10.2 10.1 10.4 02 C15 408 HP AD30 DPF
1950 Outlet DPF o o 0co C15 408 HP AD30 DPF
1950 Outlet DPF 3239 317 336 NO C15 408 HP AD30 DPF
1950 Outlet DPF 96.8 93 98 NO2 15 408 HP AD30 DPF
1950 Outlet DPF 7.9 7.8 8 C02 C15 408 HP AD30 DPF
1950 Outlet DPF 723.1 672.3 767.2 T.GAS C15 408 HP AD30 DPF
1950 Outlet DPF 452 438 46 MEQI C15 408 HP AD30 DPF
1950 Outlet DPF 420.7 412 433 NOX C15 408 HP AD30 DPF

Management By Numbers

AD30 Clariant Emissions Results
Catalyst 2 — Lower NO,

[ENGINESPEED | TESTLOCATION| AVG | MIN | MAX | PARAM | ENGINE_TYPE | MODEL EMISSIONS_CONTROL
1950 Inlet DPF g o 0 SMOKE €15 408 HP AD30 DPF
1950 Inlet DPF 106 10.6 10.8 02 C15 408 HP AD30 DPF
1950 Inlet DPF 201.9 194 217 co €15 408 HP AD30 DPF
1950 Inlet DPF 4409 438 442 NO €15 408 HP AD30 DPF
1950 Inlet DPF 43.9 43 46 NO2 C15408 HP AD30 DPF
1950 Inlet DPF 7.6 7.5 7.6 CO2 C15 408 HP AD30 DPF
1950 Inlet DPF 603.6 S61.7 643.8 T.GAS €15 408 HP AD30 DPF
1950 Inlet DPF 40.4 39.7 41.7 MeQl €15 408 HP AD30 DPF

11950 Inlet DPF 484.9 as1 487 NOx €15 408 HP AD30 DPF
1950 Outlet DPF 1 0 0 SMOKE €15 408 HP AD30 DPF
1950 Outlet DPF 10.6 10.5 10.7 02 €15 408 HP AD30 DPF
1950 Outlet DPF 1] 4] 0co C15 408 HP AD30 DPF
1950 Outlet DPF 4033 395 412 NO €15 408 HP AD30 DPF
1950 Outlet DPF 78.7 68 89 NO2 €15 408 HP AD30 DPF
1950 Outlet DPF 7.6 7.6 7.7 €02 €15 408 HP AD30 DPF
1950 Outlet DPF 695.6 634.2 751 T.GAS €15 408 HP AD30 DPF
1950 Outlet DPF 42.2 39.1 45.5 MEQ €15 408 HP AD30 DPF
1950 Outlet DPF 481.8 480 484 NOx €15 408 HP AD30 DPF
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1850
1950
1950
1950
1850
1950
1950
1950
1950
1950
1950
1950
1950
1950
1950
1950
1950
1950

Inlet DPF
Inlet DPF
Inlet DPF
Inlet DPF
Inlet DPF
Inlet DPF
Inlet DPF
Inlet DPF
Inlet DPF
Outlet DPF
Outlet DPF
Outlet DPF
Outlet DPF
Outlet DPF
Outlet DPF
Outlet DPF
Qutlet DPF
Qutlet DPF

R1600 Clariant Emissions Results

ENGINESPEED | TESTLOCATION|  AVG

9
104
220.3
406.8
15.8
7.8
810.5
303
422.5
3
10.2
0
395.7
47.6
7.9
607.5
317
443.2

MIN |

(t]
10.4
214
395
14
7.8
794.4
29.7
412

10.2

394
40
7.9
548.8
28.8
433

MAX

0 SMOKE
10.4 02
230 CO
420 NO

18 NO2
7.8 CO2
824.3 T.GAS
31.1 MEQI
434 NOx

0 SMOKE
10.2 02

0co
396 NO

52 NO2

7.9 CO2
653.2 T.GAS
33.2 MEQI
448 NOx

| param

| enGINE_TYPE | MODEL
3176C270HP  R1600
3176C270HP  R1600
J76C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600
3176C270HP  R1600

EMISSIONS_CONTROL
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF
DPF

Management By Numbers
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Passive DPF Technology

» Catalyzed wallflow monolith filters — ceramic or silicon carbide

» Variables — materials, assembly, catalyst

Fully Integrated Tier 4

* Engine + Emission Control all-in-one single manufacturer
* Reliability by engineering and design

+ Catalyzed DPF based systems (no SCR)

+ SCR based systems (no DPF)

* DPF + SCR based systems

* Emissions performance — never assume!

