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ATES : Aquifer thermal energy storage

BTES : Borehole thermal energy storage

CAES : Compressed air energy storage

EIA : Energy Information Administration

ECES : Energy Conservation through Energy Storage
EV : Electric vehicle

ETP : Energy Technology Perspectives

EDLC : Electricdouble layer capacitor

ERCOT : Electric Reliability Council of Texas

ETS : Electric Thermal Storage

HSS : Hydrogen Storage System

LCOE : Levellised cost of energy

NDRC : National Development and Reform Commission
NETL : National Energy Technology Laboratory
NREL : National Renewable Energy Laboratories
PCS : Power Conditioning System

PSH : Pumped storage

PUCT : Public Utility Commission of Texas

PCM : Phase-change material

RD&D : Research, development and demonstration
REEs : Rare earth elements

RE Futures : Renewable Electricity Futures Study
SMES : Superconducting magnetic energy storage
SCPC : Supercritical pulverized coal

SGERI : State Grid’s Energy Research Institute

T&D : Transmission and distribution

TES : Thermal energy storage

UHV : Ultra High Voltage

UTES : Underground thermal energy storage ( ;.3 sl 55 sl o))

TEES : high temperature thermoelectric energy storage systems
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(USD/KW)
Goldisthal Project
(Germany), Okinawa
L. Long-term
PSH Supply Electricity 50 - 85 500 - 4600 Yanbaru Seawater PSH
storage o .
Facility (Japan), Pedreira
PSH Station (Brazil)
Drake Landing Solar
Community (Canada),
Long-term . )
UTES Supply Thermal 50 - 90 3400 - 4500 Akershus University
storage .
Hospital and Nydalen
Industrial Park (Norway)
Long-term .
CAES Supply Electricity 27-70 500-5001 storage, Mcintosh (Alabama, United
. States), Huntorf (Germany)
arbitrage
Medium o .
Pit storage Supol Thermal 50 - 90 100 - 300 temperature Marstal district heating
pply S system (Denmark)
applications
High-
Molten salts Supply e 40 - 93 400 - 700 temperature éen;ie:]s)olar CSP Plant
applications P
Low,medium
. Supply, ) ) S TCS for Concentrated Solar
Thermochemical demand Thermal 80-99 1000 - 3000 & hlgh t_emp Power Plants (R&D)
applications
Eheiee- Supply Long-term tJl\tlzlrr\/i‘a?)/dlrE?n?a?gyProjea
Qtyc;ir?geen demand  Electricity ZEol 2L storage Complementary Systems
9 H2Herten (Germany)
Short-term . .
Flywheels T&D Electricity 90 -95 130 - 500 storage PJM Project (United States)
. Short-term Hybrid electric vehicles
Supercapacitors  T&D Electricity 90 - 95 130 - 515 storage (R&D phase)
Superconductin Short-term
magnetic energy T&D Electricity 90-95 130 - 515 D-SMES (United States)
storage
storage (SMES)
. . Medium : : :
Solid media Residential electric thermal
storage Demand Thermal 50 - 90 500 - 3000 temperqture storage (USA)
applications
Ice storage 75-90 6000 - Low-temp ? a? n:rl])Un(l:\;]eirr]S;tg;\;?i?r/]O,
g Demand Thermal 15000 applications pan), ~h!
project (China)
Hot water Medium Peak demand reduction
storage Demand Thermal 50 - 90 - temp.applica (France), TCES (United
(residential) tions States)
Cold-water Low-temp Shanghai Pudong
storage Demand  Thermal 50-90 300 - 600 applications  International Airport (China)
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NaS batteries (Presidio,
Texas, United States and
Rokkasho Futamata Project,
Japan), Vanadium redox

Distributed/ . ,
. flow (Sumimtomo’s
Supply EliFe Densetsu Office, Japan)
Batteries demand  Electricity 75-95 300 - 3500 storage, Lead-acid (Notrees Wind
short-term .
Storage Demonstration
storage

