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Why electrification of vehicles?
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Why electrification of vehicles?

1. Limited resources — oil is limited and
can get very expensive as seen in 2008

2. Climate change — CO, emissions must
be reduced worldwide by 70% until
2050 (in Germany by 90%)

Electricity is available in the long-run in
almost unlimited quantities from

=>» renewable energy sources,

=>» nuclear power plants, or

=>» fossil power plants with carbon capture!

Quelle: GtV e.V.
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The battery - bottleneck for the e-mobility?

=» Harvest from bio mass of =» Harvest from photovoltaics in
2" generation (BTL) expected: Germany:
60,000 km/halyear 1,000,000 km/halyear

Assumptions: Solar energy in Germany 1000 kWh/m?/a,
photovoltaics with 10% efficiency, land use factor 1/3, vehicle
energy consumption 20 kwWh / 100 km, efficiency grid & vehicle
60%

=» 16x more driving with electricity from PV compared with bio fuels
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Energy efficiency fuel cell vs. electric vehcile

=» Starting point: electrical power (from CO,-free sources)

Quelle: minispace.com

=>» usable energy with electric
vehicles: 25 - 30% vehicles: 70 — 75%

=>» Energy needs for fuel cell vehicles with clean hydrogen is
2.5 x higher compared with electric vehicles
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Electric- and hybrid electric vehicles are ,under
construction” - everywhere

Quelle: Daimler Quelle: minispace.com Quelle: Tesla Motors
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Electrification concepts for passenger cars
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Hybrid electric vehicle (HEV)
Storage capacity approx. 1 kWh, charging only
during driving, fuel reduction max. 20%

Plug-in Hybrid electric vehicle (PHEV)
Storage capacity 5 — 10 kWh, charging from
the grid, 30 to 50 km electrical driving range,
full driving range with conventional engine or
fuel cell, driving with empty battery possible

Electric vehicle (EV)
Storage capacity 15 — 40 kWh, charging from
the grid, 100 to 300 km electrical driving range

The battery - bottleneck for the e-mobility?

Gravimetric power density vs. energy density

(power and energy density of specific products taken from data sheets and measurements)
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The lithium ion system (,,Rocking Chair*)
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Main technologies in the focus for lithium-ion batteries

Li-ion liquid
cathode material anode material
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+ 4400 only cathode material

Quelle: ZSW Um
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Important technology innovations under development

Improved energy density by
* 5 Volt* cathode materials e.g. LiCoPO,
> Advantage: high potential, high safety

> disadvantage: costs of cobalt,
sufficient cycle lifetimes not confirmed

* Silicon anode materials (LiSis)

> Advantage: theo. 11x higher energy
density of the anode compared with
graphite
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Quelle: Stanford University — Silicon Nano Wires

> Disadvantage: high volume expansiun,
severe lifetime problems

* Energy densities up to a maximum of 300 Wh/kg might be possible
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Actual main R&D topics for Li-ion batteries

Li-ion liquid

T

Separators Electrolyte

General: very expensive E—— Electrolyte: EC, PC,
component in Li-ion cells i ,standard“ | DMC, DEC, EMC

salts: LiPFg, LICF;SO,,
LIN(CF3S0,),
, Shut-Down Additives

Multi-layer separator with a
melting layer (= turns to

high resistance at overheating) N Higher security
Ceramic separator minimizes .
. L . Separion®
the risk of short circuits at high safe, low conductivity at
temperatures Polymere | 5om temperature
Electrolyte and binders are major components with lonic Possible electrolyte for
regard to deep temperature performance and liquids 5 Volt cells

lifetime.
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Different cell concepts

Round cells

® Long years of experience with cell design
® High lifetime expectations

* Cooling difficult

, Coffee bag“ cells
* Very good cooling properties
* High energy density

* Tightness of foils still in question

Prismatic cells
* Simple system design

®* Combines several advantages of round
cells and coffee-bag cells
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Discharge characteristic of Li-lon ,High Power* batteries
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Electrical performance (cell level)

