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ESTAP is a project of CESA

Clean Energy States Alliance (CESA) is a non-profit organization providing a forum for states to work
together to implement effective clean energy policies & programs:

State & Federal Energy Storage Technology Advancement Partnership (ESTAP) is conducted under
contract with Sandia National Laboratories, with funding from US DOE.

ESTAP Key Activities: New Jersey: Vermont: 4 MW Massachusetts:
S ey Ct t es Oregon: $10 million, 4- $’\41;3VK/|\-(|(|)-rk energy storage $40 MI”IOﬂ
Energy year energy Mi ' '_Zn microgrid & Re5||!ent .
. . . . Storage RFP storage I'Ftr_of_r' - Airport Pow.e!'/l\/!mrognds
1. Disseminate information to stakeholders solicitation EHE Microgrid Sl
illion energy
storage
* ESTAP listserv >3,000 members demonstration
New ¥ program
. . . Mexico: e
* Webinars, conferences, information e [ R—
updateS, surveys. Storage Task g 7 $42_|\;|;!|ron,

Microgrids

Initiative

2. Facilitate public/private partnerships to

Kodiak Island

support joint federal/state energy storage i : e
. . Battery .
demonstration project deployment Cordova 2B
Hydro/flywheel Northeastern Project
projects States Post-
3. Support state energy storage efforts Sandy Critical Maryland Game Changer
. . . Infrastructure Awards: Solar/EV/Battery
with technical, policy and program Hawaii: 6MW Resiliency & Resiliency Through
. storage on Project Microgrids Task Force
assistance Molokai

Island and

2MW storage ESTAP Project Locations

in Honolulu
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More CESA
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ovrvin ESTAP
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Library Project Director: Todd Olinsky-Paul

ESTAP Webinars - Contact: Todd Olinsky-Paul, Todd@cleanegroup.org
ESTAP News |

SIGN UP FOR THIS e-MAILING LIST

ESTAP Listserv Signup

The Energy Storage Technology Advancement
Partnership (ESTAP) is a federal-state funding and
information sharing project, managed by CESA, that

aims to accelerate the deployment of electrical

energy storage technologies in the U.S. NEW RESOURCES UPCOMING EVENTS
The project’s objective is to accelerate the pace of October 14, 2015 December 16, 2015
deployment of energy storage technologies in the Resilience for Free: How ESTAP Webinar: State of
United States through the creation of technical Solar+Storage Could the U.S. Energy Storage
assistance and co-funding partnerships between Protect Multifamily Industry,
states and the U.S. Department of Energy. Affordable Housing
from Power Outages at Mors Bvaiits
ESTAP conducts two key activities: Little or No Net Cost -
By Clean Energy Group LATEST NEWS
1) Disseminate information to stakeholders
through: September 30, 2015
Webinar Slides: Energy November 30, 2015
e The ESTAP listserv (>2,000 members) Storage Market Massachusetts Takes
Updates, 9.30.15 the Lead on Resilient

o lahinare ranfoarsnsoc snfanmmmalan nndatoe



Today’s Guest Speaker

* Dr. Wei Wang, Senior Scientist, Pacific
Northwest National Laboratory (PNNL)
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Next Generation Redox Flow Battery
Development at PNNL

Wei Wang, Vincent Sprenkle, David Reed, Ed Thomsen, Zimin Nie, Bin Li, Xiaoliang

Wei, Brian Koeppel, Baowei Chen, Alasdair Crawford, Vish Viswanathan, Patrick
Balducci.

Pacific Northwest National Laboratory

Support from DOE Office of Electricity Delivery & Energy Reliability
Energy Storage Program

Flow Batteries: New Efforts in R&D Webinar
March 23", 2016



DOE OE Energy Storage Program

Challenges:

Cost competitive energy
storage technologies

— Targeted scientific
investigations of key materials
and systems

Validated reliability & safety

— Independent testing of
prototypic devices and
understanding of degradation.

Equitable regulatory
environment

— Enable Industry, Utility,
Developer collaborations to
qguantify benefits provide input
to regulators.

Industry acceptance

— Highly leverage field
demonstrations and
development of storage
system design tools

Mission: To enable energy storage to provide multiple benefits for critical

grid applications, DOE is accelerating adoption of energy storage through:
improving the technology, field demonstrations, and innovative market
design.

Strategic Goal:

—_—

Resiliency
1

L

Reliability

Asset Utilization

: EV deployment
Renewables Integration ploy



OE Energy Storage Program Activities

AppliedBystem(#] PilotBcalel

1R 20 30 40 5] 60!
. MarketAcceptancel
Commercial®cale-upll Bankable@Productd
O Technology@evelopmentActivities? ‘ StakeholderfAcceptancelEffortsk

Coordinated effort between Sandia National Laboratory, Pacific Northwest National Laboratory,
and Oak Ridge National Laboratory.




