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\m Need for energy storage?

* Driven by electricity system: electric energy not easily
(cheap and in bulk) storable

* In contrast to food sector (cooling houses,
refrigerators, water basins...)

* Situation more outspoken with non-well-dispatchable
(intermittent) RES

— Variable
— Not fully predictable
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Need for energy storage?

The duck curve shows steep ramping needs and overgeneration risk

MW Sample Net Load — March 31, 2012
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(from the California Independent System Operator)
Duck curve suggests that storage is needed for RES integration
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\m Need for energy storage?

e Storage is one of the flexibility means in the system:

— Cycling thermal plants (especially gas turbines, but also others)

— Grids (transmission & distribution)

— Active Demand Response (ADR)

— Curtailment of superfluous sun or wind

— Storage of electric energy or via thermal energy

* In most systems, all flexibility options needed

e Storage has to compete with other flexibility options

KU LEUVEN



%. Need for energy storage?

 Where to perform the balancing (at which level)?

Should houses/neighborhoods/cities aim for a net load

profile as flat as possible? _
Centralized &

decentralized

k*{‘ Central power plant generatlon
is lw\.m L

""""""""""""""

L Uncerground . -
A Gl o0 Cales Transmission
System

Virtual power plant

Local balancing favorable?
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\m Need for energy storage?

 Paul Denholm (NREL, Denver, CO, USA):

— Efficiency storage ~ 70% —> 30 thrown away = this is
effective “curtailment”! So, curtailing short-duration peaks
(i.e., power) of RES is justified (energy lost is small)

 Mark Bettzuge (EWI, Koln, DE):

— Do not underestimate demand response if appropriate
price signals are present...

e Storage can be profitable if multitude of ancillary

services are added to task on top of arbitrage &
portfolio optimization




\m Electrical Storage

* Direct electrical storage difficult

— Super capacitors

* Most electrical storage is indirect
— Pumping water (PHES)
— Electrochemical (batteries, flow batteries, fuel cells)
— Temporary fuels (hydrogen, methane)
— Magnetic field (SMES)
— Mechanical energy (compressed air - CAES, flywheels)

* Sometimes also virtual storage

— Through thermal storage and demand response




Worldwide installed electricity storage
capacity

~ i

Source: IEA, 2014

. Compressed air energy storage (CAES) 440 MW
. Sodium-sulphur battery 304 MW

Pumped hydr
B @ itiumion bateery > 100 MW
. Advanced lead-acid battery ~ ~ 70 MW
Nickel-cadmium battery 17 MW
Others o Flywheel <25 MW

e Redox-flow battery < 10 MW

KU LEUVEN T ENESSE



Worldwide installed electricity storage
capacity

<«

141 GW

Nas
0.22%

Flywheel 0.02%

Other 0.69% — Redox-flow 0.01%
CAES
0.31%

Notes: unit = megawatts (MW). LA = lead acid. Figures and data that appear in this report can be downloaded from www.iea.org/etp2014.
Sources: IEA analysis; EPRI 2010.
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\m Electricity Storage Technologies

Technology Siting
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Electricity Storage Technologies -
Technical Performance

K

Type Maturity stage  Typical power Responsetime  Efficiency (%) Lifetime
output (MW) years cycles

Pumped hydro Mature 100 5 OOO sec-min 70-85 30-50 20 000-50 000

Hydrogen Demonstration 100 500 min <40 10-30 n.a.

CAES Deployed 'IOO 300 min 50-75 30-40 lO OOO 25 OOO

Flywheel Deployed 0 (}01 20 < sec-min 85 95 20-30 > 50 OOO

L| ion battery Deployed 0 001 5 sec 80 90 10-15 5 OOO 10 000

NaS battery Deployed 1 200 sec 75—85 10 15 2 OOO 5 OOO

LA battery Deployed O 001 2[}0 sec 65-85 5 15 2 500 10 000

VRB Deployed 0 001 5 sec 65 85 5—20 > 10 OOO

SMES Demonstrat|on < 10 < sec 90 95 20 > 30 OOO

Supercapautors Demonstrat|on <1 < sec 85—98 20-30 > 10 OO-O

LA = Lead-Acid / VRB = Vanadium Redox flow Battery / SMES=Superconducting Magnetic Energy Storage

KU LEUVEN IEA, ETP 2014




Electricity Storage Technologies —
Cost & Duration Performance

K

Type Investment cost O&M costs per year Discharge time
Power (USD/kW) Energy (USD/kWh) (% of investment cost)

Pumped hydro 500-4 600 30-200 1 hours
CAES5001500 ................................... ]0_]50 .......................................... 4_5 ............................................ hours .....................
HYdmgen ................................... 600_1500@9':”0'}!59” ...................... 10_1505 ................................................. mm .......................

and 800-1200 (CCGT)
Ll_mnbattew ....................................... 9003500500_2300 ......................................... 3 .......................................... mm_hours ................

