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PEER REVIEW 2019
AGENDA AT A GLANCE

Monday
2:00-3:00pm
3:00-4:00pm
4:00-5:00pm
5:00-6:00
6:00-8:00

Tuesday
7:00-8:00am
8:00-9:00am
9:00-10:00am
10:00-10:15am
10:15-11:30am
11:30-12:45pm
12:45-1:45pm
1:45-3:00pm
3:00-3:15pm
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4:30-6:00pm

Wednesday
7:00-8:00am
8:00-8:15am
8:15-9:30am
9:30-9:45am
9:45-11:00am
11:00-12:15pm
12:30-1:30pm
1:30-3:15pm
3:15-3:30pm
3:30-4:45pm
4:45-6:15pm

September 23, 2019
Early Registration
Postdoctoral Poster Set-up
Peer Review Orientation
Postdoctoral Poster Sessions
Meet & Greet Reception

September 24, 2019
Breakfast

DOE Welcome and Overivew
Partnerships

Break

Equitable Regulatory Environment
Industry Acceptance

Lunch

Materials |

Break

Safety Performance

Poster Session |

September 25, 2019
Breakfast

Plenary Review & Overview
Reliability

Break

Analytics

Materials Il

Lunch

Materials |l [Continued]
Break

Power Electronics

Poster Session |l
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PARTNERS

The Office of Electricity leads the
Department of Energy’s efforts to
ensure a resilient, reliable, and flexible
electricity system. OE accomplishes
this mission through research,
partnerships, facilitation, modeling and
analytics, and emergency
preparedness. The DOE OE has
partners in academia, industry, state
and federal government, professional
organizations and standards bodies.
Our participating institutions offer
enhanced opportunities for networking
and visibility within the energy storage

research and development space.
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Under Reports

Peer Review
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7 OAK RIDGE

Pacific Northwest National Laboratory
NATIONAL LABORATORY

12 11

Peer reviewed journal Journals
articles published

Including ACS Applied Energy
Materials, Advanced Materials,
Nanoscale, ChemSusChem

10 Conferences

PNNL Technical
Reports issued

WA CEF installation, Nantucket,

Hawaiian Electric Talks
presentations Intellectual Property

MRS, ECS, ACS, IEEE, Beyond Li-ion,
ESA, State Energy and Utility
Commissions, World Bank, US-Korea
Clean Energy Policy Summit

Professional Societies

Organized (2) 2018 MRS Fall symposium on ES Technologies
Organized ECS Symposium on Flow Batteries

Organized International Collation Energy Storage

Co-chair IEEE Energy Storage Collaboration Team (ESCT)




2019 Number of Presentations by Thrust

Power Electronics
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2019 Presentations by Type

There were 61
poster
presentations
and 44 plenary
presentations
at the 2019
Peer Review.

" Plenary (Paper) = Poster

STATISTICS

Distribution of All Peer Review Scores
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5]
v
a.
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score for all :z . |
© presentations
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ELECTRICITY ADVISORY
COMMITTEE MEMBERS

The mission of the Electricity Advisory Committee is to provide advice to the U.S. Department of
Energy in implementing the Energy Policy Act of 2005, executing the Energy Independence and
Security Act of 2007, and modernizing the nation’s electricity delivery infrastructure.
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Roghieh Abdollahi Clemson University

Abbas Akhil New Mexico Legislature
Jan Alam Pacific Northwest National

Laboratory

Birendra Ale Magar

New Mexico State University

Travis Anderson

Sandia National Laboratories

Mitchell Anstey

Davidson College

Anant Argawal

The Ohio State University

Stan Atcitty

Sandia National Laboratories

Sijo Augustine

New Mexico State University

Michael Aziz Harvard University
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Texas Tech University
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Atri Bera

Michigan State University
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Kathy Cleavall
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Ricky Concepcion
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Valerio De Angelis

Urban Electric Power
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Sandia National Laboratories
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Sandia National Laboratories

Peter Dickens
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Pacific Northwest National
Laboratory

Jonathan Duay
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Hai Duong

Advanced Research Projects
Agency -Energy (ARPA-E)
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California State University Los
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Ruozhu Feng
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Cy Fujimoto
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Mark Gaiser
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Moorthy

Oak Ridge National Laboratory

Bruce Gnade

Southern Methodist University

Harish Krishnamoorthy
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Stephen Gomez

Santa Fe Community College
(SFCO)
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Customized Energy Solutions

Andrew Kurzawski

Sandia National Laboratories

Mike Gravely

California Energy Copmmission

Joshua Lamb

Sandia National Laboratories

James Greenberger

NAATBatt International
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Martha Gross
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Matthew Lazarewicz

Helix Power Corporation

Vipin Gupta

Sandia National Laboratories
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New Mexico State Land Office

Gabriel Gurule

Albuquerque Institute of Math
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C. Michael Hoff *

NEC Enery Solutions, Inc.
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Nian Liu Georgia Tech University

Xingbo Liu Pacific Northwest National
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Xi Liu Pacific Northwest National
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University of Texas Austin

Syam Madhusoodhanan

University of Arkansas

* denotes Peer Reviewer
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Madhav Manjrekar *

University of North Carolina
Charlotte
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Pacific Northwest National
Laboratory
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Stony Brook University
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New Mexico State University
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South Dakota State University

Preston Torres

Sandia National Laboratories

Loraine Torres-Castro

Sandia National Laboratories

Rodrigo Trevizan

Sandia National Laboratories

Jeremy Twitchell
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New Mexico State University
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Case Western Reserve

University
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Biwei Xiao Pacific Northwest National

Laboratory

Gautam Yadav

Urban Electric Power

Litao Yan Pacific Northwest National
Laboratory

Hengzhao Yang
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* denotes Peer Reviewer
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Postdoctoral work is inclusive of all the thrust areas.



Operando Investigations of Bismuth Additives on the Rechargea bility

of MnO, in Alkaline Batteries ‘
Andrea M. Bruck, Matthew Kim, Joshua Gallaway ‘\;“ S

Department of Chemical Engineering, Northeastern University
-
—— KMnO, as model material ———

II/' EaCkgmund -\
Zn/Mn0, alkaline battenes have been identihed as a viable option for the
modernization of grid scale energy storage due to their projected cost
[~$50/KWh), scalability, and safer components when compared to non-aqueous
alternatives. For this system to reach its maximurn capacity, the full M
redox couple must be reversible over thousands of cycles with high mass
loading. The following reaction has been proposed 10 occur in alkaline systems:

MR, + xH,0 + xe” = Mndy,_(OH), + xOH

Recently, success in rechargeability > 3000 cycles has been demonstrated with
the incorporation of various electrode constituents which alter the fundamental
discharge and charge process and form the 5-Mn0O2 (birnessite) on the first cycle
which is identified as the reversible reaction, e

where x = 2

-a.:_.\

|—n.pu-..‘l-l 5

Galaway ef 8l Journal of The Becirechamical Society,
(2018) 165, 13, ASSA5-AZSIT

aday ot al.: Matarials Tocay Energy. (2017) 6. 188210

L%
p

# Fully intact batteries are cycled at Argonne
Mational Lab’s Advanced Photon Source

* The white beam (~50-200 keV) penetrates the
cell casing and subsequent diffraction on the
internal material changes are detected

# Non-destructive technique

identifies  intermediates
and kinetically  driven
reactions that may be

unstable for ex
charactenzation

situ

I.nhnmbnad Raman Spectroscopy for nm-a'yemlhm intermediates
# Birnessgite,

be ientfied

second plateau

Canlierwry of ol Souama of Power Sources, (h016) 331, 135143

L
M

Mn;0,,
Mn{OH)5. and Bi metal could

# In the presence of B0,
small quantiies of MnyQ,
form but disappear during the

reversibility
{3) What is the optimal way to incorporate

Potassium birnessite was synthesized in et e
our lab. Considering bimessite as the XRD
reversible phase we want to understand: “
(1) What is the role of Biy0; in the electrode i amn ——
{2)What i the mechanism for MnO, %

: | Northeastern
4,_‘/ University

Bi into the electrode®

EDXRD Collaboration:

]
Tiemsas [hrsé

g 4 AT Matthew Kim (MNortheastern) and David Amot

=M hr / " f AN sraanp W [Sandia) testing batteries at beamline GEBM-A of

| e Vi \ wno,  APS. Our institutions are working together for the

i ! ‘\,._. i“ / _""‘*‘5 'ﬂ' ' operands characterization
3'_“ T i i \ ) of battery reactions.
- M L "'\. S ¥ Most notably, no intermediate phases such as Sﬂﬂﬁ

L e e Sy ! sosb e s s MrOOH or Mng0, were detected by diffraction m National
Tins el e ) experiments indicating a two-phase reaction Laboratories

and

s
BEF B% LA 8 38 3% 00 05 @4 s ewe s ESe E
T P Ny

the

Big0y SUppresses
formation of the ireversible
phase and allows for the full
conversion to Mn(OH}).

o e R
L L T

Gallaway et ul: Sournsl of The Electrochemical Socisty, (2018) 165, 13 A585-A2947
1. Diffraction methods detect two crystalline phases in the reversible
reaction, birnessite (MnQ,) and Mn(OH),
2. However. Raman spectroscopy revealed the formation of MnyQ, during
discharge which is suppressed in the presence of BiyOy
3. We are specifically interested in the final plateau of the discharge
whiere BiyOy redox activity is possible with the disappearance of MnyO,

Owr next beamline run is scheduled at NSLSHI for XAS to better probe the
redox actvity of Bi and Mn with improved temporal resolubion. _/J

Office of Science by Argonne National Laboratory under Contract No. DE-ACDZ- 06CH11357.
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Sandiao Naotional Laboratories

Interfacial Engineering in Sodium Batteries

Martha M. Gross, Amanda Perecti, Stephen Percival, Leo Small, Babu Chalamala, and Erik D. Spoerke (PI)*
Sandia Mational Laboratories, Albuquerque, NM, USA
margrosi@sandia.gov *edspoer(@sandia.gov

Motivation & Objective: High temperature operation of traditional molten sodium batteries has restricted their deployment due to issues with

high material costs, longevity, parasitic energy losses, and safety. We are developing low temperature (< 150°C) malten sodium batteries that
promise safe, cost-effective, and reliable energy storage for the electric grid.

Overview: Molten Sodium
(Na) Batteries

*  Molten Na anode

= MNaSICON separator

« 25 mol% Mal in AlBr; catholyte

Challenges in Low Temperature Molten Batteries

* Temperature > 100°C to maintain Ma in maolten state

« Poor Na wetting on ceramic separator

+ Low ceramic ionic conductivity

« Unknown interactions between ceramic & catholyte

- Catholyte materials selection — molten at low temperatures

Redox Chemistry: + Materials compatibility with molten salt catholyte
Na = Na* +e- - Poor charge transfer at cathode current collector
I~ 4 2e- = 3- Eloun ~ 3.24V
2Na + 15" — 2Na* + 31 N Catholyte-Current Collector
) . Interface
Na Wetting on NaSICON Full Cell Assembly: amporient Froperiies of
7 Contact Angle Measurements « Molten Na ancde the Current Collector
Surface Roughness: Unpolished Polished * NaSICON separator ¢ FastChuigs TR
‘ ~140° =120* - Anode side: Sn-based coating | High Surface Area
+ 25mol% Mal in AlBr, catholyte + Chemically &
« Different cathode current Electrochemically Inert
Ermy—— . o collectors tested
[ Poung-Dupré | Rough Surtace Rough Surfaos
(Wenzel) (Casses- Bauetes) Full Cell, Single Charge: * Tungsten (W) red: high stability, low
+ Surface roughness has strong effect on Na wetling 5 110°C surface area
* Polishing not encugh, not always practical e - 427 - .= Carbon Felt (CF) = 1000x surface
o - = ‘;‘”‘”GF area of W rod, but no improvement in
Approaches in Literature: G e - — S0 @rm] overpotential
=150 i [rai—— , E:“;::""::“:':i‘ 1 = poor charge transfer
Pt AL I B et + Activation of CF: thermal treatment
B i . °FT= . Allcoatings and alloys researched by heating 400°C in air, or acid
E s ii el 3 e sy at < 150°C studied on p"-ALO, 7 34 — treatment by cleaning with 0.1M HCI
Eeafr 1\ #w o= * Contact angles achieved in e - Activated CF dramatically lowers
& 40|  This Work ey literature still too high o 2& rmﬂ 60 80 100 overpaotential
mim D T e T e Standard PbO showed no S o Gycling Capachy J
T ature (4 S ki impravement on NaSICON (045 Ah call : == y
» il dwas o Sninvestigated as alloying metal g-,”'":g;’““ Full Cell C‘FCIIHQ, 110°C Bikary fazan
Na-Sn alloy: with good Na* eonductivity “’E A sssaenbly Geoal: > 50 cycles, < 150°C & hand
pE— ; i I
| » No improvement Symmetric Cell Cycling G4 . e T T T
, in contact angle e T IR K " I ]I W ‘lﬂ
— - by alloying Ma =y § 3 4 h l, Ml[ JHUWMTHHHI,
with Sn '5" G5 | 1 [ 2 | s | W[ B W Ez. . . . . : -
=0 o 100 200 300 400 500 500
Sn-based Coating: E H Time ()
200nm gmnm E .5 i 5] ]' * Integration of Sn-based coating and aclivated CF enables long-term battery
g 00 %%Eﬂﬂm‘t -r”ﬁ q] g Il cycling: Battery achieves > 150 cycles!
= a1 " HE 118 | * Ewven after freeze/thaw, interfaces remain intact
g,aus 1‘" 1. . z
] ¥ .
S0 —8am ﬂ L Conclusions & Future Work
i ko SR - First demonstration of long term cycling of a fully molten sodium battery al 110°C
« Critical Thickness: Thickness of 0 10 M 3$_ 4.?” 50 B TO ;n:da possible by Itntegraﬂon of Sn-based coating on NaSICON and activated carbon
Sn-based coating below which ok . Bl ahexte comeol colliclor. . ‘ )
complete alloying occurs Drastic reductions in overpotentials Lﬂfm ':Gm: mn&m.: :f:ﬂmmsgmfs‘:?g si:.f::;ta;ﬂ;" e
+ Incomplete alloying (excess coaling) — make functional battery testing . ) " s
results in poor contact angle feasible . E:Em wm‘l:;Furmat :;uunmdln in call operating temperature and increased scaling of
ry system operation and performance

Acknowledgements Sontia
This work was supported by the U.S. Department of Energy Office of Electricity Energy Storage Program, @ Matioral
managed by Dr. Imre Gyuk. Labaratores




Sandio Notionol Laboratories

Energy Storage Analysis for Regional Demonstration Projects

Alexander Headley, Tu Mguyen, Ray Byrne -

Sandia National Laboratories

Overview
In FY19, we performed analyses to assist with planning, project development, and valuation for: the Eugene Water & Electric Board in OR, Atrisco
Heritage High School in Albuquerque, MM, Minnesota Power, BQ Energy in N, and the NELHA research campus in HI. In these analyses, we optimize
the benefits from energy storage for the customers for different grid applications such as peak demand charge reduction, PV utilization, and time-of-use

rate structures. Below is analysis from two particularly interesting cases.

Background

Recent changes to pricing in NY include updates to increase the value of
energy storage. BOQ Energy, a community distributed generation developer in
MY, requested analysis of three different solar projects for energy storage
integration,

Unique Considerations
Value Stacking in NY

*  Six vahse streams

*  Time-of-generation windows
= Generation requests

System Configurations
* DC vs. AC coupling

Optimization Framaowork

Analysis
. Py Jeled with PYLib Fas Ep_" (g, + DNF, + LARE, &« £+ 00+ LRAR)

* AC-tied, DC-tied, DC excess charging st S0C, =500, v ar{ B <)
Py =0 [P 4 P = Py = s}

B S Py~ B
Results
* “alue from coincident peak discharge (38%), schedubed calls (30°%), and
LBMP arbitrage (14%)

* AC/ DC tied similar value in low energy applications

gl e
s Pa

L e s

Fropeon B Cadncidion Pl Capaary
it

Project Status
»  BOQ Energy soliciting energy storage proposals for Projects A & B

Energy Stcrage and Large Scale Hydrogen

Background

The MELHA campus will soon support a large wanter clectrolysis facility
generating hydrogen for three fuel cell buses. Early tests of the facility more
than doubled the peak demand for the campus.

Unique Considerations
Hydrogen Production

» 250kWY electrolyzer
* Flexible operation from 10-100%

Analysis
ime-of-use and flat rate options

« With and without hydrogen facility

Hydrogen Facllity
= w‘u"%’h" Pa.r |Hpdrogen Stecage
or. o

miy
e 8

nliertia |‘ﬂf} =S+ E': il ™ P Iam,mcmdﬂ

Pray = P+ Py + Ty Ty~ Pty + P,

Results
Mo Hydrogen Production
. Sqmngs up o —$5500er

s )
R ey o Bimrage

55 Flows ol Soaige

With Hydrogen Production
* Flexible operation would save ~$25000/year
* ESvﬂwdem»mhd:mmdﬁsp@nu

- ¥

]
1
;
}
E
¥
U R——

EEzE

e - b -
= 1
— 1
‘.," 3
f |
§
|
!

= -
V4 7 Srersgs Capainy ; )

Project Status

= MNELHA I HME] inwestigating hydrogen facility interface and controd to lower demand
intreases

= Continued work on microgrid development which may incorporate more energy storage
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Zincate-Blocking Polymeric Separators for Zn/MnQO, Batteries
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Gautam Yadav,® Jungsang Cho,* Michael Nyce,” Sanjoy Banerjee?
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160 Convent Avenssee, New York, New York 10031, USA
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Anmlic siripping voltammetry (ASV) allows for much faster screening of
separators compared ta TCP-MS, with ssmalar limits of detection,

ASV Analysis of o perfsemed e the fivi tinee in alcaline eondimoi.
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Polymers 1-3 show a gready improved sclectivity ratio over commercial separators  for
screening out zincate, while allowing for hydroxide crossover. FPolymer 4 has an even
higher selectivity ratiog but s alss far less. conductive, resulting m lwer practscal eycling
rates,

Future Goal:
Anain a selectivity matio on par with Polymer 4, while retaining a condsctivity similar te
thawe af commerncial separatars

Qi TP —
e e e
ENERDY - -

NISA o

Contral  cells  are  assembled by
wrapping both the anocde and
cathode in 3 bayers of Caollsphana,
while the cells containing Polymer 4
are assembded by wrapping only the
anode in 3 layers of Cellophane,
insgrting  Palymer 4 botwesn the
electriales (a5 shown 1o the kelt) and
using the cathodde as receinvesd from
CLUNY, with no additional wrapping.

il
o G Crslerme =
P, T =

Jearnal af Power Sawrer, 505 (2018) 430458
C/ 10 Cyeling of Cells With and wuhmll Polymer 4

Hiorraired Civchae pe Capclty ()
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Conclusions and Research Output

= Prepared flexible polymenc membranes that are gesistant to zincate, while
mentanang lydooxwde penmeabaluy on par smh commereal separatorns

*  Conductivity constraints limit the rates st whach functonal battenes contaimng
e Babsrweated separators can be cveled 2 Need o improve upon conductiviey

¢ Prelmmary data from Zn-Ma, cells shoes eycling at C/10 rates that 15 on par

with eells uang commercial separators

Publications

*  Kolesmchenkn, 1. W5 Aot 10 A Lam, ML E; 1
Functicaalized Separators for Secondary Zn/MnO; Battenes™ ix ittt

= Amot, [ A Lim, ML B Kolesmschenko, LV Lambert, T. I “Development of
Zincate-Blocking Separaters and Thear Applicaton m Zine-Manganese Oxade

ambert, T, M, * J’m/ ate—Blockingr

Batteies™ in frpatmtion
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Sandia Effect of ZnO-Saturated Electrolyte on Rechargeable
National Alkaline Zinc Batteries at High Depth-of-Discharge

Laboratories . : K
Marthew B. Lim', Elijah 1. Ruiz®, Timothy N. Lambert™*, Gautam G. Yadav?, Damon E. Turney?,
Sanjoy Banerjee?
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oo = W an == = - g ik n| Fominal * Cells with 45% KOH Fal moee queckly with meore zne growth
e ey Bsainy WA - e M \ . Eﬁ; | Zn DOD outside electrode than cells with less concentrated electoolyte
= Up to 400 Wh/L, 150 Wh/kg and ~518,/k%Wh a5 primazy cell g,m i | % mm[ i * Tl suDiratson redein ) s
Sl | s IeCeaat. - e
*  Commercialzed by Ushan Electsic Power, bar anly under "o i— - a —_— i cyele ].!fr n 25%% KOH
Iimited deph-oi-discharge (IMNY conditions I ol azsmoH|— ;;: at 21% Zn DOD
* 100 WL, §200/kWh Be b0 we 10 o 30 36 o w0 wo 0 3@ 20 3
Cipcta Mo Gy Bt
Cells with satumsted clectrolyte last sipnificantly loages with no =
. n i 25 043 24
. encrpy losses due to voltage and similar energy efficency = — e
Shape change campared to cells with segular electrolyte cycled at same DOD, i i

+  Dendote formation
*  Passrranon

even when including dissolved Zni} in capaci
i 9’ J Elvreden. T P87, i34, 1045,

J e S, Famadlpy Toamu 3, 1574, 78,
[

= H, evoluton

* Increasc achievable cycle life and energy density by
pre=saturating clectrolyte with Zn() to inhibit
dissolution and migration of zine from the anode.

*  Study effect of Znl) sameation at different depths of
dischurge, refative to ol sine species in the system,
and at different KOH concentrations in a more
commercially relevant mited-clectrolyte system.

* Pre-samratmyg electrolyte with ZaO mereases bietume of
Zn/Mi eells ar hugh Lo wnbzaton (Z14% DO walicm
encrgy bosses, but only at higher KOH concentratzons

= 32% KOH appears 1o be opumal concentranon

Zn0 sampateon has no benebit on Zny/ M0, cells with
n’lll[’[u’llﬂl MI“IH'!IIS %

Meed to develop sincate-
hlocking scparators to isolate zmcate in anode and

suppress deposition away from anode
* Shauld be flexible and conductive
* Potential for >250 Wh/L and <$100/k%Wh
* Owgoing collaboration with City College of New York

Duae 1o the sensitivity of MoO, to Za(OH),*, ase NiOOH as the
cathode matessl istead 1o examane the effect of ZoO satantion
at different Zn DOD.

Further redusee electrolyte usage to reduce matenal cost
= Want ~2 mL/ml anode (ours ~ 40 ml/ml. anods)
* Anodes in ZoCksaturstesd electrolyte yiekl mose compact Zn * Electrolyte is effectrvely saturated with mncate n
deposits indicating mese homogeneous curvent deasty eperande
* They aluo lose less mass diring eychng despite sigmbcant Zn
deposition on the bottem and theough separator,

M Ky wi al, | Edsivmches.
T 0T, Mok, ABEEA

Research Output

I DM R, X2% KO T DMy, X% KOH Lelksm,
o &  MB Lam, TN Lambert, ET Rz, “Eifect of Fel) Satumased

Electralyte an Reehasgeable Alkakne Zine Barteoes at High Depabs-
af-Dinchasge”, ie be scbaitted $ep Ol 2019

3 ml 25%, 32%, or 45% KOH
eleetralyie wnthwathaut sameated Zal)

Cycled between | and 193 V vs. Zo at
/10 eelatire 1o Full asade CApEY =
T5 o Rt

£ DOD Lmits of 14%, 21%, 35%
relative to all Za+Za0 in sysiem
Celly eonsddered Dailed when disclasge
capacity fell below 50 of DO lmit

Talks

*  MB Lin, M Kelly, | Duay, TV Kelemiclenko, T Lansbee
“Improving Cycle Life and Active Matesials Unlization for
Rechargesble Alkaline Zn=Mu(, Batteries™. 235% Electrochemical
Society Mectmg, Dallas, TX (May 28, 2017)

= A Lim, T Lamber, “BEiffem of £e0-Saugared Electeolne on
Rechargeshle Alkaline Zinc Batteries ar High Depth-of-Disschange™.
"™ Rio Grande Symiposiem on Advanced Matenals, Allsquergae,
NAL (Sep 16, 2009)

*  MB Lam, IV Kolesmichenkn, D] Amot, TH Lambert Effect of
Lnid-Sarurated Eleetralyte on Rechargeable Alkalme Ln-M and
Zo-MaOy Bantesics ar High Zine Depab-of-Dischagpe™, 236
Electrochemscal Society Aeeting, Atkana, GA. (Oct 15, 2009)
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Reliability Testing of Lead Acid Battery
Module for grid services

Shamim, Vilayanur V. Viswanathan, Daiwon Choi, Alasdair J. Crawford, Ed Thurn‘s.en,Pac'ﬂq NDFthWESt -
David M. Reed, Vincent L. Sprenkle NATIONAL LABORATORY

F » Narthwest National Laboratory, Richland, W, Proudly Operated by Batielie Since 1965

Introduction: Results and Discussion:
The advanced or carbon-enhanced negative electrode lead acid battery modules are used for Ah Capacity and RTE as fimileage)
renewable Encrgy Storage Applications due to their high cycle life, low cost and sustainability, Capacity Test dates -
However, there is still a lot io undersiand in terms of reliability for grid services. A lead acid 180 s am LE I 100
hattery modules has been tested for grid services such as frequency regulation. Test procedure .5.17“ BR =
und resulis are shown below. z z
Measuremenls S 0
= \foitage m 5%
Current m 0% f
Charge and Discharge Capacity 110 s% 2
Charge and Discharge Energy é 100 ~Ddscharge capadity [Ah) ~RTE e E
Cumulative Discharge Energy o 10000 20000 30000 40000
Round-trip efficiency (RTE), Cummulative Discharge Energy [Wh)
Internal Resistance
Round trip Efficiency (RTE) of Frequency Regulation test
Figure 1: Carbon Battery (Ref: C&D technologies) W%
: _— ~FR Tast (4/15)
Objectives of the Project ~FRTest [4/30)
» Develop a relisble testing protocol for lead acid battery module for grid services. 2% ~FR Tast [6/7]
* Cain findamental understanding of degradation mechanism of Lead Acid Battery module E s " =R tast (7/8)
while used for grid services. ~FR Test [8/6)
* Compare results with other batiery chemisiries to determine a relisble application specific 20% ~ FR Tast (8/28)

Testing Procedure
#) Capacity Test: 1t measures the battery capacily per oyoling conditions described. Capacity  E TR G RE b RV R e T
test has been performed periodically to determine the eapacity degradation of bantery. % Round Trip Efficiency (RTE} is constant for all capacity tests. The FR
sl tensteeen I | CC/CV charge to 100% SOC at (/10 rate to RTE changed only 1% over the entire test duration.
R u 14,1V, hold till 1 < C/40, Rest 1 hour % 30% de : in Ah “apacity loss due to loss of active
E rE 2. Discharge at 10-hour rate (17.24 amperes) material: re oC | of 10%: does not play a major role (RTE
. to 10.8Y, Rest 1 hour =
-u .L 1 : 3. Charge to 100% 50C , Rest 1 hour
® Repeat steps 2-3 thrice,
L] L R R .
Timaly) Gl vehnl) % Internal Resistance
b) Frequency Regulation Test: The frequency regulation(FR) signal from the US DOE-OE i!wrcascd 10% with
Energy Storage Performance Protocol is applied. Power is normalized with respect to the lime.
rated power over a 24-hour time peniod. s % Further pulse test wall
. Sroguryiinguinie fpul " be done 1o determine
<+ Rated Power 1240 Watt F 55603 the degradation
- 3 (e " Pulse test on =
- * Initial SOC 80% 55000 : =y profile of lead acid
l ) « The S50C is reduced by 23% in one FR cycle 1 2 batery module
“ 4% The Battery modube is charged back to initial Hurisar of Pulés test :
.;... 7 SOC after one FR cycle. Future Work: o
s | - = Peak shaving grid service testing will be performed.

T s s 5 o . ” . . -
¢) Pulse Resistance Test: A charge pulse and discharge pulse is applied The intemal -chr-duﬁmn:lllb:mmudmlhﬂluh"mhnkf'ﬁsmml .
resistance is caloulated as the ratio of the change in voltage and current at the end of pulse. = The results will be analyzed to characterize the performance reliability of lead
& Fasi - red In - acid battery module for grd services,
- - . dec;:,m:: f::.:,“ 100% :&W AR SReE * The same tests will be conducted for other battery chemistry modules and the
fu | % & second pulse width results will compared.
s & Duri % Acknowledgements
HEE NI < During pulse ASOC = 0,1% - ;
; - | | I | & Imternal resistance This work is supporied by the LS, Department of Energy (DOE) Office of
= Eleetmicity under contract Mo, 57558, PNNL 15 a operated by Baitelle Memorial
- o Institute for the DOE under contract DE-AC05-T6RLO1830.

Comtact: T Nimat Shamim

U.8. DEFARTMENT OF Post Doctoral Reseancher
Battery Materials & Systems Group

EN ERGY Energy & Envmnes:l:lm;m o v
Pacific Northwest National Laboratory
Email: pimeal.shamimié ponl. gov
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Synthesis of Advanced Magnetic Materials for

Inductors and Transformers
Tyler E. Stevens, Todd C, Monson, Charles |. Pearce, Riley E. Lewis, |essica N. Dyer, Mark A. Rodriguez, Bonnie
McKenzie, Sara Dickens & Stan Atcitty
Sandia Mational Laboratories, Albuguerque, NM 87185

Project Objective

The size requirements of power electronics are determined by the necessary components. Magnetic materials contribute to this significantly, and to maximize efficiency and size,
new magnetic materials are required. One of the main challenges has been developing materials thar work in conjunction with high frequency semiconductor switches. This year,
we sought to fabricate iron nitride/NI-P layered composite transformer cores and demonstrate decreased losses in comparisen to neat iren nitride at frequencies up to |00 kHz
and temperatures of |50 *C. To achieve this, we have focused on identifying and optimizing synthetic routes to yield phase pure iron nitrides and then incorporating them into
composites. This has resulted in materials with good performance up to | MHz

N
N
(]
o
(1]
Q

inducior Loss ¥ Fraquency

Hard {permanem] magnet .Snf: magnet - 300 + = Magnetic Mat y | plucrm)

- " e [ .l VITROPERM T
| = - gzm - (Vacuumschmelze) .
i . i . |1 % 101 Qh'____H Metglas 26055C 160  1.37  High
E S H } ) £1004 — e - + Ferrite (Ferroxcube) G I Low

N M, “ s w© 15 m 5 3:: 5 5l steel IBT 005  Low

E e — et Fraquancy (ki) y-Fe,N 189 >200 Llow

H [MAM]  Souree: EENETSIDETNEN W (MAm] —+— % based Ancrihous = == = 6.4% & Siod —
M, = saturation magnetization —— staling e Fruritin 3002 0=pM
: H, = comreivity BLro | Har ., PPl Comparmoms o egh i #  y-Fe N has a higher saturation pelarization
= Hysteresis and Eddy current losses bmaielrge gt o et - (I} and electrical resistivicy than Si steel
» Develop new magnetk materlals that work In *  Current magnetic materials experience #  Use of abundant elements (Fe and M) will
mﬁchm“ with high frequency semiconductor significant loss as frequency is increased costs low

Synthesis and purification of iron nitride

Possinle Method Results
MXn * LisN — = MMN + LiX Fecl, * Y w”m’: mixture of FeyNi FagN
Group | MX_ | Proaduct ¥ Mixed product if all materials are combined at
TiN ¥ Effective for group 3 ) beginning
el N 4-7 metals Fecly) # FeyM is only product if FeCl, is added at 80
1 plfmin
HEE
w:l: VN, VN ¥ Reactions with group o | ¥ Fe(ll) precursor results in Fe,M (higher Fe
= B - 10 metals generate - concentration)
o a5t ’:n too much heat A/

7 Decomposition to
elemental metal

¥ Current methods don't work for Fe and M
¥ Meed new method

Excess solvent should
act as heat sink and
allow for isolation of
desired preduct

LI -

¥ Using a heat treatment, commercial
Fep.qM can be converted to 95 %
phase pure Fe,N

Incorporation of iron nitride mtu soft magnetic composites

Iron nitride * HapgicHzeNH;

Ball milling was wsed to generate a fine
mixture of iron nitride and
hexamethylenediamine

Composites have successhully been
formed using 2 1:1and 1:0.75 molar
raticn of lron nitride/
hexamethylenediamine and combining
the mixture with an eposxy

¥ Several systems are being evaluated
based on molecular weight andT,
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Output

F “Soft magnetic materials for a sustainable and electrified world™ |. M, Siveyra, E. Ferrara, D, L. Huber, and T, C, Monson Science 2008, 347, D195,

= “Soft tic Multil FeSiCrB-Fe N Metallic Glass ites Fabricated Plasma Sintering™ T. C. Monson, B. Zheng, R E Delany, C_|. Pearce, E Ot is, 5. ML Le i, T. E Stevens,Y. Zhou,
ng- .