Project, United States), Li-
ion (AES Laurel Mountain,
United States), Lithium

Polymer (Autolib, France)
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potential energy (e.g. pumped hydro with 360 m height 1

difference) (electrical ener
Mechanical Energy Storage )¢ ay)

kinetic energy (e.g. flywheels) (electrical energy) 10
Electrostatic fields (Capacitors) (electrical energy) 10
Electrical Energy Storage®
Electromagnetic fields (Coils) (electrical energy) 10
Electrochemical storage Lead-acid battery (electrical energy) 100
SYSeTS Lithium-ion battery (electrical energy) 500
Sensible heat (e.g. Water AT = 100 K) (thermal energy) 116
Thermal Energy Storage
Phase changes (e.g. water to steam) (themmal energy) 636
Liquid hydrogen (thermal energy) 2.400
Chemical Energy Storage
Gasoline (thermal energy) 8.500
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3 Better ramp rates than gas turbine plants

4 Flywheels
> Modular technology

® Proven growth potential to utility scale

7 High round trip energy efficiency

& Advanced Lead Acid
° Grid stabilization
1% Congestion relief

Y90 alaja



YV | S 55 e b a0 oy 3 Sl o3 sl (55508 ¢l

el e ool oo
g s b sy (65 LSS
Vost pl plbhes Yok ae
Srdy plie — A5 VL wype
Dt 5oL U sl 4 el 5l &A1 A & e
. . 5 S Li-ion
s las 5 s S s S s
.o - % J'Jls‘)ﬁ - :
deep ) Gees 5olis Uls s b /55l VL s 0
discharge)
Or @ oI
YL ol bl LUl c Jw
Gl BLL 5 ann s J- 55 g5 ( Ramping)
oS sle s bl
Sl ol P sl S
oW Rl o o 2
sdmy b Ol ol S
- e
S35 5 oy S , IS ol
3L e e
Oy s
A ol S round- s, s ¢ oL Ol S SMES
ol s sl slge 4o 035 01 S ol sitrip S e
3L e s O3
) ) RIEFON ’
oS ol Ao e 5b) Jlw i8S el . beard s S
N oIS el
i
)LA oj:;'-.}
b e 5 ki :
_ . o _ P ¥e: 3 |
O ol e Wl 55 S8 il
Sl gk ..
: S5

Gl J)HéjJJ‘jQ\}_}"C)_}ﬁbuﬂst_{Ml{ﬁéﬁfﬁj\é}ﬁ‘c}ﬂ}sw&igudﬂ sl e

Sl sl cidis pleil 33 S a s ouj”v_??‘g,\ﬁ ey Glas 5 5l ce

)'>(L5-<'~t/':§'“~5Lf<'3"l—<'a‘Lﬁ—;‘)‘f_‘&W)AJQ‘LS}J—J‘LSJMGJ—?JJL})J—QLJUM

" Good scaling potential
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Supercapacitors
I I
Double-layer Capacitors Pseudocapacitors
Charge storage: Charge storage:
Electrostatically (Helmholtz Layer) Electrochemically (Faradaically)

Hybrid Capacitors

Charge storage:
Electrostatically and Electrochemically
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1000

Function Electronic Super Battery .
capacitor | capacitor ) L
E 1 hour 1 second
Chargetime | ps-ms | ms-min Hours 3 101
; . 'g 10 hours
Discharge time | ps-ms ms-days | 1-900 min : 1
o
Energy density | <Ol WWL | 055 | 50300 &, 008 seend
Wh/L WhiL
Power density | >10°W/L | 10%-3x10° | <500 W/L - .
. - 6 nb 10 100 1000 10000
CyC]e life 10°-10 10°-10 200-1 ,000 Power density (W/kg)

Ailg e S das a1y olalsls ledes (Graphene) bl S 5l eslan ol 0 e | Slidss

sl asls Jglie Qﬁ'fﬁz‘:’; sl bl Jolas o5 0 JK;; Ll o Lyl
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Function Supercapacitor Lithium-ion (general)
Charge time 1-10 seconds 10-60 minutes