NaSbattew ........................................... 3002500 ................................. 2?55505 ............................................... huurs .....................

mbattew ................................................ 25[]_340 ..................................... 5 0_3005 ............................................... hcurs .....................

VRB .......................................................... 1 000_4000 ............................... 350800 ........................................... 3 ............................................... hours .....................

F|ywhee|s13g_500 ................................ 1 0004500 ..................................... mfa ............................................... m m .......................

5MES130_5]5 ................................. 900_9000 ....................................... mra ............................................... m m .......................
supercapaumrs130_5]5330_5200 ....................................... mfase{—_mm ...................

Notes: O&M = operating and maintenance. As all costs will be highly influenced by actual operation, technology costs differ depending on applications.
For example, a high-energy battery has different specific costs than a high-power battery. Reliable cost data for Zebra batteries were not available.
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ﬂ Electricity Storage Applications

Applications

Large-scale
wind PV:
100 MW grid support
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Electricity Storage Applications -

K

Characteristics
Size (MW) Discharge duration Cycles Response time
Seasonal storage > 500 Weeks-months 1/year Days

KU LEUVEN IEA, ETP 2014




Arbitrage

<«

100

a

E=]e]

0

I’__
i _“'\/ Discharge
Bl | ! ! I

500

40 -

30

Spot market prices (€/MWh)

20

1“ — s = “Sm— T S E—S— — —

1 2 3 4 5 v T B 9 10 11 12 13 14 18 16 17 18 19 20 21 22 13 M

Hours
Ref: Gitis et al, “Applications and Markets for Grid-Connected Storage Systems”, in
Mosely & Garche, Eds., “Electrochemical Energy Storage for Renewable Sources
and Grid Balancing”, Elsevier, Adam, 2015
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Storage for Reserves

Ref: Gitis et al, “Applications and Markets for Grid-Connected Storage Systems”, in
i Mosely & Garche, Eds., “Electrochemical Energy Storage for Renewable Sources
and Grid Balancing”, Elsevier, Adam, 2015

Instaniampesus

Powrer
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{1 15 mim =610 rin Foit

Instantaneous Reserves = Spinning Reserves [these authors] = replacing inertia
Primary Control Reserve = Frequency Containment Reserves (FCR)

Secondary Control Reserve = Frequency Restoration Reserves (FRR)
Tertiary/Minute Control Reserve = Replacement Reserves (RR)
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%. Storage for self supply & grid relief

Battery operation for maximal self-supply and maximal grid relief

60
50 Charging strategy
for maxomal grid relief
40 +
3 Charging strategy
= for maximal self-supply
& 30
:
4
20
00 v '

0-:00 4:00 8:00 12:00 16:00 20:00 0:00
B PV generation = Maximal self.consumption = Maximal grid relief Ciload MWDirect self-consumption
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Studies & Factsheet on Technologies and
Applications Electrical Storage

THINK(
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El Fact sheet: Storage technologies for the power system

Topic 8

Electricity Storage: How to Facilitate its
Deployment and Operation in the EU

KU LEUVEN ENERGY INSTITUTE

Celestijnenlaan 300 box 2421
_ B300| Heverlee
Final Report www.kuleuven.be/ei
June 2012
Available at web site
KU Leuven EI
Project Leader: Jorge Vasconcelos
Research Team Leader: Sophia Ruester
Research Team: Xian He
Eshien Chong

Jean-Michel Glachant

Project Advisors: Dérte Fouquet W
Nils-Henrik von der Fehr R
THING
e

Available at
THINK website
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Studies on Applications Electrical Storage

m fr @ e Andere informatie en diensten van de overheid: www belgium be .h

Publicatirﬁ-i Activiteitenkalendes  Regelgeving | Cnline dienatenl Updates P’fE\Eﬂ}‘.}I‘I‘Ii Geschillen en klachten | Contact