S.Axcitry, and E . Lavernita EEE Magnetics Leeters 2019, 10, 7102505,
= “Synehesis and Magnetic Properties of lron Mitrides,” T. E Stevens, R. E Lewis, C. | Pearce, MLA. Rodriguer, 5. Dickens, B. B. MecKenzie, 5. Atcitry, T. €. Monson, American Chemical Sochety Mational Meeting 2017,

Orlando, FL. March 31 - April 4, 2019,
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¥ Preliminary data indicate low core loss at high
frequency

¥ “Synthesis of Nanostructured Ferrodc Materials for Energy Conversion,™ T, C, Monson, T. E. Stevens, DA Vargas, R M.Van Ginhoven, B, Zheng. Y, Zhou, M. Fraga. E, Lavernka, Materials Schence & Technology 2018,

Irveited Presentation, Columbus, O, Oct. 14 - 19, 2018
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Novel Phenazine Derivatives as Anolytes for

Aqueous Redox Flow Batteries

MNadeesha P. Nambukara Wellala, Aaron Hollas, Ruozhu Feng, Vijayakumar Murugesan,
Xin Zhang, Zimin Nie, Yuyan Shao, David Reed and Wei Wang

Battery Materials & Systems Group, Pacific Northwest National Laboratory,

Richland, WA 99354

Introduction: The redox flow batieries (RFB) are promising
candidate in grid energy storage due to high safety, independent tuning
of energy and power and scalability.

=All Vanadium RFB #Organic RFB
~High energy capacity Easy functionalization
- Long term stability < Low cost
- High cost

=7 8-Dihydroxyphenazine-2-sulfonic acid (DHPS)

:: L
g 311 TR gi i NaOH and 1.8 M in IM KOH)
. \» " < High reversible anolyte capacity 65
= AhM
plELmm s e, Energy efficiency >75%
O e < Capacity retention 90% after 500
cyeles
#Decomposition of DHPS

womaen OO === CLOC -

Solubility; 1.8 M in 1 B Ha0H

ﬂbjﬂcti‘b'ﬂ: Discover how  wvarious  subslilulion  groups in
phenazine derivatives affect solubility and stability

Results and Discussion: o

# Phenazine Derivative [ " é’
2.3-Obydronyphenazing-bis(prognssicnate) (DHP-bis-propyl-S0,%)

# Redox Flow Battery Performance

- DHP-his-propyl-50, (0.30 M)

d6days . gionificant capacity loss is due to
: decomposed

«  precipitation  of

i‘_“—-e-—--——'ael : " anolyle
-g:: E .Ef - DHP-bis-propyl-80,*
‘. decomposes  to  its  mono-
- 7 . substituted derivative
Gyl My

Condition: Analyte; DHP-bis-propyl-50,> in 0.8 M KH;PO,0.2 M KHPO,
Catholyte; excess K Fe{CN) /B, Fe(CN), in same bufler selution.

Pacific Northwest
MNATIOMNAL LABORATORY

» NMR Study on Capacity Loss ('"H NMR in DMSO-4;)
- Decomposition Fhlhw;y

T
Pt

¥ Phenazine Derivative Il

o

1,4-Doryarsyphenazing [1,4-0HP)

¥ Redox Flow Battery Performance

1, 4-DHP (0,42 M)

21 days o o

e — et w0 Solubility of deprotonated 1,4-

- e - DHP is 036 M in | M NaOH
. g and 0.53 M in2 M KOH
‘i-- i :! ©-1.6% capacily decay afler 200

an v cyeles  (0.008% per cycle,

. - .. 0.076% per day)

O Hastr

Conchition; Anolyte; 1 4-DHP i 2 M KOH

Catholyte; excess K, Fe(CN)/B, Fe(CN), in 2 M KOH.
- ——————
Summary:

“~Capping of phenoxy groups of 2,3-DHP with propyl sulfonate groups
does nol proteet from sell reduction

1, 4-DHP has low solubility but higher cycling stability compare to
DHPS

Future Work:

“Develop new phenazine derivatives to further study effect of
substitution pattern on solubility and stability

“Study the decomposition pathways of the new phenazine
derivatives

- Modify the stable phenazine derivatives to improve their solubility
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Advanced Cathodes for Intermediate-Temperature
Na-Metal Halide Batteries

Xiaowen Zhan, Xiaochuan Lu, Jeff F. Bonnett, Nathan L. Canfield, David M. Reed, Vincent L. Pac 'f'
Sprenkle, and Guosheng Li* acl "C
_ - : _ Northwest
Battery Materials & Systems Group, Pacific Northwest National Laboratory, Richland, W& 99352 NATIOMAL LABORATORY
4 Y . Sl
Background: IT Na-MH Battery Technology Origin of Extra Discharge Plateau
=2) o,

2NaCl + Ni (discharge state) <> 2Na + NiCl, (charge state) =2 cranmress
20 - 0 * 1960 B -:;f.m — -m*

" £ g__ R Te Z = [ o[22 e e
£ ] i e T T T R
g : = f"' e ] ) K Y b -2 I r*'g'f"'
v k] BE R ry My
{ i i. ; oo e
= £ i - 2 Sy | 3 Br/Cl ion exchange:
) o : = xNaBr + NaAICl, <> xNaCl + NaAlBr,Cl,,
TTh mﬂ ) 1 ﬂ?ﬂm o « Confirmed by LC-Mass result: x=0.24
* Slow cell degradation {particle growth) and excellent cycling stability* Overall cell reaction:
* Low-cost polymer sealing? 2NaBr,Cl,_ + Ni <> 2Na + Nibr,, O, ,, (E, = 2.58 V)
Challenge: Limited Rate Capability @ Lower T Superior Rate Performance of NaBr/Ni
? - B L
PNNL solutions E,.i %: _—
= Anode Interface engineering E
» Bilayer BASE design® 1 i« maingll »
* Na/BASE wetting agents® - PRI ¥ o S - — - N
‘ Cyeme
-:-._.. @ne Po @ e 'lw;_ | NIV moe N p
Objective: Determine the cathode reaction kinetics and further E | ﬂ"’:;.,_% - i ok
‘\lmpmw the rate performance. /} g - W, o %.. E
4 From Ni/NaCl to Ni/NaX (Br and 1) Cathodes® A | Dl . | o g S
— “: % ea -Ia_ ) Rl ) ° - ;:- - -
Theoretical Reactions: » /}——jw——:’ = Fast Salt Dissolution - Rate Enhancement
2NaCl + Ni <3 2Na + Nicl, — Randbes-Seveik: [, = U.WHFAE{%}'” Diffusivity from CV
- bl 3 | Cathods D [emifs]
E,= 2,60V at 190°C i fk g rr=m Nic, 1axiot
2NaBr + Ni < 2Na + NiBr, = = il L e MiBr, Losxio®
. = Na, T

W at 1907 C— wow i i Slower diffusion: thin NiBr, layer

2Nal + Ni <> 2Na + Nil, R BEEEEE  solubility from ICP

E,= 2.46 V at 190°C 9&33‘ _ W A
- e 2 : Nal  2.2momé

GITT: NifMaBr | ' Mar 6.6 mol¥

X! Kt L4 mel%
 Faster salt dissolution (rate-
determining step): high rate

* Same IR drop of 0.013 V
(1.3 Ohm) for D1 and D2 ™|
* Extra overpotential for £

D2 possibly from mass paliliy
diffusion Conclusions:
+ The NaBr/Ni cathode delivered 178 Wh/kg at 100 mA (~0.8C), which is 2.5
‘ ) times of conventional NaCl/Ni cells.
XRD & Synchrotron HR- *  The superior rate capability of NaBr/Ni is ultimately attributed to the faster
XRD: ‘. sodium bromide salt dissolution, which enables easier Br anion transfer. ./
* Different Nabr,d,, - /r Acknowledgments _h'\

mixed phases identified §
*  NiBry,Cl, ,, rather than

This work Is supported by LS. Department of Energy (DOE) Office of Electricity |Conbract Mo, TO247) and
partially by the imemational Collsborative Enengy Technology RE&D Prograen of the Korea Inatitute of
Enargy Technology Evalustion and Plrning. the Republic of Korea Ministry of Trade. Industry & Erengy

NiBr, forms during [Ha. 20158510050010) and POSCO. Use of the Advanced Photon Source at Argonme National Labaratory | |
charge Wit supponed by the DOE OMfice of Science, Office of Basic Energy Sciences, under Contract Mo, DE-AC02- | |
\guumw,anhmwmfwmmmmmmmm __/ \
—

Conkact: Guosheng Lk, P, 'mnlk—m‘mmmﬁ ‘
UL DEFAHTEEMT OF Battery Materish & Satem Groug ¥ b oh il L, Pimionyt S, P, 1T L)
ENERGY Facific Nortievest Habonal Laborabory * Chamg et ., . Motee Chem 4, 6, 19008 (204, e

Emad: guosherg }@poek poy i moee detals of this work please reler ioc fon o L, Eleckaing the sels of

anbenit charmislry towands high-sate imcmedate-bamperatre Ne-metsl halide
bttariad, frrgy Sharape Metan, hips [l oog/ 10 1014 érm JOL0O0E 0T,




VALIDATED
RELIABILITY
AND SAFETY
PERFORMANCE

Each of the collaborative laboratories has a significant focus
on safety and reliability of grid energy storage systems. This
effort includes coordinating DOE Energy Storage Systems
(ESS) Safety Collaborative which bring together stakeholders
from industries that range from national laboratories, electric
utilities, standards organizations, and manufacturing
companies. Sandia also provides workshops and organizes
technical conferences, including the Energy Storage Safety
Forum, an annual technical meeting for the worldwide
research community.
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Multi-scale Thermal Stability of Lithium-lon Batteries as a
Function of Chemistry and State of Charge
Heather Barkholtz, Yuliya Preger, Sergei Ivanov, Jill Langendorf, Loraine Torres-Castro, Joshua Lamb, Babu Chalamala, and Summer Ferreira
Motivation & Objectives
Experimentally quantify Li-ion battery failure at the materials level during abusive and non-
abusive conditions to enable:
...informed decision making about preferred operating conditions for different barteries
...modeling of battery degradation and thermal propagation
...translation of failure understanding to technologies for intervention
...safe and reliable energy storage for a resilient grid
* Relate component te whole cell failure for popular commercial Li-ion chemistries
= Compare failure response from fully charged to fully discharged state
Milestones i Multi-scale Comparison
) Ditferential scanping calerimenry (DSC)
‘“d" 'i'r;im;ﬂtgmm‘w for LCO, LFR. NCA at 0, 50. 75, Metal coide cathodes contribute 1o runaway only in combination with solvent e -
E] i -
*Calorimetry of separator, anode, and cathode o . % il e
components at 0, 50,75, and 100% S0C 500 § ; ::::::m f:r . ; . [ AP, el
. F e m ARCT,. = M i o 1"‘“I el
Whole Cell Failure - o] TR
& 2o & D50 ancde onsel - - 2
Ageeberating rate calorimetry (ARC) of | 8550 Lison cells ) LI 5 .
L T E = a 4 f ~ ] e
j SI3ER . - . bt X
g o] ) i A
i, b g [ i
. b - i - o o2 EFTLITITITELLT
| % 50¢ et
LFF cathode doss not contribute to thermal ruraway
550 It
— w | LFP ’ . ol
- 7o 5 §-
| T L
e : T‘_‘- 150 a3
] | o XL
i o %m ' “ -
o = 200 [ - _‘,‘F“_'
- — - * L Pl
. | H » | S i el ML
’ > by r
- , o i) a0 4] B0 20 L —
& e u-:ﬂ-um:.:u,-::m-uuuﬂ
- )
i 5 Rusnaway onset not abways coinciding with anode onset exotherm :: P ——
¥ i :'"
NCA L St
wo | | 5% P T
- "' - L ‘
¥ om0 E | i S
£ 2 t1 ' EEEEEEEE.
Cell | 50C | T_.. Toms H H om0 Kot
09 | ¢°C) | (*C) | (*C min!) | (°C min-! AN § = . ! . -
Lco o | 1058 | 2l 184 T4 & 150 e — . -
S0 966 | 1015 1169 47 e | ‘ ‘ . - { b £ g, O
75 | 10ss | 1933 | 48223 1930 e ; = T ]
100 | 1064 | 1684 | eo0s3s 2420 e = = - = = -
LFF | @ 1055 | = 04 04 %500 LT
=0 | J00K | n 2 Conclusions
| 1007 - 0T 0s A R "
00 | 1008 | 2465 45 T + Variability in key ARC temperatures can be traced back to cell component chemistry and SOC
NCA| © | 1s49 | 318 15 o5 + SEl decomposition s typleally the onset of thermal runaway and does not vary with 30C
== i ‘lsn e :Eu * LFP cathode does not contribute to runaway; metal oxides contribute only in combination with solvent
= - - - * Importance of standard calorimetry protocols to get‘true’ onset temperatures
el P A Bl L L L S Publications: Barkholtz et al. | Power Sources 2019, 435, 226777
W | ke | 0559 | I Ll Shurtz et al. | Electrochem. Soc. 2019, 166, 12,A2498-A2502,
. — - Presentations: 2019 Electrochemical Society Spring Meeting
T, seit-heating (> 0.02 *C min);T,,,-thermal runaway (> | °C min-!
—- & e i ) Other: Development of nation-wide calorimetry collaborative
Deneroy mmﬁwn:& Funded by the U5, Department of Energy. Office of Electricity, Energy Storage program. Dr. @ m )
MNISA =R Imre Gyuk, Program Director Laboraies
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Durability and Reliability of Commercial Lithium-lon Cells as a
Function of Chemistry and Cycling Conditions
Yuliya Preger, Heather Barkholtz, Armando Fresquez, Summer Ferreira, and Babu Chalamala

Motivation & Objectives
Experimentally quantify Li-ion battery failure at the materials level during abusive and non-
abusive conditions to enable:

...informed decision making about preferred operating conditions for different batteries
...modeling of battery degradation and thermal propagation

...translation of failure understanding to technolegies for intervention

...safe and reliable energy storage for a resilient grid

* Understand difference in aging behavior as a function of chemistry, environment, and use
case for popular commercial Li-ion chemistries
* Relate fading performance to changes in core electrochemical and materials properties

Milestones Performance
Different mesrics, such as equivalent full cycle count and Marzt EMErRY lhrnughpuu. offer different insights

|0

*Complete cycling of LFF. NCA, NMC cells to B0% capacity =] M =
*Complete calendar aging of LFR, NCA, NMC to 80% capacity

B oaaw g e
LT

et g s 0 W ey

"
Study Design
Dresign of experiment approach with two cells at each set of conditions, all within
manulacturer specilications
Commergial cell specifications
| we NCA | NMC .
; MCA NMC [A123) | [Famasosic] | LG Chem) b i =
::apacn-.- 11Ah  32Ah | 304h | 11T
3av IEV | 36V 1 i =
Mlumham 304 6A WA { * -t | -
' | L " =,?. S
Onemmgr -zntasmc Ote45°C | Do S0°C - ol “" - Ee: 2 -
| [ L
Cyeling conditions for ofl cels el =
DOD, Temperature, Discharge Rate® | j |
40-60%, 25°C,0.5C  0-100%, 15°C, IC | 0-100%, I5°C,3C  40-60%, 215"C. 3C { H
20-80%, 25°C.0.5C  0-100%, 25°C, IC  0-100% 25%C,2C  20-80%, 25°C. 3C ] | M : i
0-100%, 25°C,0.5C  0-100%, 35°C, 1€ | 0-100% 35°C.2C | 0-100%, 15"C. 3C | B 1 | e | 1
* T PR—" i [ N TS e N i n -
"Ch:m Fite -IMI:{! o L] Wl x e e ] [ ] | I:: R M B
Broader Trends
Comgarison to previous examples of Temperature Gpping point for transition beteeen
fimilar ealls cycled ar same conditioni degradation mechanisms is chemitry dependent
FlemoshailessBsisisg 2 2 ‘mu; e :-_-.,-u—-.-.-‘
B=A-H - -
et SULE L | L "- —
o = _ e :
» ] h
- — ¥ Al v (. =9 e—
o 4 i
It S p— .§ ' T T
1 | * i E:;" ey = O® b o®m ® O ® ®
-1 - - - = ® * ] L
f :l::.:-«l:‘:m fnabshaalsibals Lbdh § ] - | 1 - . $a “. T Fon]
CITELER T T TN T T R L L] i o ‘i “an g .
B e e B o T B et - -
- KBRS LS (PLELLT M 0 o mw R Broad Trends
LFP consistenty best at < 10°C and NMC at > 35 °C
= i ot - o MCA and NMC particutarty sensitive o full discharge
- e A T T
¥ : 3 Consistent Lifetimes
N . ] o Rexsonable agresment across differens studies for
ok Lokt et ” - | et cells cycled at similar conditions

 dmes ep———

. Equh'alml: 'I'ull qﬂ:le count is the most commeon literature metric, but other metrics such as discharge energy are more useful for application

Conclusions Dependence on different variables is broadly consistent across the literature, and highly chemistry-specific (especially temperature)
Presentations: 2018 Battery Safety Conference, 2019 Energy Storage Safety & Reliability Forum, 2019 Electrochemical Society Spring Meeting
Other: Development of publicly accessible battery data repository + analytics tool

@enenay --u-----nr---—--b-is_-n-.:u- Funded by the LL.5. Department of Energy, Office of Electricity, Energy Storage program. Dr. Imre @ m )
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Heat Release from Thermal Decomposition of Layered
Metal Oxide Cathodes in Lithium-lon Batteries

Randy C. Shurtz, John C. Hewson
Fire Science and Technology, Sandia National Laboratories, Albuquerque, NM

Introduction
Stationary energy storage systems (ES5) are increasingly deployed to maintain a
robust and resilient grid.
As system size increases, financial and safety issues become important tapics.
Healistic appreach: electrachemistry, materials, and whaole-cell abuse will fill
knowledge gaps.
Models enable knowledge to be applied different scenarios and larger scales.

- -

Existing thermal runaway models successful for inital single-cell thermal runaway.
Maodel features needed to evaluate safety for large Li-lon systems include:
* Applicability to batteries with different form factors, chemiseries, 30C,
* Predictions dependent on material properties.
High-temperature chemistry to predict cascading failure.
Thermodynamics provide a foundation for modeling chemical heat release

-

Decomposition of Layered Metal Oxides Predicting Cathode Heat Production

+  De-lithiated (high 50C) MO, cathodes experience multi-step decomposition Heats of reaction can now be calculated for decomposition of any Li, MO, with

Most steps produce oxygen except for exothermic x

Arbitrary M (single metals or mixtures of Ni, Co, Mn, and Al)
Arbitrary x (low x = high S0C)

Required assembling a new compilation of 32 formation enthalpies from 42 sources

. 1‘,Ellm.'rt::qulm solvent combustion adds mare heat (-472 k}imol O, for EC)
o~ M = Co ®h = Mo BN 8N Ms EN ENCA SHMC S5Co =Mn
= @ (7]
:é' W 1 w0
2 =
a O
(=] =
= E
i 1=0
3 % 2 j Ji JJ
- o4
2 m aukitRil ig I
§ L . == AR : = L
x
[+ R3 R4 S E& R1 [Dwvmrall)
gglg rlmﬂrx Dﬂ Demonst_ate Effectiveness of i g T
0 L0, 5 W0 o AT |
i ixed Metal Oxi g e o L
- Calculued heat genera:lan wil:h full combustion of solvent compared to calorimetry data ] %0 ; "' "f.,.-
* Explains trends observed for different states of charge (=) and pure or mixed metal oxides (M) £ 500 0,3' _ om g
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Energy Storage Models for Risk-Averse Optimization
David Rosewater (5andia), Ross Baldick (UT Austin), and Surya Santoso (UT Austin)
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* i this paper we develop and demonstrase an advanced methodolagy for designing BESS cantrallers under
Toll price arbitrage and peak demand charge management applications,

» The proposed CEM based model predictive controller outperforma the ERM, but is sensilive (o BESS capacity.

= The risk-aversa CRM still cutperfonms the ERM, but [s morm robust to variations In BESS performance

= Thiz methadodogy for can be applied wherever the risk profile of & scheduled service is asymmetric.
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Working Scope [ Purpose
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Four study groups were formed at the
kickaff meeting in January and
presented their initial findings in June.
= Reguirements

= Architecture

* Modeling

= Failure Modes

Expected Timeline
2018 - PAR submitted to IEEE

2019 - WG Kickoff Meeting

2020 — Drafting Sections

2021 - Review/Editing
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David Rosewater
(working group chair)

IEEE P2686 Recommended
Practice for Battery Management
Systems in Stationary Energy
Storage Applications

A new working group has formed within the |EEE energy storage and
stationary battery (ESSB) committee to develop a recommended practice for
battery management systems (BMS).

Well-designed battery management is critical for the safety and longevity of
batteries in stationary applications. This document is intended to inform
battery system designers and integrators in the challenges of BMS design
and will assists in the selection between design options by supplying the
pros and cons of a range of technical solutions.

Many aspects of battery management design require integration with other
systems such as energy management or charge control systems. System
integration can be made difficult or impossible without a minimal level of
communication interface and control interface standardization. To address
this issue, this document will offer recommendations and best practices for
interface design to streamline system integration.

The scope of the working group’s efforts includes collating and
communicating information on the design, installation, and configuration of
battery management systems in stationary applications, including both grid-
interactive, standalone cycling and standby modes. The document we are
working on covers BMS hardware, software, and configuration. Hardware
capabilities in large systems include: grounding and isolation; passive and
active balancing; and wired or wireless sensors. Software capabilities
include: algorithms for optimal operation with reduced risk; best practices
for verification and validation; alarms; and communication with external
systems. Common settings are discussed along with setting selection
methods. Battery types that this document covers include lithium-ion,
sodium-beta, advanced lead-acid, and flow batteries. General factors for
other types are provided.

Battery Management System Standards

Study Groups
Requirements
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If you have knowledge of BMS design and would like to participate in the development of a new |EEE recommended
practice, then please contact the working group chair, David Rosewater dmrose(@sandia.gov, and join us for the next

worklng grcrup meeung at the |EEE ESSB 2020 Winter General Meeting in Orlando FL, February [0-14.




Reliability Testing of Li-ion Batteries for
Stationary Applications

Daiwon Choi, Alasdair J. Crawford, Nimat Shamim, Vilayanur V. Pacific NDFthWES‘t
Viswanathan, Ed Thomsen, Mark Gross, David M. Reed, Vincent L. NATIONAL LABORATORY
Sprenkle

Pacific Northwest National Laboratory, Richland, WA 9352

Proudly Operated by Banele Since 1965

Introduction To increase the utilization of intermittent renewable : ~'|5
energy resources, cost effective, safe and long cycle life electrachemical energy L f_‘__,—"‘ / / /':?fd g Scenario
storage is required®. Therefore, various types of lithium-ion batteries are :-ﬁ-"""" | z N :: ﬁﬁg
currently deployed for stationary energy storage applications due to high i | [ Z — BESESOCTOEI |
voltage, energy density, and long cycle life. However, state-of-the-art lithium- « ™ /‘/ E ~ EV SOCS0d20 ‘
ion battery performance as a stationary energy storage is not well explored g "'/é / y E — EV S0CB0 480
and understood compared to vehicle application in terms of reliability®. In this £ 70 _ - g‘:_:ﬁ:;“m
work, four different Li-ion battery chemistries including NCA and LFP type cells - —t a1 L = |§ FR SOCE0 630
are subjected to grid duty cycles specified to frequency regulation and peak = “'ﬁ% /é / / B FR S0CB0 440
shaving services, Our test setup, protocol and updated results will be L | | £ — FRSOCH0G60
compared and discussed. v L — § [ " oceado

- R R B Rl L LT

o /sa-""' |/ F §  Psasocuen
Dh]m al'ld Mﬂthﬂdﬂlﬂw “.I B ES ERB bW 4N A I ] 'III;

- Develop standardized testing protocols for industry specific reliability.
- Understand degradation of DC components and AC modules under grid duty

LIDI!MhI MRAC (3.248) A, [3.285) MRAC [3.04h)
r = —

cyches
) In parallel with field deployed system, enable testing under controlled and
accelerated conditions = develop State of Health Model

J Varlables - Schedubes (0 of conditions)
= Tk § 2dih i oyl |1dny) = 8% 1 Bameline [3) - aging ot different 500 levels
= State-of-Charge [$0OC] ; 20 00% = PR ; Frequency Regulation (4]
* Dapth of Disdharge (D00 ar ASDC) 2 20, 40, 60% * P5: Peak Shaving [3)
= Pormrer [Tt witvin ool spea faations [velmage window|  + EW 2 Eectric Viehicls [3]
= Tesngeraliune | 50
= Namber of cells; 1 under same tesd condithon [1otal; 156 cells)
g3 o o[ 3
= = o S = A AYA =)
E s U] |5 % 5
3= = "R = ""‘ E
1 H = FR raast |« PS -

i T TTw o T T T % W A n ‘

Tama i)
e 3UMMary and Perspective
Results and Discussion 3 LFP cells have better aging, capacity, and energy retention. |
- Frequency regulation senvice degrades the least per energy wtilized.
LFP(2.6Ah) NCA[3.2Ah) HMC(3.2Ah) HMC (3.0Ah) 1 Even with same battery chernistry, cyeling stability varies with cell engineering.
a1 |Bs EV PR P3 Dughar Coy (| wigher WSy

- Higher SOC level degrades the battery the most.
- Cathode dissolution occurs for WCA and NMC cells

3

- dvfdQl analyses and be applied for in-sitw battery health monitoring ‘
i
|

EnER
JR2E

Future Work

' Test methods developed here will be applied to larger energy storage modules and
systems inchuding Li-ion, lead acid, high temperature sodium and flow batteries,
- Additional 192 test channels will be installed for better resolution and response

Mmrm

-‘I‘“ Il

(dgher Cuj

[higher HE)

A |
.E time incheding temperature, 0OV, DC resistance, AC impedance, cyclic voltammetry
. Boenane monitoring.
-Eun = - Testing more battery chemistries from different vendors
E{ b 1 In-operandoy/post-mortem cell characterization using advanced techniques.
; e —_—
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Battery Reliability Laboratory at PNNL %

David Reed, Daiwon Choi, Vilayanur Viswanathan, Alasdair Crawford

Ed Thomsen, Nimat Shamim, Mark Gross, Vince Sprenkle Pacific Northwest
NATIONAL LABORATORY
Battery Materials & Systems Group,

. Prowdly Operated by Batielle Sinee 1965
Pacific Northwest National Laboratory, Richland, WA 99352 e AR

Introduction: To aceelemte the development and deployment of energy storage into the
electric infrastructure, it is eritical to test the relibility of batteries and ballery components
for increased acceplance of the technology. The performance and lifetime of storage
systems under grid duty eycles should be quantified and disseminated throughout the
industry, In sddition, findings from technelogies tested wmder grid duty cyeles should be
used to direct research related 1o degradation and aging of the technology.

Objectives

»  Establish a world class battery testing laboratory 1o predict the lifetime of
battery components

*  Utilize strong on-site charscterization facilities (i.e. NME, XP5, TEM, APT,
etc.) o understand degradation mechanisms on batteries tested under grid
duty eveles.

*  Create mnovative material solutions to existing technologies to increase
reliability by understanding  Materials-Performance relations for vanous
battery technologics

=  Provide batery operation guidelines ond independent validation of
performance to end users to maximize battery lifetime

Reliability Laboratory Structure
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C&D Technologies UniEnergy (V)
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TAT Hitugy Systtone, The' = Future Work
i ol Bluesky Energy *  Phase Il will provide additional capacity, technologies, and testers/cyvelers in
FY20.
Grid Duty Cyeles *  Testing linked 1o Geld deploved systems to validute component performance.
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In-situ Reliability Studies of Vanadium Redox
Flow Batteries: High Voltage Stressor

Allisan Platt ®, Elizabeth Fisher *

Pacific Northwest

Introduction: vanadium redes flow batteries (VFRB) suffers from performance
fading over long cyeling. To fundamentally wnderstand the reliability and degradation
mechanism, and to eventually develop models for mping prediction that can help reduce the
duration and cost associated with real lifetime tests, s imperative for their i real applications.
This is the first installment of this siress tests: High Voliage. Stressors uid in aging prediction
whmhmmuulmunmmﬂumuﬂihfm:nrd&:mmhhmm

In-sity measurements:
Vit cat a1
it v, Pl =} Hm )
s v Raf-) {8 v o)

Viostode a. Fal-J (0 em i
ocy

Palarization curves
(suech as full cell (bve. a),
cathode (ova d) and

anoda (a vs. c))
Ac impedances

Objectives and Approaches:

= High culodl voliage considered as o 10 secelerate the VRFE cell and component
degradation and gain fundamento] understanding of degradation mechanism.

* VRFB usually operates with voltage limits to 1,55-1.65 V due to the electrods corrosion
and oxygen evelution m the catholyte, For Stressor tests, vollage maged 1.6 V - L8V
{depending on the cutofl voltage reaches 80%% SO0 gt constant current charge using 80
miAcnr’) tested for 00 cycles with elestrolyic remixing at every 100 cycles.

Results and Discussion:

) Efficiencies and Capacitics over cycling (@80 mA/em?)
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LG5V | L70V
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% The enbancensent of resssimsces wver eveling maandy, nesults from fhe incecasimg.

charge transfer resinbmees.

