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Application fields for stationary energy storage  TLTI

Classification of reaction speed and typical energy demand
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SIMSES: Storage modelling tool TUT

Matlab tool for storage behavior modelling and assesment of economic value
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Economic assessment of stationary storage  TUTI

Return on invest and levelized cost of energy

cost

"Profit"

ROI =

"Revenue — Cost"

Revenue

Application-specific:
PRL, SRL: weekly auction
Home -Storage: avoided retail electricity tarif

Cost - for a battery storage system

Cpatt = Ccarex + Copex T+ Crepiace

Ccarex = Kpatt * Epact + kpg * Pmax + Krix

C N kBatt xcap kLE * Pmax
replace
LDBatt LDLE

Corex = f (MBatts )

Kcost,Batt KCAPEX+KOPEX+Kre lace
LCOE = : = . P

Invest Invest

Peak-Shaving: reduced peak power price
Island-grid: avoided fuel cost for generator

Battery storage cost

kgate & 300 — 700 €/kWh
kpg ~ 100 — 200 €/kW

Crepiace- lifetime of storage

LDgaet = f(Application)
LDpgee 2 ..20a | 00"

out n
) EStorage ) EStorage*nSyS
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OPEX: operational cost (power, maintenance, HR)

* *
nsys = Npatt PE nper

nsys ~ 60 e 90% Npate = f (technology)
Npatt = f(0S)




Alterung im Batteriespeicher: Li-lonen

Li-lonen: kalendarische Alterung

Anode Li* in Solvathdille

»-

Lit

A
Elektrolyt
Graphenschicht SEl Y

= Elektrolytzersetzung:
= SEl Wachstum
» Deg. bei hohem SOC, hoher
Temperatur
» Kathodenauflosung:
» Spezifisch je nach Kathode
= Deg. z.T. bei hohem SOC

Aial = f(SOC, T, )
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Alterung im Batteriespeicher: Li-lonen TUT

Li-lonen: zyklische Alterung
100 ¢

Graphit- Exfolierung
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= Volumenarbeit
= Deg. bei hohen Stromen, hohem DoD Azyk = f(Crate, T, S0C,DOD, )
= Li-Plating
= Deg. bei hohen Stromen, tiefen Temperaturen Haufig: Superpositionsprinzip Alterung
= Phaseniibergiange & Interkalation

= Deg. z.T. auch bei mittlerem SOC
prominent = Optimale Betriebstemperatur
Li-lon = 25 °C

ages ~ azyk + Agai
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Alterung im Batteriespeicher TUT

Stationare Anwendungen und zu erwartende Alterungsform

ages ~ azyk T Agqy

C-rate Zyklenanzahl DoD typischer Vorherrschende
Stromrate bei typ. SoC Alterungsform
P/E Speicher fir LIB
Hoch / Kalendarisch +
Arbi Niedri Mittel Tief
rbitrage iedrig itte ie e zyklisch
. . . : Kalendarisch +
Peak-Shaving Mittel Niedrig Tief Hoch ]
zyklisch
Bereltstellung von Hoch | Hoch Flach Mittel Kalenda_lrlsch +
PRL (Regelleistung) (Mikrozyklen) zyklisch
Netzstlitzung Niedrig Niedrig Tief Mittel Kalendarisch
Kalendarisch
PV-Heimspeicher Niedrig Mittel Tief Mittel alendansch +
zyklisch
Usv Hoch Sehr niedrig Flach Hoch Kalendarisch

- Farbprofil zeigt qualitativ Alterungseinfluss bei Verwendung typischer Li-lonen Batterien

Holger Hesse | 1. Herbstworkshop Dresden | 15.11.2016 8



Alterung im Batteriespeicher TUT

Alterung in beispielhaften stationaren Anwendungsszenarien

» Modellierungsexperiment fir automotive NMC:C Zellchemie
= Alterungseinfluss in unterschiedlichen Anwendungsszenarien

sHeimenergiespeicher* »Regelleistungsspeicher”
1 . : : : : 1 : : :
——DoaD = 20%, SoC | i
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03 DoD = 40%, SoC | 0.65 ' ' : - '
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0.2 ——DpoD = 80%, SoC | Time/a
—+—DoD = 80%, SoC 7
0.1 —=—DoD = 100%, SoC |
—a—DoD = 100%, SoC A — :
% 5 10 15 20 2 Alterungsverlauf abhanglg von Zellchemie und
Time / a Anwendungsszenario!