- NO,
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Summary

Retrofit DPFs can be a very successful solution
— DPM

— Gases
« Basic rules to being successful — follow them
« Maintenance impact — protecting investments

+ Tier 4 engines — design for reliability
— Real-world performance may vary and be ready to measure

— Knowing is always better than hoping

2 POVYERTRAIM ENGINEERING
e T 1+ RT3 Ll

298
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2018, VERT

Experiences of VERT in DPF-retrofitting and I&M

MEDC Diesel Workshop, Toronto — October 4th, 2018 >
J. Czerwinski, A. Mayer, V. Hensel, Th. Lutz, VERT Association _— ..--"‘"F

Content

History

VERT

Best Practice Guide

Manipulation and Tempering

= Summary & 7
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© 2018, VERT

History

L g

Energy. Mines and  Energe, Mines et
Ressources Canaca

Resources Carada

CANMET

Canada Centre  Cenlre canadien
for Mineral de la technologie
and Energy des minéraus
Technology at de l'énergie

A SMMARY OF UNDERCROUMD MINE INVESTICATIONS OF CERAMIC DIESEL
PARTICULATE FILTERS AND CATALYTIC PURIFIERS

E.D. Dainty, M.K. Gangal, D.H. Carlsonm,

H.C. Vergeer and E.W. Mitchell 1986

February 1986
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VERT

— Emission — Inventory 1994
~— PM onroad equals PM offroad
60.0%

50.0% A
40.0% A

30.0% -
20.0% - H
10.0% - H H
oo% - I o T 1L I =
. {7/} R
&R

Onroad: Switzerland must follow EU-regulations
Offroad: Switzerland was free to accellerate Emission Reduction

9 -
— Learning Curve in Switzerland
— Success need a Vision and Persistance Inspiration & Transpiration
Year | Fuel Sulfur | Retrofits | Retro- | Failures | WVERT
ppm total fitters | % p.a. DPF
1988 2000 100 2 =10 -
1992 2000 350 2 > 10 P
1995 500 500 3 > 10 )
1998 500 900 8 10 16
2000 350 2'500 12 8 23
2002 50 4'900 I 3 8
2003 50 6500 11 2
2005 50 11500 21 <2 30
2007 50 17500 26 <2 a0
2010 10 25'000 30 <2 71
_ 2012 10 35'000 30 <1 80
9 = |
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VERT
" The Swiss Learning Curve

DPF Retrofit of Construction Machines Switzerland

DPF n°
A Step-by-step over 2 decades

from 0 to 100% application 100%

30000 /-

200001 Guidelines

Regulation

10°0001 Public tenders

Pioneer Pilot phase

1990 1995 2000 2005 2010

\:")

< Introduction | What does VERT® stand for?

= Non-profit organization to eliminate particles and harmful substances from

NI EIRCelo ] SR R T-iliII M concentrating on PN-Elimination since 1994

= Certification of diesel particle filters with Best Available Technology
(VERT® filter list) - for PN, NO,, CO, HC, PH and secondary emissions

= International membership out of manufacturers of DPF / SCR systems and
testing devices as well as substrate producers, chassis builders, engine
manufacturers, and others

= VERT-network with ETH, EMPA, Berne, Fribourg, Biel (Enginering, Science,

eIl I RV It T YRS AF TH-Nanoparticle conference since 1997 :
= Acting as partner of megacities to support and execute m .’.Q?f- b

TN (e Bifrom road traffic and non-road vehicles \n.'.“.

Projects in: Switzerland, Berlin, California, China, Iran, Bogotd,
Chile, Mexico, Tel Aviv, ...

A
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VERT

Best Practice

2018, VERT

- Best Practice | Vehicle Matching and Filter Selection

= Filter selection in special cases requires analysis of the duty profile

= |nstrumented data logger to determine typical operating conditions during 2-3 weeks

= The results indicate whether the
filter can be passively regenerated
or whether active regeneration is

necessary

= Both methods are available and
proven in many product families
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VERT

— Electronical Controlling of the Filter Systems

Prossum Alarms

|

Backpressure sensor

DPF Inlet Module with sensor connections

— —
9 = gl
WERT
< Best Practice | Vehicle Matching and Filter Selection
= No Diesel engine without filter is the imperative for ambient air quality
Every vehicle can be retrofitted
= No age limits for retrofitting but benefits do diminish with residual deployment
expectancy
= High raw emissions are a challenge - has to be controlled via maintenance of the
viehicle
=y, Jﬂ P -
—
9 =l
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VERT
S Best Practice | Fitting Procedure

= The engine of the vehicle has to be brought in good technical conditions

Lubricant consumption < 0.5% of fuel consumption

Change to low ash Oil
(so-called Low-SAPS oils) increase of DPF service interval

Exhaust opacity k<1,5m-1

= The Engine has to be in a el AUEINTHELILRS I NN, Diesel Particle Filters can not

repair problems of the engine.

