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Battery cells

Current focus topics of Fraunhofer ISE

Aqueous batteries for stationary
applications
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Entladekapazitat (mAh/g)

Silicon based anodes as drop-in
replacement for lithium-ion battery

1600 [ T =
1400
1200 b
I -
1000 1 =  Entladekapazitat Halbzelle bez. auf Si-Anteil i
-
800 | Lade-/ Entladerate: 1C :
600 |- Coulombeffizienz Zyklen 1-3: 82%, 97.4%, 99.4% -
| Si-Anteil in der Elektrode: 58,5% (wt)
400 | Flachenbeladung: 0,5 mAhfem® =
| Ladekapazitat begrenzt auf: 1200 mAh/g
200 | (Zyklus 1 und 2 bei 1/30 C, nicht kapazitatshegrenzt) |
0 1 1 1 Il 1 1 1
100 300 500 700 900 1100 1300
Zyklus (n)

%

Graphene Li

From DOI:

10.1038/ncomms8393

New materials and process
technology for solid state batteries

All solid state

NigsMn; sO,

Up to 300 Wh/kg ~ 650 Wh/kg
Up to 850 Wh/l ~ 1700 Wh/I
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Battery systems and applications
R&D and services of Fraunhofer ISE

Battery system technology
From cells to systems

Battery management
System @ P

Modules i. i' i'
Module 1

Cells ‘

- Cell characterization

- Module and system design

- Battery management

- Thermal management

- Algorithms for state estimation and
life time prediction

- Optimized charging and operating
control strategies

Storage applications
System design, integration and
quality assurance

Photo: CSIRO..Off-grid-power supply
for SKA1 low radio telescope g,

Consultancy during planning phase
System design and analysis
Simulation based storage sizing
Elaboration of specifications
Energy management systems

Site inspections and testing
Monitoring

Testing
Electrical, thermal, mechanical

Safety: Components, systems including
functional safety

Aging: Calendric, cyclic

Performance: Efficiency and
effectiveness

Reliability: Consideration of operating
conditions and system performance
with aged components
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Classification of energy storage technologies

ENERGIESPEICHER | ENERGY STORAGE

Entladezeit | Discharge Time
4 1s 1 min 1h 1d " elektrisch | clectrical _
1 GW -DLC Doppelschichtkondensator | Double Layer Capacitor
- SMES Supraleitende Spule |
Superconducting Magnetic Energy Storage
100 MW B mechanisch | mechanical
- CAES Druckluftspeicherkraftwerk |
Compressed Air Energy Storage
10w - PHS Pumpspeicherkraftwerk | Pumped Hydro Storage
. - FES Schwungmassespeicher | Flywhee! Energy Storage
QD
:}
o elektrochemisch | electrochemical
- 1 MW - Sekl:mdéirbattgrign | Secondary Batteries
=} Li-lon  Lithium-lonen | Lithium lon
% NaNiCl Natrium-Nickelchlorid | Sodium Nickel Chloride
k%) Nas Natrium-Schwefel | Sodium Sulphur
g 100 kw NiMH  Nickel-Metallhydrid | Nicke! Metal Hydride
Pb Blei | Lead Acid
- Flow-Batterien | Flow Batteries
RF Redox-Flow | Redox Flow
10 kW
I chemisch | chemical
-H, Wasserstoff | Hydrogen
1 kW | — - SNG Synthetisches Methan | Synthetic Natural Gas
0.1 kWh 10kWh 100 kwh 10 MWh 100 MWh 10 GWh 100 GWh [ | thermisch | thermal
1 kWh T MWh 1 GWh -H,0 Wasser (sensibel, Erhéhung der Temperatur) |
water (sensitive, increase of temperature)
Energie | Energy - Paraffin  latent (konstante Temperatur bei Phaseniibergang) |
latent (constant temperature during phase transition)
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Market developments
Prognosis for global cumulative stationary battery storage deployments