(AJ(AlA

Bestelmandje | Sitemap

Vs economie

FOD Economie, K.M.O.,
Middenstand en Energie

Zoeken

Consumentenbescherming ‘ Ondememingen & Zelfstandigen | Statistieken & Analyses Owver de FOD Economie

Home > Activiteiten * Technical workshop on Energy storage; needs and opportunities for the future of our energy system

Technical workshop on Energy storage: needs and opportunities for the future of our

Friday May 08, 2015 eneray system

Locatie
Venue:

Centrale de Coo — Trois-Ponts

Study by EnergyVille i

(KU Leuven & VITO) On 'E'EI”“F (PDF, 455.85 Kb}
Storage applocations for
Belglum WI” be TECHNICAL WORKSHOP ON ENERGY STORAGE:

prese nted at work Shop needs and opportunities for the future of our energy system

ol R ]

08.05.2015

Datum: Van 06 mei 2015 tot 08 mei 2015

KU LEUVEN B ESIEADDIERSE

|
1

o)



Electrical and Thermal Storage

Technology Roadmap

Energy storage

International




Thermal & Electrical Storage Applications

K
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(] Electricity-only applications (] Thermal-only applications (] Electricity and thermal applications

Modified from IEA ETP 2014 to include thermal applications

Ku LEUVEN IEA Storage Technology Roadmap, 2014




K

Maturity of Storage Technologies

Capital requirement x technology risk

Flywheel (high speed)

Superconducting magnetic
energy storage (SMES)

Thermochemical

Flow batteries

Lithium-based batteries

% Flywheel (low speed)

Ice storage Sodium-sulphur (NaS) batteries

Molten salt

Supercapacitor

Adiabatic CAES
Compressed air energy storage (CAES)

Synthetic natural gas Residential hot water

heaters with storage Underground thermal

energy storage (UTES)

Cold water storage \)\‘

Pit storage

Pumped Storage Hydropower (PSH)

Research and development

KU LEUVEN

Demonstration and deployment Commercialisation
Current maturity level

@ Electricity storage ) Thermal storage

IEA Storage Technology Roadmap, 2014




Fresh from the Press — May 05 2015

Energy Technology
Perspectives 2015

Mobilising Innovation to Accelerate Climate Action

Please note that MPDF is subject to specific
restrictions that fimit its use and distribution. \
The terms and condiions are available anline at

httpsAvww.ieaargitamisandconditionsuseandcopyright,

KU LEUVEN - LD ENERSIE
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2000 2005 2010 2014 2010 2011 2012 2013 2014
Pumped hydro storage B other Thermal storage Large-scale batteries [ Flywheel CAES I Hydrogen

IEA, ETP 2015
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Status — Most Recent (May 2015)

2.56 Grid-scale battery storage for frequency regulation

Capital cost Cycle life times

100
2008

Lead acid NaNiCL2

IEA, ETP 2015
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Status — Most Recent (May 2015)

2.57 Thermal energy storage capacity

807/

GW OF SOLAR
THERMAL
ENERGY
INSTALLED
GLOBALLY (566

IN CHINA, 155N

THE EUROPEAN
UNION)

KU LEUVEN

51780

ICE OR WATER STORAGE
PLANTS IN JAPAN WITH A

. TOTAL CAPACITY OF 1.91 GW

THREE PIT-HEAT WATER
STORAGES OF

15

GW INSTALLED IN DENMARK

IEA, ETP 2015

550

UNDERGROUND

: THERMAL ENERGY

STORAGE UNITS
INSTALLED IN SWEDEN

: WITH A CAPACITY OF
: 290 MW. 100 UNITS

IN BELGIUM WITH A

: CAPACITY OF 13.6 MW
: AND A 0.6 MW PLANT

IN DENMARK




@. Thermal Storage Characteristics

Specific storage capacity versus temperature

500

kWh/m'

T
200

0 T T T T T T
o 25 50 75 100 125 150 175
°C

TCM = Thermo-Chemical Materials / PCM = Phase Changing Materials

IEA, ETP 2014 BEFFECTIE ‘@9 EDERSIE
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Hot water storage — energy dump (?)

