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Things are changing ...

FINANCIAL TIMES

fastFT Volkswagen AG

Volkswagen reveals plan to enter battery cell
production

Carmaker fo consider options for its heavy-industry focused businesses

VWs electric dreams are the most ambifious of Europe's tradifional car groups. Some £30bn in investments are planned by 2023 &

Reuters

Peter Wells in New York MAY 13, 2019 =

Volkswagen on Monday announced it would enter battery cell production, and
also revealed it would kick-start a process to determine the future of some of its
heavy industry-focused businesses as well as prepare to float its truck unit

before summer.

The German automaker said it would set up a battery cell production facility in
Lower Saxony under a partnership, and that its supervisory board also
approved just under €1bn of investments, according to a statement late on

Monday following a board meeting.

The developments continue Volkswagen’s pivot to an electrified future, as it
moves past 2015’s emissions scandal and joins industry rivals trying to gain a
foothold in the market for electric vehicles.

“We are pressing ahead with the electrification and digitalisation of our fleet
like no other automotive company,” Herbert Diess, Volkswagen chief executive

said in a statement on the eve of the company’s annual meeting.

“At the same time, we are building up innovative business areas over the
coming years to cater for innovative mobility services. This is about aligning
the Volkswagen Group to play a decisive role in shaping the sweeping

transformation of our industry,” Mr Diess added.
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How much battery capacity is needed
and what does Is mean for resources?
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Assumptions based on different announcements for 2025

VW plans with 150 to 250 GWh battery capacity demand in 2025
Extrapolation to the world market results in 700 to 1300 GWh

Dirk Uwe Sauer m s | IRNNTTH
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Example for Material Demand for Lithium-lon Battery Cells

m Necessary material amounts for about 380 Wh battery capacity
(Cell with 100 Ah, NMC (811) = Niy gMn, ,Co,,) and a battery pack with 100 kWh (no housing, BMS,
cooling, etc.)

Battery Cell Battery Pack
100 An/ 3,8V 100 kWh
o Nickel 325 g 85,5 kg
o Manganese 379 9,7 kg
o Cobalt 41 ¢ 11,1 kg
o Lithium 35¢ 9,2 kg
0 Aluminum (without housing) 144 g 37,9 kg
o Copper 281 g 73,9 kg

m Very high energy and resource consumption calls the ecology of the approach into gquestion

Dirk Uwe Sauer m Stromrichter-
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Growing Demand Motivates Increased Activities in Finding new Raw Material
Deposits

Worldwide Lithium Reserves & Resources
©60.000.000

Source: United States
Geological Survey —

40.000.000 Mineral Commodity
Summaries 2000-2018

20.000.000
0
2000 2005 2010 2015 2020
= Reserves [tons] == Resources [tons]

Resources USA [tons]

RWTHAACHEN
UNIVERSITY
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Material demand for different battery market development
(Assumption of 2025: 20 Mill. BEV with 50 kWh capacity each results in 1000 GWh)

Material Demand for Demand in Demand in Demand in todays Share at 1000
100 kWh metric tons for | metric tons for | metric tons for | production per | GWh/year of
battery 700 GWh 1000 GWh 1200 GWh year todays annual
capacity [kg] battery battery battery (metric tons) production
capacity/year | capacity/year | capacity/year |(Source:US Geological
Survey 2017)
Nickel 85,5 598.500 855.000 1.026.000 2.100.000 41%
Manganese 9,7 67.900 97.000 116.400 16.000.000 1%
Cobalt 11,1 77.700 111.000 133.200 110.000 101%
Lithium 9,2 64.400 92.000 110.400 43.000 214%
Aluminium 37,9 265.300 379.000 454.800 60.000.000 1%
Copper 73,9 517.300 739.000 886.800 19.700.000 4%
Dirk Uwe Sauer K und RWNTH
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Tabelle1

												1 TWh														Material		Bedarf bei pro 100 kWh Batterie-kapazität in [kg]		Bedarf in metrischen Tonnen bei Batterie-bedarf von 700 GWh		Bedarf in metrischen Tonnen bei Batterie-bedarf von 1000 GWh		Bedarf in metrischen Tonnen bei Batterie-bedarf von 1200 GWh		heutige Produktion pro Jahr (Tonnen)
(Quelle: US Geological Survey 2017)		Anteil bei 1000 GWh/Jahr an heutiger Jahres-produktion