GWh
3,000
Other
2,500 .
m EV charging
2,000 I B Commercial
l Residential
1,500 I ® Distribution
. I = Transmission
1,000 | . = Energy shifting
] . .
500 — ® Peaking capacity
—— “ Ancillary services
0 r T | p— = =

2018 2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040

Source: BloombergNEF, 2019.
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Market developments

Prognosis for lithium-ion batteries — Global volumes

Li-ion Battery sales,
MWh, Worldwide, 2000-2030

1 200 000
1 000 000 CAGR 15/30
(Optimistic)
- 800 000 B Others 14%
=
E L
600 000 M Industrial, ESS 18%
400 000 B B Auto, E-bus China 249
200 000 N [ Auto, e-bus Excl.  2gog
China
- T = T H T T T 1
O oo o 1 Electronic devices 4%
88338 8 3
NN NN N NN

Others: medical devices, power tools, gardening tools, e-bikes...

2017: >120 GWh

Growth from
~ 120 GWh to
~ 1.2 TWh

with an average
annual increase
of 20 %

Auto, E-bus Auto, E-bus
Excl. China China
20% 37%
Elect 0 Industrial, ESS
. 5%
devices ers
26% 12%
2030: 1200 GWh
Auto, E-bus Excl. Auto, E-bus China
China 38%
47%
E&I dusteig] ESS
d < Induskd
504 7%

~ 36 GWh
per year !l

=» Stationary applications still of interest for manufacturers of lithium-ion cells ?
- Market options for alternative stationary battery technologies ?

Source: AVICENNE Energy, 2019.
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Market developments
Prognosis for lithium-ion batteries — Costs

Lithium-ion battery price survey:
4000 ! 1992 ' pack and cell split (real 2018 $/kWh)
10-15 Jahre :
900 b 900
: : . : ! ! : pack
8OO f-nmmmmmmmm e mem b Rl b e bemmmeemenes dememmmmenees R 800
' ' +  Cell production costs 850
700 : ! i are expected to drop o0 . cell
1 +  below 100 €kwh 577
. : i | i 1 between 2020-2030 204
o0 | [r=smr=es b bal L =h== Sl St & =TT R R, +  (for small and large 600 TeE
i ' | i ; : format LIB)
500 cmm e e : | 500 373
f 10-15 Jahre N | i 124 s
400 : ' : 5 S : 400 5 214
: : : A= e o 176
£ R ) e e M B W el ol S i 49
. Komsumer | A ) L L
;, UB Zellen | é '
200 ' h 120 ‘ ' grofformatige | 200
B e o ' . | — : LI8 Zellen
® LoeND @ st 2000 : . T ‘ 2013 2014 2015 2016 2017 2018
® Sakey 2010 @ Rakion, Nges J01] @ Asderen, fons - : Panasonic, JF)
'00 B foeoone 2001 @ NEDO, sapan JOOS, 2010, 2013 = ‘l - g 2 '00
® Aacerman 2010 = == Fraphote £, aptamntvhe, v : . Automotive : ; ; post-118
0 @ franhole B Tenduerarn = == Franhober P, pementoche, ‘oot ' 1 ' ' ' konkurrenzfahg7 0
1990 1995 2000 2005 2010 2015 2020 2025 2030
Source: A. Thielmann: Battery technology monitoring and roadmapping 2030+, ees Munich, 2017. Source: BloombergNEF, 2019.
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Market segments of stationary battery storage

Batteries can provide up
to 13 services to three
stakeholder groups

Source: F. Garrett, The Economics of Battery Energy
Storage, Rocky Mountain Institute, September 2015.
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Market segments of stationary battery storage
Transmission level
o)

|
I
N |
Batteries can provide up S;é\ I
to 13 services to three & A
on-mr;in O
stakeholder groups l "
| O
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Source: F. Garrett, The Economics of Battery Energy \
Storage, Rocky Mountain Institute, September 2015.
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Market segments of stationary battery storage
Transmission level — Example: Primary control power in Germany

