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Activity locations

* Kauai, Hawaii

s s PR i 98 T SRR o = T * Waste Isolation
U T L e i — e ' Pilot Plant,
e I ' T ' N / - Carlsbad, New Mexico

* Pantex Plant,
Amarillo, Texas

Tonopah, Nevada

Main sites
* Albuquerque, New Mexico

* Livermore, California




Y/

%
/4

16000
14000

12000

10000

14,607

EMPLOYEES 8000
6000

4000

2000

12,769

New Mexico

1,838 °

California

S/ANDIA’S WORKFORCE IS GROWING

Statf has grown by over 4,600 since 2011 to meet all mission needs
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ENERGY & HOMELAND SECURITY

Secures the nation’s critical infrastructures and environment against attacks, threats,
and climate change by performing world-class research and development.

2
<

* Advance energy technologies and
solutions to climate change

* Create solutions for a safe, secure,
and resilient energy future

* Provide transformative solutions in the
transportation sector

* Reduce the nation’s vulnerability to
chemical, biological, radiological,
and nuclear threats

* Provide protection for our nation’s
digital and physical critical
infrastructures
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/ ENERGY STORAGE SYSTEMS PROGRAM

Started in 1950's

For more information: energystorage.sandia.gov

Develop power sources for Nation's nuclear stockpile
From 1970s on, focus moved to electric power
Develop advanced energy storage technologies and

systems

Increase the reliability, performance, and competitiveness

of electricity generation and transmission

Electric grid
Standalone systems

Sandia
National

Laboratories

Pacific Northwest

MATIONAL LABORATORY

RIDGE

National Laboratory




ENERGY STORAGE R&D AT SANDIA

BATTERY MATERIALS
Large portfolio of R&D projects

related to advanced materials, new
battery chemistries, electrolyte

materials, and membranes.

DEMONSTRATION PROJECTS

Work with industry to develop, install,
commission, and operate electrical
energy storage systems.

CELL & MODULE LEVEL SAFETY = STRATEGIC OUTREACH

Evaluate safety and performance of ;*'i‘ sl Q Maintain the ESS website and DOE Global
electrical energy storage systems - B - - Energy Storage Database, organize the annual
down to the module and cell level. o . Peer Review meeting, and host webinars and

- conferences.

POWER CONVERSION SYSTEMS
Research and development regarding

reliability and performance of power
electronics and power conversion

systems.

GRID ANALYTICS

Analytical tools model electric
grids and microgrids, perform
system optimization, plan
efficient utilization and
optimization of DER on the grid,
and understand ROI of energy
storage.

SYSTEMS ANALYSIS

Test laboratories evaluate and
optimize performance of megawatt-
hour class energy storage systems in Wide ranging R&D covering energy storage technologies with
grid-tied applications. applications in the grid, transportation, and stationary storage




/" U.S. ELECTRICITY GENERATION

U.S. electricity generation from selected fuels U.S. renewable electricity generation, including end use
Plant capacity by power source AE0D2021 Reference case AE02021 Reference case
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Amount of storage deployment will significantly impact www.eia.gov/aeo
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CALIFORNIA’S CLEAN ENERGY  Sg**
AND CLIMATE GOALS e
e wgetoe 2017 2020 2030 2045

remewaieTarget ot 0%  33% 50%  100%
Date Legislation Passed 2002 2011 2015

28 Years Back & 28 Years Ahead

States with Nel Msterng Policies

:
Image Source: California Senate E 0

« Generation is becoming distributed
« Almost all states have Net Metering programs

« California, Hawaii, New Mexico, Washington, and Nevada an
legislating 100% renewable energy in the next 20-30 years. WS
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State Net Metering Policies
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INCREASING ADOPTION OF RENEWABLE ENERGY RESOURCES
Renewable generation 2010-2025

= Current trends:

o Accelerating retirements of coal fired power plants

o Stalled replacement/expansion of nuclear generation

= Growth of net renewable electricity capacity, mainly
from wind, utility-scale PVs; and hydro in some locales

= Share of renewables in electricity grid sector will take

the largest portion, followed by buildings and transport

Renewable capacity addition by country 2019-2022
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Renewable capacity addition by technologies

300

250

200

15

(=]

10

(=]

5

(=]

=]

1L

2013 2014 2015 2016 2017 2018 2019 | 2020 2021 2022

O Solar PV

Historical Main case
m'Wind B Hydropower O Other renewables

Source: IEA Renewables 2020

2020 2021 2022
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« Becoming cheaper

DECREASING COST OF RENEWABLE GENERATION

Levelized PPA and Gas Price (2020 $/MWh)

180
PV PPA prices

160
140

120 ¢
1 1 141 1 ‘N Levelized 20- EIA i jecti
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BD | L’
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40 4 e
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Source: Berkeley Lab, FERC, EIA  PPA Execution Date and Gas Projection Year
8 Note: Smallest bubble sizes reflect smallest-volume PPAs (<5 MW),largest reflect largest-volume PPAs (>500 MW).
Selected renewable energy generation lechnologies are cosi-compelitive with conventional generation technologies under cenain circumstances
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« Transport Electrification
- Transport will undergo electrification to

reduce transport emission (e.g., 33% rise in
2050 REmap)

- Battery storage for electric vehicles will
increase significantly, causing major changes
in electricity grid due to charging

rd
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infrastructure
° BUiIdings 1500
« Despite improved efficiency, electricity 1250
demand in the building sector is projected to oo
increase by 70% by 2050, mainly due to 0
electrification of heating systems o
* Industry ’
* Industry sector is second largest CO2 120
emission source, mostly due to the demand '
from high temperature processes 80

 Use of electricity will increase to promote
low-temperature process, causing electricity ~ *
demand increase 20

Sources: IEA Global EV Outlook

/" ZERO EMISSIONS AND ELECTRIFICATION

Global EV car stock

Electric car stock (millions)
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OPERATING CHALLENGES OF GRID OF THE FUTURE - LOW INERTIA

- The power conversion system is at the center of DER, Energy Storage, and EV
infrastructure

« System will operate with much lower inertia

Coal Power Hydro Energy Storage
Plants Power Plants Conventional Systems

Generator Systems

Source: U. Tamrakar, D.
Shrestha, M. Maharjan,
B. Bhattarai, T. Hansen,
and R. Tonkoski, “Virtual
Inertia: Current Trends

PV-Wind and Future Directions,”

Nuclear Sygtemg PV Wind Applied Sciences, vol. 7,

Power Plants Systems Systems no. 7, p. 654, Jun. 2017.
Generator Dominated Power System Inverter Dominated Power System n
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/" ENERGY STORAGE IN THE GRID TODAY

Grid-Scale Energy Storage < 0.1% of U.S. Generation Capacity

US installed energy storage capacity of 32 GW represents
~15 min ride through

BESS reached 2GW in installed capacity in 2018, rest is mostly
Pumped Hydro.