												1000 GWh																100 kWh		700		1000		1200

												10^6 MWh														Nickel		85.5		598,500		855,000		1,026,000		2,100,000		41%

												10^9 kWh														Mangan		9.7		67,900		97,000		116,400		16,000,000		1%

																										Kobalt		11.1		77,700		111,000		133,200		110,000		101%

												20,000,000														Lithium		9.2		64,400		92,000		110,400		43,000		214%

																										Aluminium		37.9		265,300		379,000		454,800		60,000,000		1%

																										Kupfer		73.9		517,300		739,000		886,800		19,700,000		4%





Englisch

												1 TWh														Material		Demand for 100 kWh battery capacity [kg]		Demand in metric tons for 700 GWh battery capacity/year		Demand in metric tons for 1000 GWh battery capacity/year		Demand in metric tons for 1200 GWh battery capacity/year		todays production per year 
(metric tons)
(Source: US Geological Survey 2017)		Share at 1000 GWh/year of todays annual production

												1000 GWh																100 kWh		700		1000		1200

												10^6 MWh														Nickel		85.5		598,500		855,000		1,026,000		2,100,000		41%

												10^9 kWh														Manganese		9.7		67,900		97,000		116,400		16,000,000		1%

																										Cobalt		11.1		77,700		111,000		133,200		110,000		101%

												20,000,000														Lithium		9.2		64,400		92,000		110,400		43,000		214%

																										Aluminium		37.9		265,300		379,000		454,800		60,000,000		1%

																										Copper		73.9		517,300		739,000		886,800		19,700,000		4%
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Sales of electric vehicles in Europe in 2018 and beginning of 2019

Jaguar |-Pace (BEV)

Sonstige s 642
Renault Zoe(BEV) Smart Fortwo ED (BEV)
Nissan Leaf (BEV) Land Rover Range Rover Sport PHEV
Mitsubishi Outlander (PHEV) Hyundai lonig (PHEV)
BMW i3(BEV) Audi e-Tron
VW e-Golf (BEV) VW Golf GTE (PHEV)
Hyundai Kona EV VW Passat GTE (PHEV) 11.373
Tesla Model 3 Tesla Model S(BEV) 16.682
Volvo XC60 T8 (PHEV) Kia Soul EV (BEV)
Mini Countryman (PHEV) Volvo XC90 T8 (PHEV)
Kia Niro (PHEV) e ‘edes GLC350e (PHEV)
. EUroP
BMW 5306 (PHEV) a 20'\8 \N Tesla Model X (BEV) 1264
Hyundai loniq Electric (BEV) BMW 330e (PHEV) 7.327
0 10.000 20.000 30.000 40.000 50.000 60.

Kia Niro EV
Anzahl Neuzulassungen

BMW 225xe (PHEV)

® 2018 @ 2019

. [m] ichter-
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Sales of electric vehicles in Europe in 2018 and beginning of 2019
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Challenges and advancements in battery
pack design
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Energy and power density — Analysis of fleet vehicles from 2013/14

m Energy density

0 Whikg

o Wh/l
m Power density

o Power per kg or litre
m Values to distinguish:

o Theoretical energy
density

0 Numbers based on
cells

o Numbers based on
battery packs

m High power and high
energy density are
not possible at a time

Source: www.mirror.co.uk Source: www.insideevs.com Source: www.autoevolution.com Source: www.carbyer.co.uk Source: www.autoblog.com
Volkswagen e-up! Smart Electric Drive Mitsubishi i-MIEV ~ Nissan Leaf* Tesla Model S*
18.7 kWh, 60 kW 17.6 KWh, 55 kW 16.3 kWh, 49 kW 24 kWh, 80 kW 85 kWh, 270 kW

passive air-cooling  liquid-cooling active air-cooling passive air-cooling liquid-cooling

13 Dirk Uwe Sauer
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Volkswagen e-up! Battery Pack Components
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From conversion design to purpose design

e-Golf's High-Voltage Battery System Modular Electric Building Block (MEB)

A total of 264 25 Ah cells in 27 different modules for 24.2 kWh of capacit
B e.g. for VW |.D.

Battery control module
(not visible)

DC vehicle inlet

for quick DC charging

Battery junction box

VOLKSWAGEN

Battery cover

with shielding against electromagnetic radiation

~ Battery tray

Cell module

with 6 battery cells

“ High-voltage cables

Cell module
with 12 battery cells

High-volto%:]e connector
connection fo power electronics

15

BSS_V03_WS201819 —

Bilder: Volkswagen AG
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From conversion design to purpose design
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Challenges on battery system design

= Estimation of

required battery size

= Selection of a cell
chemistry

= Selection of cell type

= Wiring concept

s
o

Ty

ANHIO

Design of System
architecture configuration

Realisation

= Cell connectors/ = Structure

electrical connections Testing

= Switchbox (switches,

= Safety — cell level
pre-charge and fuses)
_ _ = Safety — system level
= Cooling and heating

