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Outline

AThe four types of electric vehicles (EV):
Hybrid (HEV),
Plugin hybrid (PHEV),
All Electric(BEY
Fuel celhybrid EV (FCEV)
ADesignand types obatteries and fuel cells.
ACost and market introductian
APotential fuel saving and pollution reduction.



A Plug-In Hybrid-Electric Vehicle (PHEV)

_Fuel Flexibility "4 [[ S—— ]]

REGENERATIVE BRAKING ] 10KWh battery
" “ Wl gives ~ 50 km
range and costs
today about
$10,000

AND/OR
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V Flow Fuel Cell Stack

Proton Exchange Membrane Fuel Cell (PEMFC)
Power Qutput
Size (liters)

Veight (Ibs)

Electric Power Storage

Lithium-lon Battery
Output (Volts)

i_ i 2_ N8 _4i_

Standard
100k
57

143

Standard
288

FC Stack
1.75 KW/
1.5 kW/kg




Basic Operation of a PCM Fuel Cell 1

(FC IS not a heat engine and does not obey Carnot low)

Individual Fuel Cell

A Chemical Reaction Produces

To Do o

To o o

Electricity (at up to 100%
efficiency)

What is the difference between
free gas combustion and FC
operation

H,T 2e ¥H*

O,+2e+2H*Y O

In some cases it is possible to
get electric work (energy)
larger than the heat of the
combustion!

Fuel - H,; oxidant - O,
By-Product - H,O

Platinum nano-particles
catalysts



PEM FC stack




doubling the duration
does not double pack size

doubling the duration
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Figure 6. Calculated volume of hydrogen storage plus the fuel cell system compared to the
space required for batteries as a function of vehicle range

C. E. ThomasFuel Cell vs. Battery EV
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BEV Goal: 150 Whikg
& 300 Wkg
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Figure 7. Specific Energy vs. Specific Power for battery technologies from Kromer and
Heywood (MIT), May 2007; star symbols indicate the battery parameters used in this study
that are all more optimistic than current battery performance

C. E. ThomasFuel Cell vs. Battery EV



Anode
(Reducing Agent)
Anode_s: Lit, Cathodes:
Graphite ® o—> : LNiCoMnO,
L, TEO; | S LiMn,O,
Silicon nano particles Separator  Electrolyte |_!|:ePO4
LiIMn,O,

Fig 8. The schematic view of Li-ion battery consisting of intercalation compoun
dunng discharge.
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Batteries Specific Energy
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® 800
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Pb-acid Ni-Cd Ni-MH Li-ion Future Zn-air Li-S Li-air
Li-ion
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Available Under development  R&D
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Li lon Batteries

BATTERY

Advantage

Disadvantage

LNiCoO,/Graphite

Energy density

Safety, cost

LiMn,O,/Graphite

Cost, safety,
power density

HT longevity

LiIFePO,/Graphite

Cycle life, power,
safety

Low energy density

(about 60% of
LNCO)

LiMn,0,/Li,TisO; ,

Cycle life, power,
safety

Lowest energy
density (about 40%
of LNCO)
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Average Cost strucuure ot
Li1on cell 2014

6%
Sales & Adm
Anode cost

7%

Energy,

utllltles ectrolvte

source: The rechargeable Battery
D'rECt labor SEpar""mr market and main trend2014

2025C.PillotAvicenne Energy

COGS 80% x15B% 42.2B%
Anode =7% x COGS 0:8B%



Projected Cost
Projected Cost for a $100/kWh

d Extensive cost modeling has been

conducted on advanced battery BEttEI’V Pack
chemistries using the ANL BatPaC ] ' Cathode
deEI. 290 - ﬁﬁgﬂ;;a matarials -

= Purchased ltems |-
Pack integratian

[ |Mon-matedials
[ Gas utilization

+ Lithium-ion: silicon anode
coupled with a high capacity
cathode presents moderate risk

200

Cost for useable energy ($/kWh, )

150 .
pathway to less than 125/kWh I Eﬁi:
— Lithium metal: a higher risk 100 -
pathway to below $100/kWh __ .
d These are the best case 50 7
projections: all chemistry problems 7
solved, performance is not limiting, 0 -

. i A0
favorable system engineering (\3{' “‘,@b
assumptions, high volume ngj\ {Q\é‘ #\&
manufacturing. &

& ¥ éé_&
Energy Eficiancy f

ENERGY roocnaie erray
* DOE VTO advanced battery R&D progra@i§
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Battery Cycle Life Depends on State of Charge

Swing

PHEV battery likely to deep-cycle each day driven: 15 yrs equates to 4000-5000 deep cycles
Also need to consider combination of high and low frequency cycling

13

120%
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Model Battery Charge Times

TOYOtaPIuS 4 4kh Lidon, 18km (11 miles) al-electic range on st HEVAG oA EVS on th €ero ad