Power density
Energy density
Efficiency

Self discharge
Cycle lifetime

high energy
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120 — 160 Wh/kg

~ 95%
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Cycle life assessment at 20°C
at 80 % DOD cycle
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Ageing effects by cycling NiMH-batteries

® Grid expansion during
emplacement of hydrogen
leads to mechanical stress
and thereby destroys
crystals of metal alloy

volumeexpansion
LaNi —LaNiH, approx20%

2 cycles

.lydrogen absorpton.
—

10 cycles 50 cycles
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Exhibit 3. Batteries Cost OEMs About $1,100 per kWh at Low Volumes

Battery cost
Components > Cell > Module > Pack > to OEM

Cost, 2009
(ewh) $650-$790/KWh $340-$430/KWh
1,250 ; .
' 50-70 ! 990-1,220
i 290-360 B e
1,000 | ——— | 13%
| | A%,
| | 2%
750 450-540 | I 14%
Pl e | e
| | i
| I ; 11%
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' [ Andn
250 200-250 L : | 32%
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[IMarkup [—]Scrap [ R&D mm Depreciation [ Directand indirectlabor @ Purchased parts
B Active materials

Sources: Interviews with component manufacturers, cell producers, tier one suppliers, OEMs, and academic experts; Argonne National Laboratory; BCG
analysis.

Note: Exhibit shows the nominal capacity cost of a 15-kWh NCA battery and assumes annual production of 50,000 cells and 500 batteries, as well as a 10
percent scrap rate at the cell level and a 2 percent scrap rate at the module level. Numbers are rounded.

Quelle: Boston Consulting Group, 2009
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Exhibit 4. Battery Costs Will Decline 60 to 65 Percent from 2009 to 2020

Cost per kWh Cost per kWh of a 15-kWh
$/KWh of an NCA cell $/kWh NCA battery pack
1,500 1,500
—65%
990-1,220
1,000 (60% 1,000 '
\
650-790 \ ]
N 7% \
~ N v
500 ; h 500 N
69% S N 360-440
= 270-330
b . 52%
e 46% == o :
31% 4% B% 48%
0 0
2009 2020 2009 2020
[ Production-volume-dependent costs Todl cost of ~$16,000 ~$6,000

; ‘ battery pack
[ Production-volume-independent costs
Sources: Interviews with component manufacturers, cell producers, tier one suppliers, OEMs, and academic experts; Argonne National Laboratory; BCG
analysis.
Note: Exhibit assumes annual production of 50,000 cells and 500 batteries in 2009 and 73 million cells and 1.1 million batteries in 2020. Numbers are
rounded.

Quelle: Boston Consulting Group, 2009
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Cost development of consumer cells of the type 18650
(standard cell e.g. used in battery packs of laptops)
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costs [US$/ Wh]

Most important battery manufacturers of lithium-ion

consumer batteries (type 18650 cell)

Battery manufacturer Country Production in million cells
Sanyo Japan 588
Samsung Korea 386
Sony Japan 359
Panasonic Japan 237
LG Chem Korea ca. 200
source: Institute Information Technology, data for 2007
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Main tracks of current R&D activities on Li-ion batteries

Maximising safety and reliability

Reduction of costs by material selection and economcy of scale

Transferring life cycle results from the lab to the field

Improving the usable DOD while maintaining the Ifietime
Optimisation of system technology (mainly costs)

Improving the energy density

Consolidation of the technology and preparing for mass production is in the
focus.

Improving of energy density improves the market penetration only slightly.
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Products are available on the market
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What follows from costs and performance of lithium-ion
batteries?