248

Total large-scale batteries in Germany %
Power capacity [MW] 3 o @
T
200 400 e e
ta0 350 @ @
160
300 \
140
120 250 e @ 9
100 200
" © |
150 @ @ uon
60 @ . Hybrid: Li-lon + X
a0 300 e . Li-lon second life
50 . Lead-acid
20
@ battery capacity in MW
0 0
2012-2015 2016 2017 2018
(announced)
*preliminary figures;

Note: no claim for completeness
Source: A. Brautigam: Business models for energy storage in Germany and hot spot markets, ees conference, Munich 2017.
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Market segments of stationary battery storage
Transmission level - Example: Batteries for grid support in Italy

The Context ZTerna
=
7

*Economic crisis and subsequent
loss of many big consumers (i.e.
national demand decreased 7%
from 340 TWh to 318 TWh)

*Aggressive policy of incentives
promoting RES + imminence of
grid parity

*Short time to fortify and develop
the grid to support new scenarios

\_ i

® Fast and massive growth of RES:

—Rise in congestion-related curtailments
(i.e. 2010 ~500 GWh lost)

—+Rise in demand for non-spinning
reserve

» Traditional power plants running at

minimum load:

— Loss of inertia in smaller insular
systems (i.e. Sicily and Sardinia)

— Loss of available frequency reserves

Solutions

Total to be deployed in 2™ phase 2aMW

Cumulative ESS Deployment 40 MW

‘|_/

T ERNA g A O U P

Viitigating actions

Optimize integration of RES and
increase flexibility of national
grid (i.e. smarter grid)

1%t Phase Storage Lab 2nd Phase
~ - ~ - - |
. = _ T — ’ = ~ In the South of Italy on the 150 kV Backbone:
Sardinia: Ji D Sardinia
- Ay = Y - “Benevento 2 - Celle San Vito”
sMwW i 2mw ~ 2Mw
Tl (TCosronganos )
\ J \_
” ™\ ' . \
Sicily: Sicily: o
g MW 12 Mw
L 4 ) In the South of Italy on the 150 kV Backbone:
o 4 L “Benevento 2 - Bisaccia 380"
22,8 MW

{ Scampitetla |-

Cumulative ESS Deployment 35 MW ]

Source: A. Tortora, Terna Group, Energy Storage World Forum, Rome, 2015.
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Market segments of stationary battery storage

Distribution level
°

Batteries can provide up $
to 13 services to three & Y
(@)
stakeholder groups ¢
8.0
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Market segments of stationary battery storage
Distribution level - Example: Smart district
“Weinsberg” in Germany
Optimization criteria:

Minimization of grid dependency -
Physically not only accumulated

A

- 554
~

rily -
Source: derena

DSO HAK Boarder of
................. ' - ropert
o property
+I_ PV system
AC-IDA 142 kWp
+
(M3
-
I Current sensor
+
ACD3
Loads . - @
'@' CHP unit
+ ACIDS N 6 -12 kW,
IAC—IDS M) [AC-ID4

Heat pump 25,
35 and 45 kW,

1
.

Battery storage 120 kW / 150 kWh

14
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Market segments of stationary battery storage
Distribution level - Example: Smart district “Weinsberg” in Germany

Accumulated annual electrical energy quantities
Simulation Monitoring 2015/ 2016
3% 2%

PV direct x 1.20

PV via storage x0.75

CHP direct x 0.80 |:>
CHP via storage x0.30
Grid fraction x 2.00

Reasons for differences:

» Problems with air conditioning - To high temperatures in operation room - Shut-down of CHP unit and
battery inverter

» Necessary maintenance interval of CHP unit in winter (!)