Cycle life 1 million or 30,000h 500 and higher

Cell voltage 2.310 2.75V 3.6t03.7V

Specific energy (Wh/kg) 5 (typical) 100-200

Specific power (W/kg) Up to 10,000 1,000 to 3,000

Cost per Wh $20(typical) $2 (typical)

Service life (in vehicle) 10 to 15 years 5to 10 years

Charge temperature -40 to 65°C (-40 to 149°F) | 0 to 45°C (32° to 113°F)
Discharge temperature -40 to 65°C (-40 to 149°F) | —20 to 60°C (-4 to 140°F)
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Sl.No. Manufacturer Specifications of Supercapacitors
1 Power Star China Make | 50 F/2.7V,
(single Unit) 300F/2.7V,
600F/2.7 V, ESR less than 1mQ.
2 Panasonic Make 0.022-70F, 2.1-5.5V,
(Single Unit) ESR 200 mQ-350 Q
3 Maxwell Make 63F/125V, 150A ESR 18 mQ
(Module) 94F/75 V, 50 A, ESR 15 mQ
-+ Vinatech Make 10-600F/2.3V, ESR 400 -20 mQ2,
3-350F/2.7, ESR 90-8 mQ
5 Nesscap Make 15V/33F, ESR 27 mQ
(module) 340V/ 51F, ESR 19 mQ
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Parameters for Super- All numbers are indications and my vary significantly among different
Capacitors products and installations
Today 2030
Round-trip efficiency 90 % to 94 % No numbers available
Energy density 2wWh/lto 10 Wh/ |
Power density up to 15 kWw/ 1
Cycle life up to one million
Calendar Life 15 years
Depth of discharge 75 %
Seilf-discharge up to 25% in the first 48 hours,
afterwards very low
Power installation cost 10 €/ kW to 20 €/ kW
Energy installation cost 10,000 €/ kWwh to 20,000 €/ kWh
Deployment time < 10 ms
Site requirements None
Main applications Primary frequency control, voltage control, Peak shaving, UPS
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3 Superconducting Magnetic Energy Storage (SMES)
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Power In
During Charging

_

Superconducting Coil

Switching and
Rl inverter system
Refrigeration System |—

Dewar Vessel

Power Qut
During Discharging
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Centre cylinder 3
C Inner coil case

Adiabatic vacuum vessel ’
Support members between coils
Radiation heat shield .
Outer coil case

Coolant port

DC in/out

Superconducting coil
(1of16)

Adiabatic support leg

Common base
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Assembly

Helium

Racetrack Coil

Dipole Coil
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M. Ferrier invented

superconducting coils
to store magnetic
energy
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Significant size HTS-SMES @

successfully constructed in Construction of 3.3 kWh costing

1997 by American 54.2 million SMES prototype by
Superconductor US DOE, Swiss engineering firm

ABB and a handful of partners
1988
Discovery of HTS (copper- -
oxide based ceramics) b; Large scale LTS Super-GM
Bednorz and Mueller (851715 project in Japan involving the

development of a 100MVA unit

Construction of first SMES
device by University of
Wisconsin
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Batteries
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Discharge Time

1 sec 30 sec 60 sec
Cost per component for a 1 NIW SNMNES unit [F1000 ]
Cold comp 33 114 162
Refrigerator 232 374 472
PCS 600 900 1200
Costof PCS [ /KW]
300 KW 750 1125 1500
500 KW 675 1013 1350
=1000 kW 600 900 1200
Estimated total cost for a 1 NIV SNES unit [F1000 ]
Today 865 1388 1834
1 vear 382 715 943
S year 224 403 540
10 vear 178 344 464
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Parameters for Superconductive

Magnetic Energy Storage'”

All numbers are indications and my vary significantly among different
products and installations

Today

2030

Round-trip efficiency

80 % to 90 %

Energy density

0.5 Wh'lto 10 Wh/ |

Power density

1 KW T to 4 KWWY

Cycle life Mot limiting
Calendar Life 20 years
Depth of discharge n.a.

