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Superconducting magnetic
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Adiabatic CAES ok
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) Synthetic natural gas ‘
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Thermochemical Z\{ &2 heaters with storage
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Capital requirement x technology risk

R Pumped Storage Hydropower (PSH)
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— Pment Demonstration and deployment
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-k 4 %% e (Pumped Hydroelectric Storage)
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Efficiency: 71% to 85%
Power rating: 100-5000 MW

Discharge time: 1-24h
~32GW In Europe
~21GW In Japan
~19.5GW in USA

Elevator

PG&E’s 1.2 GW Helms
Pumped Hydro Facility
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P 2.72$165/kWh
_ |\ Seneca PHES Facility, Pennsylvania

BN 250 m elevation ~ 450 MW for 10 h TS A 2R
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£ AR " 5 ¥ aaMclntoshd £ & 110MW/2,860MWh

#§ & & ($/kWh)
1.2 $100/KWh
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Touchdown
Bearing

Composite Rim

Description

otor Generator

Radial Magnetic
Bearing
Combination
Magnetic :
Bearine Housing
Touchdown
Bearing

Cross-Section Of A Flywheel Module
(Courtesy NASA Glenn Research Center)

Technology Maturity

R&D Pilot-scale

Demonstration

Bench-scale

Commercial

* Flywheels store energy mechanically (kinetic)

* High cycle life (100,000+ cycles) ideal for
frequent charge/discharge of power.

» Power and energy scale independently, but
there are practical limit to energy density:
« Higher Moment of Inertia Materials
« Low Cost Structures

« Commercial plants are on-line providing
frequency regulation: 3MW in Massachusetts,
20MW planned in New York and lllinois

= oo

T S Bt

m Industrial Technology
Research Institute
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L a3 % R (SIKWh)
" 1.7%$10,000/kWh

DOE Loan Guarantee — Beacon:
20MW Flywheel Storage for
Frequency Regulation in NY-1SO
(2012)

1MW / 15 min Beacon
Ready for installation at NY
site (2011)
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* Oldest and most developed battery technology

* Energy management applications have been
installed (California, Hawaii, Puerto Rico, and
Germany) with power from 3 to 10 MW

» Highly-sensitive to operating temperature and
charge profiles; corrosion, sulfation, and active
material shedding as traditional issues

* New Areas in 200 Year Old Technology:
* Innovative Lead-carbon Electrodes
« Advanced Power Conditioning Systems

Technology Maturity

R&D Pilot-scale Commercial

Bench-scale Demonstration

B TR 3T B
al Technology
[ .| Research Institute
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10 MW, 40MWhH e )

Lead Acid Storage System
in Chino Califomia

10 MW/40 MWh in Chino, California 40 MW in Fairbanks, Alaska
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o Electron @ Sodium @ Sodiumion ) Sulfur
Discharge @) sodium polysulfide '% A ;‘g{

-\“.. @ )

"‘od\ot " o) O
)f’ ® of N[/ )L’

MNegative
ele?ctrode Sodium (liquid) /

Beta alumina (solid) gy fyr

MW % & & 7 4 4u(bE 556/ BF)

Charge (iauid) Fositive Beta
7 Power source Hggfant!t?lgs
“ . . Sulfur
‘”“ ©)
""‘9‘-.\0 ) F Main pole Thermal enclosure
?]eeg:tt.:::e Sodlumv(hq-.nd) /'
Beta alumina (solid) gyfyr Po: it
(liquid)  electrode
Discharge - Charge -
Positive : xS + 2e~ — S2~ Positive : S27 - xS + 2e”
Negative : 2Na = 2Nat + 2e~ Negative - 2Nat + 2e”™ - 2Na
. . . TEFMTAATERE
Overall : xS 4+ 2Na = Na,S, F. @ ~2V Overall : Na,S, — xS + 2Na P iormmon
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2011#97 21p ,aﬁz&: AL AT NaS T 4 A2 L |
I S N @ FpoeNaST s ¢ R~ B g fhenT i H A g A
#E%ﬂ,&ﬂg«m f eSHE v»rs,,,kb, ol WERHTF A B RS T NG R 2N
hem R SR H g4 B o

s Diagram 1 Cause of Fire ~
(1) Hot molten material | Thermal insulating 12 cell strings
leaked from the cell top encluslire In pé.ar'alle1 ~ Battery cells