Batteries are expensive

* 15 kWh/100km x 300 €/kWh = 4,500 €/100km
(selling price to the car manufacturer, after (!) cost reduction)

Batteries for electric vehicles cost as much as the total remaining car

* Costs for a small to medium size vehicle (all parts and manufacturing)
are in the order of 5,000 €/vehicle

Lithium-ion batteries achieve many more cycles than typically used,
but the battery will die even without cycling after a certain time
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Why long-ranging full electric vehicle are not economic
for the mass market ... . An example.

Size of the battery for 200 km full electric driving: approx. 30 kWh
(ranges from 24 kWh for very efficient small vehicles to 40 kWh)

Costs for battery purchase (selling from battery manufacturer to car
manufacturer): approx. 30 x 300 € = 9,000 €

Selling price to the user: approx 9,000 € x 1,8 = 16,200 € for the battery only
=>» Weight at 100 Wh/kg = 300 kg

=>» Battery dies after 10 to 15 years anyway, even if it wouldn‘t be used at all..
Average usage of vehicles in Germany: 37 km/day

=>» 80% of the battery dies unused.

A full electric vehicle as a mass product remains a short ranging vehicle.

100 km full electric driving range seems to be an appropriate sizing.

Helmond, 19.05.2010
Prof. Dr. Dirk Uwe Sauer

The battery - bottleneck for the e-mobility?




Fast charging and exchangeable battery
concepts try to make the full electric vehicle a
one-by-one replacement of today’s conventional
vehicles.

This is nonsense from an economical and from
an ecological point of view.
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Electrification concepts for passenger cars

Hybrid electric vehicle (HEV)
Storage capacity approx. 1 kWh, charging only
during driving, fuel reduction max. 20%

Plug-in Hybrid electric vehicle (PHEV)
Storage capacity 5 — 10 kWh, charging from
the grid, 30 to 50 km electrical driving range,
full driving range with conventional engine or
fuel cell, driving with empty battery possible

Electric vehicle (EV)
Storage capacity 15 — 40 kWh, charging from
the grid, 100 to 300 km electrical driving range
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Topology of hybrid- (HEV) and Plug-in
hybrid vehciles (PHEV)
Parallel hybrid Series hybrid (incl. range extender)
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Graphik: Dr. Kube, Volkswagen Konzernforschung, 2007
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Statistical Driving Behaviour
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Statistical Driving Behaviour

* 95 % of single trips shorter than 42 km
* 95 % of day trips shorter than 150 km
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/Single trips
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Statistical Driving Behaviour

0.8 oo 7777777777777777777777 }ﬁ’ I:I|_|I:I
0.6 - /ﬁ]

km und Stadtentwicklung

® 95 % of single trips shorter than 42 km
* 95 % of day trips shorter than 150 km

J

Stop 1

— Single trips

®* 50 % of VMT can be driven with a battery for 80 km
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Statistical Driving Behaviour
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* 95 % of single trips shorter than 42 km

* 95 % of day trips shorter than 150 km

®* 50 % of VMT can be driven with a battery for 80 km

* Recharging after every single trip increases fuel substitution by 23 %
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All-electric operation fraction of PHEVs
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* PHEV-35: fuel substitution of 50 % (same as EV-80)

* PHEV-50: Over night charging sufficient for 60 % of VMT (and more than 70
% of days for pure electric driving)
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All-electric operation fraction of PHEVs
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* PHEV-35: fuel substitution of 50 % (same as EV-80)

* PHEV-50: Over night charging sufficient for 60 % of VMT (and more than 70
% of days for pure electric driving)

* Recharging after every trip increases fuel substitution by 17 %
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Sizing of the battery of Plug-in hybrids
= very high fuel saving potential with small battery
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Electro mobility concepts need
to be intelligent :

=» Full electric vehicles for short distances
(,second family car®, urban delivery,

craftsmen, etc.)

or expensive upper class cars where costs are not a major issue, or for
user with a very high daily mileage

=» Plug-in hybrid electric vehciles is the
replacement technology for today‘s universal
cars with a high degree of fuel substitution
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