< Best Practice | Vehicle Matching and Filter Selection
= Selection of the right filter systems is necessary
= Experience is key
= VERT filter manufacturers select the correct filter from their portfolio
=  About 8,000 retrofits are documented and accessible in the VERT database:
www.vert-certification.eu
— amwr w L T [ — - i
i 1S L —— 1 it = L=
o i e - mamr R — |y
: g
N g
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VERT

- Best Practice | Filter Certification

= VERT certification requires:

= Filtration > 98% for particles 10nm-500 nm VERT® Filter List

= No toxic secondary emissions

= Back pressure when new is < 50 mbar

= Maximum back pressure < 200 mbar

= Endurance test 2000 h without deterioration
= Electronic onboard diagnosis OBD integrated
= Design verified

= See VERT Filter List www.vert-certification.eu

= VERT filter manufacturers are audited and give warranty for minimum 2 years.

S Best Practice | Function, Test and Approval

= Test functioning filter, electronics and display
= Verify exhaust gas values with a particle counter
= The filter manufacturer and vehicle/engine owner sign the approval report

= Addresses of operator and filter manufacturer

= Vehicle, engine and filter data

= Back pressure at maximum RPM
=  Opacity before and after filter retrofit

= Optional: noise level before and after filter retrofit

= Optional: function check OBD and alarm display

s 4 8 8 88

= Signature of filter retrofitter and operator

LIThis test /approval has a contractual characte
between buyer and seller and for the authorities
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Best Practice | Control and Diagnosis | Alarms

Alarms annunciated acoustic and optic to driver or wirelessly transmitted to central
supervisor

Alarms are stored tamper proof

Enables determining cause of failure in damage claims

= Pre alarm if backpressure exceeds 150 mbar (amber|

= Main alarm if backpressure exceeds 200 mbar (red|
= Filter damage if backpressure decreases rapidly
= (Cleaning when backpressure exceeds 200 mbar

Countermeasures to reduce engine power are
permissible - Operator must approve

Best Practice | Faults & Remedies | Filter Cleaning

Due to high ash burden in the filter the exhaust backpressure can gradually exceed 200
mbar

Consequently the filter must be cleaned

The usual interval is about 1,000 operating
hours

Ceramic filters shall not be cleaned with
hot water, steam or compressed air

A special filter cleaning machine must be
used

Filter cleaning must be done in a
hermetically closed machine

Metal filters can be manually cleaned with
a high pressure water cleaner
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VERT
5 Best Practice | Diagnosis tools and instruments:
= Filter monitoring system (datalogger analysis, DLA)
= PN counter
= Opacimeter
= Gaseous emission measuring device (CO, HC, NOx, 02)
Failure Source 1 - (nteractions Failure source 2
e —
% gl
VERT
Manipulation & Tempering
g ;_,-'"”
. ,
7
© 2018, VERT . ' s -
N g = //
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VERT
- Manipulation and Tempering
= Software manipulation alone cannot increase emission of a DPF
= |t can reset failure or simulate dismounted systems
= Manipulation of DPF has to be done physically!
= Drilling holes in ceramic, dismounting filters ....
& =
\s >l
LN el i
W<
< Manipulation and Tempering
Particle filters (DPF) eliminate soot
= Filters attains filtration rate
exceeding 98% for particles in the
- i ! = toxic size range of 10nm - 500 nm
-‘\ f ] = |t the filter is missing or
\ manipulated it can be seen easily by
i L visual inspection
- —
9 gl
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Manipulation and Tempering

= During maintenance, the particle emission must be measured at low idling using a
certified PN (Particle Number counting) instrument

= [f the specified tail pipe PN limit is exceeded, then a second PN measurement must be
done upstream of the filter to determine the filtration efficiency

= The cause of low efficiency might be filter damage
= |t can be repaired if less than 10% of the filter surface is damaged
= PN count is excessive ahead of the filter, the problem is in the engine

=

< Summary
= Retrofit of Diesel Particle Filter is an efficient method to reduce cancirogenic
Ultra Fine Particles below ambient level
= Certificated systems are available
-> depending on the vehicle, temperature profile and application
= |nspection and Maintenance of the engine is key
= Regular field inspections in the field with particle number counters secure
the effectiveness of the investment
= Particle number counters easily detect tempering and failures in the field
= Make use of Best Practice experience from > 100.000 retrofitted vehicles
and machines around the world
e
9 _—
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VERT
__ Steps to be considered for DPF-retrofitting

= Matching of DPF-System to the vehicle and to the operating profile — suitable
regeneration process

= Preparations before fitting, quality & safety of DPF
= Fitting procedure

= Qperation & maintenance (inspection)

= Faults reasons actions

= Control instruments & diagnostics

= Qrganization, motivation, training and behavior

——

9 =gl
Thank your for your attention
For more information: Best Practice,
Technical Inspection and Information about
projects visit
www.vert-dpf.eu
i 'VQ_. Y
\¥
9 g——
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