PNNL Stationary Energy Storage "?&’/

Pacific Northwest
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ompetitive Technologies Market Acceptance

Performance Protocols

M National Assessment

ixed Acid VRB

L N
= l N
- ¢

o

v |

Na Metal Halide

'@ Technology
g

(Redox Flow, Na, Li, etc)

Cost Effective

Reliable

Specific Capacity (mAh/g)

Developing deployable technologies to meet the cost/benefit
requirements of the Grid.
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Grid Energy Storage Diverse Markets Encourage v.ues:
Bundling and Cost Reduction.

GW

$0

$500

Res. Backup

$1,000 $1,500

Sta. T&D Deferral

$kW-h

$2,000 $2,500
| 1

$3,000

Transportable Dist. Deferral

Sta. Distribution Deferral

_—

Wholesale Freq. Reg. (1 hr)

ESCO Res. Storage

Ind. DESS
Com. DESS

Com. Energy Management™
Res. Energy Management*
Ind. PQ & Reliability

Ind. Energy Management*

Com. PQ & Reliability

Transportable T&D Deferral

$30,000,000

$25,000,000

$20,000,000

$15,000,000

$10,000,000

$5,000,000

$-

W Revenue Requirements

® Arbitrage and Energy Costs

= Balancing Services

= Outage Mitigation

= Distribution Upgrade Deferral
= Capacity Value

$3,500 $4,000

$4,500
J

Wholesale Freq. Reg. (15 min)

Random Outages
- Mid-C Capacity

Projected Outages
- Mid-C Capacity
Value {

$21,233,715

$21,453,652

Scenario 1 Scenario 2
$53,29%9 $40,833
$2,899,171 $2,898,352
$10,656,246 $10,889,467
$6,252,000 $6,252,000
$1,373,000 $1.373,000

PNNL-23040 Assessment of Energy

EPRI — Electric Energy Storage Technology Options: A Primer on
Applications, Costs & Benefits (2010)

B ——

Random Outages
— Peaker-Oriven

Capacity Value

Value |

$26,647,715

Scenario 3

$53,299
$2,899,171
$10,656,246
$6,252,000
$6,787,000

NATIONAL LABORATORY
Proudly Operated by Balfelle Since 1965

Projected Outages

- Peaker-Driven
Capacity Value

$26,867,652

$20,340,000

Total Revenue
Requirements

$20,340,000

Scenario 4

$40,833
$2,898,352
$10,889,467
$6,252,000
$6,787,000

Storage Alternatives in the Puget Sound Energy System



Bundled Services: High degree of flexibility =

needed from energy storage?
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PNNL-23040 Assessment of Energy

Sc

Energy price (S/MWHh)

heduled Hourly power

Arbitrage + Balancing

Storage Alternatives in the Puget Sound Energy System — — Acutal output minute by minute
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Arbitrage + Balancing + T&D deferral + volt/var

» Want energy storage systems that can provide for both:

B Fast response balancing services and
B Longer duration (2* hr) deferral and outage mitigation.

1965



Electrical energy storage (EES) Options ~7
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EPRI - Electricity Energy Storage Technology Options 1020676



Why Redox Flow Battery? ~7
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Electrolyte
Tank

Electrolyte
Tank

i
selective

Membrane

Electrode

Pump Pump

Key Aspects

> Power and Energy are separate enabling greater flexibility and safety.
> High safety

» Suitable for wide range of applications 10’'s MW to ~ 5 kw

» Wide range of chemistries available.

» Low energy density ~ 30 Whr/kg



Existing redox systems, advantages/issues ____ .7
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O ICB: Fe3*/Fe2* vs. Cr3t/ Cr?* Others:

B . 7l MUli-100 KW V2*/\/3+ vs. Br/CIBr,;
U VRB: V2t/V/3* vs. VO, VO e Ce*/Ce3* vs. V2+/\/3+
) PSB: Bré/Br-vs. S/S% A G SR Fe3*/Fe2* vs. Br,/Br;
0 ZBB: Br/Br2 vs. Zn2*/Zn Mn2+/Mn3* vs. Br,/Br;

