Vehicle Package Development
« Electric Drive

- Battery

* Fuel Cell and Hydrogen Storage

* Engine and Generator

* Front Suspension Designs

« Rear Suspension Designs

« FSV Suspension: Decision Matrix

 FSV Suspension: Layout

 FSV Suspension Characteristics
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Electric Drive

* Motor Vertical - in Line with Axle Centerline
* Motor Horizontal: Front of Axle Centerline

* Motor Horizontal: Rear of Axle Centerline

* Motor Horizontal: Inverter/Controller on Top
* Motor: Integrated Design Concept

« Motor: Final Optimised Design

— Optimized utilization of underhood space resulting in a
significantly short front-end (compared to vehicles in its class)

— Integrated motor assembly

— Optimized venhicle balance achieved due to optimized location
of the vehicle’s center of gravity
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Future Steel Vehicle

location of controller/inverter

packaging space ©, front crush space ®
front-end (engine behind motor) 1

location of motor
motor+gearbox+differential
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center of gravity ©
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Battery

« Single Large Underfloor Battery

« Two Pack Design: Tunnel area and Underhood
« T-Shaped Pack: Preliminary Design

« T-Shaped Pack: Refined

« T-Shaped Pack: Reorganized Cell Arrangement
« T-Shaped Pack: Under-seat Pods

« T-Shaped Pack: Refined with Accessories
— Coverplate, Tray, Bulk heads, Separators, Aero package

« T-Shaped Pack and Sub-Pack: Final design

« |-Shaped Pack: Packaging Impact
— Range: 250 (35) = 500km (66kWh)

* Future Battery Pack and its impact to FSV Structure
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35kWh, floor height 75mm?t - drag 1

inefficient package
(vehicle safety)

5th passenger seating

rear passenger seating position: 50mm1
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individual modules evenly throughout the pack cooling characteristics
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— Coverplate, Tray, Bulk heads, Separators, Aero package

FSV Battery Pack ' ﬁ Bub-:uk m?:m

 Size ] Ml 028 345 271
Mass [kg] 0.55 49.1 345
_ Capacity [kWh] | 0.075 5.8 34.9
Energy Density [kWh/kg] | 0.14 0.12 0.10

)
= W
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— Range: 250 (35) = 500km (66kWh)
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Fuel Cell and Hydrogen Storage

* Fuel Cell System in Engine Compartment

* Fuel Cell Stack under Inverter/Controller

* Fuel Stack under Rear Seat

* Fuel Cell Stack in Tunnel Area

* Fuel Cell System: Final Design with Tonji system
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- |
E " H2 REGLLATOR

FUEL STACHK g o HZ PUMP
s

“ LI ION BATTERY ,
(2) B1L H2 TANKS [§S

DC-DC CONVERTER

- (2) MODIFIED 61L TANKS
UNDER REAR SEAT

Frontal impact, FC components close to each other
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common front-end for BEV and FCEYV variants,
inefficient positioning of the Li-ion battery pack

Fc Electronics
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Engine and Generator

* Engine/Generator in Front

* Engine/Generator in Rear: Horizontal
« Engine/Generator in Rear: Vertical

* Engine/Generator in Rear: 17° ilt

* Engine/Generator in Rear: 45° ilt
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very common front-end, but cannot commonize

with other variants
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Front Suspension Designs

« Upper Control Arm / Lower Trailing Arm (sprung)
— Design concept, Advantages, Disadvantages, Conclusion

« Upper Control Arm (sprung) / Lower Trailing Arm
« Upper Control Arm (sprung) / Lower Control Arm
« Upper Control Arm / Lower Control Arm (sprung)
« Horizontal Leaf Spring Design

* McPherson Strut / Lower Trailing Arm

« Conventional McPherson Strut
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Upper Control Arm (sprung) / Lower Control Arm Upper Control Arm / Lower Control Arm (sprung)
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McPherson Strut / Lower Trailing Arm

Conventional McPherson Strut
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Rear Suspension Designs

« Twist Beam or Torsion Beam

» Passive Wheel

* Trailing Arm with 2 Camber Links

* Double Wishbone (SLA: Short and Long Arm)
« Chapman Strut / McPherson Strut

* H-Arm with Camber Control Link

Future Steel Vehicle Phase | Summary - 106



Passive Wheel

Twist Beam or Torsion Beam

)]