Self-discharge

10 %o/ day to 15 %/ day

Power installation cost

n.a.

Energy installation cost

n.a.

Technology development of
superconductors uncertain.

Deployment time

about 1 ms to 10 ms

Site requirements

Refrigeration, switching and inverter system

Main applications

Primary frequency control, voltage control, Peak shaving, UPS
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" Pumped storage
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1849

James B. Francis. Developed inward flow reaction turbine

1873

First application of movable wicket gates

1880’s

Swiss develop pump back and pump storage schemes

1910’s

Pump storage plants constructed in Germany

Vertical shaft Francis turbines manufactured

1929

Rocky River PS Project on the Housatonic River - first PS in US

Development of wicket gates in conjunction with Francis pump — turbine

1956

TVA Hiwassee Unit 2 is a true reversible pump-turbine. Proves that a
single runner can perform as a pump and turbine.

1960’s

Develop adjustable frequency motor starting system — over comes the
problem of pump motor starting

1980’s

US Bureau of Reclamation experiment with adjustable speed machine

1990’s

Japanese manufacturers develop adjustable speed machines

1985

World’s largest PS project: Bath County VA; six unit 2,100 MW

1996

First 395 MVA adjustable speed machine at Ohkawachi PS project,
Japan, enters commercial operation

1998

Chaira, Bulgaria; two units 864 MVW,; highest-head (2,400 feet), single-
stage pump/turbines

1990’s

Development of electricity markets. PS receives full compensation for
ancillary services

1999

Yanbaru — Okinawa, Japan; One unit rated 30MVV, first pumped storage
plant to operate with sea water

2003

Goldisthal, Germany; four units (two single speed, two adjustable
speed), 345 MVVA each.

Late
2000’s

Several adjustable speed projects (Avce, Nant de Drance, Linth-
Limmern, Kozjak) are being built or planned in Europe
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Taum Sauk 1963 350 7.7 2.700 809 7.003 8.7 o
Yards -
ol ssnke 1965 330 8.7 2. 894 723 3,700 5.1 o
Muddy Run 1967 855 14.3 12,200 386 1,290 3.3 1
e e 1967 280 58 1.635 1,159 | 4,340 37 o
Creek
Seneca 1969 380 11.2 3,920 736 2. 520 3.4 1
Northfield 1972 | 1,000 10.1 10,100 772 6,790 8.8 1
ket Rtieg o 1973 | 1,030 | 11.6 | 12,000 | 1,099 | 4,355 4.0 o
Gilboa
Ludington 1973 | 1,888 9.0 15,000 337 1,252 3.7 1
Jocassee 1973 628 935 | 58,757 310 1,700 5.5 1
gear 1974 540 5.6 3,019 725 2,000 2.8 o
wamp
Raccoon 1978 1,370 24.0 33,000 o968 3,650 3.8 1
Mountain
Fairfield 1978 512 8.1 4,096 163 2.120 13.0 o
Helms 1984 | 1,200 | 118.0 | 14,200 | 1,645 | 20,519 | 12.5 2
Bath
& oz 1985 | 2,100 11.3 | 23,700 | 1,180 9,446 8.0 o
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Parameters for Pumped Hydro All numbers are indications and my vary significantly among different
Power® products and installations

Round-trip efficiency 75 % to 82 %
(for new systems, existing older systems often have lower efficiency)

Energy density

Power density

Cycle life

Calendar Life

Depth of discharge

Self-discharge 0.005 %/ day to 0.02 %/ day'’'

Power installation cost

Energy installation cost

Deployment time

Site requirements Two reservoirs located at different heights. Significant height difference.