» End-users do not behave 100 % as predicted (!)
15
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Market segments of stationary battery storage

Distribution level -

Smart sector coupling

Efficient DC integration of a PV battery
system into the light-rail system of VAG

Example: PV battery integration into Ilght ra|I system at
new SC Freiburg stadium in Germany |

B Peak load:
55 kWh
Up to 950 kW
B Energy consumption: 750 KWP [rommee | =25 1 1T
~1MWh é = ;_ 1 : IHII fle M
/day i - i _AI] : : altestelle Messe
B PV battery system: il =ik oump Load () | ' 60% of power
: : i ‘L 4/ requirements
750 kW, and 55 kWh can cover in average | | /.
60 % of required power B
B Via direct marketing to VAG economics of WL e 5
the PV battery system can be improved g i . o T
16
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Market segments of stationary battery storage
Customer level

|
|
AN |
: . >
Batteries can provide up 0‘;& :
to 13 services to three & sackp pover | b
O
stakeholder groups g ... : >
‘{‘\ Co:;ﬁne:l-inn |
&
—_—— Q&
0@ &
=t et E Demand
% GLJ ;(_Jf) Charge Servlc!enot
O Reduction possible
9 E Service not
8 g o possible
3

Time-of-Use
Bill
Management

-~
-
e RANSMISSION
-
-
DISTRIBUTION

BEHIND THE METER

TRALIZED

DISTRIBUTED

Source: F. Garrett, The Economics of Battery Energy
Storage, Rocky Mountain Institute, September 2015.
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Market segments of stationary battery storage

Customer level - Example: Mixed

“Smart Green Tower” in Germany

AC supply

(PV self consumption + grid)

commercial and residential building

Smart Green PV system
Tower Smart Green Tower

Roof Facade

- AC supply
-3 Supply of DC grid

—> Supply via DC grid

( _| —> Exchange with public AC grid
’ = l

DC supply of
selected loads

(D=

DC intermediate circuit

Energy management
- Delivery and feeding-in of energy
- Optimization of self-sufficiency

- Grid services

iz

T
(%]
| ¥

l =+ | [:] Battery storage
-1 MW/0.5 MWh
Battery - Modular concept
storage

(“Living Lab“)

18
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Market segments of stationary battery storage
Customer level — Example: PV mini-grids

The business case of PV integration in Diesel
powered mini-grids

w
Total lifetime cost

OPEX
(Fuel and
Oo&M)

oo

Diesel only

19
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Market segments of stationary battery storage
Customer level — Example: PV mini-grids

Nepal - Village Haiti - Hospital South Africa - Mine
g Load over time g Load over time g Load over time
577 3 1500 ) AR
The business case of PV integration in Diesel §5°-M %1000-* § 4000
powered mini-grids 2™ § # -
_ _ 80 o o 3 ¢ o 20 B o R
® The fuel saving potential strongly depends Hour of day Hour of day LA
Fuel saving potential for different use-cases
on the use-case B 9p
. . . . —— Nepal_Village L 0.36
M A saturation of the fuel saving potential is —— Haiti_Hospital
reached at different PV penetration ratios 0t T South-Ame Mt 034
® A minimum of the LCOE is also found at 2 5 s e 5
. . . £ U310 I0N - -0.32 5
different PV penetration ratios A N e N s 2
o . o 0
® Nepal: Unfavorable match of demand and € 0.2 eSS = 020
PV generation SSeRT e
b el .- - 0.28
0-1' ‘-.‘-‘L‘;’"\-—__ --------------
- 0.26
0.0

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
PV penetration
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Market segments of stationary battery storage
Customer level — Example: Case study for a PV mini-grid in Nepal

The business case of PV integration in Diesel

powered mini-grids | , _
Inluence of battery size for Village in Nepal

B Nepal case: Electricity demand and PV | — Tt 1
generation is not matching well 0.40 ¢ — Cap=30kWh | __
. : | N —— Cap=60kWh [ ™
B With today’s battery storage prices a PR —— Cap=110 kWh
reduction of the LCOE can be achieved - 0.34
already

® With “near” future battery storage prices
the economics will look much better !!!