Double Wishbone (SLA)

Qrm with Camber Control Link

2 | Summary - 107

Trailing Arm with 2 Camber Links

Chapman Strut / McPherson Strut
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FSV Suspension: Decision Matrix

* Front: conventional McPherson strut
— both the McPherson strut suspension options
— minimal developmental investment cost and time

« Rear: H-arm with camber control link suspension

— simple, light weight, cost effective, has a low part count, has
acceptable kinematics

— common on all the FSV variants (BEV, FCEV and PHEV)

Upper Control Arm /
Lower Trailing Arm
ssss

uspension Designs

E, Upper Control Arm Passive Wheel
G (sprung) / Lower ++ = - - o - 2
a Trailing Arm Trailing A t
ratlin rm conc
g Upper Control Arm (0 with ZQCamber Iiniz g i - o ° - °
: (sprung) / Lower ++ = = e - - t z
e Control Arm i
¥ pre——— Gl Double Wishbone + + o o (o] - &
% Lower Control Arm s o] - (o] o - # E Ch trut /
w apman stru
st (sprung) o
s MePherson strut o ¥ * * e N .
=4
Q : — ) . e B .
3 Leaf Spring ++ O (o] 3 H-Arm with Qambel + L + e + + 1
Control Link
McPhersc?r_w Strut / i + i I 4 + 1
Lower Trailing Arm
y i |
Conventiona + + i i ot AL =

McPherson strut
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FSV Suspension: Layout

« conventional McPherson strut design

— lower control arm: two piece design (hydroformed and
stamped) with light weight steel of 2 mm gauge thickness

— 1.56 kg only about 6% heavier than a similar sized aluminum
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Suspension Characteristics

e Camber e Toe Angle: Understeer
— Jounce (-) — Front: Toe-In (+)

« Suspension compresses 2

« Body roll }:::"

— Rebound |

-— 1
NEGATIVE | | | POSITIVE
1\ ’f -100.0 T
1.0 -05
Toe Angle (Deg)
‘ 1500 =
CAMBER 1000

05 00
Camber Angle (Deg)

Wheel Travel (mm)

Wheel Travel (mm)

3 i o @
5 8 g 8
LY L i L . !
7
=

J
o | |
=
=

Wheel Travel (mm)
o
B

Toe Angle (Deg) 05
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Sensitivity Analysis

« Battery Technology
* Motor Technology and Cooling
* Fuel Cell Technology

Future Steel Vehicle Phase | Summary - 111



Battery Technology (1)

— Shift from Ni-MH to Li-lon battery technology
» Manufacturing cost and energy storage capacity advantages

» Cylindrical cells connected in series (strings) and parallel, to achieve
the voltage levels and desired storage capacity

» Require safety measures for crash and service
— Temperature control of individual cells and battery packs
* Increase durability
» Acceptable operation performance under extreme climate conditions

Future Steel Vehicle

Battery Energy Density
Capacity| o [DiPack Cell Year

kWh Kg wh'kg wh'kg
Mini e 35 260 135 2009
Tesla 63 430 123 200 2004
EnerDel 27 283 95 2009
| MiEV 16 200.0 80 150 2007
GM Volt 16 170.1 94 2010
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Future Steel Vehicle

Battery Technology (2)

Battery Technology Assessment

Status | Prediction | Selection
2008 2015-2020 FSV
Dominating Technology Mi-MH Li-lon Li-lon
Power Density kW/kg 1.1 1-3 2.0
Energy Density Whikg 45 a0 - 170 130
Battery Pack Technology Assessment
Capacity kWh 10 (max) 1.5-40 23-35
Cost 3 USD/ kWh 500 400-700 450
Future Steel Vehicle Concept
Capacity Weight Volume Cost
(kWh) (kg) (Liters) (s USD)
PHEV 5 £8.2 47 $2,346
PHEV ;; H.7 136.5 103 35,365
BEV 35 346.5 280 $15,885
FCEV 2.3 273 25 $1,503
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FSV BEV recommended specification