K

Anslcht von Osten

Bestand Bestend Bastand
Kamln HD®4 Setidamplkemin GUD Kamine
Hishe 151.40 m Hilhe 84,00 m Hine 80,00 m

Ref: N-Energyie Nurnberg, DE

B o g

EE ey e —_—"
e bau
Ferwiimespelcher

war bestehendar Anlags
Hihe 1060 m

Originally: o
seasonal hot water storage . e

Storage for CHP &
district heating

diametér: 33m

Ref: Solites, DE

Same principle can be used to dump
superfluous electric energy = “electric

T(VINST)Y/J Y boilers” — used in Denmark!



\m Virtual Electricity Storage via ADR

Thermal Storage via Electric Heating

Electricity demand (TWh) Share in total residential water heating (%)

Australia 28 41

Canada6323
France5140
Germany8427
|re|and632
|ta|y2925
Japan16114
Nethe,—|and51713
Spam4810
Un,tedegdomgog

United States 542 23

KU LEUVEN A, ETP 201 IS




\m Virtual Electricity Storage via ADR

Thermal storage in buildings through Heat Pumps (HP)

* Can be considered as an electricity dump

But thermal mass of building acts as a thermal buffer
e Can shift with electric power delivery to HP

Is effectively a virtual electricity storage (via ADR)

KU LEUVEN SIS



\m Other Thermal Storage in Electric Apps

KU LEUVEN SIS



High-Temperature Storage for CSP

@ 2-tank, indirect, molten-salt TES
@ Six parallel TES trains

Solana Power Station (CSP), Arizona, USA

KU LEUVEN



High-Temperature Storage for CSP

K

Basic set up of power plant with molten salt storage. Ref. [IEA, 2010]

Storage system in a trough solar plant

Solar field Thermal storage

X

Il

I Il [
| R ( —
I ‘ i{ [

=

This graph shows how storage works in a CSP plant. Excess heat collected in the solar field is sent to the
heat exchanger and warms the molten salts going from the cold tank to the hot tank. When needed, the
heat from the hot tank can be returned to the heat transfer fluid and sent to the steam generator.

Source: SolarMillennium.

KU LEUVEN Other possibilities with PCMs... IS EMEEE’E
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Solar Peaking

Storage allows improved operational flexibility to meet utility peak loads.
Arizona Public Service system peaks:

Summer Peak: 12 Noon to 8pm, June — September

8.000
7.000 §
6.000 & o
ES
5000 £ 9
4.000 % E
3.000 & 2
2000
1.000 <
0 T T - T T T T T T T T T T T - T T T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 11 13 15 17 19 21 23
hour of day
Winter Peak: Early morning, evening
250 - - 4.500
200 R ’,-__/' R - 4.000 g
i /] “ - 3.500
3 - =
s ! h T~ 30008 °
£ 150 7 ) ! - 2500E 8
£ 100 ! i - 20002 E
5 ] ] \ s 2
<) , \ ] \ - 15002 %
g so - f ' ! ' - 1000 &2
[ A I [ Al [ Pl
O 7 T T T T T T ' T T 'I T T T ! 1 0

0 2 4 6 8 10 12 14 16 18 20 22 O 2 4 6 8§ 10 11 13 15 17 19 21 23
hour of day
B csp plant generation Solar Radiation (not scaled) Wl Electricity demand (not scaled)
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\m Compressed Air Storage

KU LEUVEN SIS



%. CAES — Compressed Air Energy Storage

Conventional CAES

COMPRESSION TRAIN EXPANSION TRAIN
(Charging Cycle) (Discharging Cycle)

Streng Intercoaling

Combustar

v
. |‘-.

CAVERN
(Gas Storage)

KU LEUVEN e, D Waken, PO SIS
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CAES — Compressed Air Energy Storage

Advanced Adiabatic CAES

COMPRESSION TRAIN EXPANSION TRAIN
(Charging Cycle) (Discharging Cycle)

{Mederatel Intercooling
fowics

For a typical example:
cycle efficiency ~ 70+%

No extra fuel needed.

