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Szenarien und Technologien zur stationadren 0 JULICH
Energiespeicherung

power management energy management

milliseconds - seconds: minutes: minutes - hours: weeks - months:
=  power quality: = jsland systems / off-grid = arbitragetrade = seasonal energy storage
frequency stabilization stand-alone = generation & load
= un-interruptible power = emergency power smoothing (peak shaving,
sources (UPS) = black start load leveling)
= jsland systems / off-grid
stand-alone

emergency power

high cycle efficiency moderate cycle efficiency
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outline -

storage-related issues for a transition of the energy system

power management

1. short-termpowerregulation
— lithium-ion batteries

energy management

1. mid-term decentralized energy storage
— advanced lithium-ion
—  post-lithiumion & post-lithium

2. long-termseasonalenergystorage—power-to-gas
— electrolysis (alk., PEM, SOEC)

3. power-to-X: e-fuels & e-chemicals
— power-to-fuels (co-electrolysis)

4. X-to-power
—  fuel cells (PEM, SOFC)

electro mobility
1. battery electric vehicles

2. fuelcell electric vehicles
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future grids with renewables

zentrale Stromversorgung
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stationary grid storage — key requirements
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source: Nykvist an

target costs grid storage: 100 $/kWh target lifetime grid storage: 7000 cycles
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strategies for next-generation lithium-ion batteries:

improved energy density

high-voltage cathode materials:

(V]

1\

S " LiNigsMny 5O,

T (3D framework structure)
& = voltage: 5V
% = capacity: 140 mAg
E :
capacity
EP high-capacity cathode materials:
S = Li,MnO; — Li(Ni; 30y 3Mn, ;3)0,

capacity
% L (2D layered structure)
4V

= voltage:
= capacity: 250 mAhgt

capacity
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post lithium-ion batteries — Li-Sg
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electrically insulating redox pair (Sg/Li,S)

sulfur/polysulfide leaching into electrolyte

instability of (available) electrolytes

limited cycle life
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Electrolyte degradation
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post lithium-ion batteries - Li-O,

hn

Stromfluss e

-~
Lithium-Anode Teflon-Schicht 4

‘ Kathode: Pordser fj
Q‘_ Kohlenstoff = Electrolyte
und Katalysator Jacg .
8] Degradation .
Nickel-Netz L
-
-
3
Sauerstoff
&/

= reactivity of the O, -radical major obstacle: 2 Q
— common electrolytes decompose

Charge Kinetic Loss

Discharge Kinetic Loss

Sudden Death

—  catalysts enhance decomposition
—  reactivity with common binders such as PVDF
—  reactivity with carbon matrix toform Li,CO3

=  formation of atomic oxygen during recharge (Li,O, decomposition)
. limited cycle life, efficiency
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post Lithium-ion & post-Lithium batteries

post lithium-ion technologies

Pb acid:
+ Cost
+ Recycling
- Energy density
NiCd:
+ Temperature
+ Lifetime
- Weight
- Environment
NiMH:
+ Power density
pb Nicd NiMH

post lithium-ion

Li-lon:

+ Energy density LiS Li air
+ Power density ’_—-—.'—
- Cosl 1

l Factor 10

. possible

/ Li-lon
¢ High Energy

- Gost
- Self discharge Li-lon
‘ High Power

Mature technology Introduced In development

post Lithium-ion concepts:

= enhanced energy density
= challenge: improve cycle life

100000
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post lithium technologies
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Theoretical specific energy, Wh/kg

- eip .

E post lithium

> Multivalent

g 10000 metals

]

T

)

o)}

o e mm e = == = = = e = 2000WhIL
c (practical requirement
2 1000 - NiO_MH benchmarked from
@ average range and
L L] fuel tank volume of
° Lead-acid current products)
1™

9

- 100 T

= 100 1000 10000

Institute of Energy and Climate Research — Fundamental Electrochemistry (IEK-9)

post Lithium concepts:

use of earth-abundant raw materials
processing under ambient conditions

challenge: improve cycle life



post-lithium battery options — Me-0O,
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80 Wh/kg
(theo. 1000 Wh/kg)

specific energy 150 Wh/kg 600 Wh/kg

cycleability > 1000 cycles <500 cycles <100 cycles

{@80%D60) (limited by Zn (limited by
dendrites) disproportionation

reactions)
cost <100€/ kWh <200€/kWh 500 €/kWh
safety good good risks associated to
Li-metal
complexity of medium / low medium / high high

design
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(theo. 1084 Wh/kg) (theo.11246 Wh/kg) (theo.8146 Wh/kg)

500 Wh/kg 400 Wh/kg

(theo. 8470 Wh/kg)