FSV Battery Pack Cell | Sub-Pack | Battery Pack
372 6 1

Size [I] 0.28 27.4 215

Mass [kg] 0.55 39 274

Capacity [kWh] 0.093 5.8 34.7

Energy Density [kWh/kg] | 0.17 0.15 0.13

Table 7.4: FSV-1 BEV battd

ry specifications (new pack)

0.14 (2010)
FSV Battery Pack Cell | Sub-Pack | Battery Pack
468 6 1
Size [I] 0.28 345 271
Mass [kg] 0.55 49.1 345
Capacity [kWh] 0.075 58 34.9
Energy Density [kWh/kg] | 0.14 0.12 0.10

Table 7.6: FSV-1 BEV final battery specifications (end of life)

Cell

Future Steel Vehicle

Sub-pack

20%
degradation
—_—

' FSV Battery Pack Cell | Sub-Pack | Battery Pack
372 6 1
Size [I] 0.28 27.4 215
Mass [kg] 0.55 39.0 274
Capacity [kWh] 0.075 4.6 27.8
Energy Density [kWh/kg] | 0.14 0.12 0.10

Table 7.5: FSV-1 BEV battery specifications (end of life)

FSV Battery Pack (Same Cell | Sub-Pack | Battery Pack
Energy as NEDO3 Target) | 240 4 1

Size [1] 0.28 254 133
Mass [kg] 0.55 37.8 177
Capacity [kWh] 0.275 16.5 66
Energy Density [kWh/kg] 0.5 0.44 0.37

Table 7.7: FSV-1 Battery specs with NEDO3 targets

Battery Pack
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Case Study Results

Cell Pack |Efficiency| kWhikg kWh kWh kg kg kg
B el 014 | 010 | 85% | 009 | 0095 | 349 335 134 489
Technology 2008
Case 1- FSV Technology "
(2015-2020) 0.17 0.13 85% 0.11 0.095 349 274 134 408
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Battery Shape Assessment

Battery
Available Capacity Damage/Risk due to Crash Tests
Battery Shape Under-Floor kWh Range (kM)
Volume (I) | New (End of Frontal Rear Side
life)
h 300 54 (43) 455 (360) Low Low Medium
/ 175 30 (24) 250 (200) Low Medium Low
_ 260 46 (37) 385 (310) Low Low Medium

Future Steel Vehicle
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Future Steel Vehicl

Cylindrical

Tesla Model S Mk1 85 kWh Battery Pack

16 Modules
Per Pack

444 Cels
Per Module

sfe 485g

Prismatic

BMW i3 Mk1 22k\Wh Battery Pack

8 Modules
Per Pack

12 Cells
Per Module

éIé 2kg

mmm»‘ i
g .

Tesla 18650 Cel

“5rnm:

Cells shown at magnification of 10 relalive to rest of diagram.

Nissan Leaf Mk1 22k\Wh Battery Pack

48 Modules
Per Pack

Pouch

4 Cells Per
Module

éié 914g
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Future Steel Vehicle
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" .
¢l Analysis

Re-examining rates of lithium-ion battery technology
improvement and cost decline

Micah S. Ziegler and Jessika E. Trancik

We examine how quickly lithium-ion technologies have improved and find that previous metrics can

underestimate improvement rates for stationary storage applications.

Improvement of lithium-ion technologies

g,

e
LR
S R

Price

.G%‘?r&

Energy densily

Fa F'_'

P f- -lﬂ'I

Price par servica

ene
density

Including | ~-:

Date

Price
decline

The article was first published on 23 Mar 2021
Energy Environ. 5ei., 2021, Advance Article
https://doi.org/10.1039/DOEEO2681F

Future Steel Vehicle

1980 2000 2010 2020 1880 2000 2010

Date

Increased energy
density

1980 2000 2010
Dale

Improvement rates

with both

IR EE I Article HTML
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Lithium-ion Cell Prices
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Price (2018USD per kWh)
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2000 2010
Year
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Expansion of Battery Market (2021.01)