CAVERN
(Gas Storage)

KU LEUVEN e O Wlrven,PC DS
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Batteries

KU LEUVEN

ARENBERG DOCTORAL SCHOOL
Faculty of Engineering Science

KU LEUVEN

Battery Energy Storage
Systems and Distribution Grid

Support

Frederik Geth

Dissertation presented in partial
fulfillment of the requirements
for the degree of

Doctor in Engineering Science

September 2014

L —

R. Belmans, supervisor
J. Driesen, co-supervisor
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Batteries - Characteristics

—_—
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Ref: Frederik Geth
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\m Batteries - Characteristics
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Batteries - Characteristics

K
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Batteries — Cost Evolution

LETTERS

namare
climate Chaﬂge PUBLISHED ONLINE: 23 MARCH 2015 | DOI: 10.1038/NCLIMATE2564

2,000
1,900 4 95% conf interval whole industry
1,800 95% conf interval market leaders
1,700 1 + x Publications, reports and journals  +
1,600 - X News items with expert statements O
1,500 - x Log fit of news, reports, and journals: 12 £ 6% decline == «
1,400 4 \ Additional cost estimates without clear method X
1,300 - Market leader, Nissan Motors, Leaf @
§ 1,200 - Market leader, Tesla Motors, Model S ©
¥ 1100 4 Other battery electric vehicles ¢
i 1:000 | Log fit of market leaders only: 8 + 8% decline == e=
S 900 Log fit of all estimates: 14 & 6% decling e
g 800 Future costs estimated in publications A
™~ 700 - <lJ5$150 per kWh goal for commercialization
w
400 -
300 ~
200 A %
100 A
0 -——— Y
2005 2010 2015 2020 2025 2030

Year

Figure 1| Cost of Li-ion battery packs in BEV. Data are from multiple types of sources and trace both reported cost for the industry and costs for
market-leading manufactures. If costs reach US$150 per kWh this is commonly considered as the point of commercialization of BEV.

oty

M
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\m Batteries — Cost Evolution

1,000

-
<
Y
O
Q
=
N
-
<
O

™N ® Wholeindustry, LR=9+11% === [og—logfitR=0.99;, p=0.006

Market leaders, LR =6+ 0.6% Log—log fitR=0.99; p=0.004

A Otherindustry, LR=6+16% e [og—logfitR=0.94;p=0.031

100 . | |
10 100 1,000 10,000 100,000

Cumulative MWh

Ref: Nykvist & Nilsson, NCC, 2015
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Battery Revolution of Tesla?

‘Als Tesla erin TESLA
slaagt om dit op

grote schaal en .
te doen, dan kan to wall boiler

dat de ontbreken- i -
de schakel zijn die for the home
het huidige markt- _

model compleet 7 KWh unit

op zijn kop zet’ 3,000 % ~ 2,700 €

RONNIE BELMANS,
Professor KU Leuven en

ceo EnergyVille 10 kWh unit
3,500 $ ~ 3,100 €

Powerpacks for
industrial applications
Packs of 100 kWh




\m Battery Revolution of Tesla?

- Giga Li-ion factory near
Reno, NV, USA

- Mass scale manufacturing
- Open-access patents

- What if the Chinese take
over like for PV?

- Could lead to dramatic cost
reductions

- Tesla’s battery manufacturing
might be temporary

But Musk & Tesla are the -
winners in the EV market! BEfL M%@E



Battery Revolution — MS Projections

Morgan Stanley

July 28, 2014

MORGAN STANLEY BLUE PAPER

MORGAN STANLEY RESEARCH
Global

Stephen Byrd'
Timothy Radcliff'
Simon Lee?
Bobby Chada®
Dominik Olszewski®
Yuka Matayoshi®
Parag Gupta®
Miguel Rodrigues®
Adam Jonas'
Peter J. Mackey®
Paul R. Walsh®
Mary Curtis’

Roy Campbell”

Solar Power & Energy Storage Dimple Gosal
Policy Factors vs. Improving Economics
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//I' -

; 1/



Battery Revolution — MS Projections

K

Storage Costs Scenarios - for a Typical Household

Bear Base Bull
Installation costs (USD) 5,000 3,000 2,000
Balance of System Costs (USD) 2,000 1,500 1,000
Inverter cost (USD/watt) 0.60 0.45 0.30
Total inverter cost (USD) 3,000 2,250 1,500
Battery cost (USD/kWh) 250 150 100
Total battery cost (USD) 3,125 1,875 1,250
Total system cost (USD) 13,125 8,625 5,750
Total system cost (EUR) 9,722 6,389 4,259
Total system cost (USD/kWh) 1,050 690 460
Total system cost (EUR/KWh) 778 511 341

Based on a typical household installing a 5k\W solar panel and a 12.5kWh battery (one day’s
storage). We assume EUR/USD is stable at 1.35.
Source: Company Data, Morgan Stanley Research estimates

Ref: Morgan Stanley, 2014

KU LEUVEN




Comparison Li-ion with PHS for arbitrage

K

IEA, ETP 2014
s |
Li-ion Today
Cost: -50%
Life cycle: x 2
Cost: -50%, life oycle: x 2
Cost: -90%, life cycle: x 2
0 200 400 &600 200 1000

USD/MWh

Motes: application characteristics assumed for arbitrage: 300 MW, eight-hour storage; 365 oycles per year. The values depend on the electricity price

and range from minimum USD O/MWh to a maximum of USD 50/MWh.
Source: unless otherwise noted, all tables and figures in this chapter derive from IEA data and analysis.