Fest/Fe2* vs. Ti2t/Ti4, ...
H, evolution 0, evolution
Srmmm—— ?EV“N?* BrfBr > [ Temperature Stab|||ty
zn?izn VoIV e { Mn®*/Mn2
c 3+,c§ 2+ | CuZCu* teghe MnOs/MnO, » SoC control
N :ClL/CI" .
h BrClIRr = / covcer » Toxicity of Elements

sIs? i
Tie#Ti2* a

[OHIT | pestypezr

Cr5+EC r# /
e

» Minimal Fire Hazard
» High Degree of Flexibility

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Standard potential (V) of redox couples



Challenge of traditional sulfuric-acid vanadium
electrolyte e L
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Problem of tradition VRB electrolyte V>* precipitation (1.5M @ ~43°C)
V concentration<1.5M =
Temperature window 10~40°C ~ © O i o
= Positive stack inlet r
g -l K
-5°C 25°C 40°C s | o Negmewrk | B e
V specie 2 ®r o Ambient & Sat A
sulfate sulfate sulfate 5 [ 3 5W
g 30r o i
2M P e S _ |
2+ 25 | s : gt
Y Gioi 2M 2M _ L
oM o 20 0 e 80 10 12 140 0 2 4 60 & 100 120 140
3+ cles cles
V (634 h) 2M 2M Cycle Cycl
2M 2M
4+ 2+
Ve (vos) (18 h) (95 h) ‘i
2.0M
5+ +
V5* (VO,*) 2M 2M (@5 )

10



Solution Chemistry of the Electrolyte
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e N
A g
Vv +
+ so*
H,SO +
2Y M4 cr
B -

70% higher
energy density

\

9 » () 50°C/122°F
g 40°C/104°F
Leads to v, 05 Precipitation Higher Thermal Stability
80% wider
o o temperature
10°C/50°F window
-5°C[23°F

O




Redox Flow Battery Cost Projection

H2504d cost
1%

Other rank Freight VO4 Synthesis
7% 1% iMaterials)
Tanks ciost 2%
3% Pumps

3%

Bipolar plates
(graphite)
3%

HEX
45

Felt
6%

Gen2V-V1MW /4 MWh
At 80 mA/cm2

7
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Redox Flow Battery Objectives

Develop the technologies, tools, and system understanding required to move o opea by satete sine 1965
the mixed acid electrolyte chemistry from basic chemistry to cost effective

system solution.

Pacific Northwest
NATIONAL LABORATORY

Wl oo 1;\/,,,
Basic Chemistry Applied Systems

Performance

Redox System Costs

2010 2011 2012 2013 2014 2015 2016 2017 2018
Year



VRFB kEW scale Stack Parameters - NTZZ(
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T/est Parameters \

* 780 cm?

 1-20 cell stacks

* 15-85% SOC

* Mixed acid electrolyte
*2MV, 2M S, 2M Cl

* Nafion® membrane
« 212 (~ 2 mil)
*j=80-320 mA/cm?

* Modified interdigitated

flow design
» 1-5 KW stack

{hillers to control temperaw

Pacific Northwest

NATIONAL LABORATORY




20-cell Stack Performance 7
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FTD, 400 cc/min/cell

Nafion® 115
100 IDD 1, 800 cc/min/cell — IDD 2s, 800 cc/min/cell
Nafion® 212 Nafion® 212, ELAT
90 \\ //
80 L J

~1
(o)
|

Stack Energy Efficiency (%)
N
(e

h
(o)
|

160 240 320
Current Density (mA/cm?)



Mixed-acid VRB Development

Pacific Northwest
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Collaboration with » HCl addition prevents

EMSL/FCSD on deprotonation increasing
standard sulfuric Q temperature stabi'lity by 80%
electrolyte: and energy density by 70%

deprotonation leads
to precipitation at
elevated
temperatures

PNNL kW lab scale

WA Governor Jay Inslee, demonstration of technology

Avista/UniEnergy 1 MW/4 MWh UniEnergy CEO Gary Yang,

System installation February 2015, OE Asst. Sec. Pat Hoffman at
commissioned in June. CEF kickoff June 2014



21 cell VRFB stack under Frequency ~7
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Regulation protocol

FR duty cycle determined from

PJM balancing signal for year
2011
Signals grouped into low,
average and high standard
deviations
Representative 2-hour intervals
with average standard deviation
and 2-hour intervals with high
standard deviation chosen

« each being energy neutral
Duty cycle consisted of three 2-
hour average standard deviation
(SD) signals followed by one 2-
hour high SD signals, three 2-
hour average standard deviation
(SD) signals followed by one 2-
hour high SD signals and four 2-
hour average SD signals

Powaer (W)

21 Cell stack 2kW Frequency Regulation Average

2500

1500

S

1000 1100 100
Time [s]

*DC only




Remaining Challenges ~7

Pacific Northwest

- Cost Reduction e
1000
80 mA/cm?
900 $465/kWhr

800 : . 240 mA/cm?
Chemicals $347/kWhr 400 mA/cm?2

$275/kWhr

Chemicals
51%

700
600

500 © :
hemicals
55%

400

300

$/kWhr projected for 1 MW/4MWh

200 |

100

2010 2011 2012 2013 2014 2015 2016

18



Next Generation Redox Battery Developmeiit.

