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FreedomCAR Goals Power-Assist Power-Assist
Characteristics Units Minimum Maximum

Pulse Discharge Power (10s) kw 25 40
Max Regen Pulse (10s) kw 20 (50Wh pulse) 35 (97Wh pulse)
Total Available Energy kwh 0.3 0.5
Round Trip Efficiency % >90 - 25Wh Cycle >90 - 50Wh Cycle
Cycle Life for specified SOC Increments Cyc. 300k 25Wh Cycle (7.5 MWh) 300k 50Wh Cycle (15 MWh)
Cold-cranking Power at -30°C (Three 2-sec kw 5 7
pulses, 10-sec rests between)
Calendar Life Yrs 15 15
Max Weight kg 40 60
Max Volume liters 32 45
Production Price @ 100k units/yr $ 500 800
Maximum Operating Voltage Vdc < 400 Max < 400 max
Minimum Operating Voltage Vvdc = 0.55xVmax 2 0.55 x Vmax
Maximum Self Discharge Wh/d 50 50
Operating Temperature °C -30 to +52 -30 to +52
Survival Temperature °C -46 to +66 -46 to +66




USABC PHEV Battery Goals

Requirements of End of Life Energy Storage Systems for PHEV's

Characteristicsat EOL (End of Life)

High Power/Energy Ratio

High Energy/Power Ratio

Battery Battery
Reference Equivalent Electric Range miles 10 40
Peak Pulse Discharge Power - 2 Sec / 10 Sec kw 50/ 45 46/ 38
Peak Regen Pulse Power (10 sec) kw 30 25
Available Energy for CD (Charge Depleting) Mode, 10 kW Rate kWh 34 11.6
Available Energy for CS (Charge Sustaining) Mode kWh 05 0.3
Minimum Round-trip Energy Efficiency (USABC HEV Cycle) % 0 90
Cold cranking power at -30°C, 2 sec - 3 Pulses kw 7 7
CD Life/ Discharge Throughput CyclessMWh 5,000/ 17 5,000/ 58
CSHEV Cycle Life, 50 Wh Profile Cycles 300,000 300,000
Caendar Life, 35°C year 15 15
Maximum System Weight kg 60 120
Maximum System Volume Liter 40 80
Maximum Operating Voltage Vdc 400 400
Minimum Operating Voltage Vdc >0.55 x Vmax >0.55 x Vmax
Maximum Self-discharge Wh/day 50 50
System Recharge Rate at 30°C kw 1.4 (120V/15A) 1.4 (120V/15A)
Unassisted Operating & Charging Temperature Range °C -30to +52 -30to +52
Survival Temperature Range °C -46 t0 +66 -46 to +66
Maximum System Production Price @ 100k units/yr $ $1,700 $3,400
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Parameter (units) of fully burdened Mid-Term Minimum Goals_fo.r ang Long Term Goal
system Goal Term Commercialization
Power Density (W/liter) 250 460 600
Specific Power - Discharge, 80% 150 300 400
DOD/30 sec. (W/kg)
Specific Power - Regen, 20% 75 150 200
DOD/10 sec. (W/kg)
Energy Density - C/3 Discharge rate 135 230 300
(Weh/liter)
Specific Energy - C/3 Discharge rate 80 150 200
(Weh/kg)
Specific Power/Specific Energy 2:1 2:1 2:1
Ratio
Total Pack Size (kWeh) 40 40 40
Life (Years) 5 10 10

1000 to 80% DOD 1000
Cycle Life - 80% DOD (Cycles) 600 1600 to 50% DOD

2670 to 30% DOD
Power & Capacity Degradation 20 20 20
(% of rated spec)
Ultimate Price - 10,000 units @ 40 150 <150 100
kWeh ($/kWeh) ($75/kwh Desired)

-40 to +50
Operating Environment (°C) -30 to +65 20% Performance Loss (10% -40 to +85
desired)
Normal Recharge Time (hours) 6 6 3to6
(4 desired)
20-70% SOC in <30 minutes
High Rate Charge 40-80% SOC in 15 @ 150W/kg 40-80% SOC in 15
minutes (<20min @ 270W/kg desired) minutes

Continuous dischargein 1 hour - 75 75 75
No failure (% of rated capacity)




USABC Energy Storage Goals

FreedomCAR Energy Storage Goals 42-Volt HEV (Power-Assist)| Fuel Cell Vehicle Battery EV
Characteristics Units | Start-Stop | M-HEV P-HEV Low Power High Low Power High Comm. Long
Power Power Term

Discharge Power kw | 6for 2 sec 13 13 for 10 sec] 25for 10 sec|] 40 |25for10sec| 50

Specific Power-Dischg 80% DOD/30 sec W/Kkg 300 400

Regen Pulse kW N/A 8 for 2 sec 18 20 for 10sec] 35 30 for 5 sec 60

Specific Power-Regen 20% DOD/10 sec W/Kkg 150 200

Engine-off Accessory Load kw 3 for 5 min

Recharge Rate kw 2.4 2.6 4.5

Power Density Wi/ 460 600

Available Energy Wh 1250 @ 3kW 300 700 300 500 1500 3000

Specific Energy - C/3 Discharge Rate Wh/kg 150 200

Energy Density - C/3 Discharge Rate Wh/l 230 300

Specific Power/Specific Energy Ratio 2:1

Total Pack Size kWh 40

Energy Efficiency on Load Profile % 90 90 90 |

Cycle Life (to specific usage profiles) cycle 450k 300k TBD 1000-80% DOD

Calendar Life year 15 15 15 10

Cold-start at -30C kW 8 at 21V minimum for 2 sec 5 for 2 sec 7 5 for TBD min

Maximum Weight kg 10 25 35 40 60 40 65

Maximum Volume liter 9 20 28 32 45 32 50

Production Price at 100k units/year $US 150 260 360 500 800 500 1000

Production Price at 10k units/year $/kWh 150 100

Maximum Operating Voltage Vdc 48 400 440

Minimum Operating Voltage Vdc 27 >0.55xVmax >0.55xVmax

Maximum Self-discharge wh/d 20 50 50

Operating Temperature Range C -30 to +52 -30 to +52 -30 to +52 -30-+65] -40-+85

Survival Temperature Range C -46 to +66 -46 to +66 -46 to +66
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Potential Separator Electrolyte Key Attributes
lead-acid PbA 2.0V lead polyolefin lead-oxide sulfuric acid high power
glass mat low cost
nickel/metal- . metal-hydride . . potassium long life
hydride NIMH 1.2V allo polypropylene | nickel-oxide| -y, ) ige durabilit
lithium-ion Li-lon 3.6V carbon olvolefin mertr?e-tg)l(—l € carbonates and high energy
2.4v  |lithium-titanate| P°Y lithium salt | design flexibility
phosphate
i : 3.6V carbon . . cabonates, lithium| high energy
lithium-polymer | Li-Poly 2.4v  |lithium-titanate| POYOIEfin | metal-oxide salt, and ploymer | planar design




HEV%te ry Advancement

s

Cell Count -17% ‘

Weight - 23%
Cell Power +28%
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Automotive f_loptloe ICS
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Equilibrium, increased and decreased graphite interlayer distance at
beginning of charge

inter-plane distance -10%
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Li diffusion between two Li sites at enc
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Lithium Dendrite Formation
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Lithium Plating Model
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TOWARD A SUSTAINABLE FUTURE
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