Compared to the need, the scale of energy storage
deployments is insignificant.
With a 1 TW US electric grid, even 1 hourr of energy storage
means 1 TWh

: 4
100 MWh BESS Plant - Tesla

Wood Mackenzie P&R
ESA | U.S. energy storage monitor 2018

DOE Global Energy Storage
Database, 2018




P DOE GLOBAL ENERGY STORAGE DATABASE

Energy Storage Installations by Year

Repository of energy storage projects
around the world
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«  Submission-based
 Visualization tools

- Energy policy - H ‘l‘ | ‘ ||
* For more information: "1 il |||| ) |II In _ ||| I
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. Power or Grid-connected or
Power vs. Energy Applications Enerays | FTMor BTM? e

P/ OVERVIEW OF ENERGY STORAGE APPLICATIONS
g
‘4

m General Energy Applications
- _— Energy Arbitrage in ISO/RTO Markets [R=allga FTM Grid-connected
Power Applications L b >t o ERRIEY A PRt Renewable Energy Time-shift Grid-connected

(Renewable smoothing and firming) Energy U CIelEY and Off-grid

Peak shaving Ancillary Services

Frequency regulation

. £ P . .
Renewable smoothing 2 Load shifting Frequency Regulation Power FTM Grid-connected
m
Ramp control £ i Operating Reserve (spinning, non- :
i & anti pere . I (f & Energy FTM Grid-connected
< T&D deferral spinning, supplementary)

Voltage support 5
Frequency Response and Virtual

Inertia
Voltage support Power FTM Grid-connected

Capacity firming Power FTM Grid-connected

Power Technologies %3 Eraquant Long Energy Technologies HAEWISENsele]g Power FTM and BTM Grid-connected
: lg’ g Dischatar Duration Black Start Power FTM Grid-connected
Lithium-ion E 5 Discharge Batteries Transmission Services
Flywheels i e Hydro Transmission Upgrade Deferral Energy FTM Gr?d—connected
— S Transmission Congestion Relief Energy FTM Grid-connected
e Stability Damping Control Power FTM Grid-connected
Distribution Services
Source: Energy Storage Primer, IEEE Power and Energy Society, 2020 Peak shaving and Upgrade Deferral  [RsalHlgaY FTM and BTM Grid-connected
Voltage regulation Power FTM and BTM Grid-connected
Energy
H Reliability and Resilience and FTM and BTM Grid-connected
* Front-of-the-meter x behind-the-meter ¥ .
. . End-user Services
[ ] - - 1 -of-
G rl d conn ected X Off gr| d Time-of-use, demand charge and Energy BTM Grid-connected

net-meterin ement

Power Qualit Power BTM Grid-connected
o Grid-connected
Resilience (Back-up power) Energy BTM and Off-grid

Source: 2020 U.S. DOE Energy Storage Handbook, Chapter 23: Applications and

Grid Services - https://www.sandia.gov/ess-ssl/eshb/ ﬂ




P ENERGY STORAGE FOR ENERGY ARBITRAGE

Market energy application v
* Locational marginal prices (LMPs) ~ ol
+ Day-ahead %
+ Real-time (15-minutes) B 40
« Charge - buy energy (load) ool
« Discharge - sell energy (generator) | |
+ Chargegq % 6 12 18 2
« Round-trip efficiency n, 80 . .
arbitrage opportunity = gn.LMPpy — qLMP;, gﬁn_ _
LMPy I 2
= —
LMP; — ne
. .
Source: R. H. Byrne, T. A. Nguyen, D. A. Copp, B. R. Chalamala and I. Gyuk, "Energy 0 ‘ H:ur '8 *

Management and Optimization Methods for Grid Energy Storage Systems," in I[EEE
Access, vol. 6, pp. 13231-13260, 2018, doi: 10.1109/ACCESS.2017.2741578.
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Demand in Gigawatts
w

Top 15% (~5GW) of total demand runs 7 days/yr,

ENERGY STORAGE FOR PEAK SHAVING (NYISO EXAMPLE)

ConEdison Annual Load Duration Curve

0

2000 4000 6000 8000
Hours per year (total = 8,784)

Cutting top 100 hours saves $1.7B

Table I-1: NYCA Energy and Demand Forecasts Net of Energy Saving Impacts

2017 Long Term Forecast® - 2017 to 2027

Winter Peak Demand - MW

3

3

Energy - GWh Summer Peak Demand - MW
Year Low®  Bassline®  High® Year Low®  Baseline®™®  High®
2018 153,169 2018 33,225
2017 156,766 158632 160,504 2047 28980 33178 36 487
2018 156,128 157996 159859 2018 29.891 33078 36,375
2019 155546 157405 159,258 2019 29,854 33.035 35,326
2020 154,903 156,752 158598 2020 29.817 32,953 35279
2021 154,017 155855 157689 2021 29832 33009 35297
2022 153.613 155444 157271 2022 29856 33.034 35,323
2023 152488 155298 157124 2023 29911 33,096 35,358
2024 153306 155135 156959 2024 25962 33,152 35448
2025 153,182 155,009 158832 2025 30.034 33.232 35,533
20286 153.094 154820 156,743 2026 30,118 33324 35629
2027 153,143 154971 156,795 2027 30.185 33388 365,707
Average Annual Growth - Percent
| Period Low Baseline High | Period Low Baseline High
201727 0.23% 0.23% -0.23% 2017-27 0.07% 0.07% 0.06%
2017-22 -0.40% 041% -0.41% 2017-22 -0.08% -0.09% -0.09%
202227 D.06% 0.06% 0.08% 202227 0.22% 0.22% 0.22%

Opportunity for energy storage: at least 500 GWh

<2% of the time

Year Low Baseline®  High
2016-17 24,418
201718 22693 24365 25989
201819 22628 24294 25913
201920 22546 24207 25821
202021 22439 24090 25696
2021-22 22,394 24043 25,645
2022-23 22375 24023 256524
2023-24 22,361 24008 25607
2024-25 22362 24007 25606
202526 22,356 24001 25800
2026-27 22,356 24001 25599
202728 22,356 24000 25598
[ Period Low Baseline Hign |
201727 -0.15% -0.15% 0.15%
2017-22 -0.28%  -028%  0.28%
202227 0.02%  002%  -002%




ENERGY STORAGE FOR T&D DEFERRAL

Historical and Projected Transmission Investment

FUTURE LOAD .
* (Nominal Dollars)

2 %
Additional Capacity Needed to .
Meet Peak Load Growth Use of storage avoids the costof Billion §

additional generation, transmission
and distribution asset investments

........... \ A
= e
femratrimmed il oL e mhen ongsTeT
orsl sbarnd-akare TanETISAON coenaness. Ackusl
emrmirie! oy mere ol e e 011
I'roperiy & Mlant Capdsl irsapimant Survey
. " sugpeiprvhed wilh TTRD Nonsy 1akaby Prigeses]
Unused generation capacity e iges e dbimd b Bkl
used to charge storage assets S e e
Ramire Tl D ari: bbb [ awistis
il @03 NAUEY | Nt Citap
' LS STl 2101
A A by e e Sl iabdcle Al nghis
i &k B resarved
ource: NRStor Inc o

20'1|r 2012r  2013r 2014 2015r 21]16 201? me 2018 2020

25

Current Installed Generation Capacity
L3
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o

| CURRENTLOAD |

s
(=]

n

transmission tariff receipts, 7; Actual Projected —
1 T 1 T T T T Source: Edison Electric Institute
0—1—2 0 K—Ul—U—0—N—» .
l tot by oy g (imelyears) How do you differ T&D deferrals? Energy
Nergy OM Costs, OM; storage is beginning to get traction.
Ez:ge, "transmjssion

line, T + OMg
N N Source: R. H. Byrne, T. A. Nguyen, D. A. Copp, B. R. Chalamala and I. Gyuk, "Energy
NPVgeferral = ~ESo~Tie =3 OMie™+3 Tie™™ Management and Optimization Methods for Grid Energy Storage Systems," in IEEE
= = Access, vol. 6, pp. 13231-13260, 2018, doi: 10.1109/ACCESS.2017.2741578.
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System Frequency

Power

v

SPINNING RESERVES AND FREQUENCY RESPONSE

Arresting Period
I_ Rebound Period

— Recovery Period
|

Hz
60.00——
59.98
59.90 -
T T | R EELEEE I
0 10 20 30 10 20 30
Seconds Minutes
Mw
—  Primary Frequency Control | Secondary Frequency Control  Tertiary Frequency Control
[Governor response (Generators on Automatic (Generators through
71 (and frequency-responsive Generation Control) operator dispatch)
i demand response)]
............. 7
| I {1 [TTTT [ |
0 10 20 30 10 20 30
Seconds Minutes

