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IVA Need for Grid-Scale Energy Storage Research

Renewable/Remote Energy Grid Reliability National Defense

Electricity Storage Capacity in the United States,

by Type of Storage Technology

25.2 GW U.S. storage capacity

Pumped hydro

94%

Other 6%

1,574 MW other storage

Thermal storage

669 MW

Battery

733 MW

Emergency Aid

Compressed air

114 MW

Flywheel

58 MW

Source: DOE Global Energy Storage Database http://www.energystorageexchange.org/ March, 2018
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3 Current Battery Storage Deployments

Other

Pb-acid (3%
5% , Rapid recent growth in Li-ion

\

Flow the only viable choice.
5%

battery production has led to
significant utilization in grid-
scale applications, but it is not I

DOE Global Energy Storage Database:
http://www.energystorageexchange.org/ Nov. 2017 Na-metal batteries have a role

to play...

We will need much, much more storage on our grid
to accommodate increasing renewable penetration

and the transition to a clean energy economy.
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4 Current Battery Storage Deployments
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DOE Global Energy Storage Database:
http://www.energystorageexchange.org/ Nov. 2017

It's going to
be a really
big pie!!!

Nappanee Apple Festival (Nappanee, Indiana)

Li-ion batteries can not
and should not become
our singular grid-scale
storage solution.



5 Current Battery Storage Deployments

Other

Pb-acid CI%

" \

Na-metal Li-ion
12% 78%

Flow
5%

DOE Global Energy Storage Database:
http://www.energystorageexchange.org/ Nov. 2017

Different batteries
have variable
energy densities
and power
densities....
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Li-ion batteries can not
and should not become
our singular grid-scale
storage solution.

Sodium-
metal

chloride
Lead
acid Nic 17—

cadmium

CV redox

Li ion
LiFeP0,--C

Nickel-
metal
hydride

Li ion
LiCFM)02-C

Li metal--
polymer

Sodium-sulfur

0 50 100

Specific energy (W h kg-1)

150 200

From: B. Dunn, et al., Science, 2011, 334, 928-935.
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6 Current Battery Storage Deployments

Other

Pb-acid /3%
5%

Na-metal
12%

DOE Global Energy Storage Database:
http://www.energystorageexchange.org/ Nov. 2017

Different batteries
have variable
discharge
durations...

Li-ion batteries can not
and should not become
our singular grid-scale
storage solution.

System size r 
Li-ion

[MW]
(Stationary)

10

1

0.1

1 x io-2

NAS

ad-Acid

(for mobile , PC)

Ni-H

(for EV) Li-ion Source: NGK

0 2 4 6

Discharge time [hr]



7 Current Battery Storage Deployments
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http://www.energystorageexchange.org/ Nov. 2017

The variable
properties of the
batteries make them
suitable for different
applications.
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Li-ion batteries can not
and should not become
our singular grid-scale
storage solution.

UPS
Power quality

T & D grid support
Load shifting

Flow batteries: Zn-Ci, Zn-Br
Vanadium redox NOW chemistries

High-energy
supercapacitors

NaS battery

Advanced lead-acid battery

NaNiCI, battery

Li-ion battery

Lead-acid battery

Nied

NiMH

High-power flywheels

High-power supercapacitors

Bulk power
management

Pumped
hydro

Compressed air
Energy storage

1 kW 10 kW 160 kW 1 MW 7fl MW

System power ratings, module size

100 MW 1 GW

From: B. Dunn, et al., Science, 2011, 334, 928—



lirSodium-Based Batteries

Sodium based Batteries 

• 6th most abundant element on earth.

• 5X the annual production of aluminum.

• Proven technology base with NGK

Sodium —Sulfur (NaS) FzSoNick ZEBRA

(Na-NiCl2) Technologies.

• Utilizes zero-crossover solid state
separators.