Studie Sebastian Fischhaber, Annika Regett, Simon Schuster, Holger Hesse: ,Second-Life Konzepte fiir Lithium-lonen-Batterien aus Elektrofahrzeugen® (2016)
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Residential PV & home storage

Cost & Revenue analysis — , Tesla Powerwall®*
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“Economics of residential photovoltaic battery systems in Germany: The case of Tesla’s Powerwall”
C.N. Truong, M. Naumann, R.C. Karl, M. Miller, A. Jossen, H.C. Hesse, batteries 2016,2 (2)
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Residential PV & home storage

TUT

Residential PV-home
storage

Optimization of component dimensioning & power flow

« Linear programming approach to battery storage
size and inverter size optimization

« Calendar and cyclic aging model

« Battery type comparison: PbA, NMC, LFP

 Slightly positive ROI for LFP in some scenarios
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“Tailoring battery storage for PV-home applications: Finding the best
technology and component sizing using linear optimization®

H.C. Hesse, R. Martins, P. Musilek, M. Naumann, N. Truong, A. Jossen,
submitted
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Control reserve

Frequency regulation
(PRL, 5R1)

PCR: Storage energy management strategy and aging determination

- - e
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WEMAG 5MWh PCR battery storage

= Development of battery storage
operation strategy for PCR
compliant to 2016 regulations

= Storage aging analysis using
historical data

= Comparison of different sizing
approaches

= |nvestigations on combined use

15/ 30 min criterion

Dead-band 50 + 0.01 Hz

Intraday EEX trading

Over-supply 100...120%

Ramp control speed (0...30s)

Battery PCR provision framework
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cases (e.g. home storage + PCR)
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@1.22MWh/1MW @177 MWh /1MW

Storage size
[ 1220 kWh
11775 kWh

Intraday
charge

0,00%

0,50%

1,00%

1,50%

2,00%

% capacity degradation / year

2,50%

~Fundamentals of using Battery Energy Storage Systems for providing Primary Control Reserve*

M. Miiller, A. Zeh, M. Naumann, H.C. Hesse, A. Jossen, R. Witzmann, batteries, 2(3),29

15.11.2016
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Frequency regulation

Storage application fields (L0 SCR TUTI

Ancillary services — frequency control
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.Model-based Dispatch Strateqies for Lithium-lon Battery Energy Storage Applied to Secondary Reserve Provision

C. Goebel, H.C. Hesse, M. Schimpe, A. Jossen, H.-A. Jacobsen, IEEE Transactions on power systems (2016) in press
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Power-to-Gas und Hybridisierung

Power-to-Gas + Battery Hybridization

Electrolyzer

ZAE BAYERN

+

Storage Fuel-cell
H2 HZ
H2 HZ
Power-to-Gas:

Low conversion efficiency
Very low energy related cost
High power related cost

++

Aging: sensitive to on/off cycles
model development in progress

[ Electrolyzer & Fuel Cell Aging Model

Parameters

Degradation

Membrane
()
o
©]
on e — -
.E Electrode
oo ICatalyst
Bipolar
plates
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Npee = 35%

v

Batteries:
N 7 ~9% - High conversion efficiency
kg - - - High energy related cost
ky T4 - High peak-power capability

Aging: sensitive to charge

Aror = f(..0)
ot throughput, DOD

Speicherverlauf fiir PRL: P=1.2MW, C=1.08MWh, SOCsoll=95%,
FPG=0.42MW, Mdelay=15min, FPmin=81.10%, FPmax=97.00%,
— T r T

| s e — Lo Cim—
Optimize hybrid systems: \’i
component sizing and
operational control

SOCin %

Regelleist

30

525 55 575 6 625
Urzeit

Example-plot: PCR with hybrid system battery + PtH

TUT
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