Source: A. A. Akhil, G. Huff, A. B. Currier, B. C. Kaun, D. M. Rastler, S. B. Chen, A. L. Cotter, D. T. Bradshaw, and W. D. Gauntlett, DOE/EPRI
2013 electricity storage handbook in collaboration with NRECA. Sandia National Laboratories Albuquerque, NM, 2013.
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/" ENERGY STORAGE FOR FREQUENCY REGULATION

fsalll | \ 100
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Representative regulation command signal (RegD from PJM)

Scheduled net

. i A. A. Akhil, G. Huff, A. B. Currier, B. C. Kaun, D. M. Rastler, S. B. Chen, A. L. Cotter, D. T. Bradshaw, and W. D. Gauntlett, DOE/EPRI
interchange n

2013 electricity storage handbook in collaboration with NRECA. Sandia National Laboratories Albugquerque, NM, 2013.
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/" RESILIENCY AND MICROGRIDS

 Natural disasters

«  Microgrids
- Energy storage is a key component

« Often paired with distributed generation:

« Solar
«  Wind
 Diesel

* Natural gas

« Design and operation are optimization problems

‘Sterlmg l\/lummpal L|ght Department 2 I\/IW 39 I\/IVVh

L.oad Diesel
system

Grid

@

Storage Solar




P BEHIND-THE-METER APPLICATIONS

To benefit from dynamic rate structures, the customers must be able to change their loads in
a manner that lowers their electricity bills without interrupting their operations (commercial
and industrial customers) or sacrificing their conveniences (residential customers).

Charge Batteries Discharge Batteries Off peak Partial-peak On peak O Grid O Batteries
9

LOAD 4 200 —

v Battery Discharge Batteries

Charge \

10— = = = = = = = e e e e e m - A oo

Battery Batte!
Charge Discha

S
a<
]

POWER (kW)
CostperkWh

POWER (kW)

»

12 4 8 12 4 8 12 12 8:30 12 6 9:30 12

TIME TIME TIME
Renewable Time Shift Time-of-use Management Demand Charge Reduction




P QUEST: ENERGY STORAGE VALUATION

Energy storage analysis software
application suite

Qu st

« Developed as a graphical user
interface for the optimization -
modeling capabilities of Sandia’s
energy storage analytics group _
* Quest Data Manager o
* Quest Valuation o
* QuestBTM
* Version 1.0 publicly released in
September 2018 g gy
« Version 1.2 available on GitHub

github.com/snl-quest/snl-quest or sandia.gov/ess (tools)

of Sandia, LLC [NTESS). Under the terms of Cont

Sandia
i | Netional
Laboratories
QuESt 1'..h'alluatil:ln
stimates value for a given Pner;',y ~'.tnr.'.|-1,|= ﬁ'y"'.tFIT. Uses historical data and

B arket structure to dete e the ximum amount of revenue tha
hu: nergy storage device could Im /@ Bene ..'ll{.d by providing multiple se
(e.g.. ancillary services, arbitrage)
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/ RANGE OF TECHNOLOGIES AND APPLICATIONS

UPS T&D Grid Support Bulk Power Mgt
Power Quality Load Shifting

Source: Potential Benefits of High-Power High-Capacity
Batteries, DOE Report, Jan 2020
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5 © Flow Batteries: Zn-Cl Zn-Air Zn-Br ; :
2z VRB PSB  New Chemistries 3 Emerging Technolofinh e
nc: _ Na$S Battery §
E High-Energy Advanced Lead-Acid Battery ';é; o
:'E Supercapacitors NaNiCl, Battery % ___________
w é Li-lon Battery § -
g £ Lead-Acid Battery s 2
= = o
= £
o - 8
o = 2
© = p-
g, 2 N
o 2 High-Power Flywheels 2 Batteries with
Q § gl . further technical
@ High-Power Supercapacitors m § ’ advancements
1kW 10 kW 100 kW 1 MW 10 MW 100 MW 1 GW 1KW  10kW 100kW 1MW 10MW 100MW 1GW  10GW
System Power Ratings, Module Size Rated Power
i a . . . b ] . Sources: DOE/EPRI 2013 electricity storage handbook in
Type Voltage Voltage range  Temperature range  Energy density  Efficiency Cycle life 005 5tion with NRECA. Sandia National Laboratories
_ BT o _ 000 Albuguerque, NM, 2013.
LFP 3.3V 25-36V 30-60°C 60-110 Wh/kg 95% >1 T. Reddy, Linden’s handbook of batteries 4th edition. McGraw-
NMC 3.7V 25-42V -20-60°C 100-240 Wh/kg 05% >500 Hill, New York, 2010.
] P. Alotto, M. Guarnieri, and F. Moro, "Redox flow batteries for
Lead Acid 20V 1.75-2.1V -45-50°C 10-40 Whikg 70-75% 200 - 1500  the storage of renewable energy: A review,” Renewable and
. Sustainable Energy Reviews, vol. 29, pp. 325-335, 2014.
[&] c
Zinc-Mn LSV 0.9-15V -20-40°C 100 Whikg 35-65% 20 - 5000 U. Koehler, “General overview of non-lithium battery systems
Redox flow 1.4V 1-16V 0-40°C 10-50 Whlkg ]5% >10,000 and their safety issues,” Electrochgmi;al Power Sources:
Fundamentals, Systems, and Applications, pp. 21-46, 2019.
NaS 2076V 1.78 - 2.1V 270 -350°C 117 Whikg R6% 4,500 M. B. Lim, T. N. Lambert, and B. R. Chalamala, “Rechargeable

alkaline zinc-manganese oxide batteries for grid storage:

Mechanisms, challenges and developments,” Materials
Science and Engineering: R: Reports, vol. 143, p. 10Q




/" BATTERY ENERGY STORAGE TECHNOLOGIES
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« Market drivers
« Consumer electronics, mobile devices and EVs - primarily Li-ion batteries

« @Grid energy storage - growing market, currently modest size. Range of technologies

rd

‘4

o0 Global Battery Sales
Traditional Batteries Lithium Batteries % B Lead-Acid
e.g. Lead-acid, Ni-Cd, e.g. Li-ion, Li-polymer, o Liion
Ni-MH, Zn-MnO, Li-metal, Li-S 80
= " 70 m Alkaline Primaries
B ¥y : _ 60 Others
A £ : _y = L i | g 50
x | 40
. 30
. 20
High-temperature Batteries Flow Batteries
e.g. Na-S, Na-NiCl, e.g. Vanadium redox, Zn-Br 10 l
-y 0
SN T e 1990 2000 2005 2010 2015 2016 2017 2018

Source: S. Banerjee, DOE ESGC South/Southwest Workshop, June 2020

Lead-Acid: 350 GWh production capacity, $38B/yr
Li-ion: over 300 GWh and growing capacity, $40B/yr

Primary cells: $13B/yr




LI-ION BATTERIES: MARKET

2500
250 2000 m Consumer Electronics
| Stationary
200 1500 ,
= m Transportation
<
e 190 © 1000
3
100
500
50 l I
m 0B o
0 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

2011 2012 2013 2014 2015 2016 2017 2018 2019
W Consumer Electronics M Stationary M Transportation

Source: Bloomberg New Energy Finance, "Electric Vehicle Outlook 2020," BloombergNEF, New York, 2020. Available: https://about.bnef.com/electric-vehicle-outlook/.
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Family of electrochemical systems
Positive electrode

* Metal-oxides (e.g. LCO, NMC, NCA)
*  Phosphates (e.g. LFP)

Negative electrode
« @Graphite and other carbons

« Lithium titanate

SOA EV batteries - Specific energies near 250 Wh/kg

330-350 Wh/kg possible near term with composite anodes (Si-
based anodes%

500 Wh/kg as a longer term goal based on significant
improvements in electrode design and composition (e.g.,
lithium anodes), electrolyte formulations, and separator
innovations.