Main applications
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> Compressed Air Energy Storage (CAES)
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Parameters for Adiabatic
Compressed Air Energy Storage'*

All numbers are indications and my vary significantly among different
products and installations

Round-trip efficiency

60 % to 70 %

Energy density

Power density

Cycle life

s
©

Calendar Life

Ca. 25 years

Depth of discharge

Self-discharge incl. thermal storage

0.5 %/ day to 1 %/ day

Power installation cost

Energy installation cost incl. thermal

storage

40 €/ KWh to 80 € kWh

Deployment time

Site requirements

Possibility to build a cavern, e.g. salt cavem

Main applications
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'® Flywheel Energy Storage (FES)
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Parameters for Flywheels

All numbers are indications and my vary significantly among different

products and installations

Today

2030

Round-trip efficiency

80 % -95%

No numbers available

Energy density

80 Wh/ | to 200 Wh/ I'®

Power density

10 kw7 1'®

Cycle life several millions
Calendar Life 15 years
Depth of discharge 75 %

Self-discharge

5 to 15%/hour

Power installation cost

300 €/ kW

Energy installation cost (high
speed flywheel)

1,000 €/ kWh

Deployment time

about 10 ms

Site requirements

None

Main applications

Primary frequency control, voltage control. Peak shaving, UPS
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Parameters for Thermoelectric All numbers are indications and my vary significantly among different
Storage™ products and installations

Today 2030
Round-trip efficiency Not available, as technology is in concept phase

Energy density

Power density

Cycle life

Calendar Life

Depth of discharge

Seilf-discharge

Power installation cost

Energy installation cost

Deployment time

Site requirements

Main applications Frequency control, Voltage control, Peak shaving, Load leveling,
Standing reserve, Black start (expected)
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2 Hydrogen Storage System (HSS)
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Parameters for Hydrogen All numbers are indications and my vary significantly among different
Storage products and installations
Today 2030
Round-trip efficiency 34 % to 40 % 40 % to 50 %
Energy density 3 Wnh/l (at normal pressure), 750 Whil (at 250 bar), 2400 Whi/ (liquid)
Power density n.a.
Cycle life n. a.
Calendar Life n.a.
Depth of discharge 40% to 60 %
Self-discharge 0.03 %/ day to 0.003 %/ day
Power installation cost 1,500 €/ KW to 2,000 €/ kwW 200 €/ KW to 800 €/k W
Energy installation cost 0.3 € KWh to 0.6 € KWh (cavemn)
Deployment time 10 min >
Site requirements Underground cavem, storage in tanks expensive
Main applications Seasonal storage, Island grid
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%2 power to Gas: Methanation / Synthectic Natural Gas (PG)

Y90 alaja



OO 1 I (53l e b a0 i 53 Sl 03 (sla (55 615

[\-\] )@béjj‘wu ekswéﬁw e,:d:WJSJ

 PowerOut
During Discharging
Electricity supply Gas supply

system  Gas turbine | system
'

b 5S35 e a) e s LT LS S el 05 550n Sl s oLl O bl as S 3o

Gas storage
capacities

Renewable Power
Methane Plant

.mpda@ﬁng};\jou,ubJmsvwiyldm\.;)\g&ls@@ju
Sl Lo S ol SS1isls 55 5l YT 5 anils CO2 oo aie oy 5L Lal b oplogdle @
wsoup\,ot_éhj_ﬁ;)b_mu;_w\UJ_AWL;LAMT;L_UQ;_WSW_}\”;J_Q;
L:;ijt_w_g‘coz@;ﬂo\)_-&g.x_;;\jsu_ﬂjt_fﬁt_uquotjbg abdals als i
L .5 CO2 A5 Sl e 5 bl gl SLSI G, Ol oyss Slajen pde sy 2
A5 Sl G Sl el 5 (83,50 A 5 Sl S O AT Glages et Esl Wl
e 4 Sl pa e S deST (65 3l o 3 s Sole A 35 b e Ol

Al e

Y90 alaja




o1 | A (55 B pan B ad e 0 s 5o Sl o s s (555l ¢l

[V 58 & G, sl 6 5 e G805l 03 gdome 5 (2B Slaseie 1V g

Parameters for Power to Gas

All numbers are indications and my vary significantly among different

Storage products and installations
Today 2030
Round-trip efficiency 30 % to 35 % 35 % to 40 %

Energy density

Approx. three times higher than hydrogen

Power density n.a.
Cycle life n a.
Calendar Life n a
Depth of discharge 40% to 60 %

Self-discharge

0.03 %/ day to 0.003 %/ day

Power installation cost

1.000 €/ KW to 2,000 €/ kw>'

Energy installation cost

No additional cost for storage in gas grid

Deployment time

10 min.