• Favorable battery voltages (>2V)

Candidate molten sodium batteries

Sodium-sulfur (-300°C, Ecer2V):
2Na + 4S 44 Na2S4

Sodium-nickel chloride (-195-300°C, Ece11-2.6V):
Na + 1/2 NiCl2 44 Na+ + Cl- + Ni(s)

Sodium-iodide (-100 180°C, Ecer 3.2V):
2Na + Na+ + 13- 44 3Na+ + 31-

Ion Conducting
Ceramic
Separator

"Molten
Catholyte"
• Sulfur
• M-Halide Salts

Additional Sodium Battery Technologies 

• Room Temperature Na-S (Electrolyte Based)

• Sodium-lon

• Alternative Sodium (e.g., Natron, Aquion)



9 Sodium-Sulfur (NaS) Batteries (NGK)
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Sodium-Surrue (NiaS) Batteries

Los Alamos, NM USA (1 MW) Rokkasho village, Aomori, Japan (56 MW)



lo NaS Battery Deployment (NGK)

Approximately 560 MW / 4 GWh deployed in more than 200 locations
globally.

RENEWABLES, POWER PLANTS

o
1MW/6MWh
BC, Canada

6MW/39.6MWh
San Jose, CA, USA
Vacaville, CA, USA

1MINI6.6MWh
Catalina, CA, USA

11AW/6MWh
Los Alamos, NM, USA

o
4MVI//24MWh
Presidio, TX, USA

°Mouse on!

10 Renevvables
(Renevvables, Power Plants)

Grid Solutions
(Ancillary, Investment Deferral)

1TVW17,2MWh
Luverne, MN, USA

3MVVIBMWh
Charleston, VVV, U5A
Milton, WV, USA

INDUSTRIAL, COMMERCIAL
RESIDENTIAL

2MViii12MWh 34.8MW/250MWh
Bluffton, OH, U5A Campania Region, ltVe

2MW/12MWh 108MW1648MWh
Chrubuseo, IN, USA Abu Dhabi, UAE FC1PA4Y/7.2MWh

Reunion, France
4

Consumers
(industrial, Cornmercial & Residential)

Microgrids
(islands, Remote Grids & Microgrids)

-  
pm/1.

commommimmimmao
ISLAND, REMOTE GRIDS &

MICROGRIDS

0.8MW15.8M3Mh
Emden, NI, Germany

dirviW12ONIWh 594W/403MW h
Varel NI Germany Aomori, Japan

1MW/6.6M4ITh
Berlin, Germany

. —I:

210MW/1,510MWh
TEPCO Area, Japan

1.2MW/7.2MWh 42MW125.2MWh
Dubai, UAE Oki island, Shirnane,

- Japan

501RAW/30-DMWh
Fukuoka, Japan



11 f Na-NiCl2 ("ZEBRA") Batteries (FIAMM)

FIAMM SoNick (Na-NiCl2) Batteries 

• -300°C operation, no cooling required

• 2-4 hour energy applications

• Operational from -20°C to +60°C

• 20 year design life (3500-4500 cycles)

• Environmentally friendly and recyclable

• "No maintenance"

48 V (200Ah)
module

620V module

620 V 90 kWh (25kW) 620 V 1.4 MWh (400 kW)



Sacramento, CA (USA) Codrongianos, Sardinia (Italy) French Guyanne (S. America)
190 kWh (50kW)

"Behind the meter"

ISOINICK 

4.15 MWh (1.2 MW)

Grid Regulation

4.5 MWh (1.5 MW)

1

Renewable Integration .
FIAMM



13 Motivating Low Temperature Sodium Batteries

Low Temperature Operation of a Molten Na Battery is
Tremendously Enabling

➢ Improved Lifetime
• Reduced material degradation
• Decreased reagent volatility
• Fewer side reactions

➢ Lower material cost and processing
• Seals
• Separators
• Cell body
• Polymer components become

realistic!

➢ Reduced operating costs

➢ Simplified heat management costs
➢ Enabled freeze-thaw capability

Reducing operating temperature is
predicted to significantly reduce NaS
installed costs.