‘ % Higher voltuge can lesd to preatly improved elnsge tinsfer resntonees

& Porevery 10 cyoles, cathodie peritnmmnce ilocays wilh nercasmp cyclo

nt infhusee on
g fennt cullode

periormmess. Higher wpper

* Ringle or nmlti- stressors including nnolbyte and catholyte starvation will be stodied 1o
sceclernte the VREB decay;

= Establish comelation between cell performonces and ebectrolyte composition or
electrode or bipolar plates propertics over cyeling, .
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Sandia National Laboratories

Mechanisms and Materials Impact of Abused Li-ion Batteries

Loraine Torres-Castro, Josh Lamb, Eric Deichmann, June Stanley, Chris Grosso, Jill Langendorf, and Lucas Gray
Introduction Methodology
= Stationary energy storage systems (ES5) are increasingly deployed to maintain a *SOC - State of Charge
robust and resilient grid. Eﬂds_ﬂm!s *OC - Overcharge
® A gystem size increases, financial and safety issues become important topics. | s *SOH - State of Health
= Holistic approach: electrachemistry, materials, and whole-cell abuse will fill —
knowledge gaps. ~ - . ) o
* Simple passive monitoring of a cell or battery is often unable to identify the onset 16 =8 50 1 0GRS0 | e Pre-test characterization

of failure untl it is too late to intervene,

= The prevention of catastrophic failure requires detection of internal faults well
before they have developed to the peint of no return.

= Linderstanding the degradation mechanisms of the battery components during
abusive conditions is essential to influence the develepment of new component
designs that are more resilient to abusive conditions.

......................... I

Owercharge condivans [T wih in-opersnda B55| 10 1)

Characterization during test

Enmarces
Lincorptardeg

1 Post-test characterization

Failure Mechanisms of Overcharged NMC Pouch Cells == == === === === - o cccuu
Impedance magnitude at Differantial capacity Differential capacity H-ray Diffraction HEM micregraphs
- 4 eritieal fraquaencies - during overcharge - after partial overcharge (Cathode) (ammie)
| Frop—y i = 1C (10 &) ‘—:Lm = O A) Mwrker of failure — a0 T -
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siwte of Charge (%) Stute of Charge (%6} Vibtagr (V) 2 ugree
= Several overcharge = The dQ/dV calculated * The dQ/dV calculated after  * The analysis of the XRD The SEM images rﬁ‘?alc‘d
procedures were applied during the OC procedure mild OC demonstrated diffractograms depicted the presence of dendrites
to 10 Ah NMC single cells. exhibited a redox reaction loss of lithium inventary the decompesition of the  and the deformation of the
betwean | 30-135% S0OC. and active materzal. cathode. mesocarbon microbeads,
Is the failure marker consistent What happens if the initial
across manufacturers? . SOH is compromised?
win ] T ] 1
“E"::-“"" ;":;'::“" 1 T - * The initial SOH of three cells was manipulated, and the abuse
o 1 : ﬁ response was characterized.
=
;.— 1 i * The onset SOC to thermal runaway decreased as the initial
2 - I - SOH was aggravated.
H l-'.J . : : :; = The everall resistance in the form of magnitude as a function
. _ ] 1=, < 1§ of the state of charge presented the failure marker at 140%
e ——— I 2 R 3 SOC, independent of initial SOH.
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= Degradation marker identfied for the NMC - = . . ) 4 3 —
chemistry during strenuous conditiens (s | At e wmle—e——————
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independent of manufacturer and capacity.
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Sandia

Mitigation of Failure Propagation in Multi-Cell Lithium-ion Batteries
Loraine Torres-Castro, Joshua Lamb, June Stanley, Chris Grosso and Lucas Gray

Introduction

Stationary energy storage systems (ES5) are increasingly deployed to maintain a
robust and resilient grid.

As system size increases, financial and safery issues become important topics.
Holistic approach: electrochemistry, materials, and whole-cell abuse will fill
knowledge gaps.

Safety of LIB has long focused on the impact and aftermath of a single cell failure.
Failure of a single cell (inside a pack) may solely have little impact on the safecy of
the system; however, the thermal and electrical impact on other cells in the pack
may be sufficient to cause a cascading runaway effect.

Work presented here examines the failure propagation behavior of small battery
modules and multi-modules constructed with pouch cells, and the development of
propagation mitigation strategies.

firihanced
Urchsrplardding

Methodology

Part I: Mo Thermal Mansgement
Cells in pack
charged to 100%
S0C

Failure initiated by
mechanical nail
penetration

5 pouch cells
packed together

Part II: Passive Thermal Management Between Cells

5 pouch cells pack
together with Al or
Cu plate separators

Cells in pack
charged o 100%
SOC

Failure initiated by
a mechanical nail
penetration

Part IN: Passive Thermal Management Between Modules

Packs electrically
connected in a
353P configuration
with Al or Cu
spacers between

Failure initiated by
a mechanical nail
penetration

Modules charged
to 100% SOC
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Timss {min}
* Limited propagation.
= Damage was observed for Cell 2, but
no thermal runaway events seen for

Cell 3 to Cell 5.
Part Il. Thermal Management

Between Cells

Timest (i)
* Mo cell to cell propagatien.
* Thermal runaway of initial cell failure
wag minimal,

Vi {main)
* Full propagation to adjacent cells.
» Cascading failure to entire battery
aover ~82 s

Time {mim}
* Full failure propagatian,
* Cascading failure to the entire battery
over ~240 s.

Part lll. Thermal Management
Between Modules

g ™ Tor8 toch barrier cai—s= =n| G UG inch barvier
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* Peak temperatures reached
~400 °C.
* Energetic thermal runaway was
not observed beyond the initial reach ~300 “C and eventually
failed cell. lost valtage.

* Limited propagation (from cell |
to 2).
* The second cell was able to

= Az the size and complexity of battery packs increases, single cell failures within a
pack become significantly more likely — this work locked at the mechanisms of how a
single-cell failure might impact a larger battery, as well as how it might be mitigated.

* Limiting the SOC exhibited a meaningful impact on propagating failure; however,
this comes at a high cost to total energy storage.

* Unmitigated fully charged pouch cells saw a complete consumption of the packs,

Summary

Y S
Tihawr {min) Thet {min
* Cells within the target 153F
module were rapidly consumed.
* Quter modules did not initage
thermal runaway untl ~120 * Outer modules show signs of Rilure
seconds after instial filure. =20 seconds after initial initiation.

* Initial failure immediately consumes
cells within the central 153P
madule,

- sAl barriers were used as a means of passive thermal management to slow or hal

thermal runaway propagation between cells.

=I/16" plates limited propagation to a single cell, while /8" plates arrested it}
altogether for single module battery packs.

sThe same plates berween modules of a 353P pack configuration were not sufficient|
to mitigate the failure propagation.

@ enenoy et m___,,,_:,u, Funded by Dr. lmve Gyuk through the LS. Department of Energy; Office of Electricity. A special thanks to the following people for M
NISS o thoughtful discusslons, advice, ond experiment design: C. Orendor(Y. Preger, 5. Ferreiro, R Shurtz and | Hewsen m



Sandigo National Laboratories

Predicting Limits of Cascading Thermal Runaway in

Li-lon Pouch Cells

Andrew J. Kurzawski, John C. Hewson
Fire Science and Technology, Sandia National Laboratories, Albuquerque, NM

Introduction

* Stationary energy storage systems (ESS) are increasingly deployed to maintaina  +

robust and resilient grid.

* As system size increases, financial and safety issues become important topics.
*  Holistic approach: electrochemistry, materials, and whole-cell abuse will ill

knowledge gaps.

* Models enable knowledge to be applied different scenarios and larger scales.

Cascading failure in Li-len systems depends on thermal and chemical processes:

* Heat generation from chemical reactions.

* Conductive heat transfer through and between cells.

* Convective heat transfer to surrcunding gases,
Comparison between experiments and models provides a measure of model
performance and elucidates data beyond what is measured,

Finite Element Model of Pouch Cells

+ Discretization in one direction (x)

Multi-layered system of batteries and spacers

+ System of 5 LiCoO2 3 Ah pouch cells
+ Empirical chemical reactions
* 5El decomposition
= Anode-electralyte (Shurtz)
*  Cathode-electrolyte
+ Short circuit
+ Experimental data
= Mail penetration in first cell

Q:ﬂdes

X =

_}'?End

—

#

* Seate of charge (SOC) 50-100%
* Copper and aluminum spacers
* Measured skin temperature
with thermocouples between cells

Battery Spacer

1o00% SOC

* Predicved heat release over
heat capacity: @ /¢, = 207

* Heat release per mass is
519 /g

80% SOC

* Two of four experiments
propagated, but simulations
do not propagate,

* Qfey decreased by 6.7%

* Heat release per mass is
483 Jig

* Meed to Improve short
circuit model for the nail

g

Limiting ngh-Temperature Rates

*+ [nitial investigations with
empirical reactions found
propagation velocity at peak
temperatures to be over-
predicted by ~2 orders of
magnitude.

* Velocity scales with the reaction
rate and thermal diffusivity as
v = Vo e

= We limit high temperature rates

while fixing the onset rate by
adjusting the Arrhenius pre-
exponential and activation energy
together,

Model and Experimental Comparisons
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80% SOC
* Solid lines = Experiments
= Dashed lines = Simulations

Replicate B0% SOC experiment
does not propagate.
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* Met heat capacity increase of 21%
* Qfep decreased by 17%
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Summary
* Both models and experiments show homogeneous distribution
of heat capacity is more effective at mitigating propagation than
heterogenecus distribution of heat capacity.
+ Initial short circuit model contributes to differences.
* Predictions more sensitive to heat capacity changes than reality.

+ Predicted and observed propagation still occurs but slower.

(==

+ Observed propagation occurs but predictions fail to propagate.
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Thermal Runaway Testing and Database Development of

Large-format Li-ion Cells at ORNL and SNL

|. Stanley, H.Wang, L. Torres-Castro, E. Deichmann, X. Zhu, S.Ally, J. Lamb, C. Grosso, and L. Gray
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Internal pressure measurements during the thermal runaway

NEW ME

SCIERCT = [ril EREG

Abstract

Undar abuse conditions, batteries axhibit a build up of prassure during thermal
runaway until the vent mechanism bursts (or “ruptures™). The ability 1o measure
this pressure rise is important to understand thermal runaway and onset of
venting failures. Delicale components within cylindrical cells make directly
accessing the inside of the battery impractical, so measurement of the cylindrical
case's mechanical response 1o the pressure build up aveids this limitation. Here,
axperiments are performed to demonsirate how strain gauges may be used 1o
perform noninvasive pressure measurement of batteries under thermal abuse
conditions. A laboratory scale test apparatus has been constructed for these
axperiments, and analylical expressions have been eslablished to describe
internal pressure as a function of strain.

1CO TECH

IESEARCH UNIVERSITY

Figure 1: Strain gauges
miountad to an empty Hoop
18650 size battery case

Longiudinal Strain
Strain measurement test fixture

of cylindrical lithium ion batteries
ne M. M. Hill Mlmml J.

largather
o Tech

Pressure as a function of case strain

Pressure comtained within an enclosed cylinder will cause mechanical stress
along its kength (longitudinal, L) and circumference (hoop, Hi. To measure strass
companents, strain gauges are adhesively bonded o the outside of the cylinder

wall as shown in Figura 1. Analylical exprassions relate hoop and longitudinal
stresses to the contained pressure [1]:

ro
oy = % and @, = -

The strain on the cylinder can be expressed in both directions as functions of the
siress components and thermal expansion [2]:

7] VT o Vi
E”=%—TL-—HC£{T and FJ,=EL E” tadT

The above expressions may be combined and simplified into a single expression
for Intemal pressure as a function of case strain measuraments Independent of
thermal effects. 4ED

P= m (EH —€L)

A test apparatus was constructed to measure case stran under thermal abuse as shown in Figure 2. The central chambar was built from a 4-MPT size steal pipe with
an 87 mm diameter by 305 mm long interior, Electrical heaters rated at 2,880 W are wrapped around the pipe and are capable of heating the chamber's interior at
9.57 Cimin. A double-pane insulation structure is used along with helium inside the chamber o increase the heating rate. A remote data acquisition system measures

case strain, chamber pressure, and the temperatures of the battery, interior gas, and chamber wall. This systermn also switches heater relays and operales purge

valves, A battery holder was fabricated to minimize heat conduction from chamber walls while sem.lrely holding the battery and multiple thermocouples.

Irtskumentalu:ln
Battery,
Heater Wrap

Batbers.r Holder

Figure 2: Annotated SolidWorks model and pl'muwgraphs of various aspects of the test apparatus for the case sfrain measurament expenmanl

Thermal response of 18650 format battery case

An open, cylindrical 18650 battery case was heated from ambient to 180°C at
approximately 4 Cimin to evaluale systematic errors. Shown in Figure 3, raw
strain measurements were collected then corrections for gauge thermal output,
gauge rotation, gauge transverse sensitivity, and cylinder curvalure were made.
The maximum deviation from zero strain corresponds 1o an apparent pressure of
160 kPa, Since there is no possible build up of pressure in the open cylinder, this
may be used as an upper bound for measurement uncertainty due to the thermal
response for this specific gauge and cylinder combination.

120
160 Figure 3: Raw and
corrected strain
g Rt measurements for
% 50 amply 18650 batery
] case varsus
E @ tempearature
oo .
[Fliner g HiTRIR
a Farw longiudingl strain
Cneranctd g sinain
a0 Crrictad longRucinal strain

0 60 TBIJ
Conclusions

1W 1{% 140 1650 180

Carbon dioxide (C0O.) gas cylinder internal pressure
A closed (pressurized) steel cylinder filled with 12 g of CO, was heated until the
point of burst, and a second trial with an open (unpressurized) cartridge was
performed as a baseline. Pressure, calculated from strain, is shown against
temperature in Figure 4. Closed cartridge pressure build up is compared to an
isochoric heating of CO; with the same specific volume as the carridge [3]. The
cariridge yielded prior to burst causing an upward trend in apparent pressure.

&0 Clemd cartricion
Openy crrickn
50 —— €O, ieehonc hoating (1.2 6m g
w
S0
=
=30
E
£
o 20 .__d__,:-_—-_,_’
i
we
]
30 40

fgr?nparalgge "Gl "
Figure 4: Cartridge pressure during heating (left) and images if an intact and
burst cartridge {right)

A method for measuring the build up of pressure during thermal runaway was developed from the measurement of case strain. An analytical axpression was
farmulated for pressure as a function of case strain values, A test fisture was designed and fabricated to measure strain under thermal abusae conditions. An initial trial
quantilied uncertainty due o gauge thermal response. Another trial demonsirated the ability to measure pressure build up via the isochonic heating of a GO, cartridge.

Ongoing research

Live battery abuse tests will focus on determining the accuracy of the internal pressure measurement methodology’s accuracy and quantitatively describing the trends

af the internal pressure build up prior to venting onset. LG brand, model HE2 batteries will

be tested because the lithium cobalt oxide cathode chemistry is known to

demansirale venting faflures under thermal abuse [4]. These ven! caps burst around 1906 MPa which will be used to evaluate the measurement accuracy [5].
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EQUITABLE
REGULATORY
ENVIRONMENT
& ANALYTICS

The equitable regulatory environment thrust area supports
research to enhance the energy storage regulatory
environment through: estimating the value of energy storage
for different applications and scenarios; developing control
strategies that maximize revenue or benefit to the grid;
identifying new control strategies and applications for energy
storage; assessing public policy to identify and mitigate
barriers for energy storage; developing standards; and
evaluating projects.
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Planning Considerations for Energy

Storage in Resilience Applications
JB Twitchell, SF Newman, RS O'Neil, MT McDonnell

Abstract

This work presents the proceedings and lessons learned at a
conference workshop that discussed the role of energy storage in
supporting electric system resilience, which took place at the
Matural Energy Laboratory of Hawaii Authority’s (NELHA)
Conference on Energy Storage Trends and Opportunities in
December 2018. A location-based framework for resilience
planning is presented, as is a microgrid planning tool capable of
identifying resource mixes that will meet site-specific resilience
needs. Case studies of successfully deployed resilience projects
from around the U.5. demonstrate the propesed planning
principles in practice, and takeaways from a workshop discussion
identify additional research needs.

Energy Storage and Resilience

From a site-based perspective, resilience is about
acquiring a backup source of generation to meet energy
needs when the grid is down. Traditionally, the only option
for this was a backup generator. But with high upfront
costs and limited operation for revenue generation, this
was an expensive proposition that effectively limited
resilience to entities that have a mission-critical need for
it, such as hospitals and military bases.

Due ta its operational flexibility, energy storage devices
can be paired with generation resources to provide a
range of monetizable grid services when not being used
for resilience. That revenue can offset the system's cost
and enable a broader range of facilities to invest in
resilience on a cost-effective basis.

Problem Statement

Paci
Northwest

NATIONAL LABORATORY

Reliability is an objective concept defined by mandatory standards and reporting

objectives and make reliability a monetizable service, Reliability standards are firm

requirements that a utility must meet.

Resilience is a subjective concept, lacking specific standards and metrics, or even an

|
metrics. These standards and metrics facilitate the development of tangible planning ‘
|
|
\
i

agreed-upon definition. Lacking those, tangible planning ebjectives cannot be readily
developed, and resilience is not a monetizable service. Absent standards, resilience is a

goal that is pursued subject to cost effectiveness.

Defining Resilience in Terms
of Reliability Metrics

System Average Interruption Duration (SAIDI) is a
commonly used reliability metric that measures how
long, in minutes, the average customer is without
service during the year. To ensure that uncontrollable
external events do not mask reliability issues, SAIDN
scares are "normalized” by remaoving major events.
While these events are filtered out of reliability
reporting, they provide a starting point for identifying
resilience needs, as demonstrated in these SAID scores
from Hawaiian Electric Companies subsidiaries:

If we want to improve resilience, these
major events are where we start

A Locational Approach to Resilience Planning

i M

communication and control upgrades on the local grid to enable their value,
5. Throughout the process, consider questions of ownership, cost allocation, and rate design. These policy decisions have significant ramifications on

the value of resilience assets and how they will be used.

ABOUT
Pacific Northwest
National Laboratory

The Pacific Morthwesi National
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Jeremy Twitchell

Pacific Morthwes! National Laboralory
620 SW 57 Ave. Suite B10

Poriland, OR 97204

(971) 840-T104

h iwiicheb@pnnlg

Define critical loads. Identifying specific loads that must be maintained in a grid outage breaks resilience into achievable, incremental objectives.
Identify major events of concern. Understanding the shape of the resilience need is necessary to establish tangible planning objectives.
Establish planning objectives. Defining success first = what the resilient assets will be expected to do — will translate into clear objectives.
Engage in iterative site and local grid planning. Local grid needs will define values for the project to pursue, and projects may drive needs for

US DEFARTMENT OF

ENERGY

This work was funded by the Energy Storage
Program within the Department of Energy”s Office of
Electricity, under the direction of Dr. Imre Gyuk.
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Model Predictive Frequency Control of Low Inertia
Microgrids with Energy Storage Systems

Ujjwol Tamrakar, ' David A. Copp, ? Tu Nguyen, ? and Reinaldo Tonkoski ' ﬁa;!diﬂ 1
dliona

SoimH DAKOTA ' South Dakota State University, 2 Sandia National Laboratories Laboratories
STATE UNIVERSITY Contact Information: tonkoski@ieee.org :

3. Results and Analysis

3A. Effect of Varying Weighting Parameters

stem Parameters: M = 4 s, D =1.5%, R, = 5%, T,=0.2s
* MPC Settings: = 0.02s, T = 1 5 (Prediction Honzon)

1. Motivation and Objectives

- Fast-frequency control strategies are required in low inertia
microgrids to maintain frequency. .-

« Energy storage systems (ESSs) can provide energy buffer
required for fast-frequency services.

* However, ESSs need to be dispatched optimally from a technical
as well as economical point-of-view.

* Model Predictive Control (MPC) approach proposed.

Virlalion of Mirdmumn Fregqus Variation of Maximum ROCOF
]

f- Allows system operator to dispatch ESS optimally
as per system requirements and conditions
* Incorporate ESS constraints

« Ramp-rate limits
% * Converter size limits - o
B == lu
2. Methodology % os e
Bw - - . ‘
| T N B 2% o L N
K — | SpeedReguintcn T i it
g L 3
* Varying paramelers allows syslem operator o play between
1 Aal frequency/ROCOF reduction vs. energy usage from ESS.
AP, Ms+ D i - * Intuitively control system dynamics.
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subject o 4. Conclusions and Future Work
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Distributed Controls Using Energy Storage for Improved Grid
Stability and Resilience

Roghieh Biroon, Pierluigi Pisu (Clemson University) and David Schoenwald (Sandia National Laboratories )
Email: rabdoli@Clemson.edu, pisup@Clemson.edu, and daschoe@sandia.gov
Abstract
This poster illustrates modeling, simulation, and control design approaches to develop and ultimately deploy
a distributed control strategy using energy storage to improve power grid stability and resilience.

Motivation
A distributed approach to wide-area control

System Modeling and Case Stugiy: . )

design has the potential to improve grid stability

TR

| - o
[ .
e ;s..’v_‘ ] A =¥ -
iy T | el - _ 7

over a wider area while increasing the robustness [ - I—|@;ﬁ.
to failure of any one actuator than is possible in a E e I_l—' = = T
centralized approach. Energy storage systems are = r'i[|: ] "

excellent candidates to implement this strategy J = ==

Energy storage can absorb/discharge both active —

and reactive power to the grid with very fast
response times,
Project Objectives

* Goal: Develop control algorithms for wide-area power grids using
distributed energy storage for power injection to improve grid stabilicy.

* Schedule: Project is currently 6 menths into a planned 3 year duration.

* Year | Tasks: Develop battery model incorporating inverter dynamics
to enable use of the firing angle as a conwrol input. Simulate and
analyze oscillation dynamics of case study model. Design decentralized
control algorithm to damp inter-area oscillations in case study system.

* Year 2 Tasks: Conduct sensitivity analysis on control performance to
storage size and locations. Design a hierarchical control strategy
allowing remote measurement feedback at selected storage sites.

* Year 3 Tasks: Develop case studies for larger grid models reflecting
actual grid dynamics. Extend control design to transient stabilicy.

= Battery Model

u | 1% 5Bntn
T
—
JE dux is the inverter firing angle
95 = —— vy lgps cos(ag) to control the power factor

™ gemsrair
Power System Structure

System Equation

[Fulak, + [Fglaly

) -
[Yous_ng8¥gn = [Pslal; — Case study model

Control Design Approach
Decentralized control using overlapping decompositions' will be
designed for the system. This approaches is more practical in large-
scale systems since no exchange of information among different
areas is necessary which makes the control design easier to
implement in wide-area power systems.

e Aewat
f."‘ ."-“‘ W,
C‘f N =] =
i [ _=
= | £ u
- - ks &
= = i
Aread il ) | T s =
s ) w  om s (=)
Area 2

ik, O D 1OV Dacpneralinnd conoel of
complex ppuzmE Mas Soric Asademis Fres.

X =Pty Ko Xe, Xoo X, X

Conclusions

* Battery model has been developed incorporating inverter
dynamics to enable use of the firing angle as a control input.

+ Simulations and eigensystem analysis has been conducted on
a three area power system for case study.

* Control design approach will initially focus on a decentralized
strategy using the overlapping decompositions method.

* Future work will include sensitivity analysis of control
performance to location and size of energy storage in grid.

* Performance comparisons of decentralized control strategies

Qpes = 3%3 v fggs sinfeg) [i?: = A, FLE;‘:I + B,, ]+ EyAa vs. hierarchical control approaches will also be studied.
Ioss, = vmpeas—:rgt;rsss Adty * Initial control design objective will be on small signal stability
L3 Wooe with investlgatiar!s into transient stability planned for Year 3.
logs, =2 Fmﬂ,ma“s [M ] G M-f“ I+ D, * Future work will also address larger case study models
q reflecting dynamics from actual power grids.
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Energy Storage Planning for Clean Energy Target

David A. Copp', Tu A.MNguyen?, Robb Thomson?, Raymond H. Byrne?, Babu R. Chalamala?
! University of California at Irvine, CA ? Sandia National Laboratories, NM ? Retired Fellow at MIST, MD
Email: deopp(@uci edu, tunguy@sandia gov, robbmi@toast net, rhbyrne(@sandia gov, behalam(@sandia gov

Abstract
In this work, we developed an optimization approach to analyze the amount of energy storage and renewable generation
required for 100% clean energy target. Given locations of renewable generation, we sclve an optimization problem to find
the amount of solar PV and wind resources at each site and to size energy storage to balance a utility’s demand. Case
studies are conducted using historical weather and demand data from a medium-sized utility in New Mexico, USA.

Methodology Formulation Case Studies
A mathematical optimization Objective function: *Case studies are conducted using
problem is formulated the minimize J(5,7, ", ", P, pT) different historical demand profiles and
PP P
objective of minimizing energy . 'f'm,f L weather data from 2016 to 2018. In each
i oy Z i
resource sizes while ensuring case, we analyze different trade
§ ' ; = scenarios.
thal;' the utility's demand is met at (5,5 B P D) 1= w5 w4 ™ S g
all times. =

e ZPIH o E : "rur Tt z : "1rni 1r~f‘

The constraints of this problem

include: ; e

* Storage constraints: state Sorge dnd renmb!e constraints:
of charge constraints. 85 < gy < (1—d)s 0=pi; =p

* Power balance constraint: Sker =Sk NPT —pir  O< P <P
load must be met. #o = 1 D <p e G Re_

* Curtailment  constraint: K =8 0<pl <5
renewable curtaiiment must b power balance constraint | 2018 demand and TMY data

e Intearcarnection Z”l : +ii’i gl = — pEt 4 pieade 2 2017 demand and weather data
constraint: the  energy ‘ 3 2016 demand and weather data
exchanged with other regions Euﬂadmnr!ﬂt ETF '"tﬁfm"ﬁm "-:‘?‘:mrﬂm 4 Case | with only solar resources
must be limited. 0SAm <h [ B <A™ <A 5 Case | with only wind resources

Case Studies = Results
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Key takeaways: T =
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* PV+ES need is dominating against wind. = Tl
* Larger ES to accommodate wind vs PV, =1 =1 I
rg -“ép Illl ‘ - Bl .l”l - ;I II I -- = i. I -‘-_
= Energy exchange leads to less resources 3 I v i 5 ,,~ [
(n) N trmale, () Tenade albowd all hoirs
Conclusions

In this work, energy storage and renewable resources planning for clean energy target have been studied. Specifically, the
contributions include: |. An optimization approach for sizing required renewable resources and energy storage to balance
the demand of a utility with 100% renewable generation, 2. Results from case studies for a utility in New Mexica.
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Utilization of Existing Generation Fleet Using Large Scale
Energy Storage Systems

Tu A. Nguyen and Raymond H. Byrne
Email: tunguyi@sandia.goy, thbyrne(fsandia. gov
Abstract
In this work we developed an optimization framework to evaluate the benefit of large-scale energy storage system (ESS) for
utilizing an existing generation fleet that often operates at suboptimal working conditions due to peaky nature of the load.
The objective Is to find the optimal schedule for thermal units and the ESS that minimizes the daily system operating cost.

Case studies are conducted to evaluate the operating cost savings by using ESSs for a utility company in Alaska.

Methodology
An MILP problem is formulated to
find the optimal schedule for thermal
units and the energy storage system
(ESS) that minimizes the daily
operating cost of a generation fleet.
The constraints of this problem
include:
* Energy storage constraints:
state of charge constraints.
* Power balance constraint: load
must be met.
* Reserve constraint: minimum
spinning reserve must be met.
The assumptions include:
* ES5 operation does not impact
hydro scheduling.
* Maximum capacities of

transmission lines have not been
reached (i.e., congestions do not
occur.)

Case Studies — Annual Savings

‘ Fuel Cost ‘ O&M Cost | Start-up | Annual Annual
%) %) Cost($) | Total (§) | Saving (5)

‘Cau | - Ha ESS [ 31,015,209 1,238,540 154,150 32408299
"C—‘IIE 1= 30,700,007 1.218.237 59810 31,978,055 430,244
| a0mwi oMW

30,681,801 1227761 24,845 31.934.407 473691

WTVAT  LITEEM 15445 3191T4B6 490,802

Linit 2 - Scheduls - Mo ESS
Conclusions

Formulation
Objective ﬁ.II'ICUGn
min ' = EZ{I (P)efy + syesg + ajomg)
=1 g=1

» Jo{Fy) i the fuel consanspion of thernsal umit g after time period § based
on s power cntput P ef; i the fiel price for unit g

® 5, s binary variable that indicatis unit g starts ot time § or nob. osg i
the start-up cost of unit g.

* a) i o binary variable that isdicates the status of unit g at time . omg
is the varinble O&M oot of unil g.

Storage constraints:
Si = NSi—1 + 7(nFf - FY)
Sm=5
Snin & 8 % O

Power balance constraint:

I FHII‘" {' PI ( al PHICI

Pl prs S PP
=l

Reserve constraint:

o
NT pees_iptos preis

TERETUE

Case Studies

Case studies are conducted to

evaluate the operating cost savings

by using ESSs for a utility company

in Alaska:

* | combined cycle, 4 gas units

*  Minimum spinning reserve:
I0OMW if not islanded, 40MW if
islanded.

* MNatural gas price: 7.92/Mcf.

* Wariable O&M cost and start-up
cost for each unit are given in the
following table.

Unit |
Combined

Uit 2
MNatural
Gas

Unit 3,4,5
Matural
Gas

Cycle

Variable $130Mhour $258hour  $300Mhour
Q&M

Start-up %1535/t
Cost

$2350/start  $1075/start

Case Studies = Thermal Units Schedule

Linit 2 - Schedula

e

Linit 2 -

1aaseRe ERENERERERENANG

Sehedule - 40MWY | OMWh ESS

In this study, the benefits of large-scale energy storage system (ESS) for utilizing an existing generation fleet have been
studied. Specifically, the contributions include: |. An optimization framework for scheduling ESS and thermal units to
minimize operation cost; 2. Results from case studies for a utility in Alaska.
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Siting Energy Storage for Resilient Distribution Systems
Randy C. Brost, rcbrost(@sandia.gov
) ; Alporithm Summary;

* Algorithm to design storage and other distribution *  Grid semantic graph: nput:  Grid model, Service priorities, Threat. Duration, Control flags.
system components to assure societal benefit : mu“wm CUEpUE: et of dusline. With selecied Nodes. sdfes, siiches, capaciies.
during long-term cutage. o Socetal benehit dats Algorithm;

* Explore semantic graphs for resilient distribution o Eisting + potential 1. First actemps 3 sohution with only existing primary generation.
system design. . EHI:WWME’!WI )  this fails, attempe again allowing existing + new generation.

— "‘mw;*“.““mﬂ;?mm 2.Add all nodes which can operate stand-alone far the given duration.
t - “":Ddﬂ:'“d“m'” n’:ﬁ:m“ 3. Determine services stil unfulflled after stand-alon nodes.