Safety continue to be a significant concern

Potential (V) vs. Li*/Li®

L LiCoPO /__
Li, NiosMn, <0, LiMnosNinsOy
- |;i|..M.104 . 3 il
Li;Co0, LizV1(PO,) -ﬁ
————————S=.1IFePO, High cell E
2 oltage
— Ll] -.MI:O‘ - ve E
®
1iTiPoy, 0 - V5, ks
Low cell TiS, w”
voltage
_\p’ —
EEI EUIZ g
--------------------------------- LiV§; -
LiTis, Graphite
L J
] L I L ] .
0 100 200 300 400
Capacity (mAh/g)
] ] i ' I
o Development of Lithium .
ES L -
Batteries 1970-2015 e
-
T :
5 3
E 2000 < m
=~ 4
Wi 2
Vi n
2 <
4 T K
=] 3
b £
1000 + -
5
Li-hbas, I
4 LA-TS, &
(]
; . ] | |
W15
1570 1980 1990 2000 000 ©

Source: Crabtree, Kocs, Trahey, MRS Bulletin, Dec 20‘



/" LI-ION BATTERIES - CHALLENGES
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* Battery safety is very important for applications where _ .
high power is required. S
« Heat generation during high power usage must be 3
managed o
+ Dictates smaller form factor 5.
« Higher production costs ;,e & B P o o B
. ot W o o
« High Temperature S «ﬁy"'ﬁ*"%"g P &
. . . & P @ﬁigé
« Typical operating window 0-50°C f-§ig" g ;&
« Operation above this temperature can lead to organic ¥ v
eIectroI?/te decom o?gion and flammable gas, rapid Inherent Heat Generation of Electrodes
internal pressure build-up m=n
it Smatnms e e
» Overcharging Py S
* Overcharging can lead to Li metal plating on anode, j B ﬂ - %‘;,
potential for short E mm =7
*  Need better understandinF of the degradation pathways § L\ —® e h
and engineering to control thermal runaway Y \ T\ e b
%;:? YN, CG': 8) ”mﬁ_
D o fa, Emem i Sy

ard orecipiaton 0 BulidLp et vl iy
)

J. Power Sources, 2017, 341, 373




P FUTURE DEVELOPMENTS IN LI-BASED BATTERIES

Higher-voltage positive (cathode) materials 1 ey | o N
e Lithium manganese phosphate X -_— -
. . = raphite
« Lithium cobalt phosphate § | —_—TT— < Cation-disordered Oxides
3 . i Multiple- Li polyanion
. . . . Mi-rich NMC W
« Higher-capacity negative (anode) materials g « wnea o
- Silicon-based 2| eEERE——
- Safer electrolytes a moatsy® g )
o |norganic 1991' o 2017 Time (}.rear}'
S | d | | DOE Basic Research Needs Report on Energy Storage DOE Office of
- Solid-state electrolytes Science, 2017
b Dol ceploved Nel.‘!tms:‘r:-fl::m LIA:\::::\ thaz:;fon
e Other Li chemistries
« Lithium-sulfur Chode | e MuChe Mo N
Anode Graphite Carbon alloys 5‘:’::“&; Graphite/Silicon composite u:::
Electrolyte °""l::::'“ Gel Polymer svizm Polymer

Global EV Outlook Report, IEA 2018 Based on DOE-VTO and NEDO




P HIGH ENERGY DENSITY LI-S AND METAL AIR BATTERIES

Li-S: hi
400Wh

Suffers from self discharge and poor life
Breakthroughs needed with Li electrodes
Managing the Sulphur shuttle reactions

Metal air batteries (Li-air, Zn-air)

Potential to deliver high energy densities at low cost.
Challenges with recharging have so far precluded
commercialization of the technology.

Not mature, many years away
Potential fundamental problems

Li-Air combines difficulties of air and lithium electrodes

Breakthrou%hs needed in cheap catalysts, more stable
and conductive ceramic separators

Developing a robust air electrode is a challenge, need
major breakthroughs

Theoretical Energy Density (Wh/Kg)

o

14000 -

12000 -

10000 -

8000 -

6000 -

4000 4

2000 -

%h theoretical energy density (>2700 Wh/kg), prototype cells ~

Li dendrite growth
H. Pan, et. al, Adv. Energy Mater., 2015

agueous Non-aqueous
11429

8076
6815

2646

1229 1353 | I 1I_|700
3 I I 4 | | »J
Fe-air Zn-air Mg-air Al-air Li-air Na-air K-air

Y. Liand . Lu, "Metal-Air Batteries: Future Electrochemical Energy
Storage of Choice?,” PNNL, 2017




MANUFACTURING SCALE AND CELL/SYSTEM COSTS

-------- - - - - e Electronics

* Elearic vehides

PY . 4 . e Redidential
_ - ) e ., slorage
t " Utilty storage
;5 e @ P T
’ o
200 | : : : : : Cost Trends for Lithium-based EV Batteries
e o Cumullﬁm installed upadi:).;'wm e ooas $600 | - hite/High >
Li-ion storage technology price with manufacturing volume. Source: IEA, 2018 = $500 | _‘ﬁvgf#mc_‘-
E 4V, NMC &
> 5400 1 13%2;’ ~ Lithium-Metal or ‘
) ) ) <7, 4 1 I ‘ Lithium/Sulfur
Future cost projections predicated on 2 b
: : . Q
stable commodity prices, significant = $300 1 o 1.5xexcessLi, 75%F,
. . . { $256/kwWh ~$80/kWfh
improvements in energy density and cell S 5000 | szfglkwh S /
performance & - S - 4.7VOl
$100 1 T - /
] 4.7Volt, 30% St

$0

2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Cost trends for Li-based EV Batteries (pack level)

Source: David Howell, DOE VTO, 2018 ‘
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/" LEAD-ACID BATTERIES

cathode . anode
Flooded lead-acid - ¥
*  Requires continuous maintenance — Phi,
Sealed lead-acid
* Gel and Absorbed Glass Mat (AGM)
Advanced Lead Acid Energy Storage Pb + 507 —» PBSO, + 26
«  Carbon plates significantly improve performance PhO, + S0+ 4H™+ 27— PhS0, + H,0
Mature technology Lead-Acid Storage Cell

High recycled content OCV~20V
Low cost/Ubiquitous
Good battery life Lead-acid battery |

« Limited life time (5~15 yrs)/cycle life (500~1000 cycles) and degradation w/
deep discharge (>50% DoD), new Pb/C systems > 5,000 cycles.

Low specific energy (30-50 Wh/kg) gy it |i_._| oules passe sequiranants

Overcharging leads to H2 evolution. http://www.ultrabattery.com/

+*

|Asymmetrical capacitor

Sulfation from prolonged storage




/ LEAD-ACID BATTERIES - DEPLOYMENT FOR GRID SERVICES

3 MW/3 MWh advanced lead acid battery system for utility
applications (Source: EastPenn, East Lyons, PA)

Solar plus ultrabattery storage (Source:

PNM Albuquerque, NM 1.3MW/1.9 MWh advanced lead acid battery system providing support for
a 68MW solar farm in Alt Daber, Germany (Source: BAE Batteries, 2018)




P REDOX FLOW BATTERIES

Energy storage technology utilizing redox states of various
species for charge/discharge purposes

Key Aspects
Power (kW) and energy (kWh) separation

« Greater flexibility and safety

* Modular and scalable across a wide range of power and energy
* Long cycle life

* Low energy density ~ 30 Wh/L

Range of redox chemistries

Fe-Cr, Zn-Br, V-V are most studied and large systems
demonstrated

Most large commercial flow batteries are based on V-V

Source: Travis Anderson, Sandia National Laboratories, 2013

H, Evolution i

i 0O, Evolution

chemistry, and Zn-Br

_______ '\3N2 \01;\,01:_._._.._._).
]
Zn*/In : VO Y3+ Brz!Br: Mn**/Mn?*
1 1
1 1
: :
CH'I}‘H Cu?'/Cu’ F]z,rc[ MnO,/MnO,

] 1

Ti*/Tit*| $/57 BrCL/Br | | Ce*/Ce™
1 1ICrf*
I TIOH sl e
Nl m | |Fevrer e Co™/Co
] 1
1 1
1 1
i 1
] 1