NATIONAL LABORATORY
Proudly Operated by Balfelle Since 1965

600

n
S
o

=
S
o

p,

Vanadium
Redox flow

0 soluble organics
replace V

b
S
(e

Cost ($/kWh)
S
o

100

0 I I I I I I |
2010 2012 2014 2016 2018 2020 2022 2024

Years




Low-cost aqueous organic RFBs ~7
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pra=m

Electrolyte
Tank

Advantage:

@ Low-cost redox couple;

@ Low-cost supporting
electrolyte;

€ No resource constraints;

L*'!
Electrolyte
Tank

e °

Mv+

19

lon-
selective
Membrane

4L Electrode . .
@ Less corrosive and toxic.
o
Cell reaction OH
— N— dlscharge
2CI g o or
MV 2+ MV+

4-HO-TEMPO [4-HO-TEMPO]*



\g/

Voltage of Aqueous Redox Flow Battery Pacific Northwest
ARFBs Cell voltage Current density Supporting
A Membrane
(anolyte/catholyte) V) (mA/cm”) electrolytes
PbSO,/BQDS 1.07 10 H,SO, Nafion 115
AQDS/Br, 0.96 500 H,SO, and HBr | Nafion 117
AQDS/BQDS 0.76 8 H,SO, Nafion 112
MV/4-HO-TEMPO 1.25 60 NaCl AME
8 -
Z MV 4-HO-TEMPO
< 2
== age .
:é.’ 0 - Solubility in water:
o -2 - MV > 3.0M
3 -4 1.25V 4-HO-TEMPO: >2.1M
-6 1 < >
-8 I I I I I I I I I 1
-0.7 -05 -03 -01 01 0.3 0.5 0.7 0.9 1.1 1.3

Potential (V vs NHE)



Flow Cell Performance — Low Concentratione.cic votmest

NATIONAL LABORATORY

Proudly Operated by Battelle Since 1965

(C) |

2 | i 100 -
g | —Cycle 1 —Cycle 50 —Cycle 100 | L g0 3
= 1541 -y y y 80 5
S > Q2
2 o151 s (%Chae L O
c 119 < CIDischarge ©
S 5 1 T 40 8
S 9 B CE 5
0 0 5 - O 5 T T T 1 E
' L =
0 0.5 1 1.5 2 20 3
Capacity (Ah/L) 8

0 . . . . 0

0 20 40 60 80 100

Cycle numbers

Capacity and coulombic efficiency vs cycling numbers of the cell at 40 mA/cm?. Conditions:
anolyte, 0.1 M MV in 1.0 M NaCl aqueous solution; catholyte, 0.1 M 4-HO-TEMPO in 1.0 M
NaCl aqueous solution; flow rate, 20 mL/min; AMV anion membrane. No remixing.



Redox flow battery with high energy density

Pacific Northwest
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o “ 120MWh system, peak power ~15MW.
¥ g Each tank holds 1800m? of electrolyte.
» Large form factor/footprint
» Limited application

= _NC,FV
4 ; n
o Li/FeCl, (aq) : 5 : .
e b E, system energy density
8 Lik Fe(cn), (g P2 | N, the number of electrons transfered
. 'g 1 F, Faraday constant (26.8 Ah mol-1)
o !
1 § e Zn/Ce Semi-solid . . .
S | C,, Max concentration of active redox species
- Li-S

+ZBB V, Woltage of the cell

All-organic  _gojuble lead-acid

Cell Voltage (V)

1 y n, number of electrolyte tanks
VIPolyhalide “Psh 200 Wh L Zndl
1] Feici__ | VRB 100 Wh L ] i
N %apsier, ey L » Hybrid flow battery design
| » Ambipolar electrolyte
. ; Both anion and cation are active species.
o 1 2 mea 0" [ ¢ ;7 > Bifunctional electrolyte

Number of Electrons x Concentration (M) Active species can act as charge carrier.