10 cycles -
<200€/ kWh <200€/ kWh
good good
medium / high medium /low
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post lithium technology — roadmap & ‘hype chart’

roadmap for post-lithium batteries different iterations of product cycles (‘hype chart’)

POWERING UP prepicTen [RESEE
MAXIMUMS possible

Portable rechargable batteries tend to hit an energy- W Actual

storage-per-weight limit. Lithium-ion technology has 3
gone through several phases and types, but is also 2017 i; ® 1,000
expected to reach a ceiling soon. JCESR* = L LITHIUM-
target *;: OXYGEN
b= May prove
400 * ‘E impossible B
LITHIUM-ION s 800 to achievel c
Mobile phones, cameras, | 2 o
laptops and many electric cars [ @eneee @ LITHIUN= =
i @ =y ;ULIZH U’R s A
0l | w
~ 300 AA batteries and some electric cars ‘J’ 600 toar};aliectose“ §_
_b!D NICKEL-CADMIUM 3 [ " = g >
= Old AA batteries, emergency lighting [ MAGNESIUM-ION w
2 / °® Cheaper than
— LEAD-ACID — lithium, and ranks "
-‘g‘, 200 Starter batteries for cars, and - even better on
g back-up power supplies / © 400 energy per unit
= | ~ volume.
5 Tesla Li-ion car —/ L
S5 battery pack =1 ADVANCED LI-ION
L Industry's current
100 200 target
' L ' L ' L L 4 L L
J . *Joint Center for Energy Innovation Peak of Inflated Trough of Slope of Plateau of
?{;’J:gﬁy“;jj;‘;‘(“m v trigger Expectations  disillusionment Enlightenment Productivity
w0 ccount weight of air-filtering Time

1990 2000 2010 equipment

courtesy of IBM Almaden O.Sapunkov etal., Transl. Mater. Res. 2 (2015) 045002.
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electromobility — technical key requirements

basic functions of electrified powertrains

Electric
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energy vs. power density (Ragone plot)

140 Engine 100,000 - -
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= S E e VERY HIGH
& 5 wl
E oy drive Brake Energy m(ﬁ.l; HEV POWER
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2 e3
2] o
@ 60 5:8
L Q=2 100
] QX
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o

w

10 \
20 g HIGH ——
] = ENERGY
0 == ;
1 I 1 I I 1 1 1
68 0 JSOO Time [sec] 1000 1200 0 20 40 60 80 100 120 140 160 180

source: Ford

ECE city cycle repeated 4 times in NEDC

tradeoff between power-and energy density
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SPECIFIC ENERGY (WATT-HOURS PER KILOGRAM AT CELL LEVEL)

Source: Johnson Controls.
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electro-mobility — objectives

high safety & reliability

= status: ‘thermal runaway’ h kEEiStlf'nﬁsgrg
: Yy 10000 erkdmmlicher
= goal: safe operation
3 8000 theoretische
; Leistungs-
low cost : daten
[ ] . _ Gt Metall-
status: 150-200 EUR/ kWh _§ 6000 RS
= goal: < 100 EUR / kWh ]
oo
S 4000
17
high energy & power density @ — Stand der
= status:520 Wh/L Batterien O Technik Il
= goal: ~ 800 Wh/L 5 ‘
10 100 1000 10000
long lifetime Energiedichte / Wh-L™

= status:< 10y
= goal: > 10y

source: Toyota Pressemitteilung (2011);
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all solid-state batteries — improved energy density

Konventionelle Lithium- Lithiumionen-

ionenbatterie

Festkorperbatterie

, ’ 14,4V
@%@ T4—>T Festelektrolyt
|

i
o i
Il

Stromableiter

Elektrolytlosung

= kompaktere Bauweise bei gleicher Kapazitat

= reduziertes Volumen der Batterie auf ein Flinftel

source: Toyota Pressemitteilung (2011)

Institute of Energy and Climate Research— Fundamental Electrochemistry (IEK-9) Stefan Berendts, TU Berlin
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all solid-state batteries — safety & reliability
safety (,thermal runaway’) reliability (cycle life)
ANODE (CARBON) T 4000 cell of solid inorganicelectrolyte(b)
P tnan s sl s RN NN g s -
G
PROTECTIVE LAYER £ 3000-
E
ELECTROLYTE 2 000k (@)
(lithium salt a
in organic 8
solvent) 10001 cell of liquid organicelectrolyte
SEPARATOR

CATHODE (LITHIUM METAL OXIDE)

P. Notten et al., Adv. Energy Materials (2008
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all solid-state batteries
ionic conductivity composite electrodes (transition resistance)
TIK active material  conductive additive