$500.00

$400.00

$300.00

0 $200.00

$100.00

$0.00

Installed Cost Estimate

❑riginal NaS LowTemp NaS

■Txfrnr Install
■Txfrnr
■ PCS Install

❑ PCS

■ Battery install

■ Battery Eqpt

Gao Liu, et al. "A storage Revolution." 12-Feb-2015 (online):
https://ei.haas.berkeley.edu/education/c2m/docs/Sulfur%20and
%20Sodium%20Metal%20Battery. pdf



14 Intermediate Temperature "ZEBRA" Batteries
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100Wh 250Wh

Multiscale Prototype Demonstrations 

13 Wh Na-NiCl2 Cell
• Operational for 9+ months.
• Energy efficiency >85%
• 65 mA /cm2

100 Wh Na-NiCl2 Cell:
• Operational for 4+ months.
• energy efficiency 81.5%
• 53 mA/cm2

250 Wh Na-NiCl2 Cell:
• operational for 3+ months
• energy efficiency 80%
• 53 mA/cm2

SK

MST 50
SOC (%)

100
* All cycled to 70% DOD at C/7 rate.

1>j4 CERAMATEC•



15 Low Temperature Molten Na-Halide Batteries

Our Vision: A molten sodium-based battery that comprises a robust, highly Na+-conductive,
zero-crossover separator and a fully liquid, highly cyclable molten catholyte that operates at
low temperatures.

2e-

Molten Sodium

2Na+ ------ ---- ----- ---------

Proqii

a Jr

Molten Halide

-- - 31.r,"..1110:!111-1k1f-1111.

Na-Nal batteries show
promise as safe, low-cost,
highly cyclable battery with
functional energy density.

Na-Nal battery: 

Na 4 Na+ + e- E° = OV
13- + 2e- 4 31- E° = 3.24

2Na + 13- 4 2Na+ + 31- E°ceii = 3.24V

• Inherent Safety

• Long Cycle Life

• Functional Energy Density
(voltage, capacity)

• Low to Intermediate
Temperature Operation

• Low Cost and Scalable



16 Na-Nal Battery Safety

20.

Molten Sodiu

2Na*  

200

180

is▪ 160
,'31 140

0- 120

100

• 80

• 60

40

20

0

75

z

— NMC Li-lon

—Na/Nal-AIC13

—Na/Nal-AIBr3

Marge Process

lten Halide Salt
f,- ,..;:io.,:...,;..........v,,....,::

-,---t'-4f-:- 2 Nal .:'-is.a.sk•isgi:,4*.g.,;:-...-,a,5.v, 5gg.OW.5'f,..........,....i....i,,,,,,,, .4,,,....-----,..4:wsciAc, ..,A,....,.,.;*.A:F=:,

175 275

Temperature (C)

375

Simulating separator
failure, metallic Na and
Nal/AIX3 were combined
and heated.

Byproducts of reaction are
aluminum metal and
harmless sodium halide
salts.

Accelerating rate calorimetry
reveals that Na-Nal/AIX3 mixtures
exhibit:

1) no significant exothermic
behavior

2) no significant gas
generation of pressurization

1



17 An Intermediate Temperature Na-Nal Battery

Na-Nal battery was demonstrated across several scales
at 150-180°C.

NaSICON
separator

28 Wh
Cell

B _current collector
insulated feedthrough

 braze

— stainless steel cap

— welds

— stainless steel can

plastic seal

alum na tube

 NaSICON tube

11  current collector

• 100

0 80

•(7) 60L4E
LJJ

e 100

0 80
a)
.(7) 60

A. 0.850 Ah

MEMO

- C/x

„
.• b

Coulombic Efficiency
4174:0,44.7,0

..

Voltage Efficiency

8 7 6
150 °C

0 10 20 30 40 50 60 70

B. 3.00 Ah

LJJ 

0 50 100 150 200 250

C. 10.0 Ah 

e 100 
'A 0 o o Coulombic Efficiency

.6.:

0 80
c
a) 

ti...0,...4,.."). 
-0c9406K28„,,,).,,,,,,„,,,t, Z. III, „..,CZ,Z.,, 40%,

Voltage Efficiency_

•;,•-.....
>-.

.5 60 ,:::4...E
. C/7 C/7 discharge, C/14 charge

100

I

1

UJ
150 °C 165 °C 180 °C

0 25 50 75
Cycle Number

L.J. Small, et al. J. Power Sources (2017) 360 569-574 • 
•
• CERAMATEC



How low can we go?