* Highly flexible representation for data spanning prograss.ope 4.Find all nedes which contribute a required service.
mixed topic areas. FY20 Future Worlc ) 5. Select node set covering all required services *

* Graph analysis is a strong tool for managing mg”:ﬁmry il : mﬂiﬁlmﬂ::mﬂ!ﬁ covering duration.
large problem combinatorics. + Multi-threat s sl o

* Explicit analysis of both data and relationships. » Lifecycle cost analysis il a.SI::t mm a

*  MAvoids weighting function problems. + Geospatial equity Sk s ~Very short-serm: Diesel

« Real data L arwrgy (Ve = Shart-term: Diezel backed by storage (for efficiency).
: - Long-term: Storage backed by PY then diesel (for endurance).
Existing Infrastructure b Place primary:

i Find primary chovest to each boad (minimum line resistance).
i Select edges connecting laad and prirary.

. Place secondary:
1. Find secondary closest to each primary.

(Attempt existing first, then new)

i Select edges connecting prirary and secondary.

d. Capacity anabsis:
i Find connected components.

i Estimane storage, PV, diesel power and energy requinegmaents, **
. Set mew generation capacity parameters.
. If eritical nodes remain without power, add collocated generation,
8. I capacity permits. inchude sdditional nodes.
* Singhe solution, or enumeration (futune branch-and-bound priming).
** Calculations are currently a simplified approximation.

Blise indicates implementation nm:rcmmlzte

Collecated daicl coweri
wery shart term.

=

ay Outape + Flood

YT ¢
= & dwrags "

: g o The author would like to thank Dr. Imre Gyuk and his col at the E
: yu leagues nergy
NISA ;,.M ! Prograrm at the LS, Department of Energy Office of Electricity for funding this research,
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CONTINUOUS-TIME LOOK-AHEAD SCHEDULING OF

SM,/ RT

UTAH SMART EMEREY LA

MoTivaTioN & FORMULATION

* With the release of FERC Order. 841, energy storage
integration is allowed b participate in the power mar

ket From anywhene on the grid.

Energy storage dovices are fast-ramping mosounes
that can prowvide various ancillary services bo main-
tain the economic and reliahle aperation of the power
system, especially in real-time market.

Conventional discrete-time modeling fils o captun:
the time-derivative relationships between the energy,
power, and ramping of energy storage devices

- Dimpuichable -, - Esrogy Storage —
| Gomeratlng Umin - Dok
.ﬁ 2Ty &
Pawer Syatem Dperatag - v
i Oopstizni sovtvons Mol {n Rewd-Tine i
LSS
Conimus-sime

Figure 13 Continuous-Hme look-ahead scheduling modiel

Objective: Mimimuzing the total real-tinwe operation
st .
mh'f {pu Ggnit)-p O g (1 Hp™ G5 ie1a™ DA(1)
T
" ;l"”l!" Uy e e L LED = #.l,.-: e f"'ﬂ:'.l'l
+ Ry T () 4 R*-"‘{u) it

Timeline: The optimization problem is carried out

-
bt om Ui rolling-lme |‘In.!l‘!-c1.I|L )
n 1y ) n+T 4T Time
T
2

Figure 2: Timeline of the proposed model]
Causslan process: In each Inok-ahead horizon, the
forecast real-time load data am updnmd using Gans-
Shln prodess,

Y- 1 & « % 3
S I R e ¥ 1
!,.‘lta,.h";w-;:a it ,-a;",.r,af;:ﬂ' i
Vi 1 e APERTU TR A
¥ ¥ Vot T v 8 ¥

Truinisg dow
Hgume % Scheme of Gawssian prooess

ENERGY STORAGEIN REAL-TIME MARKETS

BOSONG LI, MASOOD ParRVANIA, Emails: [bosong.li,masood.parvaniaj@utah.edu

SOoLvING METHODOLOGY

* The proposed continueus-tine model caplures the
time-derivative relationships between enengy, power.
and ramping trajectories of energy storage as follows

= Erwrgy and power.

HE| i

= 0%t -
1.?

i e (]

& Power and ramping,

dDA) _ps 0GR
et at
s The proposed continuous-time oplinuzation prob-
lomn is infinite-dimensional and computationally in-
tractable, and = pnfp-rlﬂ'l to a finibe=dimensional
function space using Bemstein polynomials.

G

Fnﬁun Ax Schwrmie of Gaussian prcess

boegith = f: [*I }r*"n .

()= b t=ty' 1€ [ty
iy =) BN AR

* The contumuous-tune trapctories can be expressed. us-
ing, Bermstein palynomials, snd the . propossd opti-
mization problem can be salved as a MILP problem.

wote i

= Power trapctories,
G5r) = GTe™[1),
AR (R (), R
R (a2 o100 gy oL

D) = D" 5
(=R ol g
i REET o @y

* Enetgy trajectony

¢S - W alS )
E° ok l_fI:D? —qd. lﬂgw

= Hmaping trajechorios
a ™Ity = A= g)
GCF=0GM, D =DM
R () = BT M, RAT ) = BT A

R n-";” =R* “:‘M. H.'*‘mnll = It"”\M

| SUMMARY

& A conbtinuous-tios look-ahead optimal scheduling model for the energy storage o F!mtiﬂ« balancing and neg-

CASE STURIES
Erwergy storage devices ane oooplimized with generat-
ing units to twekle the deviation between day-ahead and
real=time load under the following twe cases:

& Case 1. System with no energy storage

o Case 2 Systermn with energy sharage

]Tﬁa e HM;“? |

EEEE I R T E R
L

I‘i.gun.' 5 Dy aweadd and mal tinw load trojedtories

Cwne 1 | Cosr ¥ | Reduction Perceniage
Balanclug wrln Cost (5) | 20226 [ 16160 10.30%
Rgeluton Servier Cons ()| 1470 | 4003 s
tuwumm A5 | 22156 1837
-
-
-
a
i
i
)
-
-
]
-
3
o

Figune & Babkarcing and mgulation serviie trajectories

Table 1: Cost analysiz of systoms with without enorgy storage

DOE OE PEER REVIEW

bLE

Figune T; Eneryy Lrajeclories al erwngy slorage

The corresponding ramping trajectories of energy stor-
age can show the ramping mp.lbilll‘_\; it brings to the sys-

e

B iy

L.

Zr%vf%ﬂﬂﬂv‘-

I,
=

Figure b Kanpang trajectooes of energy storage

UTURE WORK

AMD
ulation services in real-time market s built.

mials and solved as a MILF problem.

& The infinite-dimensonal l'!«l'tl-"'ﬁli"l'l'i i r|m‘|n'l|~d into a finite-dimensional funclion space using Bernstein Pu'll}'l'ﬂ'l—

= Further works concern e ancillary serv ioes soergy storage can provide i diffesent market stages (day-ahead,
real-time, etc.) o find the best way to integeate encrgy storage in posver system.
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MATERIALS Il

Sandia’s energy storage materials science program focuses on
technologies that can be grouped in three main categories.
Electro-chemical technologies include lead-acid, lithium,
sodium, and zinc; and flow batteries. Mechanical technologies
include flywheels, compressed air, and pumped hydroelectric
storage. Electrical, chemical, and thermal technologies include
capacitors, hydrogen, and thermal storage, respectively.
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Advanced Membranes for Flow Batteries
Cy Fujimoto o o,
Anion Exchange Membrane (AEM): Mo raey K
|. Polymer that contains bound Antarianey  Handful of small AEM companies

positive charges. eCOLECTRO
2. Alkaline stable AEM allows for

new electrochemical applications.
3. There is no accepted alkaline

stable “state of the art” AEM.

- e . e
4 Dioxide Materials IENEMR
&

<" OR(ON

Third Party Durability Study:
Investigate IEC/Conductivity Loss and Mechanical Loss in |M KOH at 80 =C for 1000 hrs.

Parfugeg [FF) Pollary wiher sublone) (PAES) Potyethyiene (FE E W
o I ) - ~ Test Credit: Kelly Meeks and Bryan Pivovar

gt e B PR i bt B BT g i i B

TR - J—
b S ot + e ,l
% ‘ T ) ) - ;
L~ . EMAODE
=y 4
DEADOE
R ey S —

L | o EsS e o 14-“
*n | | | ﬂ

; smnd - ill -lﬂl | e e - - -

—EEE fff*?zﬁ,”"“égf * Jf"ﬁfﬂ‘)f## i‘ﬁ'; u

Process of AEM Synthesus'

-

s v m e ®anw i

P ——
EEEEEEERE RN

2 ; anes, however membrane process (Process 1) that was originally used lacked IEC
control. To |mprove cnntml anew pmtess was developed (Process 2) and provisional patent is being pursued.

.....

Polrme: Process | Palymer Process 2

Whies + Ha0
HNMe," + OH

5 M B, o water

-

Conclusions/Future:

1.High interest in alkaline stable anion exchange membranes.

2.Various polymers are being investigated, but the SNL polymer has shown promising durability.

3.Issues in controlling polymer IEC was due to processing condition used (Process 1).

4.Developed Process 2 that has shown full conversion of alkyl bromide to ammonium; better IEC control.
5.Membrane commercialization

6.Flow battery testing of new polymer architectures (Travis/Harry), send to collaborators.

Acknowledgements: This work was supported through the Energy Storage Program, managed by Dr. Imre
Gyuk, within the U.S. Department of Energy’s Office of Electricity.
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Electrochemical Energy Storage through
Ligand-Based Charge Manipulation

Prof. Mitchell R. Anstey,*2 Ellen Warner,2 David Choi,2 Claudia Hernandez,2 Nicholas Kennedy,2
Alexa M. Greenwood,? Jonathan Nicoleau,? Prof. David N. Blauch,? Prof. Neil C. Tomson®

Caviteen Cologs, Davidson, Moh Camira
s F g W Dw. Imre Gyuk, Babu Chalamala, Travis
= o “ i Anderson and the following institutions: ENERGY RELIANILITY Laboratories

The authors are grateful for support fram GFFICE OF Sandia
ELECTRICITY DELIVERY & "I“ ' Naticnal

Thiz role of redox-active small molecules in battery systems vary considerably as the system, and its needs, change. Redox flow battesies
predominantly rely on molecular elecirolytes for change slorage. Lithium-based batleries employ overchange pratecion in the form of armatic
hydrocarbons. Redox shutthes are curmantly baing investigated to assist in the development of Mhiurm-air balteres. In all cases, the redox-aclive
component must B2 vetted in both of its oxidation siates jcharged and discharged) to ensure the system will lunction over its lifetime.

Our group hias been inestigating msthads of charme storsge in molecular species and the ensuing structural changes that accompany each new

cwidation state. Molecular-scale structural changes ane not necassarily detrmental to performance, but without knowledge of their existence, the
tools to predict their prasence, and the ability to control tham, the mechanisms of function (and possible decomposition) can be a black box,

Understanding Electrolyte Failure

o L - . BN PN OGO
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, il
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e Eeigod o this mods of talurs
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New Electrolyte Development
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Next Generation Cell design and Material
Optimization for Sodium Batteries

Stephen ). Percival, Martha Gross, Lee | Small, Babu Chalamala, Erik D Spoerke®
Sandia Mational Laboratories, Albuguergue, WM, LISA
sperciviiDsandia pov *edspoeriDsandizpov (Pl)

L d Schematic of a Nal Battery
Motivation

* Molten sodium batteries offer great promise as a safe, low cost and scalable solution to grid scale energy storage, but
high operating temperatures (>275 "C) and solid precipitation at lower temperatures limit their performance and
lifetime.

* Recent progress has demonstrated lower operating temperatures but new engineering Is necessary to enable high
throughput testing to determine key parameters, such as interfocial wetting and compatible materials.

* Objective: How can fast end relioble testing be ochieved through new cell engineering ond whot moteriols ond
interfaces are hey to successful battery eperation?

Rewgrsible battery reactions
Anode: Ma® + e — Na
Cathade: 31 = 1y* + e

Temall o oA Py Sy BT B0 S50 Ferssl m | Percroowss b . MR 365 ARILANVH

* We aimed to engineer new test cells to be Interchangeable, re-usable and focilitete catholyte and anolyte interoction
with charge transfer interfaces.

Low Temp Molten Salt Previous Battery Cell Design

+ AlBr, compositions *  Demonstraved feasibility of new Mal-AlBr, and - ]
idenufied are fully molten chemistry s :: _] —| r‘I
at 90 °C. » Cell made with available ghas cell parts not ;'u L_ | |-' ] e 55
destgned far molten saly bartery testing ol N SR .
+  AICH compositicns still 3 | hmd romes s, w10

frozen or have large
ameounts of solids at 90 *C

f’ r L] ) 3 I'ml -
— large efficiency difference seen during

cycling from simply increasing
waailable surface area for salt wetting,

reliable battery testing!

Importance of Seals

Mary times fallure was due to materials incompatibilities of
the seals and the constituents,

Sodium Compatible Seal Material

Pokpetinlen sals from
MmN poetylens 1o
wnal kb wachusm wide
Nt 1p-uimalile sl karnd

0 apgly properiy

New Cell Designs

Enable easy assembly, high
throughput and functional geometry

= Many new cell designs and geometries
built and vesved (7 different oypes!)

ntifled new TPDM
c-ringi that will nat

regct with sodium

et

* Same designg were time conseming,
labarious and could be used only
oncet

Key lessons learned about cell ELOmetry,
nzerfacial nveractions and marerials
compatibllity informed new prototype
designs.

Giass 10 merlad woaly
elmminate bmwaried
wide reactimny from

Includes 3 designs that are fully
interchangeable and reusable

sall wapoTy

Famed 10 A3 oL
" -

Carbon and tn-based thin films also used o enhance wetting,
Along with thermally activated carbon felt current collectors,
new cells show drastic improvement in stable cell cycling,

Interfacial Engineering
Improper wewming of the sodium or sab with
the NaSICON resuls in:

I. High overpotentials (low energy efficiency)
1. Eventual shorting through the MaSICOM

T

Heating NaSHCOM to >380 +C
with Ma induces a chemical

=1
- | **mggEe
s - £

&
¥
=
'
5k E

npregos waritng of Na O b | ””‘""'"a -
r = change a1 the interface that - | i P T
Improper weating leads to current improves wetting, leading to f O qr— e, 1400 2 SN EUTE -
Sompariction throsgh smal st Usis'h vallepaiormance  Be{ SRem New cells cptling 150
MNaSICOMN eventually forming shorts al e ) - - ew cells cycling
e W cycles (=550 hours)!!!

Impact Summary

« Engineered cell geometry and materials to enable reliable high throughput testing of new sodium battery chemistries
* Careful design has produced a re-usable, interchangeable cell test platform that is safe and easy to use.
* This design has facilitated first ever demonstration of high cycle life testing of a molten sodium battery at |10 °C.

Sandia
@E
Lboratines

@iy -
NISA T

P ]
™

s ] g i e gy i P, e el [ emm bk mchmn g 1] L Tt o pgy s e

o [l




Sandiag Naotional Laboratories

Solid State Separator Development for Sodium-Based Batteries

Amanda Peretti, Eric Coker, Mark Rodriguez, Martha M. Gross, and Erik D. Spoerke (PI)*
Sandia Mational Laboratonies, Albugquergue, MM, LISA

asperatiidsandia.gov

*edspoer@sandia.gov

Motivation: We aim to develop zero-crossover solid state separators to enable safe, low cost, long cycle-life, low temperature

{=1502C) grid-scale sodium-based batteries.

Key Separator Properties: ‘e, * NaSICON
= @ i » Selective, high onic conduciivity 8t reduced lemperatune (< 150°C) i‘ i —':: . b Admica
- * Chemical compatibdity (molten Na, molten halide salts, sirong basa) l : a <
woten Sodum [0 momsnmmidesan Wl e = Mechanical robusiness i'l
et ] Thial ‘ oo el N = Low cosl, scalabée producton !
£ b Ta sl 4 e+ ES = A3V ¥
' 1 ] . ] Based on ils high Ma-onic conduclivity (>10- Siem al 25°C) and - A "y
- e [ Gt - Eompn S € established chemical compatibaty, NaSICON ceramics . . . -
i i e = {Na,Zr,P5i,0,,} are good candidates for development. e

“Additioral candidate baltery chemisires noude Zn-Mad; or agueous Na-lon balleries.

Thermal Analyses of Solid State Reaction
22rSi0, + Na,PO, > Na,Zr,PSi,0,,

Differential Thermal Analysis and
Thermogravimetric Analysis

o |
(L SaSHEIO0 L
[— ais
s ﬂ = .n"l"' sl B
s el [ emss
3w I ) * 3
\ = gmz Eviarad BaSICON
" _\'\\._./.”( =N
L E T
oM e W BE T e e

TFarvp "C
—Mam s —OTA ju¥mg)

v [DTATGA, show wirler nemaoned mem Drocirsor posvoer By
il

v HaSICON corverson resction avidoent befween TITO-1230 °C.
v Bnimng sbove 123000 & poor oemmic inegrty (mefing T

FaSHOOM Samered st 1100

~ Why is this important?

Complete Conversmn of Precursors

KRD confems prosence of Calzmning prociarsar foawdd
1o 4 loast 250FC ciminatis sodum phosphato

“Soared ¢ feonductrany frydirates in "as-mace” preCiesor powders.
I Tm'_q"’ Samdar® | . Density messursments, theugh. show that higher
| calcining lemparndure (600°C) lsads 1o still bottor
Eakined S0P | LTMO4  A2EESS sintared carmae denaity
ek enieos  ampes * CORINNG alss cesults in improved loric conductivity

lioply cue o ieproved densily

—
i
{
{
{
(
f

+  NaSICON calcined al B00°C, sintered al 1230°C yields »04% densily and > 0.4 mSicm
250

" Tham CRrEmics aareﬂl.uhbla 1ur Iatl—mle munqnlmoltan sudlwn batieries

Alternative Separator Materials

= Tha key goad & fo make batbery separadors ouf of low cost, 20 maserials
= Montmorilionite (MMT) Le.. ciay is 8 promesing matenad

o hlw s w0 Wl Y
[P ———
e Y (S A0

= MMT platifiol ofaanenton (lays & Hobs in
the ability of tho Ma+ ions 1o Mo
throagh the compaosile.

= Increased H, O conlent Increasaes
eanductnaty of composite

+ Wanl channels, have (o have waber in
thera

—————
=
B

b

MM deted | Phat
EsLai

Composite Conductivity

em Chualilstive &nalyain

s BHOEOT fragis, brasks with mirsmum efort
‘Crumbled af rafasa o 1:1, nof and

MMTPE-Shock-PEG B TEE-DS rumbhy

T PES SOE-DS pliakla and erumisly

MMTPEGMaTFE 4 1E-5] pliabio and crombly

MMTHOPE BOSE-0T rgid med snaps

i e S « MMT alone is not sobust and Falis Bpar upon
contact with fulds

+  Adding polymers to the composso impaws
mechanical $nbiity

+ [Polymars mne insulators -+ adedition o s
compost decrenses overall conductivity

+  Addng Sedium trilusromethanesulforimada
(MaTFE]) 1o lhe compositn Can Mmoo Soms
al e conducivity

Syt ool wiit MMT separson
Hrranated| baloim and afer cplng

Conclusions and Future Directions

= Thaemal pnadyses inform aigndcant getads absinrl NaSICO0N soiid ste synihedis from Zr5i0, and Ha PO,
precuraOrs

= Cpicning procumiar i ol mast 250°C and eraening o 123070 alows for masonalile DREcUion COMvanion and
Cemmic dnnsfcalion, sacing o Rincoonal NaSiCOM separnions.

= MMT composite conductiity s dependent on H20 coniont ana MLTT plaislel onensation
= Potymas additions fo BT incease robusiress but decreass oondoctyly, which can be metigabed by the
ackiitan of Na-on coolsming sals

*  Fiafurg work will Iocis on imgeoseng NaSiC0N cornmic condustivily Bntugh doping and synthiss of
oompostes with high conducthity and st mecherscnl propeaes

Understandmg thermal analyses and phase behawor can lead to improved ion conductor synthesis.
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Radialene Radicals for Aqueous Redox Flow Batteries

1‘, Department of Chemistry, University of North Carolina at
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Abstract Solubility Enhancement Via Desymmetrization

Hegatively substituted trimethylenecyclopropane dianions, a class of as hexasubstituted

a | " P
[3radialenes, are good candidates for active species in redox flow batteries (RFB3) due Table 1 e o wmnl o mall St Dimerization

to their stability in water, reversible electrochemistry, and abllity te be tuned "fi;:' ‘fg: “E -4.:!‘\,- Mitigation
syntheticaly. Hexacyanof)adiabene disodium is investigated us & pH 7 agueous arganic = e g
cathalyte. dianion and radical anion are stable in air and squecus solutions at neutral =T 05 M LT 088 -
pH. Systematic introduction of asymmetry via step-wise synthesis leads to enhanced '!,‘ -
solubility and higher retention during galvancstatic cycling. An squeous flow cell AT - el I i
comprising a disester-tetracyanof3]radialene catholyte, sulfonated-methyl viclogen as - Rmamatric Anymmaisia
the anolyte, and a cation exchange membrane provides an operating Veell = 0.9 V, 99 % ey Y S SO

coulumble efficlency, and 73 % electrechemical yield over 50 cycles. 10 o (e 118

S allcubatiod from ssirmwiod squoons wolobiens wang U Vin speciroecopy.
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Elucidating Molecular Transport through
Membranes in Flow Batteries
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N rstanding ion transport

5:“““ e;::;ﬂ:;om eﬂk:em. hn:er-l‘ustfng RFBs. l#:,m we RFBs in nonaqueous solvents offer the advantage of higher operating potentials

fe previously expl | concepts of ion over in RFBs to than aqueocus systems, but are often hindered by electrolyte-membrane

idenh‘ﬁ'g key mambrane rifes In aqueois systams and sse this interactions. We investigated the effects of different solvents and salts on RFB

performance, using a metal-bipyridine redox pair and a Fumasep anion excha
knowledge to improve a higher voltage nonaqueous system. membrane, - b = B i

~+  Laboratory-scale RFB testing
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Lithium-Pretreated Hard Carbon as High Performance
Sodium-ion Battery Anodes

Biwei Xiao, David Reed, Vince Sprenkle and Xiaolin Li Pacific Northwest .
MNATIONAL LABORATORY
Pacific Northwest National Laboratory, Richland, WA 99352 - . -
Proudly Operated by Baniele Since 1965

Introduction Hard carbon (HC) has been found 1o be an important ) Effect of Li pre-treatment on the performance of both electrolytes
anode material for sodium-ion batleries (SIBs). While competitive capacity
has been achieved using HC, the performance is siill plagued by the low
mitial Coulombic  efficiency (ICE) due to the carbonate electrolyte
decomposition that forms a thick =olid electrolyte interphase (SEI and
irreversibly trapped Na ions within the nano-pores. It is vital to develop an
elecirolyte solvent as an allernative o conventional carbomate electrolyte and
an approach to offset the low ICE,

Objectives

O  Develop an advanced electrolyte that does not intensively decompose, or
co-intercalate mto the lyers of HC.
O  Achieve =90% initial Coulombic eliciency.

Methodology

NaCID,fTEGDME /‘rnvff\
!
I |8 I ..-!\
Li matal - f’-'::u-dﬂﬁ

| - /
Results and Discussion:
‘ ¥ Li-metal treatment increases the ICE in both clectralytes, but the stability
a) TEGDME compared to carbonate electrolyte is only retained in TEGDME, this approach is able to achicve significantly

improved full cell performance.

™ - ) milg n ey T
I: g P naix sl a t--.nmn: caibonate b = X ‘
[ [ ki j ‘
i R a .‘.\

i ““ﬂ 5 ﬂﬁ_ﬁ'ﬁ : T - W

¥ TEGDME shows improved performance compared to carbonate electrolyte. I I E"ﬁ.‘;’_"‘
b) AIMD simulation of TEGDME electrolyte I A L N E E K. }
"L chamical AR ippes) iy ereesical bR ppem) |

b

¥ HC forms thick SEI with large amount of Li-ions and Na-ions.
¥ HC forms thin SEL with little smmount of Li-ions and Na-ions,
¥ Both Li-ions and Na-ions pre-intercalate into the HC during pre-treatment.

Future work
OIntegrate the pre-treatment approach to a large seale cell and verify the
feasibility.
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Development of sulfide based solid state
electrofyte for Na-ion batteries

Introduction:

Na-ton battery is a promising low cost and high performance battery for grid-scale
energy storage and the sohd state design are inflammable and hence has great
potential 1o further improve the battery safety. Sulfide-based Na-ion solid
clectrolytes made of low cost carth abundamt elements have high ionic
conductivities, which makes them a desirble choice for low-cost solid-state Na-ton
batteries. Despite these advantages, the low conductivity and potential release of
hazardous H,5 when contacting moistune environment poses a greal challenge for
using the sulfide-based Na-ion solid-state electrolyte for large scale manufaciuring,

Objective:

* Development of low-cost, moisture stable sulfide-based Ma-ion solid-state
electrolyle without compromising the high ionic conductivity al room
temperature,

Approach:

* The general approach is to develop highly conductive sulfide-based solid state
electrolyte and improve the moisture stability.

* [mproving the wonie conductivity

« Appropriate elemental doping to lower the activation energy, expand
the crystal lattice and reduce the Na-5 hinding energy

¥ Introduce Na ion vacancy structure by aliovalent cation substitation.

= Improving the moisture stabiliry

¥ Anionesubstitution with more stable anion (i.e., nitrogen) in Na,P5,

* Understanding the structural-thermal-ionic conductivity-moisture  sensitivity
correlation as fundamental guidance for new electrolyte development

Results and Discussion:

a) Highly conductive sulfide electrolyte
Anionic duping (e.g., Arsenic doping) in ternary glass mr:mig

Ere. o o
o pad, mnu._m.i. - §
a8 3 ~ o -
s Wy
'y,
- \q:t:- :
=-| ‘.;-I,V; e
B mmime
. s i
:l‘:”fﬁ*iﬁ*ﬁ‘ﬁ‘-:; I T I
R -

% Arsenic doping leads a a low activation energy of 0.256 ¢V and hence lagh

conductvity of 1.46 mS/em at room temperature

Quaternary glass-ceramic system by caﬁouﬁaniorn substitution
T A [

[ — =

" CrLl
s T

%+ Electrolyte doped with Sn and 5S¢ can achieve ~
room temperature.

Pacific Northwest
MNATIOMNAL LABORATORY

Proud{y Operated by Balele Since 1965

b) Highly conductive moisture stable electrolyte
Structure evolution and thermal stability with doping level

R,

P
" -
e b
, |
il % s :
l | . o
i e e L

« Glass-ceramic material and mercasing the doping level leads to more
amorphous structure and precipitation of Na,S

£
T
=

T |
L
.
-

wt -
B N ER M A7 3 A3 14
. L]

% lon conductivity decreases with the large increase of the doping level.
% The glass-ceramic material obtained afler thermal treatment shows
higher conductivity than that without heating.
% NPSN-2 with appropnate doping level showed higher conductivity and
clivation energy than undoped sample.

Muoisture sensiljvity of NPSN-x solid ele:tro]‘vte

et e Lo e ts - =
2 = TRE g R v fmt
; ' ;
; wnn .
® ' - I i |
L = -
i = j
- e
-
-
s
% ¥ N N TR omomom o om
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& N-doping results in a significant reduction of relessed H,S (< 10 ppm)
while the undoped electrolyte (NPSN-0) released H.S reaching
maximium within 16 min

' nly has minor conduct

ity decrease (from 3.4 x 10¢
3 hours exposure (55% RH)

Future Work:

® Investigate the mechanism of H.% suppression in NPSMN-x solid state
electrolyte,

® Develop solid-state Na-ion battery utilizing the moisture stable NPSN-x
solid-state electralyte.
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Monitoring the State-of-Charge of a Vanadium Redox
Flow Battery with the Acoustic Attenuation Coefficient:

An In Operando Noninvasive Method Pacific Northwest
MNATIONAL LABORATORY

Xiaoqgin £ang, Litao Yan, Yana Yang, Huilin Pan, Zimin Nie, Zhigun Daniel Deng, Wei Wang , s = 3
gin<ang g g 2 q g T Prowdly Operated by Batelle Since 1965
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Background Results and Discussion
Redox fMow batteries are increasingly recognized s o promising lechnology for inlegrating

electricity produced by renewable resources imto the lotal energy mix. As more and more Blow 1) Benchmark curves

battery systems deploved for ficld testing, their operational efficiency, safety, and reliability [ah w2 : - - -
become magor challenges. / g ', i
> Muximizing efficiency while maintaining relisble and safe charpe-discharge cyeling w4 we o [ <
requires close monitoring of the battery state-of-charge (SOC). % WL o~
» Existing methods for 30C monitoring, inchading the open-circnit cell voltage method and & ® r:mu'm e
optical spectroscopic approaches, are cither off-line or expensive or unreliable. Thus, the £ £ | -
low-cost, real-time and reliable SOC monitoring technalogy is wrpently nocded. §w | ﬁw 1 7/ =
= Sound speed is sensitive to temperature, which makes the S0 messurement unreliable in W | 7
flucthuating temperatune conditions. - 3 ™ "‘-',-"‘._ w17
i‘ll R iy
) I I ,
VPR THEES W00 WAS W0 WSS 60 TS “a w0 T
= To design an ultrasenic proking device 1o monitor the S0C with the scoustic properties of i ] I 1 . 1 1
electrolytes of vanadium flow baiteries on-line and non-invasively; o m@ﬁﬂlﬁmm wm Al
# To find a reliable measurement of SOC that can work in the fuctuating temperature b) SOC measured with the acoustic attenuation coefficient at § Mz The
conditions. sensitivity of atienuation coefficient t 5 MHz to tempersture in the range of 20/
to 39°C is negligibly small.
Experimental Approache:
ne BUEN APPIIGcRes 2) In operande validation test
= Benchmark test: measure the sound speed and scoustic attenuation coelficient of the @
clectrolyie solutions sl three concentrations and four temperatures o establish the “ -

benchmark curves betwoen SOC and acoustic propertics; T el
= In operands validation test: measure the sound speed and attenuation cocfficient of the E

electrolyte solution in the seventh charge-discharge cycle: compare the S0Cs estimated by i

the acoustic method with the ICP titration results, 18

b T u.‘u
‘Capaciy (A h}

a) The charge curve (m bluc) and the discharge curve (in red) of an v operande
S0C measurement in the seventh cyele;

b) Encrgy clficiency, columbic efficiency, and voltage efficiency for the first 20 ‘

e}ThSﬂCmdbytnurﬁmMn:Mhlhcm«m&mh
compared with titration results. The measurement of SOC with the attenuation) |
coelficient kas errors of less than 4.8%, awre accurate than the sound speed. ‘

Conclusion and Future Work !
® The designed ultrasonic probing approach can accurately monitor the SOC of \

vanadium redox flow batteries i gperando, in real time and at low cost, regardless of
fluchusting temperatures.