TESLA Model-S : 85~100kWh

Hl Comparison of LIB capacity by Application TESLA Model-3 : 60~80kWh

SmartPhone Power Tool E-bike HEV PHEV BEV E- BUS
Product . ¥ },;@ W >
¥ @ J %
; * g * = 1.1~ kWh 11.7~ kWh 33~100 kWh 80~200 kWh
Capacity | “2/200m | oy oveoman OOV 5isionn
Capacit
Rp o 1 10 50 100 1,200 5,000 15,000
atio
| 1,320,000,000 ea | 63,600,000 ea 2,500,000 ea 1,690,000 ea 220,000 ea 320,000 ea 120,000 ea
2015 Sales
13.2 GWh 6.4 GWh 2.3 GWh 2.0 GWh 2.5 GWh 10.8 GWh 9.3 GWh
| 1,200,000,000 ea | 106,900,000 ea 6,500,000 ea 2,760,000 ea 530,000 ea 1,600,000 ea 77,000 ea
2019 Sales
12.0 GWh 10.7 GWh 6.6 GWh 3.3 GWh 6.6 GWh 90.0 GWh 15.0 GWh
1,190,000,000 ea | 200,000,000 ea 16,000,000 ea 3,440,000 ea 1,790,000 ea 14,700,000 ea 210,000 ea
2025F Sales
11.9 GWh 22.0 GWh 18.0 GWh 4.8 GWh 26.2 GWh 998.6 GWh 39.0 GWh

* Including of Mild Hybrid
(Source : SNE Research)
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Global xEV Market

EBEV
m PHEV

41 45 48

HHH
18 19 20

XEV Market Forecast

101
71
i
;
21 22

2.7
188 o
155 g3 B
126 2
‘EI Iil s
23 24 25 "2

25.2
27

[million units]

40.0
342

203 E

28 29 '30

# Excluding Mild Hybrid

Source: <2020.2H> Global xEV market and Battery supply & demand outlook (~2030)

Future Steel Vehicle

0 Commercial

I Passenger

XEV Battery Market Forecast
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Direction of development of battery

cells to meet the requirements of

N 1 I+Amﬂllﬂlﬁﬁ

2019 2021 2023 2025 Direction of Battery Cell Development
- Cathode : high-loading, high-nickel(NCA, NCM, NCMA)
i 260Wh/kg 280Wh/kg 310Wh/kg 330Wh/kg Conductive materials(CNT)
Energy Density ™ “5aown 650Wh/L 750Wh/L 800Wh/L
- Anode : Si-Anode, Conductive materials(CNT)
« Minimize cell electrode structural deformation
Long Life Cycle 800 Cycle 900 Cycle 7000 Cycle 1000 Cycle - Cathode: Conductive materials(CNT), LFP
- Special electrolyte salts: LiPO,F,, LIDFOP, LiFSI
- Cathode: Conductive materials(CNT)
Fast Charge 2.0C 2.5C 3.0C 35C - Anode: Si-Anode(low loading), Conductive materials(CNT)
- Special electrolyte salts: LiPO,F,, LIDFOP, LiFS!
Cost Down 1108/kWh 908/kWh 808/kWh 758/kWh - Cathode: high loading, high-Nickel(low Cobalt), LFP(Cobalt-free)

50 4
45
q g 40 4
Cell Energy Density z
.E 35 9 Model S Perf.
Target(Wh/kg) | 2015 | 2020 | 2030 g 30 — : e-tron
USDOE | 150 | 200 - * ' —
E’ 20 - - m e Model X P100D
NEDO 150 | 200 | 500 | & | - N \- o
E 10 1 m—@ fortwo electric drive coupél ;l\ll:l
" [B2s0¢ e
0 T T T T T T T T T T T g
0 1 2 3 4 5 6 7 8 9 10 11 12

Total volumetric energy density Wh/l
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Cost, Price and Profitability

— Battery prices for EV are down to 5 to 6 percent on average

— Cell : & 5%, Pack: A 6%

— Cell To Pack technology is expected to start expanding in ‘21

— ICE Price Parity: Based on pack price of 100$/kWh, year of
159 parity might be expected to reach in '23

137 128

17

18 "19 '20 21 '22 '23 '24 '25 '26 P '28 '29 '30
=O=Cell =C=Pack
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Competition of TESLA vs Traditional OEMs

— 2022Y: 155GWh vs 100GWh (60GWh, SNE Forecast)
— 2030Y: 1038GWh vs 3000GWh (274GWh, SNE Forecast)