- Fuel saving
=
W
w

- LCOE [Euro]

FOB52 ¢
® With help of a battery storage the overall
.. - 0.31
CO, emissions can be reduced
0.00 T T T T 0.30

I I I
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
PV penetration

21
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Market segments of stationary battery storage
Customer level — Example: PV mini-grid for SKA1 low radio telescope in
Australia

Developed design proposal

® Central power plant powering 80 % of total
telescope load (2.4 MW in average)

» PV system: 17 MW,

» Lithium-ion battery storage:
40 MWh /5.5 MW

» Diesel genset: 3.2 MW
B 20 % outermost antenna clusters
» Powered locally

» 15 remote processing facilities
(distance from central processing facility > 10 km)

® LCOE: ~ 0.307 €kWh

22
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Key factors affecting bankability and insurability of PV + storage projects

T

Investment Total cost of
cost ownership
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Key factors affecting bankability and insurability of PV + storage prolects
Safety

| VDE AR 2510-50 |

Risk Analysis &
Functional Safety

(informative)

Operation Range
of li-ion-cells

] Annex

. Example VDE appllcathn General Requirements e
rU I e VD E AR 2 5 1 0_50: [ Inrr:::errafifr:id ] [ List of documents }
- ||
Design Protection against Hazards
H Requirements General Marking and
Stationary battery energy ectrial | mechanical enera Labelin [ weEE ]
. Requirements T
storage systems with thermal | chemical [ — ]
\ y, arking in accordance
+hi ; ith 62620:2014
I |th | U m batte r I eS - Insulation & Dielectric B —
. strength
Safety requirements = Safety during
[ Internal short circuit } Transport
BMS & Requirements for Reasonable External )
Software Functional Safety Foreseeable Short circuit
Misuse =
[ Plausibility check of ] [ Detection of ] [ Drop
voltage measurement disconnection of sense —
!
Detection of Check of interlock [ Impact
adhesive switches functionality =
LT [ Thermal abuse ]
[ Check of derating } S
functions
_ ‘ [ Overcharge J
[ Function checks: . -
exceedance of operation range | Forced discharge |
': % r—r
( Check of BMS | Behavior during component ” '
measurement values _ failures & outages
24
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Key factors affecting bankability and insurability of PV + storage projects
Performance - Efficiencies: Example PV home storage systems

Efficiency

&

PV Simulator:

16 kW
1000vDC

§ 8¢ 8

75%
T0%
65%

|

Test system (Labview) with data
acquisition (Gantner/ Janitza)

A

PV -> GRID

PV -> BAT

—

Energy Conversion Efficiency path of PV2BAT (npygy)

L B ]
* e

Ll

» ¢

0 01

02

03 04 05 06 07 08 09
Normalized rated charging Power of battery (kW)

——System A —@—SystemB  —@—SystemC  —@—System D

-

Vil

Programmable

AC load

g g

o
£

Efficiency

85%

0%

o

BAT -> GRID

Efficiency

100%
98%
963
94%
9%
Ele
88
86
B
82%
8%

Energy Conversion Efficiency path of PV2AC (npyaac)

|
|
|
|
|

01 0.2 03 04 05 0,6 07 08 09 1
Normalized rated AC power of inverter (kW)

—8—System A/D  —@—System B —@—System C

fﬁ Grid

Energy Conversion Efficiency path BAT2AC (ngxmac)

0 01 02

03 04 05 06 07 08 09 1
Normalired rated power of battery discharge (kW)

—8—SystemA —@—SystemB —@—System(C —@—SystemD
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Key factors affecting bankability and insurability of PV + storage projects
Performance - Effectiveness: Example PV home storage systems

M Settling times

5000

4500

4000

3500

3000

Power (W)
N
[V,
8

2000

1500

1000

500

1]

——BAT_A_Settling_time_{s)

Avg. Settling time

Required settling time of battery (PV is changing,load is fixed) \
150 BAT A: 8.37s; BAT B: 45.14s
10 BAT C: 20.61s; BAT D: 6.48s
Required settling time of battery(load is changing,PV is fixed)
5000
H H 4500
4000
m/\ n 3500 n

1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41

PV(W) ——Load(W)

Avg. Settling time
BAT A: 8.11s; BAT B: 38.33s
BAT C: 23.37s; BAT D: 6.03s

——BAT_B_Settling_time_{

w

8

o
—

Power (W)
N
g

Step n¢

0
1 3 5 7 9 1113 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 73 75 77 79