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Standard Potential of Redox Couples (V)
B.R. Chalamala, et.al,, Proc IEEE, vol. 102, pp. 976-999, June 2014




/" REDOX FLOW BATTERIES - TECHNICAL CHALLENGES
4

4 Low energy density
. \I_/i)mited voltage window of aqueous electrolyte solutions (< 1.5 4

. LilFeCIgi(aq) |
- Large form factor/footprint LDy
o . 8 Li/K,Fe(CN),(aq)
Limited electrolyte stability I
.- . . E
« Low solubility of redox species in aqueous electrolytes -~ lgt - L
> g, * Zn/Ce Semi-solid
« Capacity decay during cycling s .
© el N ML il
= «ZBB
® NarrOW temperatu era nge g AII-organi%: .s°|u§)|e lead-acid _
Corrosion of membranes and electrode materials by acidic g Dl P it .
electrolyte solutions R R SN — oMLY}
. o e [ ] : H
* Long-term reliability - AdoeE, 50 Wh L
Opportunities to Reduce Materials Cost : |
« New redox chemistries, new electrolytes under development I R B S B
¢ Lower cost Of membranes Number of Electrons x Concentration (M)
* |ncreased current Wei Wang, et. al., Adv. Funct. Mater.,, 23, 970, 2013




P RFB DEPLOYMENTS

Rapid progress in the development of large utility class redox flow battery systems
« Rapid development of new electrolytes to replace Vanadium species
Further potential to reduce the size of the stacks and to increase energy density

Containerized Systems Flow battery power plants

UniEnergyTechnologies,
TMW/4MWh

32 KW Stack
Rongke
Power/UET
120 mA/cm?2
Meter size
stack

Stack room




P SODIUM BATTERIES (Na$S & NaNiCl,)

Abundant low cost materials (Na, S, ...)

Offer potential for safe, versatile, cost-effective energy storage
Molten sodium batteries - Two primary chemistries

* NaS, mature technology, deployed in grid applications

« NaNiCl2, mature, more stable than NaS

* Neither NaS nor NaNiCl2 are at high production volumes and the economies of scale
needed

Early Stage Technologies

* Sodium lon Batteries (NalBs)

* Solid State Sodium Batteries (SSSBs)
* Sodium Air Batteries (Na-02)
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/ NaS BATTERIES

Batteries consisting of molten sodium anode and (3"-
Al, O, solid electrolyte (BASE)

* High specific energy density (120~240 Wh/kg)

* Good specific power (150-230 W/kg)

* Long duration batteries, with 4-6 hr discharge

* Operated at relatively high temperature (300~350°C)

Originally developed at Ford Motors, later
commercialized by NGK Insulators in Japan

NGK has deployed ~ 580 MW/4 GWh of storage, primarily

@ 50 MW system at a solar farm
| Fukuoka, Kyushu, Japan (NGK)

in Japan ©—— Vet N, Gemany
BC. Canada 0 0
1MW/ 7.2MWh 0.8MW/5 BMWh
C h d Il en ge S sMw/ 9 eMwh Luverne, Mn, US4 Emden, Ni. SoUmanyl wm i.f;;uw.unmm
« Battery is assembled fully charged, presents a major e ' I g
safety’handling issue o e Oubal, UAE - —
. . Catalna, CA, USA Mion, WA, USA ey TIEPE S g
« System needs to be maintained at temperature o © o e
. . . s B DR
- High temperature operation, safety and containment ‘et Ko, UAE s
challe nges sz Zw 2 1 oMW/ 3000
* Relatively expensive |
) e Beowwar Plants) 1MW/ 7.2MWh
r:r"?l ?l?:-dzﬂ’:i?ml Deferral) enen e
DTS v Source: NGK Insulators




P BATTERY ENERGY STORAGE IS NOT JUST ABOUT BATTERIES ...

SM  Storage Module
PCS Rack Level System (DC)
ESS - -
BESS M BOS BESS Battery Energy Storage System
E Containerized System (DC)
ESS  Energy Storage System
I EPC | Complete Storage System (AC)
Storage Balance of Power Energy Engineering
Module System Conversion Management Procurement &
(SM) ((:]o]] System (PCS) System (EMS) Construction (EPC)
RECkci:i;:tme / Container Bi—ﬁ_::::i::nal Application Library Project Management

Local Protection Electrical Distribution Electrical Engineering Studies /

Economic Optimization

(Breakers) & Control Protection Permitting
Rack Management T Connection to Distributed Asset Site Preparation /
System 28 Transformer Integration Construction
Battery Management HVAC / Thermal . . .
Syatem e Data Logging Foundation / Mounting
Battery Module Communication Commissioning

Source: R. Baxter, |. Gyuk, R.H. Byrne, B.R. Chalamala, IEEE Electrification, Aug 2018

Integration costs are significant

B Battery pack [ Power control system Balance of system [ Energy management system
Il Engineering, procurement, construction I Developer overheads [ Developer margin

$650/kWh

550

. .
350

. 250

150
50
2017 2018 2019 2020 2021 2022 2023 2024 2025
Note: Benchmark numbers for a IMW/1IMWh project
Source: Bloomberg New Energy Finance (BNEF) Bloomberg

Cell to Battery to a Storage System
> Doubling in cost, $250/kWh battery leads
to $500-$700/kWh at the System level

Big savings now are not in the cells, but in the systems and integration

Installed

P

Cel ‘)/

_ . > -

X1.3




/ NaNiCl, BATTERIES
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NaNiCl2 battery

« 2Na+ N|C|2 - 2NaCl + Ni |fg§r‘ﬁ;§mr
« E =258V at300°C 7 || —
] TUBE
: 7
Large cells and stable chemistry % roRous mmcy
« Lower temperature than NaS .
‘ Ce“S IoadEd In dISCharge mOde FIAMM 222-kWh System Duke Energy Rankin

Substation

* Improved safety compared to NaS. Addition of
catholyte NaAICl, leads to a closed circuit on failure

High efficiency, low discharge
Long warm up time (16 hr)

Supply chain concerns. Only one major manufacturer
(FIAMM). Limited deployments

620 V 1.4 MWh (400 kW)




P SODIUM ION BATTERIES ON THE HORIZON

While not yet commercially mature, several types of NalBs are
in development or early pfoduction

Prussian blue analogs (PBAS) ¥ Moo, Con.
Phys. 13)5 .
 Utilize ferric ferrocyanide salts as electroactive materials (mostly cathodes) ' -

« Natron Energy is developing NalBs with PBAs aimed at 8kW units for data server
backup powetr.

Li-lon “Analogs” - possibly manufacturable on Li-ion
production lines?

“Salt-water batteries”

« Carbon-titanium phosphate comﬂosne Anode, sodium perchlorate aqueous
electrolyte, manganese oxide cat

https://www.bluesky-energy.eu/en/greenrock-home-2/
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/" RECHARGEABLE ALKALINE BATTERIES

Range of alkaline battery chemistries
o NiMH, Ni-Fe, Ni-Cd, Zn-Ni, Zn-MnQO2

Separator

—

Zn-MnO, shows most promise for grid storage iy e

Cost zn0 i B Mn(OH),
o Traditional primary batteries, low cost ($18-20/kWh primaries) Single-use Alkaline Battery $25/kWh

o Low-cost materials and manufacturing
o Established supply chain Zn-Mno,

=i
o Aqueous chemistry 616 mAh/g

o Non-flammable MnO, 820 mAh/gzn
o EPA certified for landfill disposal Mno, Zn
i Separators
Reliabilit

o Long sKeIf—Iife
o Limited thermal management required

Reversibility and cycle life have been the primary technical challenges
Recent breakthroughs, promising potential for <$50/kWh Mn(OH), zn0

Source: S. Banerjee, CUNY Energy Institute




P HISTORY OF RECHARGEABLE ZN-MNO, BATTERIES

Early commercial products based on cylindrical formats (Union Carbide, Rayovac, BT], ...)