Site requirements

Underground cavem or gas grid access, external COz-source, heat
demand

Main applications

Seasonal storage, Island grid
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2 Flow Batteries
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Parameters for Flow Batteries All numbers are indications and my vary significantly among different
products and installations
Today 2030

Round-trip efficiency 60 % to 70 % (depending on chemistry) | 65 % to 80 % (depending on
chemistry)

Energy density %hoewrr:svt:yu), 70 Wi/ | (depending on > 100 Wh

Power density n_a.

Cycle life > 10,000

>Calendar Life 10 years to 15 years 15 years to 25 years

Depth of discharge 100 %

Self-discharge 0.1 % to 0.4 % per day 0.05 % to 0.2 % per day

Power installation cost 1000 €/ KW to 1,500 €/ kW 600 €/ kKW to 1,000 €/ kW

Energy installation cost 300 € kKWh to 500 €/ kWwh 70 €/ KWh to 150 €/ kWwWh

Deployment time seconds™>

Site requirements None

Main applications Secondary/Tertiary frequency control, Long-term storage, Island grids
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Negative electrode Elccirolyica Positive electrode

V1] Os —pid S PL 5 Khes 620 1 VOISO

=== Separator

— Discharge
<«— Charge

** Lithium-ion (Li-ion) Battery
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Parameters for Lithium-lon
Batteries

All numbers are indications and my vary significantly among different
products and installations

Today

2030

Round-trip efficiency

83 % 10 86 %

85 % 1092 %

Energy density

200 Wh/ 1 to 350 wh/ |

250 Wh/ | to 550 Wh/ |

Power density

100 W/ 1 to 3500 W/ I

100 Wi/l to 5000 Wi/l

Cycle life

1,000 to 5,000 (full cycles)™

3.000 to 10,000 (full cycies)

Calendar Life

5 years to 20 years (depending on
temperature and SOC)

10 years to 30 years
(depending on temperature and
SOC)

Depth of discharge

Up to 100 %

Up to 100 %

Self-discharge

5 % per month

1 % per month

Power installation cost (converter)

150 €/ KW to 200 €/ kW

35 €/ KW to 65 € kW

Energy installation cost

300 €/ kWh to 800 €/ kWh

150 € kWh to 300 €/ kWh

Deployment time

3msto5Sms

Site requirements

None

Main applications

Frequency conirol, Voltage confrol, Peak shaving, Load Ileveling,
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* Lead-Acid Battery
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Parameters for Lead-Acid
Batteries

All numbers are indications and my vary significantly among different
products and installations

Round-trip efficiency

75 %10 80 %

Energy density

Power density

10 W/ 1to 500 W/ |

Cycle life

Calendar Life

Depth of discharge

Self-discharge

0.1 % per day to 0.4 % per day

Power installation cost (converter)

Energy installation cost

100 €/ kWh to 250 € kWh

Deployment time

Site requirements

Main applications

5 years to 15 years (depending on
temperature and SOC)

Ventilation due to gassing

78 % t0 85 %

10 W/l to 1000 Wi

10 yeas to 20 years
(depending on temperature and

0.05 % to 0.2 % per day

50 €/ kWh to 80 € kWh

" ootes = pilse) YU o> (sla (5 bl
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*® High Temperature Battery (NaS)
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O Elektron @) Sodium @) Sodiumion () sutfur (@ Sodium polysulfide «—Discharge
—» Charge

—e— SN e e
~—e O @ —
O C®
~—@— O Ce O
Sodium (liquid) Beta alumina (solid) Sulfur (liquid)

1MW system (10mX3mX5mH)

i

3po1123[ BAISOd

Cells

Sodium
(Na)

Ceramic
tube

Sulfur
(S)

Case ~

- Pole Botaabming 4+ Pole
(Na) (=)

Discharging
2Na + xS— Na,Sx
—

Charging
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Parameters for High
Temperature Batteries (NaS)

All numbers are indications and my vary significantly among different
products and installations

Today

2030

Round-trip efficiency

75 % to 80 %

80 % to 90 %

Energy density

150 Wh/ | to 250 Wh/ |

n. a.