= Crash resistance

= Battery management
system

17 Dirk Uwe Sauer
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European lithium-ion battery cell manufacturers?!
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Arguments for large-scale investments in European battery manufacturers

Almost endless arguments have been used to explain, why it is not necessary or not possible to
establish European cell manufacturers

Here are at least some arguments for establishing European cell manufacturers with large scale
production

m Batteries may make up to one third of the total value of electric vehicles
0 Battery cell costs are decisive for the price of electric vehicles

o Cell manufacturers will integrate themselves vertically from raw materials to battery packs,
maybe even power electronics and electric drive trains

=» Dependency on Asian cell manufacturers could be dangerous for the European can manufacturers

m (Some) German industry repeatedly argues against production in Germany by high electricity
prices, labor costs, environmental regulations, etc.

=» But why can Samsung, LG, or CATL build factories in Europe and even in Germany?

Dirk Uwe Sauer m tochnkund
Chair for Electrochemical Energy Conversion and Storage Systems Antiohe
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Arguments for large-scale investmente i
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What are the challenges for power generation and grids

Dirk Uwe Sauer m s | IRNNTTH
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4 WOCHEN
DIGITALPASS GRATIS TESTEN o o @ @

Danger of blackouts caused by electric vehicles
BOOM BELASTET STROMNETZ

Blackout-Gefahr durch Elektroautos

Die Netzbetreiber schlagen Alarm: Das Stromnetz ist auf
den Boom von Elektroautos nicht vorbereitet. Um Engpasse,
Uberlastungen und Totalausfalle zu vermeiden, muss das
Netz jetzt mit Milliardensummen ertiichtigt werden.

Ladestation fir Elektrofahrzeuge
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Some numbers on power and electric vehicles

Power demand of electric vehicles
o 37 km average daily mileage in Europe
0 42 Millionen passenger vehicles in Germany

0 12 — 20 kWh / 100 km energy demand

=» 68 — 113 TWh additional power demand out of approx. 600 TWh power production
In Germany today — less than 20% !

Grid load caused by electric vehicles assuming intelligent power management
o 7.4 kwh / day (20 kWh / 100 km)
o 22 hours/day stand-still of vehicles (average), typically more than 12 hours at home

= 0.62 KW average power consumption at home
(100% recharging at home within 12 hours)

24 05.07.2019 Dirk Uwe Sauer @ o
Chair for Electrochemical Energy Conversion and Storage Systems Antishe



Some numbers on power and electric vehicles

Grid overload in distribution grids caused by electric vehicles?

0 7.4 kWh / day (20 kWh / 100 km)
=>» Charging with 3.7 kW (240 V, 16 A, single phase) charging takes 2 hours per vehicles
=>» Charging with 22 kW takes 20 min

Grid operation is a matter of statistics — If a specific car needs more power, others will need less.

Horror scenarios such as ,All cars will charge at the same point in time* are nonsense.

Communication and artificial intelligence can distribute charging efficiently.

BSS_V03_WsS201819 - 25
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Just recently published study by E.ON — largest utility in Germany

Munlfurlergllgemeiue
aaaal  ON invests 2.5 Billion Euro for

electromobility into the grid
Eon investiert fur E-Mobilitat 2,5
Milliarden Euro in Stromnetz

BIS 2045

Costs for grid extensions in the
distribution grid (according to E.ON):

m 2.5 billion Euro
m Until 2045
m For an area with 6.5 Million vehicles

m Today annual spendings for the same grid
| area of about 1 Billion Euro

=2 ~400 € / electric vehicle

Droht Deutschland der Blackout, wenn alle Menschen Elektroautos fahren? Der

Energiekonzern Eon hat nun ermittelt, wie viele Investitionen nétig waren, um die
Last auszugleichen - und findet die Kosten ,iiberraschend niedrig®.