* Focused on consumer markets, rapid development of Li-ion batteries made small cell

business not competitive

« Resurgence in the field for stationary storage

Primary
Low Power

Zn- M nO,
battery

Primary

¢ ¢ ¢

60-80% Rechargeable
Capacity

Alkaline
Zn-MnO,
battery

Limited Capacity
Poor Energy De nsity

Stabilized full-
cycling MnO2

G

2010-2014: CUNY
Energy Institute
shallow-cycle MnO,

Potentiodynamic
Poor Cycle Life

5% Rechargeable
Capacity

2014-2016
Stabilized full-
cycling MnO,

S. Banerjee, Symposium on Grid Energy Storage, MRS Spring Meeting, 2015
G. Yadav, CUNY Energy Institute, 2018

k.

J. Daniel-lvad and K. Kordesch, “Rechargeable Alkaline Manganese
Technology: Past-Present-Future,” ECS Annual Meeting, May 12-17, 2002

jme
o wnin'ﬂ
o
&
=0 X 5-Mn0O,
=078 —— o-MnDOH
=1 -
1.33 = Mn,0,
ZnMn.0,
o
2L o > Mn(OH), = 2

trg
hsfb"“‘n‘”on regime

Failure Mechanisms of Cathode
Instability of Mn(Ill) resulting in formation of irreversible Mn;0,

Zn poisoning forming irreversible ZnMn,0,




P GRID ENERGY STORAGE - GAPS?

Technology - Need further improvements in cost and performance
« Lower cost, longer duration energy storage is a major gap

« Technologies that can scale from microgrids to large transmission applications
« Further improvements in safety and reliability

Energy storage is new for the electric utility industry
* Markets and Operations - Business Models and Operational Tools

« Analytics - Economics and Planning tools
« Appropriate Regulatory Policy - Business Models, Asset Classification

Industry needs cycles of learning - manufacturing scale through deployments
* Project finance - bankable, warrantees, Performance guarantees, risk management

- Standardization- equipment, permitting, construction processes




/ REDUCING THE COST OF BATTERY ENERGY STORAGE

Li-ion batteries Levelized Cost of Storage (LCOS):
* Increase reliability and cycle life Tk present value of all costs
* Improve safety ~ present value ofall energy injected

Sodium batteries Costs:

* Lower temperature Na batteries : Capitall[investmenp
: : : « QOperationand Maintenance
« Sodium ion batteries

_ . « Charging cost
Alkaline Zn-MnO, Batteries

- Make alkaline batteries fully chargeable
Energy Storage Grand Challenge goals ( c, ) EN ERGY STO RAG E
4

*  $0.05/kWh LCOS for long-duration by 2030 GRAND CHALLENGE

. U.S. DEPARTMENT OF ENERGY
* 90% reduction from 2020 costs

«  $80/kWh manufactured cost for a battery pack by 2030 for a 300-mile range electric vehicle
*  44% reduction from the current cost of $143/kWh.

« Achieving this cost target would lead to cost-competitive electric vehicles.




/ MANUFACTURING SCALE AND CELL/SYSTEM COSTS
74
-

Electronics

& Elecric vehicles

® o . ¢ t . ¢ Redidential
- ® ® °. slorage
& "9 Utility storage
x 1000 - 3
=1 v Py
q < kS
= L]
-
£ ©
©
o
100 T T T T 1
0.0 0.1 1.0 10.0 100.0 10000

Cumulative EP]sulled capadly (GWh

Li-ion storage technology price with manu actu)ring volume Source: [EA, 2018

Future cost projections predicated on
stable commodity prices, significant
improvements in energy density and cell
performance

System Cost ($/kWh)

$600
$500

$400
$300 1
1 $256/kWh
$200 1

$100 1

Cost Trends for Lithium-based EV Batteries

1 Graphite/High
4V, NMC &

4.2V, [ ithiumMetalor
10%Si | Lithium/Sulfur ‘
5xexcessLi, 10% S
$320/KWh
1.5x excessLi, 75%
~$80/K
$219/kWh = 8w

S

Mg — 4.7 VO
]

— - /
4.7Volt, 30%Sr

2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
Cost trends for Li-based EV Batteries (pack level)
Source: David Howell, DOE VTO, 2018

h




P LONG DURATION ENERGY STORAGE

Majority of current battery energy storage today are for applications that require ~ 4
hours at rated power. Requirement for 10 hours coming up quickly.

* No ready solutions for longer duration storage, days to seasonal.

100 +———"————F—————————————
81 Current commercial installations
= 6;‘\ (1to 6 h, 350 to 1000 $/kWh)
= a
= | \\L Future Li-ion
« Longer duration energy storage € o T
economic requirements are Q ] |
e ) o 100- :
significantly different from battery g
storage. Projects have to be larger £ ] DAYS Target
. CO 5 _
to justify lower system costs = S e
S
7 104 _
> 81
(0 56‘ I

1 10 20 30 40 50 60 70 80 90 100
Duration at Rated Power (h)
Reference: Albertus et al., Joule 4, 21-32, January 15, 2020.




LI-ION BATTERY FIRE SAFETY IN THE NEWS

| 2010 FedEx Cargo
 Plane Fire, Dubai

*r* 3

| | & (ﬁw ¥ * 2011 NGK Na/s Battery
o g 2008 Navygao *\dvanced 5y : Explosion, Japan (two weeks
4.1 million batteries Seal Delivery Sub, Honolulu ' -, - | to extinguish blaze)

2011 Chevy Volt Latent Battery 2012 Battery Room Fire at 2013 Storage Battery Fire,

Fire at DOT/NHTSA Test Facility IR B e Ao o1 The Landing Mall, Port
Farm Angeles, (reignited one week

after being “extinguished”)

L

wo

2018-2019 A string of 21 energy
storage system fires in South Korea

2018 Tesla Model S catches
on fire during normal
| traffic/no accident

2019 A firein an ESS in Surprise, AZ
leads to an explosion injuring first
responders

T R ] = -ﬁ Ll
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/" WHAT HAPPENS WHEN BATTERIES FAIL?

How do cells fail? Manufacturing defects,
improper cycling, accidents, end of life...

Most cells fail quietly

The failure probability is low (on the
order of 1 in several million)

But for a large installation (~1000s of
cells), this probability is not insignificant

How do we improve safety?

& ~0.5-5 Ah
Strings and lTarge

Single Cell

format cells

~10-200 Ah
EV Battery Pack 100s- |

1000s cells

& 10-50 kKwh 4
Stationary storage

system 1000s or more
individual cells
MW h+

WWW.NISSanusa.com
www.internationalbattery.com
WWW.SaMmsSuUNg.com
www.saft.com



http://www.nissanusa.com/
http://www.internationalbattery.com/
http://www.samsung.com/

Y

SAFETY OF BATTERY STORAGE SYSTEMS

a N » Safer cell chemistries
o o * Non-flammable electrolytes
cvelopment o ———» * Shutdown separators
Inherently Safe Cells  Non-toxic battery materials
\_ ) * Inherent overcharge protection
Ve ~ e Cell-based safety devices
* current interrupt devices
Safety Devices and * positive T coefficient
Systems ':> * Protection circuit module
* Battery management system
\_ J e Charging systems designed
a ™
) * Suppressants
Effective Response to : )
Off-Normal Events Contamment .
* Advanced monitoring and controls

A /




v

/~ BATTERY ARCHIVE.ORG

A user friendly platform to make battery performance data

and analysis from a variety of institutions accessible

Manage/Visualize data
Open source software
Collaborative interface

For more information: batteryarchive.org/

@

Filter battery data

Query and filter for specific experimental
conditions.