= In the future, a battery healih and reliability monitoring system will be developed for
flow batteries with the ultrasonic probing approach and machine leaming methods.
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Regenerated h

",

distributed long-duration energy storage

Background and mativation

# Redox flow batteries (RFBs) can provide some critical services in many
grid energy application;

# Hydrogen metal (e.g. iron and vanadium) flow cells take the advantages
of fast reversible kinetics, excellent performance and low-cost reactant
materials;

¥ Water management plays a vital role in achieving a highly reversible
hydrogen metal flow battery;

# Hydrogen based flow cell has great potential for long-duration energy
storage (LDS, 10-200 hours) due to the compressibility of the hydrogen
and the low-cost and earth abundance active materials,

Objective

¥* Develop a high reversible capacity hydrogen iren flow battery with the
assistance of water management;

¥ Develop a cost effective, flexible, and compact regenerative flow cell
system for long term energy storage.

Hydrogen metal (e.g. Fe and V) flow cells

w o

L

E'ﬁl-

I g“"'_‘—ﬁ

w3 &3 24 af ok in

Capasiy (A h) )
Flgure 1. Schematics of the working mechanism of Hydrogen-metal flow cell
{a):Charge/discharge profiles for hydrogen iron (b) and hydrogen vanadium flow cell
(¢} [current density: 300 ma/om?)

Challenges of hydrogen metal flow cells

# The acid concentration gradient between two electrodes provides the drive
farce to drag water molecular to iron electrode, leading to dried membrane;

# Dried membrane results in low capacity utilization, and low electrochemical
performance. | e.g. low coulombic efficiency and poor cycling performance.)

drogen-iron flow cell for low-cost

Pacific Northwest
MNATIOMNAL LABORATORY

Prowdly Operated by Batielle Since 1965

Water management on hydrogen iron flow cell; ‘

¥ Cycling water vapor in the hydrogen electrode during charge process;
¥ and the water evaporation process after 50™ cycle in the iron electrode,

h]‘g = ;‘ e)2

oy Aulh-h.""'"'"-"""""- i

- . =y

!
£n.—!-u—'.__-—.._._5“ WEM En

T EEG460% Ak -
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gz 100%cycle: 0.80 Ah
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b2
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Figure 2. Cycle performance: CE and EE (a); discharge capacity (b) {cut off voltage from O
to 1.2 ¥); Voltage profile at different coycles, (1%, 25!, S0, S1th, 80™ and 100™) (cut off

voltage window range from 0 to 1.2 V; current density: 300 ma/em)

Future work: LD system builds on hydrogen iron flow cell
H, storage
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Figure 3. Schematics of the working mechanism of LD system
Advantages:

# The regeneration of the iron redox couple can reduce energy bearing materials
cost and volume in flow batbery system;

# higher electrochemical compression of the hydrogen side of the cell can
significantly reduce system footprint ;

# higher round-trip efficiency >75% for LDS of 8~200 hours,

F lower system cost.

This work on ydrogen ron flow cell is supported by the ULS. Department of Energy's (DOE) Office of ‘
o chog sl e Advanced Rescarch Projests Agency-Encrgy (ARPA-E) through Award DE-ARM00686, PMNL is o
ENERGY  uiiprogram national lsborstory operated by Battelle for DOE under Contract DE-ACOS-T6RLOIE30 v



POWER
ELECTRONICS

The DOE OE Energy Storage power electronics thrust area
advances power conversion systems (PCS) for grid-tied and
off-grid applications. This is driven by the development of
new semiconductor switching circuits, as they determine the
overall cost, reliability, and performance of the converter. Next
generation PCS use advanced semiconductor materials
known as wide band gap semiconductors (i.e. Silicon Carbide
and Gallium Nitride) that allow for faster switching
frequencies, improved voltage breakdown characteristics, and
higher operating temperatures.
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Medium Voltage Direct Current Power Electronics
for Alaska Remote Community Interties

M. Shirazi, M. A. Moonem, L Cassel Alaska Center for Energy and Power
W. Thomsaon, Alaska Village Electric Cooperative
S. Atcitty, Sandia National Laboratories

SorME gl
L]
Fig. i, Tha feken-Kuskolwim Deits. Villages within green circle comsideresd for MVEDC network Fig. 12, Googlensan cveriay by Bl Stame of AVEC i, 2. BAVDC Netwark, image by V. Gavarnglan
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Background:

* High cost of energy in remote Alaska communities: 2018 average cost in 200 remote Alaska communities (combined 50 MW load) was 50.36/kWh

*  Overhead MVAC interties reduce operating costs, but expensive to install and limited in distance: Cost of S350K-5700K/mile and limited to ~20 mi.

* Cable based distribution offers lower installation costs across remote and permafrost termain but charging current limits distance for AC distribution

MVDC interties:

*  MVDC cable interties offer longer distance coverage, reduced voltage drop, and reduced conduction losses.

*  MVDC networks also facilitate integration of large-scale battery energy storage systems, PV and wind power plants.

*  MVDC networks offer enhanced flexibility and scalability than their AC counterparts due to simplified synchronization and controllable power flows

+  Availability of sub-MW MVDC power electronics is currently the most significant factor limiting exploration of MVDC interties in Alaska,

Objectives and approach:

*  ldentify region and utility partner to perform techno-economic feasibility and for potential future deployment opportunities

* Explore techno-economic feasibility of MVDC interties to connect villages in remote Alaska, comparing cost of MVDC intertie vs. MVAC intertie vs.
continued islanded operation (in progress)

*  Identify state-of-the-art in MVDC power converters and mast promising architectures for lower power applications

* \alidate dynamic performance of the MVDC network using switching-level controller hardware-in-the-loop simulations (future)

Partners:

» Alaska Center for Energy and Power, University of Alaska Fairbanks

* Sandia National Laboratories

* Alaska Village Electric Cooperative

Period of Performance:

*  August 22, 2018 — August 21, 2021

Activities to date:

» Identified utility partner and target region for techno-economic analysis;

+ Studied state-of-the-art and trends in HVDC and MVDC converter topologies, cable, and manufacturers. Identified dual-active bridge (DAB) in
canjunction with low voltage AC-DC as most promising topalogy for lower voltages and power levels.

* Compared costs of AC vs. DC and overhead vs. underground transmission.

LIMES  COMMECTSON LEWGTH P STREAM RATED MAX  COMDUCTOR  CONDLCTOR
(WELES) PEAK LOAD (EW) VOUTAGE REMSTANCE CAMETER a3 (W) —
) L]
i Chcarvile te 1B FITT] H F ] 04k Il
: Bt 1o 18 B3 5 wm nrs 1o ) e Py 2. A EX0S oty
Alruatihesk ’ s s Gesrnay [3] shorers the cost
P | Mmathakic 65 67158 5 w30 n1se =02 B reerromvenioy s s eannaa] | SOMSNTIN SRt DA
Mapie ek * : : TABE), WVALTE BV and
& [T B 116983 . ] TH 0aT b1 !; [ T ST e BAVDETE SR syt based
Hachal H : : & 'S MW {1300 househales)
H Akiachak 3 7 14450 b 1560 aan - power level, Duai-active bridge
Aak : - : (0B barpad DC-DC consariens
] ;Iu:u ] 18000 b ] e o =" = —— — R repince the SOVG0 Mo
¥ Mshakrs 7 LEE =" s a2 - UraraTrad o4 £ WY MVD
Stk WAL WAL MV
Fig. 3. Prafiminasy corducton sizmg b Bethel area MVDC dittibution [ p—
Rrferanaes:
Bl W, o, " Aercbysing the costs of SV i * Wiecivical Ingl ] Online g 08, Asglable- b0 e sl srgnerng sorksl comdaatideg e st of high soitage dieect cuntend b Samimisaen

We sincerely thank Dr. Imre Gyuk for his continued support of this project.
Dr. Gyuk is the program manager at the DOE Office of Electricity Energy Storage Program.
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X7R Ceramic Capacitor Lifetime For Pesudo-DC-Link Topologies

Jonathan Bock',Lauren Garten'*,Harlan Brown-Shaklee', Derek Wilke', and Carl Fitzgerald'
1) Sandia Mational Laboratories, *Mow at Naval Research Laboratory

Background Multilayer Ceramic Capacitor Characterization
o e SR L s D s D Floating electrode design reduces mechanical Initial Impedance Shows Normal
mﬂm'ﬁm Mﬂl::ple nm::u m ﬂ:':m degradation associated with thermal cycling Behavior

actor Bevated tempurstre oparason ectasien e . Schematic ., SEM Micrograph g

degradazion and circui ixlure.

Until new high-temperature dislectrics increase in TRL* other
srategies ave needed to extend capacioor Betime. Since degradation
s due to electromigration of charged species, a healing’ can occur if a
appotite polarity i@ sppled, Here we investigace this phenomenan by
doing accelerated testing wnder AC conditions. ¥ery slow bipolar
switching of DC link (e.g. every cther diy,"Pesuda-DC Link") may
allow for increased [etime of MLCC caps,

“Sandia has ongoing work in thit wrea, Please ask f verested®

Capacitor DC Degradation

DC Degradation in ceramic capacitors is caused by the diffusion of
opgen ankons voward the amcde, thereby leaving the cathode region
aupgen deficient. This process decreates the resistance of the
diglectric and thereby ncreases the risk of thermal ruraway lailure

(oM tm shorg AC Aging at 10Vr, 255°C

€an we ‘bounce the cxygen back and forth’ using an AC field to Extension of lifetime in AC conditions Occurs

increase lifetimes! — 4 DC and AC HALT performed at ~|0x the raved

e voltage and |25°C above the rated temperature.
[ = Wery large acceleration nesded for timely
EEpRriTnLS
*= Low voltage capacitor used for experiential exse.
Less margin exists on HiPot caps lor Power
Electronic applications

Crastrent (A}

Preliminary studies suggest bipolar switching can
increase the time to failure.

= Commercialseries BME ceramic caps have
R natorisusly long pre-wear owt Weibull tils.
Statistics are needed 1o confirm findings (Moo
two ‘infant mortal 0.1 Mz samples).

I Czpacu:or Energ}f Densrt}r. Post- Degradation Characterization

2. Operating Temperature, or P _ TR
3. Lifetime & o
430000 " = -
Temperature and E; accelerate dielectric A % aoan’t
degradation and reduce mean time to failure ‘ - - —
T, C‘"’z 3 L * darbC g [ |
VWL-Z*WJ - zq'qbn‘,ﬂ w i - AL ~|n-1n’f""w« - | _T:..g-.u
b - S000 SO0 Sonone: SO 0 A lm
Energy density is proportional to the square of r Veltage (V)
electric field (operating voltage) mm‘wwmﬁwmgx R Dot meple e i LS B A
Il pinpoing firal Vo™ locations
e L o o i Future Work ;
P « 4l-sample AC HALT System being bullt {contimuation funding CQ“CIUSIQHS
I M (A RN, theeagh DOE Viehicle Technalogy Office) i
' « Allows for longer testsflower accelerations while 1} AC conditions extend lifetime of ceramic

i rnaintainirg timely data collection capacitors

2 * HALT Testing system will ba used for mapping of Temparatsre-

i Frequency-Voitage Space under AC conditions 2) AC degradation likely tied to oxygen

* Lifu extension ar 10Hz for |0x overvoluge and 125C vacancy migration and proceeds via
= Can e exvension be obuaired for lower requencies at . :
s okt Eereitiond 3) Further HALT and Statistics are required
s + Can, eg., capacitors be healed” when a system is nat to determine the impact to MLCC
. .:?h\\ e under use (Day-night cyche... 20uHT frequency) or Iifetimes
- reverse of polarity each day.

This work made possible by Dr. lmre Gyuk and the Department of Energy Office of Electricity Delivery and Energy Reliability (DOE-QE)L
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Advanced Gate Dielectrics for Wide-Bandgap Devices:
Structural and electrical properties of epitaxial MgO on 4H-SiC

Peter T. Dickens', Michael T. Brumbach’, Paul Kotula', Rebecea Chow!, Kevin Ferri?, Stan Atcitty!, Jon-Paul Maria®, Jon E Thlefeld®,
and Elizabeth A, Paisley!

! Samidla Matlonal Lk fes, ¥ Pennsylvanda Seare Unboesity, ! Unbvessby of Virginia
. . ; .
Motivation l. Structural Properties
= Crystallinity measured using x-ray diffracton.
* Power conversion systems are the enabling sechnology for modern =5 300°C shows best exvemllinity
ower electronics and encrgy stomge. s . 0 T MO ;
P B} & = SiC| Mpt) interface imaged using transmission electron microscopy

* The metal-oxide-semiconductor ficld effect ransistor (MOSFET) s

) 5 ; =¥ Abropt interface, noevidence
t}'l!.: hL::lrr ot P‘.J“’l,f]' CONVErsion ‘;i}'ﬁ[l:l'nﬂ. —

of intermixing

* Wide bandgap semiconductor devices provide the oppormunity to . T 3002
improve the performance through access to higher volages, LT '
temperatures, and swirching speeds. i
= However, high wemperature and high voltage $iC MOSFETSs are » Y
currently unavailable due o issues with axide layer reliabilin. 4
Objective: Develop new oxide layers, Mg,Ca, O, which are 3 wo| ¢ . [
designed to be chemically, structurally, and electrically compatible " e T
with SIiC for a more reliable and resilient transistor. Ggwin Temporatorn {1
* Smco’ Il. Spectroscopic Properties
Background =« =« b:ﬂﬂf » = Conduction band offser (CBO) measured using x-ray photoelectron
: = = = Y s SiC spectroscopy [XPS), [ ng Growth |  CBO {aﬂ
- ,’"l. E"(H'H'! }_';i'll'l,,‘ "'l.‘ﬁ.l.ll:]rﬂf muse ‘m = = sic Mgu [ Tﬂ'mmrt
*= have sufficiently large band gap ‘.." ,,;e!{ Y 2 v e | 200 °C | 30%005 |
* have = 1 ¢V eonduction band offser E & b ‘ 00 *C | 19%0.3

i . . 2 - - —
* be chemically companble with the semiconductor E_&L—-L& & | 400 °C [ 191004 I
* Mg Cay O (MO s an alloy of MO and CaO) which have lattice £ e Y E M0

o £ T B " =2 =1 e¥ CBO for all growth
constants that can match dircetly 1o 5iC, ! =
h [ E,Hg:l:”'n emperatures

= To develop gate oxides with reliable performance, it 1s essential to
understand the rle of interface chemistry and band offsers.

Binding Energy

lll. Electrical Properties

. ‘ * Current-voltage measurements
Technical Approach : o
performed on MOS capacitors, -
* W will investgare the structural, spectroscopic, and elecrricl = Low leakage current in films. 2
properties of epitaxial MgO on 4H-5iC grown by molecular beam * 300 7C demonstrares berter leakage E
epitaxy (MBE] at various remperatures. characteristics than S0, up o ¥
= Ouwr poal will be to optimize MgO) growth for a more 1.5 MV /e, ="
resilient and reliable gare diclecrric, o - -

M Pkl (M)

Conclusions

Metrics :
= Mgl demonserates all properties needed o be a good gare

. Structurml propertics

= Abrupt cpiaxinl inrerface

= High diclectric eryseallininy
IL  Spectroscopic propertes

=¥ Large band offsct
L. Electrical properties

= Laivw diclecme leakijpe current

Deavice design:
Gate Metal

insularor on SiC:
I.  Structural compatibility
11. Large CBO
I, Low gate leakage

= Growrh by MBE is optimized ar a growth remperarure of 3004C.

Future Work

* Strategic partnership initiated with Auburn University, Prof, Sart Dahr,

* Charactenze the interface wsimg C-V analysis on low doped 516 (10°° em).

*  Fabncare MOSFET devices w test performance and reliability of mansistors
wsing the advanced gate dielectric.

@enEray

We gratefully acknowledge Dr. Imre Gyuk and the DOE Office of @ Sanetin
NISA

Electricity Energy Storage Program for funding this work
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Motivation

* Power conversion systems are the enabling technology tor modern
power electronies and energy storage.

* The metal-ogide-semiconductor field effect rransistor (MOSFIET) is
Fh{,' ]‘.It"l'ﬂ'l' I'i"‘ p{'m’cr rnnvr;r\knn S:L','ﬁl'l;"m!-'..

* Wide bandgap semiconduetor devices provide the opportunity to
improve the performance through access to higher voltages,
temperarures, and switching speeds.

* However, high temperature and high voltage SiC MOSFETSs are
currently unavailable due o issues with oxide laver reliabiling

Objective: Develop new oxide layers, Mg, Ca; O, which are
designed to be chemically, structurally, and electrically compatible
with SiC for a more reliable and resilient transistor.

- *wl--’l

v MCO/
Background =+ « s e
" 8 "ir s 5iC
* A pood gate insulator must: A

L] L]
* have sufficiently large band gap gﬁdt‘g Y ”
* have > 1 eV conduction band offset ;
* be chemically compatible with the semiconductor
= Mg Ca, 0 (MCO) s an alloy of Mg and Cal), which have larice
constants that can match directly 1o SiC.
* To develop gate oxides with reliable performanee, it is essential 1w
understand the mole of inwerface chemistry and band offscts

Technical Approach

* W will investigate the structural, spectroscopic, and electrical
properties of epitaxial Mg on 4H-5iC grown by molecular beam
epitaxy (MBE) ar various temperatures,

= Our goal will be 1w optimize MgO growth for a more
resilient and reliable gate dielecnc,

Metrics
L. Seructural propertics
=* Abeupt epitasial interface
= Migh diclecrrie erysrallinity
1l. Spectroscopic propertics
=* Large band offser
1L Electrical properries

=¥ Lo dielectrie leakage cureent

Device design:

We gralefully acknowledge Dr. Imre Gyuk and the DOE Office of
Electricity Energy Storage Program for funding this work

Advanced Gate Dielectrics for Wide-Bandgap Devices:
Structural and electrical properties of epitaxial MgO on 4H-SiC

Peter T, Dickens!, Michael T, Brumbach', Paul Kotula', Rebecea Chow!, Kevin Ferrd?, Stan Atcitty!, Jon-Paul Maria®, Jon E Ihlefeld?,
and Elizabeth A, Paisley!

FSandia Natiapal Laborstorics, ? Pennaylvania Swe Undversiny, * Undversiny of Viginia

|. Structural Properties
* Crystallinity measured using s-ray diffraction,
= 3P shows best erystallinity

= 50| MgO interface imaged using transmission electron microscopy

= Abrupt interface, no evidence of intermixing

Mg0 Geowth on SIC
g [ v
L
£ . |
. ; g.
: |
' |.&
(] ’ [
e w0 x0 B0 W0

Gemrwth Tampersiirs (Cj

Il. Spectroscopic Propertles

* Conducoon band offser (CBO) measured using x-ray phmmim.m:n

spectroscopy (XPS). MgO Growth CBO (eV)
s SiC MED Temperature
200 °C | 302005 |
E «_"_: 300 °C | 29+013
& I T W R LS
T E" E == 1 eV CBO for all growth
@ b Er™© femperitures

Ill. Electrical F’raperties

* Current-voltage measurements

[ ]
: pot| e i
performed on MOS capacitors, & a5 =
> Laovw leakage current in films. E i
= 300 *C demonstrates beter leakage :5: . mfﬁrﬁhﬁ ]
] (¥ i L
characteristics than Si0; up w 3’ ",1’ |,~, ﬁll ‘
- 1)
1.5 MV /cm. Laret gate
0 n ) 1 iI=
. (Cize Pl (Mo
Conclusions

* Mg demonstrates all properties needed  be a good gate
insulator on SiC;
I Structural compatibility
I, Large CBO
LT Lo gare leakage
* Growth by MBLE is optimized at a growth temperature of 300°C,

Future Work
* Strategc parmership inttiared with Auburn University, Prof. Sarr Dahe,
* Characterize the interfice using C-V analysis on low doped SiC (107 e,

* Fabricate MOSFET devices 1o test performance and reliability of transistors

using the advanced gare diclectric.
| Santi
Q)
— Laboratones
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Wide Bandgap Power Electronics Reliability
0. Slobodyan, T. Smith, J. Flicker, A. Binder, R. Kaplar, S. Atcitty
Sandia National Laboratories, Albuguergue, NM 87185 USA
Novel gallium nitride (GaN) devices have potential to help

modernize the power grid by making energy storage more
flexible and resilient. GaN |

Vertical Gallium Nitride Power Diodes
Vertical gallium nitride (v-GaN) diodes take full
advantage of GaN to reduce size, decrease
weight & increase efficiency for power systems.
But work remains in establis

3

< v-GaN Diode Pre- & Post-
Stress Current-Voltage
Chamctensrics

g_“ served ¢

hing reliability
under realistic conditions for v-GaN diodes

Double-pulse test circuit (DPTC) can be used to Rk H P e
operate and stress a device by continuously t T 4 with stress
switching it between ON & OFF states. § — A
— Allows reliability testing of v-GaN devices ”

under realistic operating conditions. e 150 1000 156 500 250

Voltage (V)

Objective: Understand defects of v-GaN devices and correlate them to device degradation & reliability.
Dee,u -Level Transient Spectroscopy Theory

—
I

g Deep-Level Transient Spectroscopy (DLTS) probes defects
in devices by performing transient capacitance
measurements at different temperatures.

#% - Enables measurement of defect trap energies.

Performed DLTS measurements of an unstressed packaged

| | mewr  bare 1200 V-rated v-GaN diode dle fabricated by Avogy.

— ‘1__["_. - Applied volt samples defects in device drift region

e
AECTEN  [EENV] TAAFS
R ]

S ™ near p-n junction.
Yearly Milestone: Verify utility of DLTS for defect analysis of v-GaN devices.
DLTS Results
Peaks at 10- 15K & 22- 25K Peak at 25- 50K Peak at 140 - 200 K Peak at 280 - 380 K
g ool T
%o :
- g 3 g o
‘:50“ = Z £ am
Tu::gwu’;-n,:xn (K;l x ¥ 1 ] "Tt-mpe‘ﬂt.jm |K} L 5] ] 1] Ly hﬁ::m‘ll;.-:%kj L o b} u".».-, e = mo

= wro s
Temperature (K}

Obtained several valid DLTS peaks - further data analysis is needed to determine defect parameters.

Conclusion & Future Work:
¥ Successfully probed defects near p-n junction of an unstressed v-GaN high-voltage diode using DLTS.

Next step is to determine defect energies & correlate defects to degradation of stressed v-GaN diode.

.
» Begin stress-testing of v-GaN diodes beyond the DPTC in true power converter.

Recent Publications: 0. Slobodyan, T. Smith, J. Flicker, 5. Sandoval, €. Matthews, M. van Heukelom, R. Kaplar, and 5. Atcitty, “Hard-Switching Reliability Studies of 1200
¥ Vertical GaM PiN Diodes,”™ MRS Commumications, vol. B, no. 4, p. 1413 (December 2018) &
¥. Veliadis, R. Kaplar, J. Zhang, 5. Khalil, J. Flicker, J. Heely, A. Binder, 5. Atcitty, P. Moens, M. Bakowski, M. Hollis, "ITRW 2019: Chapter 6: Formulating a Roadmap for WEG
and UWBG Materials and Devices”, IEEE Power Electronics Society (September 2019)

i Acknowledgement - The authors thank De ik KEilyalli & Dr Orgur Aktas, both foemerly of &vagy Inc., for supplying the diodes for Sands
this work, The characterzation work wis supported by the Energy Storags Prograsn managed by Dr. Iree Gyuk of the DOE Office of @ Fiasoral

Electricity, and the fabeicarion work ar sy win supposted by the SWITCHES program maraged by Dr. Tim Heldel of ARPG-E. The
iy sxpressed in this poster da not necessarily represent the views of the ULS. Department of Enevgy or the U,5. Governmsnt.
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Secondary Use Energy Storage System
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Madhu Chinthavali, Michael Starke, Steven Campbell, Shilpa Marti, Radha Krishnamoorthy, Mitch Smith, Ben Dean

Oak Ridge MNational Laboratory

Objective

* Develop a secondary use system solution to multiple battery systems with
different chemistries and ages.

* The system should be plug-and-play and demonstrate multiple utility-
based use cases as defined by PNNL/SANDIA testing protocals.

Approach

* Overall approach Is to develop a system design, Design
simulate the system, develop hardware, and r%—a
demonstrate technology. Fin ¥

Distributed Optimization

l Converter

* The system is to be designed such that: Simulate
— compatible to multiple different voltages and FYig |
power levels to meet secondary use design B
considerations, Prototype
~ be low cost and madular, F¥20 |
= utilize intelligence to provide means of safety Test
and integration. s
~ Utility scale (100kW) Overall Approach
Results
| CHIL |
L | 3-phDCAC 4 BH;,;T;MI X
Inverter 1-kV] " Converter || T
=3
=1 Bidirectional [~
DC/DC -
T
=3

Analog outputs from the
Real-time maodel

Ty

Teility Lk s = ‘

EAR R R ETi
| aces |

—— | L__DSP micrecontroller
TRAXACTIE o
nmi? o |
EEET

OO ERTER
T

Safiware Suppor

Integration System

v m-mlr TE|
{1 FRTER IMTEL il
EEEE EEEE  EEEE

Toresl - S-ma W0 & §
PR Keanisc TVl Voanon: §8 s

IT-TMS320F28335A

INTEL

IL Results:
« Preliminary validation of the

— systemn contrels and the power-
. stage design using real-time
o #-1#A 0 platform has been completed,
e . * The batteries discharging (Boost
Bopl volupes

mode) into the grid at 125 A rated
current is shown in the figure to the

XL

left.
Grkd plate volinge (ram) - 17TV * The corresponding grid phase
Nowcks: 100 A diw voltages and the phase currents at
el 60 Hz, unity pf are shown in the
figure to the left.

* The distortion in the phase currents
was approximately 3.82 %.

¢ Cuwenl {Fms) - 120 4

CHIL results highlighting the discharge of the batteries [Discharge current:
125 A) and the corresponding 3-ph voltages and currents

* Developed agent-based -
framework for flexible £ ’7
system integration with | "
wide-range of hardware £ e ’ ‘
(BMS, converters, etc.) 5 == = == ==
* Implemented distributed o
optimization for intra- el [~ \
system dispatch using ES ¥ & / "”*\:.;\'
net present value n o
3 = B~
* Demonstrated agent [ s " oo o — B2 s
system across multiple R o
network devices running £ ¥ | \I —]
energy storage models E o I | ‘l
+ Demonstrated energy = ‘—f: e
arbitrage use case. ] 0 i e ate
Tieew [ atizes)
Distributed optimization results
Hardware Prototype

Sl

Splers New
Technologies
Watt Tour

=
ORNL AC/DC Converter ORNL DC/DC Converter

* Designed the de-de power stage and inverter power stages.

* The semiconductor losses were evaluated, and the thermal analysis was
performed on the power stages.

* The overall layout for the integrated 50-kW prototype was completed.

Conclusions, Challenges, and Future Work

Conclusions:

= Developed distributed hardware, control, and optimizing system to
support multiple chemistries and ages for secondary use.

* Completed the hardware-in-the loop platform with the system models
and control hardware in a real-time platform and validated the control
architecture,

Future Work;

* Development of hardware prototypes,

* Integration of the ESS software interface with the HIL platform

* Run SandiafPMNL use cases to demonstrate optimization and controls in
systemns is functional.
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Oak Ridge Mational Laboratory

* Develop and deploy a secondary use energy storage systemn in
collaboration with Habitat for Humanity.
* Examing use cases and evaluate potential economic savings.
~ + Communication
transient signatures

* Preliminary Laboratory testing and evaluation on hardware for economic
evaluation. Liilized load developed baseline curves to examine load
changes and optimal pntnnt:l:l

. : - in energy pushed £ W 1 l._ i = F
Secondary-Use Battery System ' |
* ORML provided power electronic back. r"'l:s:.f.:: i | “— — i ‘]I
conversion system and supporting & oF— b | — .
to a zero-net flow. ( I | f {
integration software to run use cases | .
od int <t « Economic ' .' |
el e
+ Spiers New Technologies provided ::BFE'F ';‘lﬂrf:'l;mﬂtlﬂﬂ Figure 5. Closed loop control example to cancel load
battery twee =

structures shows that

* Habitat for Humanity provided site Sl sy i aol > —
location and site preparation. will not induce r Y
Figure 1. Installation Configuration at Site  significant losses due ™ 400 e LY
to overall 90% RT with ES
* Behind the Meter use case: Behind the meter use cases were evaluated. efficiency. : 3 3 7 =
Utility meters are limited to single directional service to reduce surge of P — . 1 5
photovoltaic installations behind the meter. save money through - - —
TABLE L Wniliry rate alractise i cass [12] TABLE N Unliry waslimwenal teernd Sl energy s sisotare [13) 2 fa':.tnrs
. y/ \,
[ — | et = - Giminateload "/ s N
e 40,0081 par kW onspk R ring critical ! LI
l_mmn SIS b E Fre Lm“ﬁin #1 4 per kW g esincal pesk 0! R n ES
= ot prvioc April 18 throwgh Ciciobr 14, the o g s e /300 VW% F 11804 pr kW - Eﬁmﬁdw price is
g iy o e e ok gk || OB | e e half of traditional JLE I
* o the poriod Oicinibr 15 dhevph Al 115, e ool hown f;ﬁmﬁ%g‘.f:ﬂ“'ﬁa durl
mmmmﬁzm"’ v }Mll\ﬂli!-:m urng I'IUI'I'PQI'E. Fil‘l.lrl 6. Economic cﬂl‘lﬁﬂ'ilﬂl’l
| e

Figure 2. Rate structures available

Conclusions, Challenges, and Future Work

* Communication Setup: The communication infrastructure was setup to * Conclusions:
support closed loop control and elimination of lead during critical peak — A secondary use energy storage system has been deployed and is still
hours. Pt undergoing evaluation.

— The utilization of a secondary use energy storage system for behind
the meter applications has significant economic potential however
challenges exist,

* Challenges:

= Utilities are not providing opportunities to do bi-directional metering.
This is to spur off large investments on behind the meter resources.

= Use cases require additional infrastructure to support cost reduction.,

- Discuss possibility of licensing of Spiers New Technologies with ORNL.

— Data review at site.
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Cathode Materials for Sodium-ion Batteries
Mengya Li, Yaocai Bai, Rachid Essehli, Ruhul Amin, llias Belharouak, Jianlin Li, David L. Wood Il
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Energy and Transportation Science Division, Oak Ridge Mational Laboratory, Knoxville, TN 37932

Background

+ ILiHen vs. Ma-ion batieries Mmﬂmmmmm
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Project Goals

= Develop novel synthesis of kw-cost, high-performance cathode materal for SIBs.

* Reduce malerial and electrode processing cost and achieve S5100MWh for
battery grid storage.

* Validate a practical, reliable and safe SIB system.

P2-type Na,Fe,;Mn,;0, cathode

+ Solid-state synthesis with two-step annealing (Energy-intensive mining; Low
m-mmm wummwwﬂmn ‘Moo o prachcad use

A48 Py

S ——

- - -----.*s-.-

Sol-nllqnﬂhmwrth NIOH . a0y §H,0, mmde

* How method: small particles with
mﬁﬂh@mh
pmw;mbvmwdwﬂmn
per batch synthesis.