[Battery demand for 4 major Car OEM as a function of year]

LG Ch i GWh
© em S Panasonic 1,038 (GWh)
Smnov:ﬂon !—!j E‘?
<«  TOYOTA )
CATL — 393 '
8 155 222 |
¥ 4 LGCh LG Chem 1 18 30 - ] I 46%
o e ® o @ @D ® , — — = =
Semison/cs=  HYLINDAI KIAMOTORS  Sit%nion
RENAULT NISSAN 8 19 200 ‘21 ‘22 ‘23 25 ‘30 CAGR
B\VW HEToyota M Renault-Nissan M Hyundai Kia
Tesla Plan (Battery Day)
[Battery demand for Tesla as a function of year] 3,000 (GWh)
274
Panasonic  panasonic(Giga Factory) Cy 35GWh+@
@LGchem LGC(Nanjing, China) Cy 20—60GWh('23)
CATL CATL(Ningde, China) Pr(LFP) 18—+50GWh+®@('25)
» 100 110
72
60
0 28 30 I I .
- | | | . :
18 19 '20 21 ‘22 23 25 ‘30 CAGR
N Battery Demand
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BATTERY 2030+ Roadmap

550
| | Japan RSNG|
500 4 Panasanic Roadmap of China [ ] ';.:
1 & CATL 300 Whikg By Li-metal anode
450 ® SsDI 1500 cycles g’";m - Solid state battery|
: ® LISHEN “'H;m SHEN
S 4004 | A LG-Chem . e N80 NG
= {1 |® coron . 0 AlLi-meta
2 350 4 A SKI - ao o
1 ' NGO AADD nors1 162
NCE A. BA T Ios b 0
Z 0. RLE &
= . NCR1868508, 3.35 Ah, 500 cyclea . \(*
a 250+ ade &
- ) A . 22N : bﬁ-
e L
@ <200+ o0%°
£ e I
. A
150 - ?,\sﬁ’ = ?. i o
100 - Sony hollow-point. under development
50 Drawn by Yi Wang. Yaxiang Lu, Yu Ren, Zhiwel Yang, Hong Li
¥ T ¥ T ' T ’ T ¥ T ’ T y T ' T ¥
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035
Year
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Motor Technology and Cooling

— To meet customized automotive durability, weight, and cost
requirements
— Maximum operating efficiency only in a narrow rpm range
» Extending the efficient operating range and power density
* Magnet arrangement and coil designs
— For larger speed ranges

» Multi-speed transmissions: auxiliary power supply in typical
hybrid vehicle

» Single speed gear reduction: full traction power
— Closely coupled with DC power inverter hardware and

software for optimized performance, efficiency and electro-
magnetic emission resistance
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Electric Motor Technology

— The motor is sized to provide maximum acceleration, grade
ability and top speed
— Peak efficiency is only available in a small operating range

— Smaller motor is more efficient due to higher operating
speed, but torque falls more rapidly as speed increases

Units | Current | BEV | PHEV,; | FCEV | PHEV

Peak Power kW Varies 67 67 75 75

Continuous Power kW Varies 49 49 55 55

Max Torque Nm Varies 270 270 240 240

Max Efficiency % 95 96 96 9b 95

Specific Cost $/kW 40 26 26 26 26

Specific Power kW/kg 1.2 1.63 1.63 1.63 1.63

Specific Power kW/I 3.2 4.8 3.3 3.3 3.3

Physical Volume liters Varies 14 14 23 23

e [Momee| convater Year " wikg)

kWikg kWi kW kg Volume (1) Di;‘:r:;" "(em“:;" 2010 1.06

Gasoline Engine 0.59 09 75.0 1271 78.5 2015 1.2
EV Drive Motor 2015-2020 * 132 480 75.0 56.9 158 2800 253.0 2020 14
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Motor and Transmission Gear Ratio

Vehicle acceleration performance (0-100 km/h ): peak power
10% grade climb at 100 km/h: continuous power
Vehicle top speed (km/h ): continuous power

Motor efficiency (%)

acceleration NEDC grade test
: - ; motor bidirectional 10%
gear ratio | total ratio | acceleration |top speed power motor torque speed Micianie 100km/h
0-100km/h km/h peak/continous Nm rpm % cont. k¥ motor