N =eze=ezew=ezezexe
il H I ——
\‘ BIDGI{:; B’mz | 8- EEI"IIES

connection

i

Short circuit |
current path 1 (2) Molten matenial
(34 flowed over the
- | U sand layer
ormal current =
flow when Block 4 " Block 1
Battery electricity is
cells discharged
Negative terminal Positive terminal
L ©)  sandlayer )

~ P T3 MR ST
[ T ine
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c BEL(DERB(BEZINV) A BAGFTAARE QN ERAB G RFTTIALRTRE
* B B # B R (-40~70 °C)

e BT RIEBHAAF A 54 4 (LiIC00,) ~ #ifs 4248 (LiIFEPO,) ~ 4% 454% it 42(Li(NiCoMn)O,)

ZTH
IE AR B
HEMRIREREEETE R FHEE Owm O @azem o & PTCTHE
HE Bt 7 (D)= e nm
CEUR / 53)7)  CEUBF / 25FF) e N =Loiuns)
2Li+ F, — 2LiF 6.05 6,254 6.443 . %@*&
411 +2S0OCl1, — 4LiCl +SO, +S 3.67 1.477 2.005 1B
. . = =n ‘
Li+ V,0; — LiV,0s 3.50 497 1.397 %Aﬂ%ﬁx | = ) +
e %%&H‘%
Li+ MnO, — LiMnO, 3.50 1.000 3.097 b )
2Li +AgCrO, — Li,CrO, +2Ag 331 513 2.088
s
2Li + 280, — Li,S,0, 291 1.098 1,353 HE
&E A
4Li + CF4 — 4LiF + C 2.8 ~33 1.992 2053 x@*}i IE*EMM
2Li + I, — 2Lil D7) 556 1,920
2Li+S — Li,S 2.18 2.550 2,826 5896
6Li +Bi,O, — 3Li,O + 2Bi 2.04 646 2,478

4Li+FeSzl—- 2Li.S + Fe 1.75 1.273 2:474 ’fﬁ ) /% . L||\/|O2 N Lil-XM02 + XLi+ + Xe-
nC + xLi* + xe- — LixCn
4 8F R LIMO,+nC — Lil-xMO, + LixCn
’ I%B‘Zﬂﬂﬁnlﬁ:

2L1 +Cu,S — Li1,S + 2Cu 1.74 539 1.714
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c BLEF B Hornsdale)k H¥-(311MW) 2 Powerpack42 = ;¢ (Samsung SDI#
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H,
P
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e Pk e gﬁg}& Neoen . % F Tesla
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(1. Q%f_ 7T 50%3%3;5/50% Ak ) XK

Hornsdale Wind Farm

———
- ,.."_ T

north of Jamestown in South Australia, in the locality of Hornsdale
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B R 5 =1
«  F—#:1024MW
s  F = :100MW
«  F =3 109MW

% #+ R & : Neien ~ IEK Consulting (2018/11)
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Jm | = enmreraos 10 be competitive with natural gas:
‘ e —*$1000/kW = 100h x $10/kWh

 Grid Li-ion today: $250/kWh

How much storage will we need?

e ~100 TWh for full decarbonization
worldwide (electricity + vehicles)

Yet-Ming Chiang, MIT

Levelized cost of
electricity from solar,

wiimA anA mAatiiral Aae
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0 Shee

o oD

$40

$20

welized PPA and Gas Price (2018 $/

013 2014 2015 2016 2017 2018 2019
1 Year and PPA Execution Date

r multi-day discharges
wind + solar) — 3x lower cost than minerals alone

— 10% CAGR in production of key
elements (Li, Ni) now through 2050

« Getting to 100 TWh at $10/kWh
requires ultra-abundant, low cost
chemistry based on sulfur, zinc, iron

ergy toward grid decarbonation,” I I I

« Li-ion can't do it all, would require:

2019.06.012
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High-Performance Flow Battery with Inexpensive Inorganic Reactants
W i)

ly,
United Technologies Research Center

* Program: * Award: 9 Location: * Status: & Project Term:
DAYS $3,799,728 East Hartford, ACTIVE 01/23/2019 -
Connecticut 04/22/2022

» Alkaline Sulfur/Manganese' chemistry
» Electrolyte Takeover Process (ETP)
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Ref. : https://arpa-
e.energy.gov/sites/default/files/05_UTRC%20DAYS.pdf
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Minimal Overhead Storage Technology for Duration Addition to
%8 Electricity Storage

( PRIMUS
POWER.

* Program: * Award: ? Location: * Status: & Project Term:
DAYS $3,235,764 Hayward, CANCELLED 02/25/2019 -
California 01/31/2021
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