Crystallinity and impurity level

+  Xeray diffraction (XRD) results »  Industively coupled plasma oplical
v T amission spaciromatry (IEF-DES) results
e Rt @ Composition table of P2-Ha, Fa,Mn, 0,
Syntwesis method  Mafxh  Fe(y) Whity)
Sokgal om o4 0f2
e mesthod .56 050 [i 1]

= From XRD:
» Better crysiallinity and less
Mmhﬁhﬂmlﬂi
lI.l I.l i ioed by new method

e F3
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Imtennity (&)

* From ICP:
¥ Slhghtly koew Na conbent for product
synthesized by new method

Electrochemical performance

+ Gahanostatic charpe/discharge at cument density 13 madg (0.1 C) for half cell

I T
E

Despile the higher inilial reversible capacity,
cycling performances did not show much

parfcrmance against Ma metal,
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e duuunu...“g.".“ methods are 172 and 127 mahig.
im - = Improved M Min® redox was cbsened by
W e safiching to new synihesis method.
i.ﬂ

difference {capacity netentfion: T5%)

Kinetic studies of Na-ion diffusion

+  Galvanostate imemrnifient Tiration Technigque (GITT) at 13 mAdg batween 1.5-4.3 V
with 2-hr charge/discharge folowed by 3-hr relaation.
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= Higher electnolyte stability, kewer solufion resistance and charge-transfer resistance
_ cbwerved for P2-cathods synthesized by new methed upon charge/discharge.

Routes to improve cycling performance

*  Full cells assembled with P2-Na,Fe,hn, 0, cathcde syntheszed by mew method
and a hard carbon anode (250 mAhlg capacity deliversd in half cell @ 0.1 C).
Pl gl it B 00 = 6%, Foll gl i 2 800 = 199

Pall ol il #5500 = 7%
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Milestone achievement

+ Mlestone 1: Develop novel syrithesis method for low-cost P2-type Ma,Fe, Mn,; 0y
eathode with capabiity of scaling Up to 50g per batch. W

= Miestone 2 wmwmmmﬂmwmmann
sodium full-cells.

+ Millestone X mwt&%mmﬂ-ﬂmmwumm ongaing

Information dissemination

= Presented at Dak Ridge Postdocioral Assocation T Annual Research Symposium

* Presented at DOE Na-ion Workshop at PNHNL on Aug 27, 2019,

* Imvention disclesune submitied on the novel synthesis method of P2-cathode.
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Medium-voltage Power Electronlcs for Grid-tied
Energy Storage Applications

Diang Xing, Boxue Hu, Dr. Kristen Booth, Dr. Jin Wang, Dr. Anant Agarwal, and Dr. Stanley Atcitty

PROJECT OBJECTIVES PROPOSED SOLUTION

Storage integration with the grid is increasingly important due to an ”’* o AT

upward trend in use of renewable sources of energy. Compared with the et +& ] R R+

traditional silicon-hased power system designs, the designs based on wide ! R fELfR _

bandgap (WBG) devices have shown improved performance for high- e Loy

voltage, high-power density, and high-switching frequency applications due h

to material properties. it

This project aims to build a power electronic comverter with medium- T =

voltage SIC devices for emergy storage systems in a medium-voltage PV Energy Harvesting System with Storage Proposed DC-DC Converler Design
Wtlon grkd. * |mplementation with medium-voltage DC bus simplifies the system

Key Milestones: structure and increases the efficiency of the energy storage system,

» Year 1: Gate drive and auxiliary power supply design for medium-voltage = Application of medium-voltage SIiC devices increases power density and

SiC devices, [Finished) reduces power loss of the DC/DC converter, and
* Year 2: Medium-voltage discrete SIC device evaluation and modeling. = High switching frequency of SIC devices leads to fast dynamic response
* Year 3: Power module fabrication and DC/DC converter development. ;Tpl::lrgﬁd and Inu::fsﬂulimﬁ‘mm‘ e

GENESIC 3.3 KV SIC MOSFET EVALUATIONS

| MV GATE DRIVER & AUXILARY POWER SUPPLY

A 6.5 kV-rated gate driver with a 10 W self-sustaining auxiliary power supply
was developed. This driver can provide high performance power conversion
frnl 2 4.5 kV DC bus. Vp = 18V, room temperature.
- i " 1D 3 » Maximum short circuit
. LA L I sustaining time = T ps.
Insulation Veftage = Gate iri desat tan
- protection time <= 1 ps. -
Double-oulse Test: Denica Short Circult Current
* Test condition: V, = 2.4 ¥, V, = -4 V (off) & 18 V (on), room
temperature.
= SWondV/dt=25KV/ps, E,, =850 w;
Huﬂﬂﬂtﬂﬂh\'fﬂﬂh 150 p.
of 18V ';ﬂ' I '- ——— tii!..lh.:lfn“_?; 'I'_
k] pawgen | pawyen | T .
‘ xutf'" ﬁ. | .3 W v
oL i A0 ) diy .—“‘-.ilr
] -l T [ 3 > ‘l (]
Auxlliary Power l.udleTﬂmimth ' : . - Pamn ks ) et
4.5 kV Auxdiary Power Supply Supply Profile Auxiary Power Supply Device Switches On 2.4 KV 6 4) Device Switches OH (2.4 kW 6A)

Funding support from Office of Electricity Energy Storage Program and Dr. Imre Gyuk is gratefully acknowledged.
I
Sandla National Labaratores i a multimission laboratory maraged and aperated by Matianal Techrology #nd Engineering Solutions of Sandis, LLC, & wholly SAND2018-11070 PE

owned subsidiary of Honeywell internaticnal, Inc., for the LS. Department of Erengy's National Nuclear Securlty Administration under contract DE-NADDD3525.



o
N
(]
o
(1]
Q

SAND Number: SANDR019-10982 PE

Smart GaN-Based Inverters

FAND Number: SAND2019-10982 PE

for Grid-Tied Energy
Storage Systems

Introduction

+ Energy storage systems and high-power bidirectional
converters are the backbone of the future grid.

= Sitechnology has relatively high conduction losses compared
to wide bandgap switches.

* GaN switches can operate at higher switching frequencies.

* By 2022, over 40 GW of energy storage systems will be
installed in grid-connected applications.

In this praject, a GaN-based multilevel inverter is proposed for
energy storage applications. This converter interfaces standard
battery storage packs. These storage packs have a nominal
voltage of 8350V to 900V and can reach a low level of 600V
under depleted conditions. Hence, a multilevel inverter is
proposed to convert this range of input voltage to a 480V grid-
tied output. The proposed converter is modular and can ragne
from 20 KW to 200 kW.

Technical Approach

A neutral-point clamped multilevel inverter is selected to realize

a 20-kW bidirectional inverter module. Then overall inverter is

comprised of 1 to 10 modules working in parallel.

* The converter will emulate the natural dampening behavior
of droop controllers.

* By adding virtual rotating mass dynamics to the control
algorithm, overall inverter will appear as a synchronous
generator and can participate in stabilization of the local grid.

= Stacked printed circuit boards (PCB) which include surface
mount GaN switches will be used to maximize modularity and

Q{_H‘_T. £
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Specific Objectives
Designing 3U rack-chassis-based enclosures for inverter
modules
Conduct thermal analysis on the enclosures
Controls and hardware for hot-swap capabilities
Validate final metrics: efficiency of at least 98.6%, weight <
2.2 Ib./kW, volume <0.1 ft*/kW, noise <45 dBa
Reliability testing including active bypass and hot-swap
features
IEEE 1547 and UL 1741 and 1741-5A testing for islanding, fault
ride-through, ...
UL certification testing
Remote control and monitoring backbone structure
development
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Mehdi Ferdowsi, CEQ Pourya Shamsi, CTO
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5t. James, MO 65559 St. James, MO 65559
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PREDICTING RELIABILITY, IMPROVING SAFETY AND RESILIENCY
IN GRID CONNECTED BATTERY ENERGY STORAGE SYSTEMS

universiTy o  Kaushik Rajashekara, Harish Krishnamoorthy, Stanley Atcitty

HOUSTON

|. BACKGROUND AND OBJECTIVES

= Energy storage deployments will grow 10-fold over the next 5 years.

# High string voltage affects both the potential for shock and the potential
for arc-flash/blast [Sandia, 2015] — major concem at high penetration.
* Hence, objectives of this project are:

% Investigate modular, transformer-less multilevel inverter topologies
for grid connected battery energy storage systems (BESS).

% Explore self — battery management system (BMS) and state of
charge (SoC) balancing methods for batteryfinverter modules
interfaced to the grid to improve BESS flexibility as well as reliability.

% Implement hardware test set-up to amalyze device behavior (SIC
MOSFET, battery, ete.) under different operating conditions.

4 Study Li-ion battery characteristics and fault tolerant operation
through the interfacing converters and assess BESS resiliency.

% Evaluate the component-level remaining useful life (RUL) index for

SIC-FET and Li-ion batteries; then predict the system-level RUL for
grid connected modular BES converter system through analytics.
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Il. SOC BALANCING METHOD

# For long life and reliable operation of BESS, the SoCs of battery
modules need to be equalized through BMS.

QO We propose a self - BMS to perform SoC balancing among the
battery modules using current controlled operation of cascaded
H-bridge (CHB) interfacing converter.

# Performs fast SoC balancing by operating the converter at rated
current irrespective of the amount of power flow.

= Power fransfer from a higher SoC battery module to a lower SoC
battery module is achieved without compromising the amount of
power flow among the BESS and the grid.
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Figurw [3). fa] Sngle kne diogrem of CHBC-prd sysfem, (b) Rofed power operofion of L, (o] Actusl powss operotion af
LAPE, ] Actual pomeir cpwration af rated cwinent.

l'w'ﬂ.l. Mﬁwmmmrmdm mﬁww‘m

™ "-.~£‘1 i ™ I

r\y\_/

. =

T e = -

1;! P “ - L Ll L - - - W W K - ——
- e ST e I T - 1 Al el OPINLT 5 2T
Figure [4) Figuee (5] Figure (8
Figure (4. Wovaibrme of CHBC volfoge, prid veitape, andl bne current during 100K W power trongler firam BEES o fhe grid ot
rtwdl curmant operetion

Figare [3]. Voriation of $oCs off the foor B0 duriag 1000 power trevifar frove BESS 1o the grid of reted cument operncticn.

lll. RUL PREDICTION FOR LI-ION BATTERY

Figure (). Variation of $oCs of the four B during SORW pow trevdfins from Dhe grid fo BESS of reted cumment oparction, )

¥ RUL prediction is critical to the implementation of condition based
maintenance (CBM) and prognostics and health management
(PHM) for battery system.

* A Particle Filter (PF) based algorithm for predicting the RUL of Li-
ion battery to interface with converters for the safe operation of
BESS is implemented.

¥ The estimated capacity of Li-ion battery is considered as the
health condition indicator of Li-ion battery and used as the input of
PF algorithm to predict the RUL of battery.

O RUL estimation algorithm predicts the time to failure of BESS
with certain probability to avoid unscheduled downtime.

Figure )
Figure (5] The ALIL alstribotion after the ussge of batheny for 65 waels
Fipwrw [, The RUL disfribeticn affer the usegw of botteny for 105 wenks

IV. ONGOING WORK — HARDWARE EVALUATION

# Online 50C estimation through open circult battery voltage calculation.

¥ Building hardware setup to implement rated current operation of CHE
converter to perform SoC balancing among battery modules.
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|
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Fagure (10) Figure (18]

Fiiguuns (151, Havehware 364 up o pan airesi veitage salulotion af & BM
Fiiguann (1), Thie Wimatform af epe cintuit valtape asd sharpe (randfies fsesismance of 8 B

V. CONCLUSION AND FUTURE WORK

* Conventional battery systems use dedicated BMS for cell SoC balancing
and module level balancing, which adds cost and control complexity.
This can further affect the life of battery modules.

# Further, there |s no existing technique to precisely predict the RUL of
BESS, including the batteries and the power converters.

¥ In this project, we proposed a fast SoC balancing scheme with a self-
BMS using interfacing modular converters for grid integration.

» We were able to achieve a 66 % improvement in the rate of SoC
balancing using rated current operation, when compared with
conventional UPF operation at half the system power exchange.

# A1 kW, S-level hardware prototype is being set-up to implement the
rated current operation for SoC balancing amaong BMs.

» A system-level health monitoring algorithm is being developed to
predict BESS RUL with an error of less than 500 Hrs. in about 20 years.

ACKMOWLEDGEMENT: The investigators gratefully acknowledge support
for this work from Dr. Imre Gywk and the Office of Electricity at U.5. DOE.
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INDUSTRY
ACCEPTANCE:

DEMONSTRATIONS

The DOE OE Energy Storage power electronics thrust area
advances power conversion systems (PCS) for grid-tied and
off-grid applications. This is driven by the development of
new semiconductor switching circuits, as they determine the
overall cost, reliability, and performance of the converter. Next
generation PCS use advanced semiconductor materials
known as wide band gap semiconductors (i.e. Silicon Carbide
and Gallium Nitride) that allow for faster switching
frequencies, improved voltage breakdown characteristics, and
higher operating temperatures.



STRATEGIC OUTREACH

Sandia collects key information on current and future storage
technologies and acts as a clearinghouse for the information
so that it can be effectively disseminated among key
stakeholders and the community. Outreach activities include
conducting strategic communication initiatives, managing the
Energy Storage Systems website, improving the DOE Global
Energy Storage Database, updating the DOE Energy Storage
Handbook, and organizing the Peer Review meeting and
formerly the Electrical Energy Storage Applications and
Technologies International Conference.

page 73



Sandiaog National Laborotories

Application: Metro train application is challenging due to
MW+ power levels, short duration, high cycles, and space
constraints.

Metro Train Power Profile Helix Flywheel

Gl e, e s
- -

Form factor comparison: Compact form factor Is required
for realistic systemwide deployment of the w:l'mn!ngy

A systemwide wayside deployment with metro systems
requires the ability to retrofit in space constrained areas.

Benefit summary: Flywheel energy storage has the
pabenthlmrm:emmtrahenermvmehyﬁ%
(energy captured during braking can support 30-50% of
the energy required for acceleration). * These benefits
have not been realized to date because of the technical
difficulty meeting the requirements of the application.

Energy Savings 200,000 year

Peak Demand Reduction Up to S00&W

Greenh Gas Reductions 500 tons'pear per wanit

Subsration Benelns 667,000 - 51,000,000

Progecred Payback Period 1-5 yoars™

Projected IRR, 1B-TON*

A e P R e T s e
@ enEncy i?mﬂﬂ':

Helix Power:Technical Challenges for
Energy Storage in Metro Rail Applications

Technical specification: Meeting the technical specification
drives the economics as fewer units are required.
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Substation impact: Each | MW unit has the potential to

reduce peak demand at rush hour up to S00kW.

e L

it Demand |
-

[PREVIT I

Metro train peak reductions will free substation capacity
in urban areas.

Path to commercialization: Helix Power plans to rup a pilot’
test in 2020, 2 commercial unit test in 2021, and begin
wayside deployment in 2022.
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2SFCC BLEE

" SANTA FE COMMUNITY COLLEGE - | . nyrrine rm Wrma | fapleed

train students in installaﬁan mmmnssiuning, data mlleeﬁnn, and mtagratian of clean energy assets and unargf
storage systems into operational microgrids.

ASSOCIATES OF APPUNE: SCRRCT I
DETRIBUTED ENERGY TECHNOLOGIES {prapased)
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Reorganization of Trades, Advanced Technology, and Sustainability Department to

= B
accommodate new Distributed Energy Technologies degree and certificates e i aomisdewmnnid
Proposed catalog entry for AAS in Distributed Energy Technologies,

The new faculty member will oversee the BEAM-TC consisting of two student training centers offering the first
community college curriculum providing students with a comprehensive energy education.

+ New Faculty hire — October 2019

+1% Training Center - B.E.S.T. Laboratory

+ anew program supported by the National Science Foundation. It consists of
HVAC equipment and automation hardware and software.

+2" Training Center - 11,000 ft” aquaponics greenhouse “nanogrid”
+ powered by natural/bio-/syn-gas, solar PV, and biofuels
+ nested within the campus microgrid

+ managed with a METASYS building automation system in combination with a
Siemens microgrid management system.

Once the SFCC microgrid is operational, it will serve as integral training tool in the BEAM Training Center and will
include energy storage curricula developed in cooperation with Sandia National Laboratories

T Dy New Mexico

Sigsrans Industry
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" BANTA FE COMMUNITY COLLEGE

The SFCC Microgrid Has Four Distinct Purposes:

1. Utility and operations cost savings

3 -::::il':%§¥$n{i?~f TR
" ENVIRONMENT )
i IRICULTURE
| _C;{;)Ac 3. Islanding from the utility grid

4. Student Education

Santa Fe Community College (SFCC), Sandia National Laboratory (SNL), and Siemens are leading the effort
in the development, design, installation, and commissioning of a microgrid system for the operation of a
11,000 ft* aquaponics greenhouse (“the nanogrid”). The Production Greenhouse is powered by campus al-
ternative power systems including: solar PV, solar thermal, and natural gas/biogas/pyrolysis gas; in addi-
tion, using reclaimed wastewater and biodigester compost for growing media.

»The DOE-Office of Electricity provided partial funding, managed by SNL, to
provide a permanent battery energy storage system.

2. Resiliency from power interruptions and outages 1

+The nanogrid will operate, and be nested within the campus microgrid,
with the both microgrids capable of bi-directional power management.

+The purpose is to demonstrate resiliency in food production, critical load
protection, and peak shaving to reduce energy demand charges.

«There is no intention to export power to the grid from the battery.

«SFCC Plant and Operations staff will manage campus utilities using a META-
SYS building automation system in combination
with a Siemens microgrid management system.

«SFCC will provide a framework to facilitate DOE-
OE/SNL projects in the context of its energy stor-
age test bed.

Scenarios

Eng : Power Intenniption
= Saler PV i Sconnected from the SFCC grid far protection parposei.

= The BESS I pignated to smaatihly provide parwes within mill &f Ehe internaption,
= Soler PV or natural g geneTetor ane dapatched to provide poee B0 meet the campug
Ioad

- Inrespanse fo 8 prelonged power Interuption, MG may ditconnest pan of it
campias ad determined im advance 1o be non-critcal.

Ty, Cipetatany thee WGroemid i bon Groenlouie Enmmeons hods

«  SFCC operaton change operating from “low cos1”™ mode 10 “lew emissions” mede

= NGALS i programimed with the data on PNM' rescunce ma af coal, wind, etc,

- MG svalualel on campus tolar and BESS svailaiay, and campa load

- WAGAIS determines that the campus natural gas generator creates iowey emasions, per
W than the utilty

- WGALS aperated the camous in slending made. or 1o minimate bRty powver. tubject to i

ting the lpac reou - the campins microgerd

Thiz preject is supponted by Notonal Technalogy ond Engineering So- I = = - g
utions of Sandia, LLC subcontract 1981685,0, EDA BEAMTE Grant #: SI E M E N S @ ™ N"S% e v
: o e 1 ;wﬂlmmmm

5191, ond in-kind condributions from Skemens industry fhaﬂﬁu‘ﬁrfwh'ft‘

F " T »
The new 11000 " greenhaise will be powesed

by a nanogrid—a sivaller imicrogrid nested withir
the full compus emicrogrid, The nonagrid wil be

capable of providing and recetving power fram
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Applications that Reduce the
Use of Diesel Gensets
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View the database at www energystoragesxchanges. org.

Functionality

Projects

Mavigate energy storage projects with the export-ready resules
appearing on the page’s map. Marrow your search results by:
Technological Data, Financial and Ownership Data, and Geographical
Data. These three menus provide you with data points to further
narrow or broaden their search resules.

Policies
Our new State Energy Storage Policy pages feature state energy
offices, and public utilites commissions information, and

comprehensive energy storage policy analysis for each state, as
well as Federal Energy Regulatory Commission or FERC policies.

Data Visualization

Users may use this page to visualize various aspects of the
projects in the database, such as Installations Over Time, Projects by
Ownership and ISO/RTO, Top 10 Countries by Instalied Capadity, and
Use Cases. Additionally, you can filter by technology type, status,
and country to further refine their search requests.

Installations Qver Time
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The DOE Global Energy Storage Database (GESDB) is a go-to source for
unbiased, accurate, and up to date information on energy storage projects and
pelicies. The free database, managed by Sandia Mational Laboratories, is publichy
accessible and simple to use. The GESDB provides an open-access resource for
detailed energy storage project technical characteristics and applications. This
resource allows individuals to contribute data through a third-party vetting process.

Global Energy Storage Database (GESDB) Updates

S. Roberts, . Hernandez, Sandia National Laboratories

A% DOE Global Eneigy Sharsge Detsbass

- @... g The B0E CGlutrad Erergy Storage Dalabase provices fres, up-to-dale
lafarmatisn on grid-connecled snergy starage projects and rebevant
siate and fedoral policieas.

o e e b e A e

B i £ e St by i i

The GESDB is vital to the energy storage industry. This
research-grade tool is widely used by industry.
policymakers, academia, and investors around the world.,
Mo other source of information matches the
international credibility of the DOE-backed GESDB. or
provide the private data sources with energy
infrastructure data appear to use the GESDB with
respect to deployment information.

Current Tasks

Verification/Validation

* Migration / complete rebuild of database

= Fixing of various HTML encoding and character encoding errors
* Fixing incorrect Announcement, Commissioning, Construction,
Decammissioning dates

+ Normalization of Rated Power, Capacity, & Duration values

= Vetting additional ~500 projects for inclusion in the database

New Developments
* Released new comprehensive FERC Policy / Energy Storage Policy Pages
* Released Australian Energy Storage Portal (AESDB)

T m=

Future Developments

* Collaboration with QuESt on new I1SO/RTO toocl

+* Improvements on DataVisualization Page / Site Speed

* GESDB Operating Manual — All purpose manual for users, administrators &
developers of the database

Acknowledgments: This work was supported by Dr. Imre
Gyuk through the Department of Energy Office of Electricity.
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CESA Energy Storage Technology Advancement Partnership

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 US. ESTAP is funded by US DOE-OE through a contract with Sandia

National Laboratories. PR
7 7 % ( '»[)CleunEn_ergv
Examples of CESA Deployment Projects States Alliance

| Albuquergue Public Schools Energy Storage Eugene Water & Electric Board Energy Storage ||
Project at Atrisco Heritage Academy High School .Project at Howard Elementary School,

;M\muu.

| ST S —— L p——

Examples of CESA Slate B Storage Policy S Webinar Tithe Date Attended |  Webinar | TOTAL
Recording | Views
» CESA states energy storage policy working group (GA, CO, €T, DC, 1A, IL, MA, MD, il
ME, MI, M8, NH, NI, NM, WY, OF, PA, RI, VA, VT, Wa, WI) [Energy Storage In the Chean Peak Standard 11/8/2018] 394 200 254
* Uility-run customer baltery programs in five states (CT, MA, NH, RI, VT) Oregon's Mew Energy Storage Project for 12/18/2018| 182 143 EFD
« CT Green Bank, CT DEEP - support battery rebate design, microgrids grant program Resiliency and Cost Savings
* MA DOER, MassCEC — resiiency and battery grant program technical assistance, State of the US Energy Storage Industry: 2018 2/28/2018| 416 243 653
EE plan lechnical assistance Year in Revisw
« MM Department of Commerce - review storage study proposals, support study Energy Storage 101, Part 1: Battery Storage 3f2efi01s| B0 S04 1,105
+ MH Public Utility Commission - present at conferences, support ulility customer {Technalogy, Systems and Cost Trands
program regulaiory review Massachusetts’ Municipal Utiity Energy Storage | 6/25/2019| 238 84 219
+ MM EMNRD - present al ES working group, suppon state pobcy effors Prﬁjm::l ‘Iimmpks from Sterling, Templeton and
* OR DOE - suppon storage grant program, write poboy brief for Energy Trust of OR [Energy Storage 101, Part 2: Best Practices in 7j132018] 413 110 523
= R Office of Energy Resources — present at micrognds summat State Palicy
= WT Department of Public Service, Legisiature, PUC - conlribute lo ES study, present | New York's Energy Storage Roadmap and Cther af212019 P 305 b1 ¢ |
to legislative commitiee, participate in PUC docket Indtiatives
= WA State Energy Office - review grid modernization grant proposals |FERC 241 Compliance Update 10/1/2019
TOTALS 2418 1,590 4,008

U L3 . WA ot . blogs, reports may be Sound at

e ey it e cona o projectyenengy- wul.- -technok oy-athemcement - partreribip)

e e o ey gy

State Energy Storage Deployment Projects:
AK: Cordova hydro-storage project, Homer Electric storage project
CO; Gunnison Rural Electric Coop storage project
I1A: Alliant energy storage project
MA: Sterling Municipal Lighting District islandable storage project
MPM: Minnesota Power battery storage project
NM: Albuguerque Public Schools Atrisco Heritage Academy HS project
OR: Eugene Water & Electric Board microgrid

iy by Puerto Rico: Villalba municipal microgrid project

YT: Green Mountain Power Stafford Hill microgrid, Mcknight Lane

ESTAP Current Project and Policy Locations redevelopment

Sandia
Exceptional service in the national interest National

Laboratonies

WWW.Cesa.org === (QENERGY NVIISA



Eugene Water and Electric Board /

Korean Consortium Energy
Storage Project

'PNNL , ‘EWEB

Project Overview

The Eugene Water and Eleciric Board (EWERB) [ Korsan Consorfium
Energy Storage Project is a multi-national iniliative incleding EWEB and a
group of Korean pariners - Hyosung, Shinsegae Engineering and
Construction, and BlueSigma - that incorporales the deployment of threa
lithium-kon batteries at EWEB's Roosevelt Operations Center (ROC) in
Eugens, Oregon. In exchange for funding the siorage systems, the
Korean Energy Technology Evaluation and Planning (KETEP) group is
seeking Information as lo how LS. energy markels and utilities functon in
ordar to better inform future investment oppartunities. Pacific Morthwast
Mational Lahoratory (PNML) was angaged by the U.S. Department af
Energy 1o work with EWEB and the Korean pariners in evaluating the
lechno-aconomic performance of the enengy storage system (ESS).

Objective and Approaches

Objective: To inform an patential econamic opporunities and the vanaty

of use cases the assel is capable of providing to both the utility and the

customer.

Approaches;

= PNNL worked with all the project panars to discuss and dafine use
cases applicabla fo the location and collect the necessary data lo
evaiualo thim.

= Methods and inpuls wene defined and refined for use case evaluation

s0 that all benafits and costs could ba accurately captursd.

PNNL's Ballery Storage Evaluation Tool (BSET) was employed o

simulate a year of batlery operation and darve economic benefit of

multiple co-ophmized use CASES ACT0SS NUMBTOUS SCANAMIOS.

Energy Storage System

The ESS will be lithium-lon, It will consist of three components offering a
combined 1 MW { 2 MWh of power and energy capacities, respectively.
The expecled usable life of the system is 10 years.
The three systerns and their locations al the ROC are designaled as
follows:

= 750 KWM.5 MWh unit at the administrative facllity;

= 125 KW250 KWh unil al the warehouse facility; and

= 125 RWIR250 KWh unit at the fleet building.

The two smaller 125 KW units will be held for resilliency purposes only,

Pacific
Kendall Mongird!, Patrick Balducci', Jan Alam’, Di Wu', Xu Ma', Vanshika Fotedar, and will Pricez INOrthwest

HATIONAL LABDRATORY

Energy Storage System Services Evaluated

The following services were evaluated within the prefiminary economic
assessment from a vaniety of perspectives and across multiple scenarios;
1. Energy Arbitrage &, Transmission Charge Reduction
2. Bonnaville Power Administration 6. Demand Responsza (DR}
{BPA] Balancing Cost Reduction 7. Energy Imbalance Market (EIM)
3. CapacityResource Adequacy parlicipation
4. Demand Charge Reduction B. Resiliency/Outage Mibgation

Battery Storage Evaluation Tool (BSET)
BSET was usad o run a one-year simulation of energy slorage operations
al the ROC, The model was used to perform a lcok-ahead optimization
houwrly o determine the batlery base operaling poinl, The simulation was
then used to delerming the actual unil's operation. BSET determines the
annual value of each service and the number of hours the system would
optimally be engaged In providing each sarvice.

Control Strategy Development

As part of the technology demonstrative initiative, PNNL is also develaping
cantrol capabifities for the battery system. To bundle multiple use cases, a

rule-based control and coordination strategy I8 being considered at this
phasa of the project. As mare information is gatherad and data collacted,

optimization-driven control strategies will be used.

Results of Preliminary Economic Analysis
= Whan optimization from the customes's Anrual Barwlia by Use Case by Beenans

perspective, there (s approximately ::::
$9,500 in annual benefits 1o the i i
customer and litthe impact on EWER. i
= Under the base case, which optimizes s
for EWEB's benefit under currently t1ame
observed conditions, the total benefitis -
$18k annually to the ulilty. e
Esaow

= When EIM parlicipation is also
considered, toflal annual benefils
increase to $36k,

+ Seven differant day-ahead DR
scenarics were modeled and the annual
DR value, on average, was found to be
betwean 59,214 and 515,357 per year.

= By enabling continued operations for 8

e
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Kendall Mongird

Pacific Northwest National Laboralony

feaving the T50 KW ballery to seek additional economic benefit streams. hours, energy sales would increase by
’ " $227,373. P.O. Box 998
Richiand, WA 20352
Next Steps (971) 940-7102
| Lgov
« Afier installation, begin kendall.mangid@pnal gov
pemmﬁg» sl f ks 4 Acknowladgemants
= Calculate resibency benefils (o
customers This work was suppaned by Dr imre Gyuk
: from e U.S. Depaitmenl of Enengy
* Ewaluate tradeoffs between the
- customer and the ulilty along (DCE) Offico of Eiectricily under contract
—_— Pareto-optimal paths. No. 57558. PNNL {6 opersied by Batiele
tion ¢ = = * Finall for the DOE under confraci DE-ACOS-
Computer Rendition of 125 kW Computar Rendition af 750 kW Finalize economic assessment po (e -
Slorage Component Storage Component = LD1B0.
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Sizing Tool for a Cost-effective and Hﬁf/

Resilient Microgrid Pacific Northwest

MATIONAL LABORATORY

Di Wu, Sen Huang, Xu Ma, Patrick Balducci, Tao Fu, Vanshika Fotedar, Avijit Das Proudly Operated by Baiielle Sinee 1965

PROJECT OVERVIEW TOOL ARCHITECTURE

Microgrid design and cperational concapts, including distribuled energy rescurces (DERs) T = o O The web-based application
sedoclion and gizing, have recaived increasing attention in recent years. This project considen . minimizes depandencies on
& microgrid planningierpansion problem. The objective is b develap a method and tool for operating systems
determining tha optimal invesiment of DERs 2 Thir modular structure fackiates
considerng both econcenic benefits and mamlenance and expansion
resiliency periormance. The outcome of this 0 The encapsulated smircament
prjoct il be an open-souros wib-based i with Docker eliminates the need
modipling and anafytics oot hal wil directly - I~ W~ bl for customzed sefings \
mﬁmmnmwmmw S . > — B O The dedicated Dalabase Docker
resifency of energy infrastnuchwe and 2) & ‘ ] : and SQL query improves data
rasiient, rekable, and Dexible slecticiy = N oy
Fysdom, —
METHODOLOGY AND INNOVATION TOOL FRONT-END

0 The opamal s2es ane dalemined consicdenng bolh sconamic benefits and resliancy f;:@_ ~ by e

reduiramints = g - T T .