@

Visualize and compare data

—_— — S0

Display battery data, including voltage curves
and capacity fade.

Compare data with models

Apply performance and degradation models to
battery data.
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NERC and Regional Entities

,/ NERC: North American Electricity Reliability
/ Corporation

“Ensure the reliability of the NA bulk power system...”

Regional Entities:
FRCC: Florida Reliability Coordinating Council
MRO: Midwest Reliability Organization
NPCC: Northeast Power Coordinating Council
RFC: Reliability First Corporation
SERC: SERC Reliability Corporation
SPP: Southwest Power Pool, RE
TRE: Texas Reliability Entity
WECC: Western Electricity Coordinating Council

WECC (U.S))
SPP

SERC
ReliabilityFirst
NPCC (U.S.)
MRO (U.S.)
FRCC

TRE (ERCOT)

Net Demand|(MW)
Summer 2008

0 50,000 100,000 150,000 200,000

Contiguous US: 780,068 MW
Capacity Resources: 929,338 MW
Capacity Margin: 16.1

Source: NERC

NERC

NORTH AMERICAN ELECTRIC
RELIABILITY CORPORATION

http://www.nerc.com



http://www.nerc.com
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% “Interconnections” in North America
/3 An interconnection...
oHas a common frequency

o Shared assets (gens, etc.)

The NA Grid is really four
interconnected systems,
limited ties between!

DC lines or back-to-back
HVDC can be used to tie |

interconnections wesren V7 s, P

] ] ) IHTERCONNECTIDIi 7 2 H\CDV‘ INTEnEl:gLEIRE'éﬂoH
An electrical disturbance in 2

one interconnection does INTERCONNECTION

not propagate to other Source: NERC
Interconnections

QUEBEC
INTERCONNECTION

NERC INTERCONNECTIONS




7 NERC Balancing Authorities

/ BA functions —— = - LW
oBalance demand (load) &
supply (generation)

oSupport interconnection 3\
frequency

o Maintain desired level of
interchange with other BAs

Larger BAs tend to be |
more efficient (lower cost e
of electricity) i

o Access to more assets, more SPP T
fleXibiIity _______ m As of August 1, 2007

oThere are 37 BAs in WECC!
Why don't we consolidate?

Source: NERC
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Pumped Hvdro - 2013 DOE ESHB

Variable O&M - $/kWh (Charging or Discharging}

Technology Type For Bulk Storage Application Pumped Hydro Pumped Hydro Pumped Hydro Pumped Hydro
Survey Year 2010 2010 2010 2010
DESIGN BASIS - General
Unit Capacity - Net kw 280,000 1,300,000 900,000 1,200,000
Hours of Energy storage at rated Capacity - hrs 8 9 16 8
Depth of Discharge (DOD) per cycle 1 1 1 1
Energy Capacity - KWh @ rated DOD 2,240,000 11,700,000 14,400,000 9,600,000
Energy Capacity - kWh @ 100% DOD 2,240,000 11,700,000 14,400,000 9,600,000
Audliaries - KW na
Unit Size - Net kW variable variable variable variable
Number of Units - # 1-4 1-4 1-4 1-4
Physical Size - Unit/ SF < 10 Acres 250 Acres 40 Acres 250 Acres
Foot Print - SF 40 Acres 230 Acres 40 Acres 250 Acres
Unit Weight - Ibs MA NA MNA MNA
Round Trip AC / AC Efficiency - % 81% B81% 81% 81%
MNumber of cycles / year 365 365 365 365
DESIGN BASIS - Site
Design Summer Ambient T - °F NA NA NA NA
Design Winter Ambient T - °F NA NA NA NA
GENERAL - Timing
Plant Life, yrs 60 60 60 60
TOTAL PLANT COST
BKW $2,500 $1,850 $2,200 $2,700
$/kWh @ rated DOD $312.50 $206 $138 $338
$/kWh @ 100% DOD MNA NA MNA NA
$/kwWh Delivered @ rated DOD
PLANT COST fixed variable fixed variable fixed variable fixed variable
sneed sneed sneed sneed sneed sneed sneed sneed
Power - $/kW (all electymech equipment including prime mover
and balance of plant systems to support unit ops) $550 $750 5550 $750 $550 $750 $500 $650
Storage - $/kWh @ 6 hours $156 $103 $69 $169
Storage - $/kW (construct the physical facility to hold the storage
and this cost includes all civil works and water conveyance 900 - 2000 900 - 2000 900 - 2000 900 - 2000
. Actual Actual Actual Actual
SYSTEM COSTS - Equipment & Install SKW Cost kW cost SIkW Cost KW Cost
Pumped Hydro System
Pumped Hydro Equipment - included in row 56 above
Pumped Hydro Installation - included in row 56 above
Enclosures
Utility Interconnection
Equipment
Installation
Site BOP Installation (Civil Only) - all site civil and water
conveyance costs incl in row 57 above.
Total Cost Equipment
Total Cost Installation
General Contractor Facilities at 15% Install
Engineering Fees @ 5% Install
Project Contingency Application @ 5% install
Process Contingency Application @ 5% of battery
Total Plant Cost (TPC) $2,500 | $700,000,000| $1.850 | $2,405,000,000| $2,200 |$1,980,000,000] $2,700 |$3.240,000,000
OFPERATING EXPENSES
Fixed O&M - $/kW-yr $8.21 £5.60 $6.13 $6.00
Periodic Major Maintenance - $/kwW $112 $112 $112 $112
Period between Major Maintenance - yrs 20 20 20 20
$0.00029 $0.0003 $0.0003 $0.0003




/" Compressed Air - 2013 DOE ESHB

CT-CAES (Below |CT-CAES (Above |CT-CAES (Above |CT-CAES (Above BRAYTOMN-CAES |BRAYTON-CAES