Following IEAETP 2014
For bulk storage applications with long duration discharging (e.g., arbitrage),
batteries are unlikely to contribute substantially over next 35 years

KU LEUVEN T ERSE
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\m Battery Revolution?

* Tesla may see breakthough in CA, USA

* Grid independence feasible? But perhaps also installing
back-up gasoline/diesel engine generators...

e Situation in NW Europe is different since other weather
conditions — grid connection almost centainly needed

* But cheap local batteries may drastically change market
behavior & participation

* Interesting combination with EV and PHEVs (G2V & V2G)

KU LEUVEN SIS




%. (Redox-)Flow Batteries

lon exchange
membrane
&7
."g ‘gh ‘,‘:I
-
N R
-
B % Elcyolyte
res2Voir
>
Pump J Pump
€ (Discharge) i € (Discharge)

Weber et al, RFB: a review, J. Appl Electrochem 41, 2011

Advantage:
power (area electrode) and
energy (volume vessels)
are decoupled!

Commercially available include Vanadium,

L AVERV B Zink Bromide, Polysulphide Bromide

Recent revival after
sleeping mode

Cho et al, J. Electrochem Soc. 159, 2012

e—— Discharge

Br —
2 )|

Porous media
Catalyst

Porous media
Catalyst

Membrane




(Redox-)Flow Batteries

Power source
or load

Load
(source)

Tank

|4

Electrode

Pump

Figure 1 | Schematic of a flow battery. In this set-up, two solutions of electroactive materials (green and
purple) are stored in external tanks and pumped to flow-through electrodes in an electrochemical cell.
The materials undergo reactions at the electrodes, generating electricity when a load is connected.
A membrane between the electrodes prevents the solutions from mixing, but allows the transport of

. H charge-carrying ions, thus allowing electrical neutrality in the system to be maintained. In chargin
Ref: Huskinson et al ! Nature Jan 2014 rnodge, the pglwgr source generates§ potential differen::}; across I?I'le cell. Huskinson et al.* reportgthaﬁ:
organic compounds known as quinones can be used as the electroactive material at the anode of a flow
battery. (Schematic adapted from ref. 8.)

Ref: Soloveichik, Nature Jan 2014

Porous carbon electrodes Proton exchange membrane
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\m Pump Hydro - Island
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m Pump Hydro Storage (PHS)

The usual PHS...
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%. Energy Island — NL (KEMA, Lievense, R. DAS)

Rudolf |
DAS

Installed Energy Capacity: 20 GWh
(>13 hours)

Cycle efficiency = 76% ( AH = 32 m)
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ﬂ Energy Island — NL (KEMA, Lievense, R. DAS)

Multiple functionalities

Energy Storage via pumped hydro storage
Ring for wind turbines (300-500 MW)
Aquatic biomass production plant
Location for thermal power plant
LNG terminal + harbour

Tourism & Nature

Coast protection

KU LEUVEN
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ﬂ Energy Island — NL (KEMA, Lievense, R. DAS)

« KEMA and Lievense did feasibility study for the Netherlands
* Main results by KEMA & Lievense:

— More variable power production (wind, sun, ...) makes
storage in grid indispensable (value)

— Increasing fossil (gas) prices make pumped hydro
preferred technology compared to CAES

— Energy island can be paid back <20 years on storage
functionality only
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ﬂ Energy Island - Arbitrage

Typical peak hours: 08.00h — 21.00h
Typical off-peak hours: 21.00h — 08.00h

Monthly Averages
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Arbitrage — Decreasing Price Differences
in Some Markets

~ i

250

Italian peak-load prices versus base-load prices [€/MWAh]
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Arbitrage — Decreasing Price Differences
in Some Markets

~ i

Example storage use: Italy
- RES initially decrease variability of net-demand
- Impact on use of pumped hydro storage units today

800 14 000
100 412000
600 110,000
500

4 8000
400

1 6000
300
100 4 2000

0 S 1 1 1 0
2007 2008 2009 2010 2011
e Pumped hydro storage (full load hours) (left axis) e S0lar PV capaaity (MW) (right axis)

Source: based on data from Gestore dei Servizi Energetici and |EA statistics.