19 Lowest Temperature Molten Na-Nal Batteries

Dischane Process

i Molten Sodium

2Na+

Molten Halide Salt

3
17. 2:1
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Na-Nal battery: 

Na 4 Na+ + e- E° = OV
13- + 2e- 4 31- E° = 3.24

2Na + 13- 4 2Na+ + 31- = 3.24V

Battery cycling at 100° -110°C!

2.5 -
110°C

r

e""

0

100°C

20 40 60 80

Time j Hr

e"

e- e•-•

100

25 mol% NaI-AIBr3
with NaSICON

separator.
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A
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Cycle Number

15



20

IIMIF
Still Work to Do...

• Improve high performance, zero-crossover solid state separator technology

• Low temperature conductance

• Mechanical properties

• Chemical compatibility

• Optimize cost-effective catholyte and
cathode current collectors

• Identify lower cost battery packaging
materials

• Demonstrate extended battery lifetime

• Improve understanding of emerging
electrochemistries and interfaces

• Integrate batteries with power electronics

• Engineer effective deployment strategies

DC Battery
System

■

Power
Electronics

and
Integration

Deployment



21 Summary

• Growing grid-scale energy storage demands are expected to exceed the scale
and capability of Li-ion batteries.

• Sodium-based batteries offer the potential for safe, cost-effective storage with
long cycle life.

• NaS (NGK) and Na-NiCl2 (FIAMM) batteries are currently being manufactured
and deployed globally for grid-scale applications.

✓ On-Grid

✓ Off-Grid

✓ Microgrid

✓ Grid regulation

✓ Renewables integration

• Current research into safe, new sodium battery
chemistries is expected to lead to reduced cost
and increased utility.

• Inherent Safety

• Long Cycle Life

• Functional Energy Density
(voltage, capacity)

• Low to Intermediate
Temperature Operation

• Low Cost and Scalable

Sodium-based batteries are viable and promising candidates
for grid-scale energy storage!
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23 Backup Information

Table 1.3 Typical performance characteristics of various energy storage systems and technologies431

Power
rating (MW)

Discharge
time

Cycles or
lifetime

Self-discharge
(%)

Energy density
h 1-1)

Power density
(W 1-1)

Efficiency
(%)

Response
time

Pumped-hydro 100-2500 4-16 h 30-60 year — 0 0.2-2 0.1-0.2 70-85 10 s-min
Compressed air 100-1000 2-30 h 20-40 year —0 2-6 0.2-0.6 40-70 Min
Flywheel 0.001-20 s-min 20 000-100 000 1.3-100 20-80 5000 70-95 < s
Li-Ion battery 0.05-100 1 min-8 h 0.1-0.3 200-400 1300-10 000 85-95 < s
Lead-acid battery 0.001-100 1 min-8 h 6-40 year 0.1-0.3 50-80 90-700 80-90 < s
Na-S battery 10-100 1 min-8 h 2500-4500 0.05-20 150-300 120-160 70-90 < s
Flow battery 0.1-100 Hours 12 000-14 000 0.2 20-70 0.5-2 60-85 < s
Supercon. magnet 0.1-1 ms-s 100 000 10-15 — 6 — 2600 80-95 < s
Super-capacitor 0.01-1 ms-min 10 000-100 000 20-40 10-20 40 000-120 000 80-95 < s
Hydrogen 0.01-100 Min-week 5-30 year 0-4 600 (200 bar) 0.2-20 25-45 s-min
Synthetic natural gas 1-100 Hour-week 30 year —0 1800 (200 bar) 0.2-2 25-50 s-min
Molten salt (latent thermal) 1-150 Hours 30 year N/A 70-210 N/A 80-90 min

251Ih

10th
NaSICON Tube Sizing

Cite this: Energy Environ. Sci., 2018, 11, 2696



24 Backup Information

FY18: Demonstrated 40% improvement in
energy density for low-cost N-FeCl2 battery

enabling complete usage of available material
capacity.

3.0

a)
2.5

.75

—a) 2.0

1.5

-

-

y=2.6667+2.17e-5x
—6,000 cycle

2.36307-4.945e-5x
—10,000 cycle

EOC

EOD
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Cycle