Power density

n. a.

n. a.

Cycle life

5,000 to 10,000

5,000 to 10,000

Calendar Life

15 years to 20 years

20 years to 30 years

Depth of discharge

100 %

Self-discharge

10 % per day (without operation for
small systems)

Power installation cost (converter)

150 €/ kW to 200 €/ kW

35 €/ KW to 65 €/ kW

Energy installation cost

500 €/ KWh to 700 €/ kWh

80 €/ KW to 150 €/ kW

Deployment time

3 ms to 5 ms

Site requirements

None

Main applications

Frequency control, Peak shaving, Load leveling, Island grids,
Electromobility (Zebra), Uninterruptible power supply

[VA] 065G VAV JL 5 ‘..;M_J‘,ﬁy s bl sl b U anw g 5 Gaiod ol 0 FA ISSS

1967

Development of Beta
Alumina electrolyte

Development of
battery cell

Evaluation of system
performance

Commercialization

Y90 alaja

The principle of sodium sulfur battery was released.

NGK started the R&D of NAS battery with TEPCO.

Largest Deployed System

1990 10kwW
1992 50kw
1995 1 500kW
1997 E 2ZMW
1999 MW
2004 amw
2006 12MW
2009 34MW

Applications

1995 Load Leveling

1998
2000
2001
2002

PV Stabilization
Wind Power Stabilization
Emergency Power Supply

Substation Applications
(overseas)

Over 190 locations with total 450MW, 3000MWh of installed capacity worldwide
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Large-size auxiliary power supply,

, g i renewable electricity sources,
- EV/HEV, rail, airplane, PV hybrid electricity grid services...
Bﬁ inverters, auxiliary energy

Consumer :
supplies, UPS...

applications...

Renewables:

* Solution for PV and wind intermittency
* Selfconsumption

Building:

* Grid independence

* Energy backup

* Better XxxXXX)XXXXXXXXXXXXXXXXXKKKXX

* Smart building “center” (Electricity supply-Battery-Usage)

Grid:

* Grid stabilization services
* Alternative solutions to grid extension and reinforcement
* Alternative to XXX XXIIKKXXXKK

EV/HEV:

* Driving range / Vehicle cost
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Capital requirement x technology risk
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Flow batteries

Flywheel (high speed) Lithium-based batteries

Ll “'“Jb Flywheel (low speed)
Supercapacitor
Ice storage Sodium-sulphur (NaS) batteries

Superconducting magnetic
energy storage (SMES)

Adiabatic CAES
Compressed air energy storage (CAES)

Synthetic natural gas Residential hot water
heaters with storage Underground thermal

energy storage (UTES)

Cold water storage d\

Thermochemical

Pit storage

Pumped Storage Hydropower (PSH)

v

Research and development Demonstration and deployment Commercialisation
Current maturity level

@ Electricity storage i) Thermalstorage
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Electricity Storage Technologies

2 "F Better for energy management
= High
Energy Pumped
Yo Capacitors Compressed Storage
® Duration s Hydro
= Flywheels Batteries
—
[<b)
=
(g7 High Power
% Flywheels
2
— High
Power
£ Bhitoy for Biower Capacitors Superconducting
§ qugﬁymanagen!em Magnetic Storage
1953
10kW 1 MW 1GW
Capacity
["]AJLL»‘ K] j,u: C)LGJ o> 6JL“' ejés 6\.& ‘5J3L'..7> £y JSJ'
Small Scale Large Scale
UPS T&D Grid Support Bulk Power Mgt
Power Quality Load Shifting
2
= Flow Batteries: Zn-Cl Zn-Air Zn-B
= VRB  PSB New Chemistries