PHEV 1.5h at 230VAC 15A
Chevy Volt 16kWh, Li-manganese/NMC, liquid cooled, 181kg (400  10h at 115VAC, 13A;
PHEV Ib), all electric range 64km (40 miles) 4h at 230VAC, 15A DOE goals for EV battery

16kWh; 88 cells, 4-cell modules; Li-ion; 109Wh/kg; 13h at 115VAC 15A;
Mitsubishi iMEV , . 250Wh/kg

330V, range 128km (80 miles) 7h at 230VAC 15A

400Wh/l

Smart 8h at 115VAC, 15A;

16.5kWh; 18650 Li-ion, driving range 136km (85 miles S
Fortwo ED it BomIES) 3 5 at 230vAC, 154 2kW/kg
BMW i3 22kWh (18.8kWh usable), LMO/NMC, large 60A ~4h at 230VAC, 30A;
Curb 1,200kg prismatic cells, battery weighs 204kg (450 Ib) driving 50kW Supercharger;
(2,645 1b) range of 130-160km (80-100 miles) 80% in 30 min EstimatedED and rangef Silicon anode
Nissan Leaf* 30kW!1;. Li-manganese, 192 cells; air t.:ooled; 272kg (600 8h at 230VAC, 15A; basedadvanced Lithium batte ry

Ib), driving range up to 250km (156 miles) 4h at 230VAC, 30A

N | 270Wh/kg (400 kM)

Tesla §* 70 and 90kWh, 18650 NCA cells of 3.4Ah; liquid cooled;  9h with 10kW charger;
Curb 2,100kg 90kWh pack has 7,616 cells; battery weighs 940kg 120kW Supercharger,
(4,630 Ib) (1,200 Ib); S 85 has up to 424km range (265 mi) 80% charge in 30 min

Table 1: Electric vehicles with battery type, range and charge time.

* In 2015/16 Tesla S 85 increased the battery from 85kWh to 90kWh; Nissan Leaf from 25kWh to 30kWh.
http://batteryuniversity.com/learn/article/electric_vehicle_ev



Annex A, Table I: Lithium-ion subcategory characteristics

Energy : 2014 price Prominent
- Electrolyte density Cycle lifs per kWh manufacturers

— Lithium  140-180 USD450- LG Chem, AESC,

;?Sglanese LMO  Graphite carbonate Wh/kg 800-2000 USD700 Samsung SDI

oy . Samsung SDI, BYD, LG
Lithium ; Lithium 140-200 USD250- T
cobalt oxide LCO  Graphite S Wh/ka Z00-800 USD500 Chem, Panasonic, ATL,

Lishen

Lithium nickel Graph-

Lithium 120-140 USDS50-
manganease ite, carbonate Wh/kg 800-2000 USD750 Johnson Controls, Saft
cobalt 5|I|mn

Source: Based on Jaffe 5. and Adamson, KA (2014)

25 Energy density of about 120 Wh/kqg for lithium-ion compared to
35 Wh/kg energy density for lead-acid.
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Figure 2: The highest recorded values may not be scalable due to practical challenges of manufacturing
on a large scale. Values obtained from [19, 22-24].
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Battery Usage in EVs, HEVs,

and PHEVs

E
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Used sometimes in CS

0.2-0.4 kWh CS
r'_'A‘—'\

Total Battery
Capacity*

1-2 kWh
|

Charged and
used (CD)

6-12 kWh
.

Charged and
used (CD)

30-40 kWh

0 10 20 40 50 60 70 80
CD: Charge Depleting SOC Range (%)

80 100

el =
CS: Charge Sustaining *Battery capacity for a midsize car 4';@‘,;* MNe=L
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Safety issues

Al'f a collision occurs, sensors in the
detect impact and instantly shut the valves on the high-pressure hydrogen
tanks.

A For additional safety, the valves are also closed if leakage is detected by any
of the hydrogen sensors placed at multiple locations within the vehicle,

AThe high pressure hydrogen tanks are designed for maximum safety to avoid
rupture even if the vehicle suffers a rear-end collision

B Components related to hydrogen ®)) Collision sensor
[ Components related to high-voltage electricity ) Hydrogen sensor

Power control unit

\, ®) Hydrogen

fueling receptacle
)

@)
Q)

®) 9)

Motor Toyota FC Stack High-pressure hydrogen tanks

23 Electricity flow <= Hydrogen flow

TOYOTA
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3 seconds

L X ,, Big. 6. on the left iEa vehicle with a hkdrogen’iank. and on the right a
~ vehicle with a standard gasolineank. Both tanks have been
-| ,, X Y Fleliliera’t’ely Xuncﬁtre}i and]ign?fed. The top panel shows the two
v vehicles 3 seconds after ignition. We see that, due to the buoyancy
(I— 'I 'I LN of hydvogen, the flame shoots up vertically, whereas gasoline is heavy
and spreads beneath the vehicle. The bottom panel shows the two
vehicles 60 seconds after ignition. The hydrogen supply has burned