0 The tool madets vanous DER technologies (including eneigy siofaga, rnewable, and
dispatchable distrbuled generation) with different econcmic and lechnical charachenstics

Q) The co-oplimal sizing method semultanecusly defermines the opimal sizes of difierent DERs

D Diversified system conditions in both grd-connecied and Blanding modes are caplured

O The interdepandency batwean opimal size and dispalch is explicitly modeled

3 Using the piecewsa ineanzation bechnique, he optimal sizing problam is formulaled using

i W i - i

linear programing that can be efficiantly sohved with a large number of cperafion conditions, o oy .
[ COOPTIMALSIZING FORMULATION [ I .AH|||H|I| |
e P 1 U bl bl
e e 4 it e T
Dfinnpw&llrmm W E— . — iy
1 : e
! 51“ u-Ll ‘i ’I’ b IIH' .

O Develop multi-chgectne oplimization and generale the Paret front bo bether axplors te
rade-ofl botween systom costbenedits and resency level

O Separate hampad load info cnfical and non-criical load o mprove resdiency analysis

0 Moded generaior falure and caphere the impacts on system economacs and resiliency

O Incorporate addiional prechical consatrainls sech as budget lmits and on-site fued slocage

capaciy
O Colaborate with industrial pariners io use te ool for planning studies, and resiliency and
¥ Power cutput from renewables as a funchion of their sizes sconomic analysis on micrognd syslems
¥ Dispalchable penerator power output liméts [T ——
& Dispatchable penetator fusl consumpion and cost [ This work s supported by the LS, Department of Eneegy (DOE) Office of Elecricily under conract
& Enaegy storage powsr and energy mits | No. 57558, e are particularty thankfid to Dr. imve Gyuk, manager of the Energy Storags Program of
+ Energy storage eneryy sisle dynamics DOE. Ofice of Electncty for s leadership and financial suppon.
Contact: DI W
ENERGY Errpy I
| Energy & Emdronmental Directorate e 2 :
Entan st www.pnni.gov

Email; diwu@pnnl.goy; Tel: {S00) 375-3975
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Washington Clean Energy Fund (CEF) Grid
Modernization Projects: Economic Results

Pacific Northwest
athan', A. Crawford', Y. Yuan', G. MNATIONAL LABORATORY

Prowdly Operated by Banele Since 1965

INTRODUCTION BATTERY STORAGE EVALUATION TOOL

GEF Frejats

The Washington Glean Energy Fund (GEF) provided $14.3 milion in funding to throa T o [ —
Washinglon-tased ulidhes fof the purchase of four bablery enedgy slorage sysbems (BESSs) simulstion of enargy storage opralions.
with a iotal investment of $43 milkon. Pacfic Northwest Naional Laboralory (PHML) was The rodel was wsad o perisim 2 look-
engaged to evaluale Fie economic benefits of these systems bo the ulilities and the customens ahoad cplimization hourly bo determing th ‘
realized Ihecugh transmissaon, distribution, bulk enerngy, and ancillary senvices. PNNL then was then used to determing the actual ‘
modeled the benedits of each of these use cases specific 1o each wlikty ol each site. This poster batlery operation, BSET determines the
highlights the results of this economic analysis, which includes several innovalions such as the annual value of sach service and fe
evaluation of a broad set of use cases, non-linear parformance of ballary operations, the ) R
performance of BESS conlrol systems, and the benelfits of using the Modular Energy Slorage ammx&m S s [
Architechure (MESA)

RESULTS OF ECONOMIC ANALYSIS

1. From a utility perspective, all three projects fall short of generating positive net benedits ‘
under the base casa scenano I
2. When oulage miligalion s included as a benefit, the Avista Tumer BESS peoject generalas |
a positive ned retum and the PSE BESS shows a kinge increase in benefils. I
3. Ouiage modeding indicates Bat the Awista Tumer BESS could mitigate all vollage sags
affecing Schweitzer Engineering Laborabory (SEL however, it & nod cusently funchional,
4, Astudy on e effects of using MESA standasdization shaw cost reductions as high as
50% wiene identibed in equipment procunement, electrical design, and commissioning costs. I

e Biastyergion
N 1A A L . o 5

2 W L s 25
o Y | AR R Riedon: Fiow E35

Pl Wastursglon,
8 |17 A Vs R Flow B35

Washington CEF BESS Banefits and Costs |
PROJECT OBJECTIVES ‘
1. Collaborate with states, utilites, and energy storage providers io help elucidate storage
benefits and intagration challengas o
2. Define the services or use cases the Washnglon CEF BESSs could provide and evaluale —
associated econcmic benefits when the BESSs ane operated in an oplimal manner. B I -] i -
3. Evaluate the lechnical performance of the BESSs using ballery-speciic and grid-specific T mme em mme e e
maasurements when engaged in economic operation. — ~ aam —
&, Evaluate the cost savings associated with deplaying BESSs using MESA. P . ——

~ DBESSServices -
) ADVANCES IN THE STATE OF THE ART
1 Emwm :

O Development of detailed BESS value taconomy and advances in methads used b estimale
3. Primary frequancy responsa economic benelits of BESS operalions,

4. Regulation up and down 3 Mast extensive sat of use cases ever co-oplimzed in a non-market saliing.
0 Data analysis provides unique insight into BESS perormancs acress mulliple systems.
Broad Taxonceny of BESS Sarvces = = :
Pl O Econcmic and les! program can be model for analysss of other grid-scale systens,
o — — e e 0 Nor-linear battery performance woven into BESS econemic opimizalion engine.

PUBLICATIONS [ ACHIEVEMENTS ‘
1. Project has resuled in 23 presentations, 3 conference papersfournal publications, 1 ‘
pending patant and 8 reports (hitps:lenergystorage prnl govipubihcations asp)
2. Pacific Northwest Mabonal Laboratory (PMNL) s curmently supporling eneqgy slorage
demonstraBan projects al & viilies in the Pacific Northwest
3. Washinglon CEF has been exiended into two additional rounds of invesiment with PRNL
praviding anahytical suppart far seven of the nine projects selected under the CEF Grid

SE=rFEE=HE

L 0 b 1 e

Modermization Program.
KEY CHALLENGES [y r—
1. Develaping value taxanany 4 Valuing benefits for utilites of varying stuchanes Thes work s supported by tha LS. Dopariment of Encegy {DOE) Ofice of Eleciricity under confract
2. Valuing non-market sarvices 5, Establishing data pipeline for fests M, STS58. e also wish o acknowiedge program leadership provided by Dv. imre Gyuk, Director of
3. Financiabiperiormance: data acquisiton 6. Development of norlinear BESS model Enérgy Storage Research at DOE

Contact: Patrick Baldwcel

US OEFARTMENT OF mer M
ENERGY Enery & Enfronmental Diectorae www.pnnl.gov

Email: Patrick.balducci@prinl.gov; Tel: (503) 417-7540
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Nantucket Island Energy Storage System

Economic Assessment

Vanshika Fotedar, Xu Ma, Patrick Balducci, Jan Alam, Tom McDermott, Di Wu, Bilal Ehatti,
Kendall Mongird, Bishnu Bhattarai, Alasdair Crawford, Sumitrra Ganguli

PROJECT OVERVIEW

Nantucket Island, located off e coast of Massachusefs,

has a fairly small resident popudation of approimately ~ %
11,000, which swells to 50,000 dunng summer. In crder o
meset the rise in energy demand in summes, as well as o
improve reliability. National Grid will be deploying a 6 ———
MVW/48 NIWh lithium-on enangy storape syslem (ESS),

and replacing an on-island combusiion furbine generalor [
(CTG) with & new CTG capacity varying between 10 MW
and 16 MW, Currently, Manfucket's electicity i supplied -
by two submanine supply cables (shown in the figure) wilh a combined capacity of 71
megawalts (MW and bwo small CTGs. In the event thal one of the supply cables fils (ie.. an
n-1 contingency & triggered). the iskand would face outage threals dunng a small number of
days during peak summer maonths. The tatal value wil be generated thiough a vanety of use
cases of senices, which have been developed by Paafic Norhwes! National Laboratory
(PHNL) i consultation with Naticnal Gnd. _

PROJECT DBJECTIVES AND CHALLENGES
1. Evauate the technical and financial benefits of ESS and ils impact on the Nantuckel system
2. Davelop control stralegies lo maximize financial benefits while achiaving resiancs goals
3. Understand market rues, obtain verlied network data, and validate system model resulis
4, Challenge in managing mulliple use senvices wilthin a single optimization engine
5. Model the benafits with AGC regulation and imperfect foresight using DAM and RTM data
TESLA BATTERY ENERGY STORAGE SYSTEM

The Mantuckst ESS is a 6 MWMB megawati-hour (MWh) lithium-ion Powerpack 2 system
procured from Tesla, Inc. The tolal system will indude the batiery packs, a power conversion
system (PCS), and a ste-leved conlrolier. The ESS will be deployed at National Grid's Bunker

Tesla Powerpack 2 Lithium-lon BEss  oad Substation located on Nanbuckel lsland

T—— The sysiem as designed is expedied o have an
R *mmﬁdmmﬂmm

i mainbenance being conducted theoughout 1o
ensure its rekabilite. The expecled Rourd-Trip
Efficiency [RTE] for the ESS was calculated

qudmmwmmmnnmm
I W11 for Mantuckst Island. This resulled in average
- yearly RTE of 87.7T% at Beginning of Like (BOL)
arvd 83 44% over 10 years of libe.

COMBUSTION TUREINE GENERATOR

National Grid will son be replacng two 3 MW generators, which will be disconnected once the
larger turbine is operational, The CTG's capacity & lemperature dependent and this refationship
i reprasented in the accompanying graph. To oblain the capacty curve of tha gensrator

R R throughout the year, the hourly
temperalure dala for e year
2018 is used lo generale the
temperature-dependent  CTG
rafing. For Nanfucked lsland, the
capacly range goes from 1328
MW to 1667 MW, with a yaar-

fr S

SENERRE

3 " s om___m o= ™ w Tound average of 14,58 MW.
BENEFITS OF ESS AND CTG
Local Operations Market Operations
1. Transmission Deferral 1. Forwand Capacity Market
2. Qutage Mitigation 2. Arbilrage
3. Consarvation Vollage ReductionVoll-VAR 3, Regulation
4, Spinning Reserves

Pacific
Northwest

HATIONAL LABORATORY

MARKET OPERATIONS BENEFITS

No Perfect Foresight Assumptions: Daly markel operabion is based on forecast prices while |

Prices (DALMP) as prediciors for Real Time Locational Marginal Prices (RTLMP)
Asbitrage and Regulation Revenue by Year by Prediction Method

R Praxfionion of D W LITETE leﬁ_’?@ u:_g_‘m L‘__I:_H’i
P ey Dbl AP s Freaicron of D WP 12 9%, M0 LN L] 1N,
AN Fomction o KTWA 1,775,848 1,95, 78 LraEn [y
| A Peediction o @TW | 1,375 48 1355, 685 L R [ ¥
CO-OPTIMIZED BENEFITS
Banefit and Cost Values by Elemant Base Case Berafits and Costs
Erergy Costs
Lapasity SLOSIN e iy
el 118787800 — R S—
e B 51,105,419 —— it
Ve | Siaod pae
Curtage i s1101,08 — —
< i [ ) s
|___Emrgyeess | 7T |-
Wevmrsss B eer= 0, 185
Botshy Shah i SR i P [ m———
CONCLUSIONS 1
1. The folal 20-year presant valus of ESS and CTG ABOUT
ﬁmmﬂ::ﬂm m‘ants % M;M Pacific Northwest
requirements and energy . millian |
wilh a benelit-coal ratio of 1,55, ?hf:.':::': Laboratory
. L Morthwest National Laboralory,
2. Benefils are largely driven by the ransmission Iocated in southeastern Washinglon Stale,
deferral use case, which provides nearly $109 is & U.S. Department of Enangy Office of
million in present valug lerms, This is about 75% Science laboratony thal sobes complex
of the tolal benedits. problams in enargy, national security, and
3. An addiional $18.8 mill B Ko mmww.ammmm

frontiers in the chemical, biological, materials,
The Labaratory employs nearly 5,000 staff
mambers, has an annual Mw N SXCESS
of $1 billion, and has been managed by

regulation services, which comprisa 12.0% of the
benefits making it the second largast bened
slream.

4, Regulation service dominates the applicaion

hours, with the ESS engaged in the provision of Dbic-iewod Salieto waos 000
this service 7,500 hours each year For more information on the project
NEXT STEPS | Vanshika Fotedar / Xu Ma

1. PMML will deliver raseanch findings o the Pacific Nortwest National

Mational Gnd Leadership Team P.0. Box 5499,

Richland, WA 99352

2 mmmﬁmm (871) S40-7106 1 (508) 372 4512

caremany vanshika.fotedar@pnnl.gov | xuma@pnnl gov

3. PNML is aiding in development of real-tims .

conitrol systams and has proposed load and price prediction model o assist wilh bidding operalions
4. PNNL will 506k to publich the findings of the economic assessment and will conlinue i assis!
Natisnal Gnd with transmssion medemization
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under confract Mo. 5T558. PMMNL is operaled by Baflelle Memonal Inslitute for the DOE under
contract DE-4C05-TERLO1830.
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Battery State of Health Model

Pacific Northwest
MNATIOMNAL LABORATORY

Crawford, Vilayanur Viswanathan, Daiwon Choi, Vineet Joshi,
Dl un.“u, Jan Alam, Kendall Mongird, Patrick Balducci
Prowdly Operated by Banele Since 1965

Pacific Northwest Mational Laboratory, Richland, VWA 89352

Introduction: Liium-ion battery performance degradation depends
on amblent & operaling temperature, rate, depth of discharge, number of
cyches, and duration at various states of charge and temperature, Very few
models exist that take into account multiple modes of degradation or include
the effect of lemperature changes during operation, This electrothermal model
addresses these gaps.

<
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Q

Objectives:

= Develop electrothermal model based on first principles taking into account
multiple degradation pathways o predict pardformance and degradation

= |dentify the most impartant design and operating parameters that affect
battery state of health

= Find suitable electrode architecture & cell design for various grid services

= Enhance batlery management systems to oplimize batlery throughput

= [nform the top down model with key findings from electrothermal model

= Enable Battery Storage Evaluation Tool (BSET) to incorporate degradation
cost into market transactions — improve net benefits over useful battery life

Approach:
* Pseudo-2d model using COMSOL Multiphysics 5.4
* Model validation done using literature and in-house data
= Solid Electralyte Intarphase (SEI) formation on already formed SEI
= SEl formalion on freshly exposed graphite upon SEI film cracking
= Graphite active material loss due to fracture
= Lithium plating and cathode dissolution
= SEl formation effect on electrode porosily and edectrolyle effective
conductivity and diffusivity
= Effect of ambiant & operating conditions, electroda architecture & call dasign

Results and Discussion:
a) Exchange current density / reaction rate constant

i_"' i {"\ * Losses increase as

[ & we SE| exchange
current density
increases and
charge transfer rate
constant decreases.
Ratio of SEIl and
charge transler rate
constant is a kay
metric.

3“‘?_-

. ey 3 )
k' I-Iq-ﬂ-mwn Bt Ehargs Tranuer Rans fves |

= With excess anode,

c) Ambient and operating uondltlnru

jat
lh.’ ] 1

" £ a » w8 ] W 7]

= Degradation rate increases at higher temperature

#= High temperature increases SEI formation and cathode dissolulion rate

= High C rates lead to higher temperature, higher stress on SE| film and
graphite particles

= Greater loss of lithium and active material capacity

d) Particle size and W/l effect on structural mechanics

iﬁs L] E—I::
i F =1
| -

] ] " [
Negasve Partiie Rachs fricr oo 38 33 a 38 a3

Wahage (V)
s Optimum radius is 6 microns, Parlicle stress increase al radius > 6 microns
= High current (I} and high cell voltage (V) contribute to higher stress levels

e) Top down model results for various duty cycles
: : s [n-house 18650 NMC-Gr data
« Kay degradation mechanisms
from electrothermal model
used as input
= Active maberial loss,
cumulative discharge energy,
square root of total SEI
formed, cathede dissolution,
age most important
Capacity loss predicted within
10% after 500 cycles

-?‘J-yh .J“’j— sl | i

[

i
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#7285 333385 32285 pya3§

Future Work:

j... g“ ____.-——-"/ ﬂm w = Model multi-slectrode pouch and cylindrical calls
g \ bl e mm'f‘ * Model multi-cell modules
L L. lgweer driving force * Predict safety behavior of cells and modules with changing SOH
! i for SEI formation.
r I‘ * Higher active Acknowledgements
- - | malerial fraction This work was supporied by Dr. Imre Gyuk from the LS. Deparmant of Enengy (DOE)
T T s Aies M vima Frovmse INCTEE5ES orluosity. m of E‘““"g W"fmw~ 57558, PHNL is cperaled by Batlele for the DOE
D, Wilayanair Vissanathan

Enginaar
US EPFARTMENT OF
ENERGY  foimmmoecte ™
Email: Vilsywrar, Vissanatranipnnd gov
Tot: {509) 3724745
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Energy Storage Control Capability Expansion at %
Portland General Electric’s Salem Smart Power

Center Pacific Northwest

MATICNAL LABORATORY

it K Whitener? § Cox? Proudly Oyperated by Batielie Sinee 1965

mmammmqmaammmmmmmmﬁ
acceplance within the elecine powar seclor, particutarly for electnic ublibes. Whike ESS as a
technoiogy is gaineng populanty within The elecing ublity induslry, its anBcipated value streams
amne not fully undarsiood, quantfied, or demonsirated. Unavailabilty of suitable demaonstration
sitesiprojacts. lack of deep understanding of svailable sconomic opportunsties, and deployment
complaalies assodialed with pursuing those cpportunies are some of the reasons that = = I —
complicate value demonsiration processes. This poster reports a ransformative project aimed DHHIMLI‘NIHIESS Flﬁmhl'-‘l!l-‘frldﬂru Animated Flowchart

INTRODUCTION KEY INNOVATIVE FEATURES

at enhancing the corlrol capabiliies of a Portland General Electric {PGE)-owned 5 MWH1 25

MWh ESS focated at Salem Smart Pawer Center (SSPC), Salem, gxmm.usnmm | SSPC ESS IN OPERATION

achieving betler techno-sconomic value. Lessons learmned fram thés project ane summarized for e e ‘
the benefil of the wider ESS community.

* 5 Bkcka, 4 Reckafiock, 1§
Drmspraiek, 4 bedubeaDirmesr
| = TiZ5 R Eslon Power gt
Irwestery par Alack
*  IPLE basved BMS and conirol myslem
i »’Vhﬂﬂ-hﬁ-j ‘
Responoe =

'PROJECT OBJECTIVES
1. Understand aveiiable econcmic opporiunities and refine use cases (o be pursued,
2. Develop control strateges and refine through discussion with stakehokdens:
3, Implement. test, and refine contral stralegies and proposed innovative features
4, Share resulls and lessons with the wider energy slonege communily.

EDHTR'DL CAPABILITY EXPANSION

L]
§ 3
g ] -
ma“ ! “ L:;Mmhﬁﬂ"*}b \
priority scheme 430 palpw T of Gy Léiprm

1 .4 ;' e 0 Advanced the knowledge of ESS control with multiple wss cases via demonstration

= T i ’
“;t | Conmnation
= ‘f_ér{' "'\.,“",évﬁ - ) ADVANCES IN THE STATE OF THE ART

: : 0 Importand lessons generated for utifibes intending to install ESS
‘w'_v sl | O Demensirated an approach to expand capabiiies of existing conkrol systems
Control Strateqy Development by Integrating Multiple Use Cases D Explared ESS integration with 2 utiity's system operalion platiorm

PUBLICATIONS | ACHIEVEMENTS

1, Frqedlmmdadmﬂmm 1 confanerce paper, 1 journal article (under

3 (hitps:ifenesgysiorage ponl govipublcations asp)
[ | 2. Amane impactiul ES3 conlrolicoordination project has been launched with PGE
based on the cutcoms of this project
3, Ledto ESS controlicoordination effon at multiphe ublibes across the nation (National
= : 3 Grid, Eupene Water and Electric Board, Oncas Power and Light Co-op, Enargy
" Implementation via PLC Norwest, Tacoma Power, and Puge! Sound Energy)
KEY CHALLENGES r
I CT T | |
1. Mdentifring use cases (o pursue 3. Testing and validating with extemal signal | This. weoric i supparted by Energy Siorage Program, Office of Blectricty, L5, Dapartment of Energy|
Contact Jan Alsm
w I‘ DEFARTMENT OF mrsmew
ENERGY Energy & Emronmentl Oiectorae www.pnnl.gov

PPacific Northwest National Labaratory
Email; JanAlsm@ponl.gov; Tel: (509) 372-4972
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Sandia Notionol Laborotories

Energy Storage Analysis for Regional Demonstration Projects

Alpxander Headloy, Tu Mguyen, Ray Byrne - Sandia Mational Laboratories

Overview
In FY19, we performed analyses te assist with planning, project development, and valuation for: the Eugene Water & Electric Board in OR, Atrisco
Heritage High School in Albuquergue, MM, Minnesota Power, BQ Energy in NY. and the MELHA research campus in HL In these analyses, we optimize
the benefits from energy storage for the customers for different grid applications such as peak demand charge reduction, PV utilization, and time-of-use
rate seructures. Below is analysis from two particularly interesting cases,

Energy Storage and Large Scale Hydrogen
Production — NELHA Research Campus

Background

The MELHA campus will ssen support a large water electrelysis facslicy
generating hydrogen for three fued cell buses. Early tests of the facility more
than doubled the peak demand for the campus.

Unique Considerations
Hydrogen Production

= 150kVY cloctrobyzer

* Flexible operation from 10-100%

Analysis
* Time-of-use and flat rate options
* With and without hydrogen facilizy

Background Research Campus

Recent changes to pricing in MY mclude updates to increase the value af s s Hydrogen Facility
2 L M 1 = -
energy storage. BO Enpergy, 2 community distributed generation developer in P PR e ,",,"" " WIE, oW, w0 g Storn
MY, requested analysiz of three different solar projects for encrgy storage il it L I3 TN, i
i B FCT I . B b, Ll
e whbars (B30 e Bfpermemar (U ]
Pl ol wf = =l P

Unigque Considerations
Value Stacking in MY

*  Six valug streams

*  Time-of-generstion windows
« Generation requests

Results
Mo Hydrogen Production
= Savings up to ~$5500 year

System Configurations " ; ,r~ - ';“ =
* DC vs. AC coupling ﬁ, i
S _.'J - . ;
Anal)rsls [ e — R s o g
» w m“ﬁwim mb Aun :;f (g & TWE) + LS00 = w0 « LA
+ AC-tied, DC-tied, DC excess charging  =ios 35058 w o2l o - £} With Hydrogen Production
o M it = + Flexible operation would save ~%25000ear
i s * ES value decreases with demand response
Results i
*  Value from coincident peak discharge (38%), scheduled cails (30%), and EJ
LBMP arbitrage (24%) g o
« AC | DC ted similar value in low energy applications = - i' —
i s ey s
" = A e i s
— e _ /% -
; : £ P [T e ———
£ ) ] i
] g et ' Project Status
1 il l] = MELHA I HME investgating hydeagen facility interfsce and cantrel 1o lewsr demand

Incroases
= Combmsed vwork on microgrid devolop wehich may POTILD ITOFD SRy STCMkge

.. SRS o N, i 8
Acknowledgements
Proj 5 This werk was supported through the Energy Storage Program managed by Dr.
‘_ Ene | it fo ALE Irmire Gyuk within the US Department of Energy's Office of Blectricity, Also,a
R g niiching prergy sorage propoas for Erojecos special thanks to coflaborators Lusrence Sombardier and Keith Olsan froam

MELHA 23 well as Mitch Ewan at HMNEL
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(rh) i, Safety Considerations for BESS: .122 West
Before, During and After Commissioning

Susan Schoenung, Longitude |22 West, Inc.
Dan Borneo, Sandia National Laboratories

Abstract:
Safety is a significant factor in the use of battery energy storage, as the desirable high energy density has the disadvantage of
fire risk. While the commissioning process is intended to check for both satisfactory system performance and safety features,
attention to other considerations both before and after commissioning are needed to ensure long life and safety of the system.

Elements of the Battery Energy Design safety into the system

Storage s'-,fstem {BESS} Kt
s Bastary
= b Enengy demity of batteres

T # B85 should have fail-safe mechanisms

e e e G Fredictive mainenance ool within BAVS.

T —— Temperaturs feedback  sensors

e Charpe/Tischargs ratws controly

S s o ey + Ersirgy teclation masnd 5t moduls, rck of coll kvl
« Cooling spprasch | thermal manigermant
& Fire g : Tody's SUDEEsLOn Fy3tems may be falle secursy

# Chamitry and duration of suppressam?
toring nesded for Li-ian?

L \Werd fation
mwmm»nwum
= MFPA €3, 59, B55; IEEE 1547; UL 95404,

Commissioning/testing to Battery Management Energy Management
confirm safe operations - S SR —
™ | the hattery. « Mgmitors gid voliege
W | i, * The BN col voltages, curpets, ared bafamvoea s, - Manages energy Mow toTrom geid (e nite)
4 [ ,“mm,‘,w mw.wwmm - Control curvent or voltage soute made of operstion of iverter
Paisf iy o4 partial 50C. - Controls the Energy Storage System [E55)
COMMISSIONING , = The BASS moniton cell health snd detects snd srauncistes oell snd module *Cornemnicatis with iarti
afety and Refabilit [ra— =Comraruaicates with BMS
" + Miadiuls and rack padety Holaticn apprach - sCormrmescated with customer sterfece
+ Tha BAES i part of the overall wa'ey syisem. -mumum HYAL, emargency stop, fes protection
Faus b mpascrementy ~Inpres ae within the batbery
DTG Salety
i *IR s of cixrrectionm Check duning Commasisming
mﬁ" nd baeries | o« Miwdd 10 opsrate E55 based on grid see:
plt 'FMWMW‘ ‘1 o Spplicabon contiol Teitieg
lEschargs tme mmuml“
Power and Energy Configuration Site Management System (SMS) Balance of Plant
The 585 interfaces with the 5 energy mansgement system, mamm
| L P . ] diatritated enengy rescurces and the prid and scts & B WMaite MI:. batirey bempeesture cpsrations (10-80 & Tor Lithium-s
— T Controfler satection mmiwmnwd.p
- = Monftan Grot Mesire grid slectrical condition - veltags, mmmwmmmmm
Ersnge . . crrent, frecusncy, Povss off; exhannt
Masugerrars. 14 l !Mm +Elecirical distribution: Dves curient protecton, L., coondinsted
« records breskers [ fuved disconnests.
1! [ r fm"?f! SERFOvE., | ﬂa‘i‘ﬁi‘ﬂ.fﬂbwrﬁ Povrr Meprarement Linit sCammunicitions
§ L owenae (‘Q‘) = 7 LPvetl) =Sitn wearke pad, fencing. candut [ wiring
5 s ) Bty Barmy + Dpsrates BESS and Diwtributed Energy Resouwrces (DER]
. L CHECK durir
Sty Sr - w5 rationg controlling maibple OER
st Vgt bt 5 diran and restant

* Liad management

=hki5 sdequate to monitor and mdhduql Rriew

cperational patamter
“Circuill Breaker besting pes WFPS 708, NECA [multipie)
“Cable invulsticn testing (power cables] Acknowledgments:
) This work was supported by Dr. Imne Gyuk through the
[ e | Departmant of Enargy Office of Electricity Delivery and
o b i E Relishility.
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Sandia National Laboratories

Energy storage technologies (ES) and their
importance in the grid are advancing faster
than policy makers and regulators can keep
up. ES economics and valuation are complex
and challenging. Reaching out to states’
regulatory commissions and offering them
educational workshops on topics associated
with ES is an important way to increase and
enhance ES adoption across the country.

PROJECT OBJECTIVES, METRICS & MILESTONES
OBJECTIVES OF THE PROJEC

*  To make contact with regulatory commissions

in
each state and offer educational workshops

To design worlkshops to meet specific needs in
each state or group of states

* To provide access for the states to expertise
from a variety of national labs and institutions

To open channels between states and experts

* Grid Energy Storage Introductory

Dec.7,2018, ~40 participants

* California Energy Commission (CEC)

* Energy Storage Academy, Sacramento,
June 14,2019, ~30 participants

* Southeast Energy Storage Symposium
and PUC Workshop, Birmingham, Jul
17-18,2019, ~100 participants overall

with 8 PUCs represented and 25 PUC
commissioners or staff
WHAT CAME OUT OF THEWORK?
+ Southeastern energy Storage Seminar and
Workshop: Report on Proceedings and Lessons
Learned. Twitchell, |.B., H.D. Passell, R.S. O'MNeil. PNNL

Ongoing collaboration with PNNL, ORNL,
CE&U&uaanechmlogies

]
o by M g gy o o ek
-t ity i Bt e e Ui

o O G L
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@ eneroy

State Regulatory Commission Energy Storage Outreach and Education
Howard Passell, SNL

fer | G
future contact and continued assistance Rk " lowa Ltiities Board f'i\@t?
L 2019-2020 Prospective Workshops k=
METRICS « Aseri hops with NM PRC begins in
*Mumber of workshops and number of participants mﬁm of Z-hour werkshops with € begins in Oct.
FUTURE MILESTOMES *  Day-long workshop scheduled with Mevada PUC for Jan. 2020 9
*3-4 workshops per year *  Early planning underway with 2 |( “
*  lowa Utilides Board @

PROJECT RESULTS Mew Jersey Board of Public Utilities
RES! !LTS Texas PUC

*  California Energy Commission (a second workshep) %

Training for the Hawaii PUC, Honolulu,

PROJECT TEAM = Partners & Collaborators
INSTITUTIONS

Sandia Mational Labs

Pacific Morthwest Mational Lab

Oak Ridge Mational Lab

o“ A T

@
Natonal
m‘ o

*  Foutheo Rassarch Pacific N:-fth':mesr,
+  Clean Energy States Alllance (CESA) e
*  QuantaTechnologies % 0AK RIDGE
Mational Laborstory
PECPLE

Howard Passell, SML

Jeremy Twitchell, PNML
Michael Starke, ORML

Bert Taube, Southern Research
Todd Olinsky-Paul, CESA
Ralph Masiello, Quanta Technologies
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Sandia National Laboratories

Sandia National Labs Demonstration Summary

Benjamin Schenkman, Sandia National Labs
Dan Borneo, Sandia National Labs

O}b]ECtIvE: Energy storage is a key to enabling modernization of the electricity grid, including the successful integration of
renewable and distributed energy resources. The DOE OE Energy Storage Program uses it Demonstrations Team at Sandia Mational
Laboratories to address multiple challenges to the widespread deployment of energy storage: cost, creation of an equitable regulatory
environment, safety and reliability, and industry acceptance. The team supports development, deployment, and research across
multiple storage technologies and applications from transmission constrained regions in Alaska to hurricane-prone Puerto Rico, and
from the off-grid rural corners of the Navajo Mation to the leading edge of emerging educational programs.