1 3.9 148 197 67 / 67 220/95 | 6760 89.23 49
1.2 468 12.8 183 67 /55 220470 7550 89.47 49
1.4 5.46 116 158 67 /37 220746 7600 89.06 49
15 5.85 11.2 148 67 /3 220739 7620 838,88 49
16 6.24 10.8 138 67 /26 20/33 | 7630 88.73 49
18 7.02 10.4 g238 67 /20 220 /24 7650 87 84 49

Future Steel Vehicle

Parking Gear and Pawl|

Differential

Output Shaft

Mass: 68 Ka

Rotor

Stator

Driveshaft

Neutral / Motor Disconnect
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Cooling System, Energy Balance

Radiator system

Electric fan
Motor Controller

I RADIATORCORE () |
A~
Tintet, 55°C Toutet, 64°C

Electric pump|

{De

C-DC inverter =
MOTOR

CONTROLLER

Radiator hoses

v

Traction motor

. DC-DC
Electric pump INVERTER

N

182099

Regenerative = s
Braking 20% (303/1483) =
O e )
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Future
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Motor Torque vs. RPM Curves
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Fuel Cell Technology

— Proton Exchange Membrane or Polymer Electrolyte

Membrane (PEM) fuel cell

— five types depending on the allowable working conditions
(pressure and temperature) or the membrane materials

Types Advantages Disadvantages Application
HT-PEMFC More tolerance to CO; Low Difficult fabrication process: Laboratory testing
(90-120~C) requirement on thermal Corrosion of metal stack only

manage ment sysiem

componenis

LT-PEMFC {<90°C)

Rapid start-up; High curment
density

High requirement on thermal
management system

Prototy pe level, Highly

developed

e lf-breathing

Mo alr compressor; High
system efficiency; Low cost;

Low power output; Less
applications in fransportation

Prototype level only
with small power

Simple structure output (<10kW)
High Pressume Fuel High power density; Easy cold More parasitic losses; High Prototype level
Cell {-0.2MPa) start requirement on sealing
Low Pressure Fuel Low requirement on Low power density and Prototype level
Cell {<0.2MPa) sealing;Simple structurs afficiency

Future Steel Vehicle
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Direct hydrogen PEM fuel system

— Include: low pressure (<2.5 MPa) hydrogen delivery, air
supply, fuel cell stack, compressor and humidifier

— Exclude: heat rejection unit, hydrogen storage and DC
electric power inverter

Regulator

| Mpaa

1
H, Recirculatio

Pump

A
[ ]

H; Recirculatios Alr Compressor

] i | i

1

1

I Pump

: Purm;l‘y Humidifier
I

Purge Valve Humidit SFCVITong|lworking scops Cooling Fan S
_________________________________ For Project “Fulure Steel Vehicle” —— - | Water Fump
Cooling Fan
<

SFCVITongll working scope
For Project “Future Steel Vehicle”

Cooling Water tank

Water Pump

Cooling Water tank

Future cweor veinus
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Future Steel Vehicle

FSV Recommendation

Fuel Cell Technology Assessment

Status Prediction Selection

2008 2015-2020 FSV
Dominating Technology PEM PEM PEM
Power Output (net) KW 40 - 100 B0 - 170 65
Efficiency Yo 45 - 5B 50 -82 50 -862
Power Density kWikg 0.8-1.9 ~2.0 2
Cost [3USD] $ USD/ kW 1,600-2,900 ~100 - 200 155

Hydrogen Storage Technology Assessment
Status Prediction Selection

2008 2015-2020 FSV
Dominating Technology Compressed Gas Compressed
Pressure MPa 35 50-70 70
Tank Material Carbon Composite | Aluminum Liner | Plastic Liner | Plastic Liner
H-0 Volume Capacity Liters B0 - 220 70-150 95
Hydrogen Capacity (net) ko 1.7-5.0 16-5.4 3.4

Future Steel Vehicle Concept
Capacity Weight Volume Cost

Without Cooling System (net) [kg] [Liters] [$ USD]
Fuel Cell Engine 65 kW 92 67 $10,081
Hydrogen Storage 3.4kg a7 120 57,819
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Future Steel Vehicle
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