Step no

\ Load (W) —PV(W) —BAT_C_Settling_time_(s)

——BAT_A_Settling_time_(s) —— BAT_B_Settling_time_{(s) ——BAT_D_Settling_time_{(s)
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Key factors affecting bankability and insurability of PV + storage projects
Reliability — Example battery storage with aged battery modules

2,50
Battery storage product 1 203 45 109 2,04 202
: : 2,00 :
W Little loss of capacity after 1400 cycles
B Loss of efficiency after 1400 cycles g 1.50
negligible é oo | ®E_in [kWh]
B Almost homogeneous aging behavior 2 = E_out [kWh]
0,50 -
0,00 -
Module 1 Module 1 Module 2 Module 2
400 cycles | 1400 cycles | 400 cycles | 1400 cycles
n 400 1400 400 1400
module 1 module 1 module 2 module 2
E_in [kWh] 2.03 1.99 2.04 2.02
E_out [kWh] 1.93 1.89 1.93 1.90
Efficiency 95.30% 94.91% 94.57% 94.04%
Capacity loss 2.44% 1.85%
Efficiency loss 0.39% 0.53%
27 —
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Key factors affecting bankability and insurability of PV + storage projects
Reliability — Example battery storage with aged battery modules

2,50
Battery storage product 2 o 2,08
_ 2,00 ’ 1,88
® Huge loss of capacity after 1400 cycles
B Huge loss of efficiency after 1400 cycles g 1,50
: : = ®E_in [kWh]
® Inhomogeneous aging behavior > 1,00 -
5 mE out [kWh]
&
0,50 -
0,00 -
Module 1 Module 1 Module 2 Module 2
400 cycles | 1400 cycles | 400 cycles | 1400 cycles
> Questhlon oflrehablllty. " - 700 200 50 200
Can_t ¢ CO(_) Ing SyStem cope_ wit module 1 module 1 module 2 module 2
the INcreasing heat generatlon of E_in [kWh] 1.97 1.88 2.08 1.81
aged battery modules ??? E_outkWh] 1.87 1.57 1.90 1.50
Efficiency 94.86% 83.71% 91.64% 82.63%
Capacity loss T~ 15.99% 21.25%
Efficiency loss T 11.15% 9.01%
28 —
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Quality assurance supporting risk mitigation
From product development to project implementation

Product design

and project planning

= Analyses of load profiles

= Technical advice with focus on
product design and optimization

= Simulation-based system design

and component dimensioning
= Yield prediction

» Recommendations
on component selection

Testing and project
development

Economic feasibility studies
using simulation-based system
analyses

Characterization of components
Performance testing

Lifecycle testing

Conformity testing

Electrical safety and EMC testing
Benchmark tests

Environmental simulation

Abuse tests

United Nations Transport Test

Certification
and implementation

= Certification of whole energy
storage systems
= System testing

= Certification and compliance of
grid interconnected components

= Ongoing gquality monitoring

Testing and certification for batteries

and energy storage systems

From product development to project implementation

-_—
Z Fraunhofer VDE
ISE RENEWABLES
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Conclusions

Large-scale integration of fluctuating renewable energies in power supply systems require storage

(grid-connected and isolated mini-grid applications)
» Technically - Reliability of power supply
» Economically > Business models in post feed-in tariff times

- Huge market growth for battery storage expected !

Integration of battery storage requires several steps of quality assurance enabling bankable projects:

» From detailed analyses of load pattern to system simulation and application specific system design

» From characterization of components and systems in the laboratory to system testing in the field

as well as quality monitoring
“Real world” projects with battery storage:
» No long-term experience with “new"” cell technologies
» Field results still show huge optimization potential

- Component and system level
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Thanks for your attention !!!

Fraunhofer Institute for Solar Energy Systems ISE

Dr. Matthias Vetter

www.ise.fraunhofer.de

matthias.vetter@ise.fraunhofer.de
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