Techralngy Arwhytics [Feonomic | RFP § Eommissioning | Data Collection |
Dawmlapment | Tachaical] Perfnrmarcs
Evaluation
Y v
» f
"
v,
V
Y ¥
?f.
v y /
¥
Y
/
Demonstration Milestones in FY19 Demonstrations and Analysis Coming Online
*  Engineering and manufacturing drawings are complete  +  Ajliant Energy in lowa installing a 2 MW / 2.8 MWh energy
for the prototype IMW/25kWh flywheel and building storage system to increase renewable production capacity
the flywheel has been initiated | +  City College of New York demonstrating a 50kW / 1 60kWh
# l'_:ontmlﬁ_ fort Urban Electric Power ZanO_I for grid Zinc Manganese Dioxide system for peak shaving
tied applications has been completed and will be +  Three off-grid Urban Electric Power systems for Native
deployed in Navajo Tribal Utility Authority territory American residential loads in the Navajo Tribal Utility Authority
*  Economic Analysis has been completed for Homer territory
Electric Association (Alaska), Gunnison Electric *  Seminole Tribe of Florida procuring solar plus storage for 8
Cooperative (Colorado), Minnesota Power (Minnesota), buildings to offset daily electric costs
Roancke Electric Cooperative (North Carolina) and +  Energy storage utilization in a resilient microgrid using the
Villalba (Puerto Rico) campus of Santa Fe Community College
*  Completed RFP development and issuance for energy ~ +  Evaluate using Sandia analytics to determine the tradeoff
storage system based on Sandia economic analysis for between PV curtailment and energy storage within NELHA
Albuquergue Public Schools (New Mexico), ANZA campus
(California), and Electric Power Board (Tennessee) *  Increase analytic capabilities to include an energy storage siting
+  Commissioned | MW/IMWh energy storage system in tool

Cordova, AK for increasing hydroelectric capacity

*  Collected and collecting energy storage data to refine
models, develop degradation algorithms and evaluate
performance from Cordova Electric Cooperative
(Alaska), Green Mountain Power (Mermont), Sterling
Municipal Lighting Department (Massachuserts), Eugene
Water and Electric Board (Cregon), Sandia (New
Mexico), 5anta Fe Community College (Mew Mexico)
and Energy Market Authority (Singapore)

Sandia
SAND2019-10891 c@‘m"ﬁ
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Background

Bameries for grid stomge applications mast be insspensive, safe,
reliable, a3 well as have a high energy dentity. Sulfur it abundant,
produced at lew cost in high quantities and has high theoretical
capacity; howewer, it has not been prewvioushy applied to a
rechargeatile allaline battery system.

Objective
Utllize the high capacity of sulfur (5) (1675 mah g, based an
the idealized redox couple of $3/5) in order to demonstrate for
the first time. a reversible high capacity solid-suare 5-based
cathode for allaline batteries.

To mainain 5 In the sclid-sate, It b bound to copper (Cul.
initially in its fully reduced state as the sulfide. Wpon charging
the sulfide i3 saddized 1o 4 polysulfide species which i captured
and malntained In the solid-state by the Cu lons.

Success would open the way to o new doss of soergy dense prid
storape batteries bosed on high copecity solid-stote S-bated cothodes,

Sulfur Electrochemistry in Alkaline

HEF is hovwrm bo v ke ollesime reddion. dlhemsintey in alkalies dhoirolyie:

SE° + 5Hy0 + 8¢+ SHS™ + 50H-  0.003 Vvs.SHE
S5+ A0 4 e e 4HST 4 401 0033V vs SHE
Si' + 30 + 4= = FHE™ + IOH™  0.097 ¥ vs. SHE
5374 2H0 + e~ = IHE" + ZOH™  0.298 Vvs SHE

= metricy dhtiow i sl o
[oe—
pa— SHrprt e le sl jpasie iy
~ . . 10

[ L ] [ ™)

] o i@ [FET) 1 i

L] L] 2] EEL ] it =

[ L1 T Lant o 16

fwl. W nchslion of Rullur in BL% WY KOS wherated wiution of Copper in % b EDH,

and el mberd product in 8% M EIHE
5, Cu, and Cu+5 Cycle Life
L . Gl - Cus Pawder
. « Cuandd § Powdes  CulOHL
. Cul

a 5 1] TS il ] 128 150
Cychs Humbar

Speeilic cagacity (hased on muss of sctive materlal) wenes cpie b for 3 waristy

of Cu snad & vl 3 Hie scive materials b the cathode werem & 7n snode

*e-mail: inlambe(@sandia.gov

Characterized by Raman Spectroscopy
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imbyrned by Ihe Raman

Failure Mechanism of |100% Depth of
Charge/Discharge

Spmmcific Capacity fml hg )
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Rechargeable Solid-State Copper Sulfide Cathodes for Alkaline

Batteries: Importance of the Copper Valence State

Jonathon Duay, Timothy N. Lambert,” Maria Kelly and Ivan Pineda-Dominguez
Department of Photovoltaics and Materials Technology, Sandia National Laboratories; Albuquerque, New Mexico, USA, 87185

Chemical versus Electrochemical

& Cugl Mo Raat
# Cu,S 36 How Rest on Discharge Every 15 Cycies

Degradation Mechanism
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} 100 o ®0 w0 wo
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Spexific capacity verss e of & Tlu,S hathery with noe sest and resing eeery 15
oyches For 36 haars upos dichage o 0.4 'V ve In) or wpon change o 5455 s 2n)l

Adjusting Depth of Charge/Discharge and

Electrolyte Chemistry
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Conclasions
First example of a rechargeable solid-seate sulfur cathode in an
alkaline bamtery (Zn/'Oa,S bamery 15 demsonstrased )
The nomanal voltage of this battery s = 1,202 V with a denived
empinical capacity (see table 1) of = 168 mA b g? hased on the
mass of Cu,S (= 338 mA b g based on the mass of 5)

* & cyches best when bound to Cu jons in the 1* valence state,

forming Ca,S ax a discharge prodisc

The fadbare mechanism of these cells was found o be & show
conversson from 5 redox o Cu redox chemistry with a
subsequent rapid decline in capacity upon tbe full comversion
from the 5 to Cu redox chemistry

PublicationsPresentationsTatents

I Duay, T. N, Lambert et al “Rechargeable Solid-Smne
Copper Sulphsde Cathodes for Alkaline Batterses: Importamce
of the Copper Valence Stwic” ). Electrachem. Soc. 2019 166
(4), AGET-AG654, DOD: 10, L1482, 026] 90dpes,

Invited Talk: I Thasy et al. “Advances i Alkaline Storage
Batteries amd their Potential Inspact for Society™ to be
presented af the Sth WMRIF Symposum and General
Assensbly, Budapest, Hungary, June 17-20, 2019,

T. N. Lambert and J, Duay, United States of Americo Patent
Application filed
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PARTNERSHIPS

The Department of Energy’s Office of Electricity (DOE OE)
energy storage research program relies on collaboration and
partnerships with a range of stakeholders, including other
national laboratories, universities, electric utilities, industry,
federal and state agencies, and international consortia. These
partnerships help enable the rapid adoption of new R&D and

provide guidance for developing appropriate policy and
regulatory framework.
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Using Hydro and Energy Storage for Resiliency in Puerto Rico

Frank Currie, Alexander Headlay, Dan Borneo

Cuoerent plans call foe PV + S, but the toal cost of new capacity can be significantly reduced by
weme  using existing hydroelectric facilines

= . e

e Morth Centrali  Inclodes  the -t b
citios  of  Cialos,  Muomovis, \
TUaade, and Jayuys

> Arca Appeosimute peak beats: - e~
Hmicipaley (0100w Caales: & MW t 1 e
Uleuadc Tl[ﬂ ;gli & Marsen 9 2
Ciales L T s Hnuao: e o] e
Moroww 361D 387 = By Auw e S —
ey 13473 T lé}iﬁ- 38 MW :
Vil WOy W7 Generstion:
Barrwngems 30318 ELE) Cacmillan | 18 MW Mo Hydra
Tetals 180,597 o4 Dios Bocsi: 15 MW
Caomilles T 4 MW
7MW
Abstract:
Musnicipalitics in the interior of Poeno Rico o z e — e R AT T
went monthy withour power alter horsicane P et iy
Maria. This work focuses on nsing energy =
storage and existing hydroelectrc facilities o Fs
ceeate an independent mountiin  region T
minigricd that would require no transmission
ties o PREPA baseload generation assets. P Y T : e }
An optimization minimized cnergy storge ¥ My ez s N WSy et e
and PV pequisements as 2 fonction of e M SR Chpcy Puctde
hydeoclectric capacity factor. The results South Ceamal: lnchades the
= % citbes of Villalba, Drooovis, and
shew that bydeo and energy siogge can be B it
sed cooperatively to increase resilience and
vastly reduce furre capaciry investments, Approvimng geaklowds A — T —
’ " Villalt 10 MW e sl Gk Al
Drocovi o MW 3 -
Fhcmipaiis 10 M Hydro at 50 Capacity Factor
26 MW
Sisncration)
Toma Mirggor | 2 MW
Tore Negra 2 AW
1 MW

Caonlilas Hydro Conceptual Mountain Region s«r.:-.l

) I oo Hydro Minigrid l-!:i
v tuado

L8 ™ i i |

Sikiiia |Des Bocas Ciales i ; |

Future Study:
*  Use a hydro rehab cost estimate 1o T :
improve resoirce optimization 1
*  lmprove hydro model 0 inchude ! _Loop Existing Line into Tore Negro 115 KV bus

reservolr dyimmics ¥l
. !|||iu’tn‘t- ol l'm:lﬂl;_.' 'N”i":" historic

| A i ‘
loach dara for the specific auumeipalities | illatba @4. Cirpoenis | | Barranquitas
i

*  Improve solar profile o reflect |
minicipalities-specilic differences o E , 8 ;
*  Ineegeate ReMNCAT o modify load | ' |
protile to retlect load criticaliry | — : [
: ok 7| S Subistation Bus I
Acknowledgements: Funding provided by US Y N | fore i
DOE Energy Storage Program managed by Dr, @'w ' S | Yoy
imre Gyuk of the DOE Office of Electricity | =
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Update on the Natural Energy Laboratory of Hawaii Authority 4
semborsiamata £SS and Microgrid Projects

Laurence Sombardier, Gregory Barbour, Keith Olson, Natural Energy Laboratory of Hawaii Authority (NELHA)
Daniel Borneo, Benjamin Schenckman, Alexander Headley, Sandia Mational Laboratories

NELHA'S ENERGY OBJECTIVES

= Swte of Hasanii Gosl: 000 Ciean Ereegy by 2045,

« Test small and lange scabe B35 sysmema on Hawall pd b prowvide enhascements o
reslfigncy, ccult level freguendy, woltage and VAR suppon, reneaabie snengy
dispatehing capabities.

# Tist ESS Im tropical amd maiios sviicnmente

Mikcrogyid deverlopment.
=mmm;ﬂmmmﬁm&ﬁﬂ srefgy chooiogics

MICROGRID DEVELOPMENT
1 yeir stordy starting Seplermiber M09

Oevelen conceptual detlgns for power generstion, enerpy Storage, and power
rearuagprmeed i oo pol technol g dver @ 10-yrar planning bormn 1 dsist NELHA in
sepoming carbon-neutnl by 2030

[P PR —Y ——
H —ommm =

o — s

.;m

g B et ol

Mieregnd Components and overnll contepl. Red items 38 hitw COMPOnEnts.

Design Completion Janusry 15, 2020
Construction Completion December 1, 2030
Microgrid Commissioning January, 15 W21

GRID SCALE -UET 100KW ESS

= lJ—TU niEnergy
- ju— - ”
@ 3 N 1 Technologles

¢ HODRW/SOOKWh modular Beflos TR ESS.
Actvanced vanadium Sow technology

Syt will Do owned By lorsl eniiny, Haemsd
Electric Light Comgarny.

ESS ingtallaticn eary Desembar 2018

Systemn exparienced o carssraphic fallene and UET shut the 35 cown on Febouary 8,
2019, The fsdure indleded 8 rupture in peimary electrolyte tank. 50 gallons of
electrolyte were spliled inta the secondany containment, Systam ks in the protess of
bemng replaced with 13 LRET Refier units.

~N
| NELHA

* Inszalied 170 KWW PV on rooftops of two campus buildings.

*  Power Purchase Agresments with Greenpath Technologies LLC.

= S0.18/kW, no escalator over 20 years. Utility rate is ~30.32/KW

= Testing and inspection completed July 2019

» Systems started producing August 1, 2019,

= With existing 36kW, total PV is campus is at 206kW DL

» Campus load ks 150 KW to 220k'W, not counting Hydrogen generathon

and distribution facility [250k\W).

DIA QUEST ESS STUDY

*  Purpose of studhy: imwestigate use of ES5 and schoduling of the groducsion of hyednogen o
realize wieingn in NELHAY reisaich chmpun.

= Emady utlined Sandin National Laboratories OUFST apen souce softwane and wes
primarity carfied out by Alesander Headiey,

L
=

v disy
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Maded shem thal savings may be reslined by recucing monthly peak demand.

A 15::-4:1.:.;': mmmahmm o ik ~55,000/yeor kn savings. This
’ % o H2 producti

Scheduling the H2 facility will Nlatpen the demand and lead o 26,000/ vear

wawings [versus unscheduled dadly H2 production], &n additional 1500W/2 hous

bpttany will savee an additional 51, 200/ yvear,
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Special Mahalo to Dr. Imre Gyuk from DOE Office of Electricity
without whom the NELHA ESS projects would not be possible.
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Energy Storage Valuation at San Carlos Apache Tribe

Rodrigo D. Trevizan, Tu Nguyen and Stan Atcitty

Abstract: 5an Cados Apache Tribe (SCAT) is located in a sparsely populated region that has limited power genesation and transmission resources. Currently,
the energy rarifts are high and the sysrem soffers from frequent power intermuptions, In this smdy, we have analyzed the henefirs of Energy Storage Systems
(ES8) to reduce costs and improve power quality for the trbe, We have conducted two ease studies evaluating behind-the-meter ESSs lor a casine and a
hospital. Results show that energy storage has the potential to reduce electricity costs and provide backup power for critical loads during several hours.

Challenges at SCAT Benefits of Energy Storage Case Studies
* Population: around 10,000 people * Increase reliability for critical loads * Two BTM applications for ESS
= Area: 2,900 sq. miles (2x Rhode Island) * Reduce electricity costs = Case 1 = Apache Gold Casino,/Resort
* Scattered loads — three power providers: * Behind-the-meter (BTM) cost savings APS —TOU (E-35) Primary
San Carlos Irngation Project (SCIP) Time of use (TOU) energy * Case 2 — San Carlos Apache Healtheare
Arizona Public Service (APS) Demand SCIP — Large commercial
Graham County Electric Cooperative Increase value of solar

* Limited electne power resources
Small solar PV, utility-scale planned
* Limited transmussion
Only 1 69V transmission line (SCIP)
* Relability issues
Average 100 outages per year
Could affect 4,000 to 6,000 people
* Cost of electricity above state average
Project Goal:

* Provide technical assistance to the Tribe
o enable informed decision making with
respect to furure planning of Renewable
Energy Portfolio and show how ESS can

Cwverview of Transmission and Distribution Svstems

iR transmissian

Preliminary Results

* Assumptions: “Total bill comparison: Diemand chasges:

Quest
No hourly load data available - estimates

Backup power by ESS only . ‘ —_—
* Assuming 2 eases for backup power: o T
Reduction of load to 20% or 4096 Cone:1 arerd
* Case 1 - Apache Gold Casino/Resort

Planned 1,100 KW solar PV

* Case 2 - San Carlos Apache Healthcare
Hospital e o : , . |
Planned 2,000 to 3,000 kW solar PV Case 2 Case 2
* Techno-economic analysis using
QuESt BTM el _ PRy rrenns

Solar ESS ESS Backup time Backup time Yearly Total yearly Savings Reduction
power  power capacity @ 20% load (@ 40% load charges savings demand peak demand

Case | - Casine 1,100 kW 500 KW 1,000 kWh 587h 193 h $601,080.77 $83,959.77  $83.B67.93  47.23 kW (3.5%)
Case 2 - Hospital 2,000 kWY 500 kW 2,000 KWh 865 h 433 h $716013.93 $69.365.13  $73.,74220 47826 kW (30.13%)
Conclusions

* ESS can reduce costs and improve reliability Up to 5.8 hours of backap power * Furure work
of critical load centers in SCAT * San Carlos Apache Healthcare Hospital Obtain load data - Hospital & Casino
* Apache Gold Casino/Resort 500 KW/2,000 KWh system can reduce BTM analysis for other sites
500 KW,/ 1,000 kWh system can reduce annual costs with electricity in about 10% Front-of-the-meter analysis (Urility-Scale)
costs with electrcity in about 14% Up to 8.6 hours of backup power '

Acknowledgement: Funding was provided by the US DOE OE Energy Storage Program managed by Dr. Imre Gyuk
of the DOE Office of Electricity.
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MATERIALS |

The Pacific Northwest National Laboratory (PNNL)
Electrochemical Materials and Systems group comprises
materials scientists, ceramists, metallurgists, and mechanical
engineers engaged in research and formulation of advanced
cost-effective lightweight materials, power generation
sources, engine exhaust remediation; advanced
manufacturing processes, prototype devices, and pilot-scale
process development. Their program aims to develop and
demonstrate novel energy storage technologies that can
meet economic and performance targets for broad market
penetration. Research areas include emissions, fuel cells,
high-temperature electrochemistry center, transportation
materials, and vehicle and transportation technologies.
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*  Shape change
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*  Passivation
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Ohjectives

¢ Inerease achievable cycle life and encrgy density by
pre=samrating electralyte with Zn0 to inhibit
dissalution and rnigrnt“inn of zine frem the asode,

* Srudy effect of L0 saturation at different depths of
discharge, refarfve ro foral mine specics o tfe sysoem,
aned an different KOH concenrations in a more
commercially relevant limited-clectrolyte system.
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Effect of ZnO-Saturated Electrolyte on Rechargeable
Alkaline Zinc Batteries at High Depth-of-Discharge

Matthew B. Lim!, Elijah [. Ruiz?, Timothy N. Lambert® *, Gautam G. Yadav', Damon E. Turney’,

Sanjoy Banerjee’
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Zincate-Blocking Polymeric Separators for Zn/MnO, Batteries
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Effects of Water-Soluble Binders on Electrochemical Performance
of Manganese Dioxide Cathode in Mild Aqueous Zinc Batteries

lsmael Rodriguez Peraz’, |

avid R

Faciic pasf Malional Lab

Introduction: susionry eleciric encrgy storage has hecome a growing worldwide
mterest due o increased global market needs. With demand prowing st comveniional
Hithiuem om battery (LIB) technologies have a limited portfiolio for smtionsry applications due
oo use of high cost materials and lmdved life cyche.

P

In recent years, intensive studies of aqueous Fo-based batteries have been reported due o jts
wide availability, low-cost nature, and recyclabiliny. With respect to LIB, current elecirode
processing for squecus batiery systems & based on the use of Auenne-contxining polyemers,
such as pobyvinyladene diflsoside (PVIF) which requires toxic N-methyl-2-pymrolidone (NMT)
salvent! Therefore, PNNL. imvestigales various water-soluble binders for Za/Math, systems w
develop a fully sustamabile, cost-cffective and environmentally fnendly electrocheniical encray
storage device.

1 Dy o 1

A et Siuacs 1110 (18 15

Objective: he goal of this program is o enhance the eleciochemical performance of
FnMind); squecus batteries by using bow cost and environmentally fricndly hinders

+ 10% % e

Timiders Bolvent Strmetires
B 5wt Polyvisylidene Moride (FVIIF) il
B2 2.5 wt % Catbwrymethy] cellulose (CMC) Witler
i ni 15 wite Alginic acid, sodnmn sall Wity
1R ] I wrte OMC +Podyvimyl aleohol (FVA) (101 wrs) Waler

Results and Discussion
200

+ The MnO-#n cefl with B2 binder (CMC) achieved higher ccll capacity of 166 maAR/g at 5 and
%8 mAh'g nt 3 {inset data) for D00 cyeles duam the rest of the cells inclading FVDE
= The 50% volinge profile dsplays the cell with CMC showing smaller cell overpotentaal,

juilin Pan’, Daiw
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* Smaller charge tumsfer (R2, the senmicircle in meddle
with the aqueces B2 inder (M) before and afier cyeling than the cell with PYDE.

= In the bow frequency region, the oell with B binder {PVOEF) displays eeper slope {Warbueg lne),
wﬁ;hiwﬁnshnﬂdiﬁuwnmhmfmu

mmpe) was abserved for the cell

* Sessile deop technigue demonstates that shuggash
diffusion near the surface for the cathode with
VIDF is associated with hagh surface remsion,

= All of the cathodes with differest inders seem
iﬂymbkn1uhm4mtrdm
However, significant dsoltion in exeomive
water wits chserved for the squenus binders B2
and B3

* ICF resudis sappon squeous binders can be stable

in the cloctrobyie withoul dissoltion.
SET sl pem | [
ICP sest of B3 bimder s | 2= | p [ x| w =]
[ oazasma | foo0 | eiM | o | a8 [osiE] ¢ | wiom

Summary and Perspective

* We ohaerved water-soluble hinder CMC can e stable and
offer desarable adhesion at coraan pH Jevels (3.5-5) without
any decompasition.

= Char work suggests that the mplementstion of water-soduble
banders can lend 1w substantaal improvements for eillicient
and cost-cffective electrode manufachamg for agueous
battery sysiems.

= I oeder i fully sssess the applicabliny of squeous bumders,
further 1est for validaton on a larger seabe will be
concucted

Confact: Hee -Jung Chang

Hattery Muterials & Systems Group A
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Development of Zinc-Based Anodes for Aqueous MnO,/Zn
based Batteries

Pacific Northwest
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N-ray Diffraction (XRD)Y Energe Dispersive X-Ray Spectroscopy (E1S)
EDS Magping of 7n,0'0, ,

Introduction: e development of al enerey sources (i.e. batteries) has
gamered much atiention in the past few years, In particular, stationary energy siorage devices
have become a nujor focus for rescarch and development in order 1o make electrical storage
cheaper, and more environmentally friendly than traditionally used sources (i.e. fossil fisels).!

Within the past decade, Zine (fourth-most mimed
material on the Earth) bas atiracted much affention ‘
hecmase it is ahundant, inexpensive, ond re-nsable.
Moreover. as  Zimc-based bamenes can  be
manufsctured with a water-based electrolyte, this ¥ y
allows for competition with Lithiumi-ion batberies,

but with the advantage of enhanced safety. i

* EDSXRIY confirms that the Zine film
B polyerystalline and metnllic (PDF

Lml # 01-078-0364),

cuwmliw of the ZnCu,, slloy is

0, 3500 40

Electrochemical Perlormmnce

Zint-basad batteries (i.e. alkaline ZiseMn0,) have previously boen commercialized and are o8 .
ome of the dominaet technologies in the primary barery market. However, the allcaline s -
FineMn(), sysiem is mod currently considered re-chargesble owing o formation of xine L:]l
dendrites, and kow cathode capacity,” l sl
e - pd
Objective: Mitigation of dendrites in zine-hased anedes for mildly acidic e T
aqueous Zn-Mnt), battery technology for stationary energy applications. Eopasy st —
EF enam v AL mAen®, fiall cells with #n and #n,Cu, , film anades have similar initial electrochemaeal
capaly.
= Cher the comrse of 15 cycles, the pure Zn enode hes o slightly agher capacity compared 1o
£n)Cu,, . This shight capacity difference may be doe to stabiliny agaimst dendnites,
Zn Anode oy Anode Chargs Qiscrargs

* ‘While the Zn thin Sl kas & stsble potential the Zn,Cu, , potontial varies by mearly 1V, This
15 duse 1o pemoval of Zn from the alloy, leaving & copper rich surfice danng dscharge, Upan
charging. the potentisl slwly renms t0 3 pre Zine potential, indicating possible Zine ‘

Scannimg Flectron Micr

opy (SEM) ‘
Cyvebod 7 Filin Ueyeled #a,Os, Cyrled ¥ Cu,

Results and Iliscus&lun. ‘
£n Deposition
o B 1
i f’f ‘ i: ¥ 1 i
! : o 1 ! bt ] = Zn,Cu,,, film anode ey maproved tolerance io dendntes compared to pure £o flm.
l‘.'l'-'l 1 = :'I ¥
Sttt Sk Summary and Perspective

= I geoenal, boil Zin and Fn, Cu,, alloys can be cloctrodeposited divoctly onto cunmemt colbectors
ond st i @ sell-standmng chectrode without the need to binding agents.

= Preliminary results show that Zn,Co, , ~MnCh, cells give sinslar capacity perfonmances compared
ta pure LM, colls with m mmpeoved taletance 1o dendribes.
= Further optsmimbon and amabmes will be camed ot o conditions (composation, tockness, and
depasition conditions) for Tn Cu,  snode in the In-Mol), banery.

*  Both Zanc and Zn,Cu, can e deposited anso current collectors s efficiencics of ot least S0 Acknowledgements
*  [For the fn,Cu, . & brass-codored deposit is obesined ai the same comeni dessity relative to pure £n mmgmﬂhuugmggmmmdmmmm s PNLba
lintion. Higher current des resalt in a sibver-like deposit mdicative of Zine-rich b operabed by atielle Memorial fevesuee Sor e DOE usder comtret
Confact: Matthew K. Fuyelis References: ‘
R e Hattery Materials & Systenys Group L. Dunn et al. Sefence. 334, 928 (2011)
=] Encrgy & Envirommental Directorate 2, Xuetal Arpevwernare, 51, 933 (2002) i |
EN ERGY Pocific Northwest National Laboratory 3. Cheng, L O Hodpe, A. M.. ddhunreed
Email: mutthew. fayette@pmnl.gov Enginerring Materials, 14(4), 219 (2002)
Tel: (5069) 372-4845

page 99



Enabling Natural Graphite in High Voltage
Aqueous Zinc-Graphite Dual-lon Batteries

Ismael A. Rodriguez-Pérez®*, Tobias Placke®, Maria Sushkao®, Pacific NorthWE-st
}:naolm Li?, David Reed" Vince ‘%prenkle* NATIONAL LABORATORY

Prowdly Operated by Balelle Since 1965

Introduction: Anew energy storage technology that is atiracting
attention for grid-lavel applications is the Dual-ion battery (DIB). DIBs
operate having anions and cations simultaneously intercalate at the
cathode and anode, respectively, upon charge. Water-in-salt electrolytes
(WISE) have expanded the slectrochemical stability window of water based
electrolytes, allowing graphite to store charge in agueous media.

e — [ r— naren of TS
S Fromary. s_-lu-!u-n ',..;"'u,_

\i‘ : e THSL l:"ﬂg b

Y LRS!
T i AN

‘u “t“\.u_

ATVEH 0, 0H 0 el 0 21 Li {H i, - TFS1

Salt-in- Water Water-in-Salt

R e e

Appmch and Objective:
+ Choosing a high voltage low cost material and a WIiSE electrolyte
to expand the water stability mndﬂw

+ To explore DIBs as an alte ane
grid-level applications. DIB Id\rantagas are ms’t modest
performance and safety

A
A 0 32 M 15 28 WM 1M
! 2 Tharta (Degress)

% Reversible anion intercalation
15 observed with clear “peak
~~]'|I|llmg phenomena upon

W OB M M B N ¥ M A58

Results and Discussion: Matural graphite has been successfully
enabled in an aqueous system at high cxidation potentials. A suite of
characterization techniques have been employed to prove and
elucidate the anion storage mechanism into the graphite

a) Electrochemical Characterization
- Cathode

e e ]

% Plane-wave DFT simulations showing the charged Stage-3 GIC
< Insights into the anion storage mechanism into graphite point towards a

Future Work:
+ Investigate the bulk electrolyte and the electralyte electrode interface

* Optimize graphite cathode and electrolyte to achieve longer eyveling

+ Investigate capacity decay and impaet of binder on eveling and self discharge
Acl

The research described in this poster was conducted under the mm Research and
% Three-electrode cell CV tests reveal the reversible plating and trpping of £n mulliprogram  natonal

Development at Pacific Morthwest Mational Laboratory, a
metal in parallel to anion intercalation/deintercalation into the graphite cathode [regbnd operated by Batielle for the LS. Depanment of Energy. | AR P ks gratefu for the support of

- - trwy Linus Pauling Distinguished Posidocioral Feliowship program. |ARP is prateful for the suppor
% Three electrode full cells show the stable, reversible record high cell voltage from MEET for n sity measurement, and support from tha physical sciences. diision for simulations

Linus Pauling Distinguished Postdoctoral Fellow LWML&&&.&WMMHMM.A@MMR1m—1l‘TDI‘H‘Il’}

l.I'l CEFARTMENT OF _ Battery Materiols & Systems o 10,102 Wacsensmylel.
Energ) &Emimn:mtnl Pimclomin 2. Sum, L. et al. “Vintern-salt” sleciroiyte srables high-votage .F
Pacific Morthwes! Mational Laboratory Whurmdon of fence 330, BI8-543 (2015,
i 3.2!-1'.0 ol ai. A 2012 walor-in-sall slectrolyie fora mmzﬂmm Chem, Commun, 54, 1406714006
Ermail; ismaelrodriguezperaz @ipnnl.gov {2018). 4. Placks, T, f al. Intercalation of Bis(Trif o) il Anicon il Viaricus Graphites for Dual-lon Cells,
Tet: (5083752067 ECS Trans. 50, 56-88 (2013}

o
o
-
()
(o]
(0}
o
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available at time of printing this
report, organized by thrust area:
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Opportunities for Energy Storage + Solar in CAISO
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Materials II
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Jagjit Nanda, Oak Ridge National Laboratory

Power Electronics
GLIDES: Delivering Efficient, Flexible Energy Storage
Ayyoub Momen, Oak Ridge National Laboratory

Advanced Power Electronics for Grid Storage
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Advanced Capacitors for Future Power Conversion System
Bruce Gnade, Southern Methodist University
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Design and Fabrication of High-Temperature Octocoupler for High-Density Power Module
Zhong Chen, University of Arkansas

Materials |
Rechargeable Zinc-Manganese Dioxide Batteries: From Concept to Product
Jinchao Huang, Urban Electric Power

Real-time Identification and Understanding of Zinc Compound in
Rechargeable Zinc Electrodes
Brendan Hawkins, City College of New York

Theoretical Studies of the Electrochemical Properties of Bi- and Cu-Modified d-Mn02
Electrodes in Rechargeable Zn/MnO2 Batteries
Birendra Ale Magar, New Mexico State University

Electrochemically Produced Zinc Oxide Electrode in Rechargeable Alkaline Batteries
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The DOE OE Energy Storage Peer

Review event took place at the

Hotel Andaluz in Albuquerque,

New Mexico September 23-26,
2019. Here is a selection of photos
of plenary speakers, poster

presenters and peer reviewers.
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