400380 360 340 320 300 280 260 240

¢ _solid electrolyte

€c” @3 %0 @ 'o‘ e 8G
C - .

fo SX e .?. ‘ % 2 working electrode layer

.f' o ,'- I | (composite)

‘ oo,;uut;‘o i
_ § \.d-l‘ '..(3&.“. ' solid electrolyte layer
] t"’"o‘g 30300‘.0 | -.- (separator)

e2c
ses ui.t"o“(ﬁ.'».‘.‘a

log (0/S-cm™)

(&)}
) A ] ) ) ) )
N /
o .
O N
< o
alnjeladwa) WooJ / o o~
o\ o (
V) o

/

7 counter/reference
electrode layer
(Li or Li-metal alloy)

. : . : . : current collector

2,5 3,0 3,5 4,0 4,5

1000/T/ K’ (stainless steel)

Tatsumisago et al., J. Asian CeramicSoc.1 (2013) 17
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TESLA patent — metal-air battery as range extender

Patent Application Publication  Feb. 16,2012 Sheet 1 of 6

Zinc, Aluminum,
Magnesium, Iron,

Lithium or Vanadium

N e e

| 101 Metal-Air

| Battery

I \ Pack

| 107

: 4 Controller je-

' Non-Metal-Ai
on-Metal-Air

: 103 Battery

| Pack

I e P
FIG. 1
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1
Moore ‘s law and battery performance
. - Transistors per chip
o 1E+10 1E+10
o 14t ¥ .
o I3F // 1.E+09 Itanium® 2 CPU o, 1.E+09
W |2 :
= |- 7 ¢ @ 1 E+08 Pentium® 4 CPU ® e ’ 1 E+08
S |0- ’ a Y e PenrynQC
2 o | // | SE ¢ Pentium® lll CPU *
<w 9f / c £ E 1.E+07 Pentium® Il CPU 1.E+07
wk 8t i & % Pentium® CPU o
= 7t / GRS 486 ™
— ’ .7 1E+06 o 1.E+06
wiw S sl =0 2x increase every
oo 5 286
255 1E+05 . 1.E+05
SE 3| H s syears
4 2 1E+04  [Raa 1.E+04
o | $ e 8008
& 0 g 1.E+03 _— 1.E+03
S 1970 1980 1990 2000 2010

= Moore’ slaw ‘: performancein integrated
circuits doubles about every two years (Gordon
Moore, co-founder of Intel, 1967)

= today: public has become accustomed to rapid
progress in mobile phone technology,
computers, and access to information
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Moore ‘s law and battery performance

Institute of Energy and Climate Research — Fundamental Electrochemistry (IEK-9)

geringes Gewicht

Moore’ s Law not applicable to battery
technology: doubled performance in energy
density in ten years (courtesy of Panasonic)

Improvements in battery development are

almost entirely based on higher energy density

and that’ s limited by physics.

necessety of developing revolutionary new
battery design

c

L

E 700 : ;

S 50l | ‘ ‘ K . » Literature Research on Battery Development

- | | 2009 Legend: 350360 kg

£ 600 | SR - 1 f — Energy density 15 years O seTTiees e

(T 1 ‘ Calendar life w000 cvcles

% 550 —nr i - = Cycle lif ’_\7 4 B

' ] Lithi I R cZ:tes ;::r kWh 100,192 *"‘W“fg 500 - 700 Whikg Scaling factor

| 5004 Liniume- on‘en | ) | 180 - 250 Whikg: : 60 -80 $ikWh energy density

] S 10-16years | | b

g 450 e 2005 QN 3, Y VR 2000 cycles

S | ! y 200 i @(\ 150 -250 $tkwhi | S0 IEE NN

= 4004 2009 NiMH | 3 NS \'i(\ 150 - 200 Whikg:

E - & Q 1997 { \Q 10 years :

O 3504 ! — 1998 A — ; — ©» —i 1500 cycles

o - L2 QAN \ @ N 300 - 400 $/kWh:

B 300+ — 1997 «#“ , - Q\Q — 100 -150 Whikg : :

2 1 N i Q ] boq 7 -8years i .

LI 250 - 3 % - \‘eﬂ . 1000 cycles | : Technical breakthrough

S 200] Sl N 1996 800 - 1000 $fkWh; | __ itimitLidon e.g. Metal-air battery

E i H H EBattery?

v H

g =0 -: \ B Sources:

S 100 1 H NEDO

> LI R [ ) GO S K S ) SRR BT PRI (P EL | | | 3 T T T T DOE/USABC

0 25 50 75 100 125 150 175 200 225 250 VDIVDE
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B. Schott, C. Glinther, A. Jossen: Batterie-Roadmap 2020+,

ZSW-Studie, April 2010