High energy density Zn-Polyiodide aqueous RFB
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Solubility of Znl, is 7M in water => theoretical energy density ~322\Wh/L

Identify high solubility redox active species

L(s)+tI" I, K»720+10(298K)

Charge
Positive : 31~ «— >1, +2e (E, =0.536V) =~ &
Discharge 3 0 —0 ‘
Charge \3—;3—
Negative : Zn*" +2e < eHae >Zn(E, =-0.7626V) ,, o |
Charge
Overall : Zn™ +3I" <= 7Zn+ 1, (E, =1.29867)

Characteristics of the Zn-1, RFB

» Ambipolar electrolyte

» Bifunctional electrolyte

» High energy density

» High safety: PH value: 3~4 -
No strong acid N separater
No hazardous materials

+
-
.
v
— - Graphite
1 l felt

&

24



Electrochemical performance B st

|

-
N
1

—5M

-
(=]
1 A

Voltage IV
o
.

&
(=}]
] .

0.4

0 20 40 60 80 100 120 140 160 180
Capacity /Ah L™

Charge/discharge curves for the cell with 5.0
M Znl, and Nafion 115 as membranes
operated at the current density of 5 mA cm-2.

25
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Charge
(D Discharge g *

Theoretical value at solubility limit

o
O g 45 ® ZBB
O %‘ 30 )
5 AQDS/Br, VRB-sulfate
a 15 ...QFe,ﬁv
@ ) Fe/Cr
2 ot
w 0.0 05 1.0 1.5 2.0 25

Concentration of active species /M

2 4 6 8 10 12 14
Concentration of I’ /M

The charge and discharge energy density
as a function of the concentration of I-.
The inset lists concentration vs. energy
density of several current agueous redox
flow battery chemistries for comparison.



CyCIing performance Pacific Northwest
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Specific Discharge Capacity /Ah L™

200 200 ‘__I 100 g -
1751 35M 475 £ '
] i . G0 | $F 0000 s sttt ti sttt ittt ittt tetists
150 - 150 2 3
] X n S
125 % -125 g (>J'. 60 -
J W L (] c
100 - 100 3 ©
- 5 28 & 401
751 =
50 - 50 & o, +(E3:
- - gem - - L m ——
25 | +S[aec|f|c Discharge Capa:lcnty P 3.5M VE
] —e— Discharge Energy Density @ 0
0 T T T r I . 0 (] ! T T T T T T
5 10 20 20 20 0 10 20 30 40
Cycle Number Cycle Number
Capacities and energy density of the cell with Efficiencies of the cell with 3.5 M Znl,
3.5 M Znl, and Nafion 115 as membranes and Nafion 115 as membranes under the

under the current density of 10 mA cm-2. current density of 10 mA cm-2.
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Development in other areas — Advanced

electrodes
Bismuth nanoparticles

v+

0.1 pm

W-doped Nb,O:; nanorods

Nb,Og Nanorods

Well-distributed W-doped
Nb,O5 Nanorods

Graphite Fiber

Pacific Northwest
NATIONAL LABORATORY

Proudly Operated by Balfelle Since 1965

95

90 -
85+

80 -

EE /%

75

701 —=— Pristine Electrode

1 —— Bi modified Electrode
65 T T

40 60 80 100 120 140
Current Density / mAcm?

~17% increase

35

30

254 50 mA/cm?

75 mA/em®
20 -

100 mA/cm?
15 4

10 - .
—=— Pristine electrode

—4a— Bi modified electrode

Discharge Energy Density AWhL"'

S+——T 77 77T 71—
o 2 4 6 8 10 12 14

Cycle numbers

34% increase in vanadium utilization

150 mA/cm?®



Advanced materials synthesis
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PNNL PTFE/SiO, separator Development of high selective

. PFSA membrane with Dupont
» Comparable efficiency

» Proven chemical stability
» No capacity decay N suffonic
» Low cost (<5% of Nafion price) i

3.0
- (b)
2.54
PTFE Network |
30 g
T v PTFE/Silica -

—~ 25 v N115 2> 1

'_l e, (T ]

é - [lJlJ[;l][Jl]l'.l’EFFHEE:#::]::T::::z:j:ﬂnn“ﬂﬂnnﬂnnnnnnnnnnl § 10-

E | L. o ] —e— NDM221 Charge

S 151 = ct 054 —o— NDM221 Discharge

(] 1004 . VE -

Qo _ = EE | —e— N115 Charge

8 104%™ —&— N115 Discharge

o g " 0.0 T T T T T T T T

2 B 704 ) 0 50 100 150 200
2 5 1 E 604 ! J
O 1 = . o | Cycle number

0 N5 PTFEsiica AL (m]mb
28 10 20 30 40 50 ‘j

o

Yl HubeT | chemours |
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Upcoming Webinar

 What are flow batteries and how can they
Improve resiliency, continuity and safety In
urban installations? March 24, 1-2 pm ET

More information at www.cesa.org/webinars
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