Discharge Time at Rated Power
Minutes

Supercapacitors NaNiCl, Battery

High-Energy Advanced Lead-Acid Battery

Li-lon Battery
Lead-Acid Battery

High-Power Flywheels

High-Power Supercapacitors SMES

- Seconds

10 kW 100 kW 1MW 10 MW 100 MW 1G6GW

System Power Ratings, Module Size

2y cd e e s el gl Sl o B s e sdalie 50 8T IS s &S shailes
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Hydro Pumping

Compressed Air (CAE)

Flow Batteries (Zn-Br)

Conventional Batteries (Pb, Ni-Cd, Li-on)
Thermal

Power to Gas (P2G)

Hydrogen

Flywheels

High Temperature Batteries (NaSs)

Super Capacitors

Superconducting Magnetic Energy Storage
(SMES)

00000000000
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Power investment cost (€/kW)

B Small Scale
[ Large Scale
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Hydro Pumping
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Energy investment cost (€/kWh)
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Efficiency (%)
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. Hydro Pumping

0
0
0
0
0
0

0
100 1000 10000 100000 1000000 10000000 100000000

O Small Scale
[ Large Scale Charge/Discharge cycles
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[0 Current cost range w0 |EA 90 USD/MWh scenario for 2050
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Pumped storage
Thermal storage

hydropower ijf
e Molten salt
|
tanks - - 2ot » ~ ~
Supply l ’ w >.\ ) S ’< ey £ £
’ seg ~

Transmission and distribution

Demand

Ice storage and hot water
heaters with storage

Underground tﬁermal
energy storage

Cold water storage
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Generation

wmd+battery \

storage e
pumped hydro storage \ _Y\ Transmission
\
/x ~—
\ \ L *[ ﬁ \-/—‘—
7 rl- \ 77 ’i\ fiywheels providing
fossil-fired powerplant \_-// g~ 7 reguiation service
substation /7
_— i
7o)
A
=
neighborhood-scale = ﬁ
battery storage =
y Q 1/ i _L/,ZI_—

substa tion

commercial campus
Distribution & End Use  With thermal storage

7 Pumped storage hydropower
% Thermal storage tanks
 Molten salt
30 Flywheel
3 underground thermal energy storage
32
Cold water storage
*ce storage and hot water heaters with storage
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8.
9.
10.

11.
12.
13.
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16.
17.
18.
19.
20.

21.

Technology Roadmap - Energy storage ,International Energy Agency, 2014
Sl lealansl 53 B il o o3 sledy, Y
Large Scale Storage Market Opportunities

Energy management for smart grid, cities and buildings: Opportunities
for battery electricity storage solutions

. Grid Energy Storage , U.S. Department of Energy , December 2013

Electrical thermal storage optimization for demand side management

Managing the Heating Demand in Institutional Buildings with an Innovative

Thermal Storage System

Initial Economic Analysis of Electric Thermal Storage in the Yukon

www.climatetechwiki.org/technology/jiqweb-es-fw

Superconducting Materials in Power grid - MT 5009 — Analyzing Hi-Technology

Opportunities

en.wikipedia.org/wiki/User:Elcap/Supercapacitor

SUPERCAPACITOR As energy storage device

Technical Analysis of Pumped Storage and Integration with Wind Power in the

Pacific Northwest

Ll b w555 a5 550 sbasla 053 5 it odS1 58 mbe Olejon 5 4 oLl N E

Sl g5 b
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Technology Overview on Electricity Storage

edu.nano.ir/index.php?actn=papers_view&id=62

www.ngk.co.jp/nas/why/history.html

Solar Barge , Garth Huckabee

cleantechnica.com/2013/08/17/radical-new-flow-battery-uses-

bromine-instead-of-membrane/
http://www.edch.ir/?p=page_show&i=1&e=10&g=2
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