Dirk Uwe Sauer m tochnkund
Chair for Electrochemical Energy Conversion and Storage Systems Antishe



Challenges arising from ultra-fast charging (> 350 kW)
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What has been discussed as high power charging few years ago until now ...

m 22 to 44 kW AC charging
m 50 kW DC charging

m Teslas' Superchargers: 120 kW DC

m Specific charging current:

charging power [kW]
battery capacity |[kWh]

Crate =

m 50 kW power on 25 kWh battery = 2 C
m 120 KW power on 90 kWh battery = 1.3 C

28 23.05.2019 Prof. Dr. Dirk Uwe Sauer
Chair for Electrochemical Energy Conversion and Storage Systems




Charging power vs. charging time

1000 :
Assumptions
e 18 kWh/100 km energy consumption
—_— » Efficiency 90%
; * Full charging power possible during
- charging
~ 100
()
=
o
o
(@)
=
o 10
| -
©
<
&)
1 I I I I I I I I I |

3min 5min 8 min 10 min15min30min 1h 2 h 5h 10 h

29

Charge duration per 100 km driving range

N
©
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Now under discussion: Ultra charging with 350 to 400 kW

charging power [kW]

rate —

battery capacity |[kWh]

m 350 kW power on 30 kWh battery = ~12 C
m 350 KW power on 60 kWh battery = ~ 6 C

m 350 KW power on 100 kWh battery = ~3.5C
=>» 3x and more higher than Tesla does today

Pilotprojekt Ultra-Schnellladung fiir Elektroautos gestartet

m The battery used by Tesla would die o projekt aohra £ e ool

einen wichtigen Meilenstein fiir

within few cycles at a C rate of 2 C O oo und dre

umweltfreundliche Zukunft des

at arou nd 3OOC : .- .- g Verkehrssektors setzen.

Die Projektpartner haben sich
zum Ziel gesetzt, ein Netzwerk
4 & - : . von 25 Ultra-
ULTRA CHARGING STUDY EUROPE Schnellladestationen mit CCS-
Stecker und einer Ladeleistung
von bis zu 350 kW an TEN-T

m For comparison average discharge rates el e

are i n th e rang e Of O ] 1 to O . 8 C ! Niederlande, Belgien, Deutschland und Osterreich verbinden.

Ein weiteres Ziel ist es, die Ultra-Schnellladetechnologie fir Pkw, Busse und
Nutzfahrzeuge zu testen.

w
o
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Challenges for Lithium-ion batteries at high charging rates

m Power oriented design

m Cooling systems

m Increased battery voltage

m Risk of accelerated ageing due to lithium plating

31 23.05.2019 Prof. Dr. Dirk Uwe Sauer
Chair for Electrochemical Energy Conversion and Storage Systems
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High power charging requires high battery voltage: 800 to 1000 V = ~ 400 A

High voltage means large number
of series connected cells

N
Co

m Lifetime is limited by the worst cell in 1.6
series connection =
<

=14
m Reliability decreases '§
o

G 1.2

0.8

0 500 1000
Cycles

32 23.05.2019 Prof. Dr. Dirk Uwe Sauer
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Charging of Lithium-ion batteries is limited by the negative electrode potential

LiMeO,
(Me = Co, Ni, Mn, Al) 4.2 \ (fully charged)
Mg <€ > %
2R 2.5 V (fully discharged) =
, < S
KX Laden E
e : qv]
e O S
__ k= S
= ‘ Entladen @
_Q 4 4 4 4 4 4 4 4 I_
=m0\ 1V 2V 3V 4V Potential
= vs. LilLi* [V]
=
]
§|

33 23.05.2019 Prof. Dr. Dirk Uwe Sauer @ Samcnte
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Plating depends on many parameters

= Anode potential depends on 14
o Current rate 1,2
o Temperature 1
0 Material > 0,8‘
o Internal cell design 5 0.6
o State of charge O | \

Depends on the local anode potential

4
0 State of health
0,2
0
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m Plating causes
o0 Rapid loss of capacity 0 0.5
0 Risk for short circuits state of charge
Side to current collector
Zier et al. 2014
36 23.05.2019 Prof. Dr. Dirk Uwe Sauer RWNTH
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Ageing by plating of a Kokam 40 Ah cell at
different temperatures and current rates

1.05 !
-—1C
I —— ] —a—-0.25C}
=#=0.1C
0.95¢- =
0.9\
= € 091 % '
S Q
O O 0.850&
0.8 —e—-10°C
- 0°C 0.8rp—
=¥#=10°C
0.7+ O0.75rt
1 C, CV Phase von 45 min 0.7 -10°C, CV Phase von 45 min
0 20 40 60 80 "0 20 40 60 80
aquivalente Vollzyklen aquivalente Vollzyklen
37 23.05.2019 Prof. Dr. Dirk Uwe Sauer RWNTH
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Plating for different manufacturers, sizes, chemistries

—e— M1 7.5 Ah HE (NMC)
-+--M1 40 Ah HE (NMC)
=M1 40 Ah HP (NMC)
—%—=M1 53 Ah HP (NMC)
—e—M2 22 Ah HP (LFP)
-+--M2 66 Ah HE (LFP)