- At higher RES penetration, storage becomes again important
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Arbitrage — Decreasing Price Differences
in Some Markets

~ i

* Arbitrage alone is not sufficient for business case
(due to lower prices and price differences)

* Important factor is size of coupled market and
Market Resilience Factor (MRF)

* Profitabiliy imporves for much higher RES
penetration

e Participation in ancillary services improves
profitability

* Profitibility depends on presence of other flexibility
measures (ADR, flexible plants, grids, ...)
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\m Very Long Term Energy Storage
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%. Power to Gas — Long-Term Storage

| &

Energy scenario of the German govt. for 2050 (80% RES) W
4 :

80 ' SN e
Quelle: Fraunhofer IWES 2010 B ﬂ%ﬁs
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20 Storage becomes a necessity _
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Power to Gas - principle

- Atmosphere
- Biomass, Waste
- Industry

- Fossil fuels

KU LEUVEN

ELECTRICITY
NETWORK

CHP,
Turbines

POWER GENERATION
_‘“ —
POWER STORAGE

Renewable Power Methane Plant

Ref: Adapted from M. Sterner, 2011, 2013

NATURAL GAS
NETWORK

- - for heat
- for transport

| Gas storage )

——————

| Electrolysis, |
. Hz-Tank CH,4
b CO, | Methanation ,
B -
i H-0 |
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Power to Gas - efficiencies

K

Renewable power (to) methane / SNG

Strom-zu-Gas 2/3 - 13}

Strom = Wasserstoff 54 - 72% .

: —— s 60-65% SNG
(_')U om % ME‘HHI‘I (E‘N(J} "ﬂr[_'} g 64{-}{0 36% POWER GENERATION 35-40% Power
Strom = Wasserstoff 57-73% e = \510':’)‘::"’;”2
Strom =2 Methan (SNG) 50 - 64% $ 1 .; Mathane ] Eﬂjt‘;‘i‘;‘n’qem
Strom > Wasserstoff 64 —77% £ g _— -

Strom = Methan (SNG) 51 - 65% -

Strom-zu-Gas-zu-Strom 1/3

Strom =2 Wasserstoff =2 Strom 34 - 44% bei Verstromung mit 60%

Strom =2 Methan =2 Strom 30-38% und Kompression auf 80 bar

Strom-zu-Gas-zu-KWK (Warme und Strom) 1/2
Strom = Wasserstoff =2 KWK 48 — 62 % bl 409 Stratre 8 A0 Wikria
Strom = Methan = KWK 43 - 54% und Kompression auf 80 bar

vs. Norwegische Pumpspeicher mit 65-68% (75% vor Ort + 7-10% Verlust durch Stromtransport)

vs. 0% durch Abregelung oder vs. effizientere aber kapazitatslimitierte Speicheralternativen

Ref: M. Sterner, 2011, 2013
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%. Hydrogen & Fuel Cells

2.58 Maturity of hydrogen technologies and systems

@ Generation
@ Conversion

. ightemperaure, *CEY._FC lowtemperaur o e
Hydrogen refuelling station - *~ pgp Y LR )

Solid oxide electrolysis @ Hiidtopen compiessors and tanks
L

Nﬂustrial fossil hydrogen production
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Research

IEA, ETP 2015
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<«

Hydrogen & Fuel Cells

2.59 Market development for fuel cells

Thousand units

2008 2009 2010 2011 2012 2013

Capacity additions: Portable M Transportation Stationary
Units by application: =@= Portable ©- Transportation O Stationary

IEA, ETP 2015

DSBS
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0
0 100 000 200 000 300 000 400 000 500 000
Annual production
United States DOE: 2007 estimate 2012 estimate O 2020 target O Ultimate target

Power trains for Europe: < High estimate < Low estimate

IEA, ETP 2015
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\m Conclusions

e Storage will be part of the flexibility options in the
future

* Value of storage strongly dependent on system
characteristics, market design, price differences (and
the MRF), other flexibility means, ...

 Much more Research is needed to fully understand
the role of storage in all applications simultaneously!
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