= Different manufacturers
= Different capacities

= Different designs
(High Power HP und

—*—M3 110 Ah (LFP)

High Energy HE)

* HP cels here even age faster than HE £ A1 T U R
Ce”S ) : : : ;

- 10°C, 1C, CC

0-7% 50 100 150 200

equivalent full cycles

M. Ecker et al., Applied Energy, vol. 206, 934-946, 2017

BSS_V03_WS201819 - 38
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Determining max. charge current

A
f(T) =7
Function is nonYnear and depends on:
3 = Battery type
i = State of health
c
i) = State of charge
©
<
o ,{\(\Q,
o
WO
>
temperature
39 23.05.2019 Prof. Dr. Dirk Uwe Sauer
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Challenges in battery modelling, battery diagnostics, and lifetime
prediction?

. O 2
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Applications of Battery Models in BMS

m Battery Models in BMS are used to

0 Observe non-measurable battery states
o Predict battery states

m State Estimation
o OCV Estimation during operation—> SOC Estimation

m Behavior Prediction
o Power Prediction
= How long can | keep the current power?
= What is the maximum power for the next x seconds?
o (Aging Prediction)
= How will the current operation damage my battery?

41 05.07.2019 Dirk Uwe Sauer
Chair for Electrochemical Energy Conversion and Storage Systems




State of the Art Impedance Models

Ret Raiff
Rohmic
~ I N [ I S
Uohmic? | | [ | |
Uocv U Ugiceo Ucell
O
Benefits
Easy to parameterize
Fast
Some states do have a physical meaning
Drawbacks

Some states don’t have a physical meaning
No single electrode potentials

BSS_V03_WS201819 — 43
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Electrochemical Models

Solid State Diffusion 5 .

enerits
9 _ 1 9 () 206 ] All stat hysical ingful
At = 237 s a7 O States are pnysically meaningiu

—~>More battery states can be estimated
o Predictive capabilities
= Non parameterized operating conditions

Electrolyte Diffusion _
= Nonexistent battery cells

and Migration

dcy — Ly
€ = V(DeersVeri) + -7 /I'| m=Challenges
o High computational load due to partial
differential equations
o High parameterization effort due to large
Charge Transfer number of parameters
( azF, 1(1—a)an) o Online adaptation of complex models with
® I =iAl eRT"—e RT a large number of parameters

Li*
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Model Structure

Battery

Diffusion

p—

‘D(I, cic,,0)

VCell
ECM A.-Potential  OutputV
VMod
el
A(l,ct,c,,0)
TModeI

Model

Electrochemical Models for Fast Charging Algorithms in Battery Management Systems, Florian Ringbeck, Marvin Garbade, Dirk Uwe Sauer, Battery Modelling Symposium 2019, Oxford

N
(6]
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Closed Loop Current Control for optimization of charging procedure
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Simulation Result
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What about alternatives to battery electric vehicles?
What about other applications such as buses and trucks?
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Topologies for emission-free drive trains for trucks

m Electric drive train with battery

R
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m Electric drive train with catenary supply
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Emission-free heavy trucks

4 options for 40 tons trucks

1. Catenary on highways combined with batteries for the ,off-highway*
operation for a maximum of 50 to 100 km

=» Realisation depends on governmental decisions;
concept will work only in countries with high population density

2. Battery electric with high power charging stations alongside highways

=» Recharging after 4.5 hours; weight of the battery about 6 tons;
power demand for recharging about 700 to 800 kW/truck

3. Fuel cells with hydrogen infrastructure alongside highways

=>» primary energy demand at least 2 times higher, significant less
weight, and approx. same volume compared with battery electric

4. Synthetic fuels (efuel) with combustion engine

=>» Total efficiency less than 20%; easy to import from third countries,
lowest additional infrastructure demand
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Hydrogen, biofuels or efuels will be needed definitely in sectors
such as cargo chips or long-distance air planes.

Applications such as buses or trucks are more questionable.
Efficiency will matter, because wind turbines and PV generators must be
placed somewhere = public acceptance
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Summary

m Car manufacturers actively re-allocating resources to electro mobility
m Major increase in EV sales is expected in 2021 due to the CO, regulation
m Ramping-up battery production towards 2025 will be extremely demanding

m European cell manufacturers are key for a sustainable automotive industry —
Governments and EU are willing to support this substantially

m Ultra-fast charging (> 350 kW) for passenger vehicles is a key challenge for the batteries and
most probably a technology only for upper class cars with very large batteries

m Other technologies such as fuel cells/hydrogen or efuels are useful complements e.g. for ships and
planes, but efficiency remains an issue
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