Technology Type For Bulk Storage Application

Ground) 1] Ground) Ground) (Below Ground) |({Below Ground)
/ survey Year o1 2011 2010 2011 |z011 2011
50 MW 50 N 50 MW 50 hW 103 MW 103 hIW
a2 5 & 5 820 8-20
s12 512-2 50 512-1 59-1 55-2
/ DESIGN BASIS - General |
:::mellﬂ storage pressure for wll generation capabiity - psia @ | 400-800 — 4D0-200 — 400-800 215 115
Maximum compression dischange pressure - psia i@ suface — 1500-2000 - 1500-2000 - 15002000 [515 515
Zalt Dome,
Storage type - above of below ground Aquifer or Hard | Abowe Ground Abowe Ground | Shallow aquifer | Shallow aquifer
Rock
Unit Net Gapacity - MW @ 95F amblent 500 50.0 0 50.0 |103 108
Combustion Turbine Capacity - MW, If applicable 192 152 24 195 | 103 1038
Air Expander(s) Tolal Nel Capacity - MW 0.8 08 2% 305 |
CAES Encrgy SloredReleased'Generaled based on 8 his 250, kx a 5 how =
generalion (of 2 hours or abowe ground air slorage) - MWH 041400 1244 250 {5 haurs slorage planl 1901 250 (5 huursla’.’a.s Lt 8265 Mwh
More Storage - CAES Enengy Stored’ Released’ Generated
based on 20 hrs generation (or 4 hours for sbowe ground ar a8 f 1300 NA A 2,059 MWh 2.066.2 MW
storage} - MWH
Round Tip AC / AC Eficiency - %
Energy Chamge Ratio - kWh indkWh out @ Full Load 0.70 0.45 [4F-] 0Fo :0 T4 074
Number of cycles ¢ year 385 365 bl 365 | 365 365
GAES Plant unit Net Heat Rate @ Full Load - Btukwh (LHY) 3,900 5,880 4.091 3,900 |3.916 3.901
Total Compressors Power - MW, COmDIessons number ans: TEATO KW (based | 75150 KW (based
optimized to mest "smart” grid requirements . 20 Jan-00 = Jan00 |on 413 psia mean [on 415 pska mean
Hours of Energy storage al Raled Capacity shown - hrs a0 8.0 B o .6'0 -3
More Storage — CAES Enengy Stored/Redeased - KWH based on 1,300,000 NA A 2,059,400 2 066,500
20 hrs storage for underground |
Slorage Eficiency (Energy Generaled/Energy Stored), Imerseof | See Heal Rate -
Exesy Ralo-% ~00% 0% o Enesty o ~00% .Lm 1.357
DESIGN BASIS - Site |
Design Summer Amblent T - °F 95F 46F 45F |60 60
Diesign Winler Ambienl T - °F Mot Limited Mot Limited Mot Limited
GEMERAL - Timing
Month § for Input Dala 9 9 a El |
Plant Life - yrs 40 40 s 40 40 40
Pre-construction Time - yrs. |
TOTAL PLANT COST
SEW 1,210 51,762 $1,950 51,958 |51,040 1,052
SikWN @ rated DOD $151 5352 5390 5392 15130 3132
SIKWh @ 100% DOD 151 5352 $390 5392 :$1(’ﬂ §132
TOTAL PLANT COST iMore Storage) |
S/Kw (20 or 26 hours underground storage) 31,3589 |51.129 §1.142
$kWh @ rated DOD LY |MiA M
|sikwin @ 100% D00 352 556 $57
PLANT COST |
Power - STEwW 31,078 51,188 31,131 51.078 | 8821 3524
Siorage - SKWH @ B hours underground, varles above ground |17 5115 $164 5176 |$15 315
Slorage - FEWh @ 20 or 26 hours 11 A A MNFA |510 10
Incremental Cost for each hour of storage - S/KW-hour
SYSTEM COSTS - Equipment & Install
CAES Capital Costs
Power Plant Cost Excluding Storage 349,000,000 554,000,000 $56,550,000 549,000,000 856,118,850 $57 655,250
BOP egquipment and installation included included included included $35,215 740 $35,337 150
Compressed Alr Storage Cost 5,000,000 526,105,300 $40,950,000 540,000,000 :$1 1,120,760 $11,152,100
Total CAES Plant Cost 55,000,000 80,103,300 568,636,364 65.000.000 | 102,455,150 104,151,600
Total CAES Plant Cost wi 10% Contingeney of BOP and Storage | 380,500,000 568,115,630 $97,500,000 597,900,000 I$1U 1,068,800 $108,801,225
CAES TPC (S/KW) {8 hours undenground slomge) $1,210 51,762 $1.850 51,958 |$1,010 $1.053
Capital Costs (More Storage |
Power Plant Cost Excluding Storage 49,000,000 | 581,534,390 392,962,500
Compressed Alr Storage Cost 312,750,000 |519,451,330 $19,528,425
Total CAES Plant Costwi 10% Contingency 357,925,000 |§116,263,427 $118,007 483
CAES TPC (S/KW) {20 or 25 hours undenground siorage) 31,259 $1,123 §1,142
Total Plant Cost (TPC) 60,500,000 580,115,830 $57,500,000 597,900,000 |£107,088,500 $108,801,225
QOPERATING EXPENSES |
Fixed O&M - SRW-yr 33 53 k23 53 |5 E)
Periodic Major Maintenance - kW 50 540 0 590 | 590 350
Period belween Major Mainlenance - yis d T T T 4 q

Wh{Charging or Crscharging 30,0030 500030 $0.0040 50 0030 %0 0035 30,0035
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Advanced Lead Acid (Bulk)- 2013 DOE ESHB

Bulk Storage IBull( Storage

[Application Bulk Storage Bulk Storage Bulk Storage Bulk Storage Bulk Storage
Technology Type Adv. Lead Acid |Adv. Lead Acid |Adv. Lead Acid |Adv. Lead Acid |Adv. Lead Acid |Adv. Lead Acid |Adv. Lead Acid
Supplier S$15 S15 S11 S11 S$13 S44 S44
Survey Year 2010 2010 2011 2011 2011 2010 2010
DESIGN BASIS - General
System Capacity - Net kW 20,000 50,000 50,000 100,000 50,000 50,000 100,000
Hours of Energy storage at rated Capacity - hrs 6 5 5 4 S 438 438
Depth of Discharge (DOD) per cycle - % 33% 33% 60% 60% 80% 75% 75%
Energy Capacity - kWh @ rated DOD 120,000 250,000 250,000 400,000 250,000 240,000 480,000
Energy Capacity - kWh @ 100% DOD 363,636 757,576 416,667 666,667 312,500 20,000 640,000
Audliaries - kW na n/a
Unit Size - Net kW 20,000 50,000 n‘a n/a 100 100
Number of Units - # 685 1713 Building Concept |Building Concept [Chino x5
Physical Size - SF/Unit Not used Not used
System Foot Print - SF 101169 252923 95,000 110,000 103200 120,000 240,000
System Weight - Ibs n‘a n/a 5 x 627,800 Ibs
Round Trip AC / AC Efficiency - % 90% 90% 90% 90% 85% 85% 85%
Number of cycles / year 365 365 365 365 365 365 365
GENERAL - Timing
‘Commercial Order Date 2012 2012 6 to 9 Months
Plant Life, yrs 15 15 15 15 15 15 15
TOTAL PLANT COST
SkW $5,876 $4,897 $4,809 34,326 $1,743 $2,287 $2,254
$/kWh @ rated DOD $979 $979 $962 $1,082 $349 3476 3470
$/kWh @ 100% DOD $323 $323 $577 3649 $279 3357 $352
PLANT CAPITAL COST
Power - SIkW $796 $663 $634 $546 507 $527 $494
Storage - $/kWh @ rated DOD $847 $847 $835 $945 $247 $367 $367
SYSTEM COSTS - Equipment & Install Actual Cost Actual Cost Projected Cost _|Projected Cost |Projected Cost | Projected Cost | Projected Cost
ES System
ES Equipment $92,363,636 $192 424 242 $175,000,000 $320,000,000 $56,200,000 $80,000,000 $160,000,000
ES Installation $4,618,182 $9,621,212 $25,000,000 $42,000,000 $2,5810,000 $4,000,000 $8,000,000
Enclosures $3,644 054 $9,107,228 $3,422 000 $3,962,000 $3,717,200 $4,322.000 $8,642,000
Owner Interconnection
Equipment $5,154,500 $9,981,500 $9,981,500 $18,893,50( $9,981,500 $9,981,500 $18,893,500
Installation $644,500 $1,247,500 $1,247,500 $2,361,500 $1,247,500 $1,247,500 $2,361,500
Enclosures included included Inicuded Included Included Included included
System Packing $0 $0 $0 $0 $0 included included
System Shipping to US Port 50 30 $0 $0 $0 $0 $0
Utility Interconnection
Equipment $2,012,500 $3,875,000 $3,875,000 $6,875,000 $3,875,000 $3,875,000 $6,875,000
Installation $2,012,500 $3,875,000 $3,875,000 $6,875,000 $3,875,000 $3,875,000 $6,675,000
Site BOP Installation (Civil Only) $202,338 $505,846 $190,000 $220,000 $206,400 $240,000 $480,000
Total Cost Equipment $103,174,720 $215,387,970 $192,278,500 $349,730,500 $73,773,700 $98,178,500 $194 410,500
Total Cost Installation $7,477,520 $15,249,558 $30,312,50( $51,456, 50 $8,138,900 $9,362,500 $17,716,500
General Contractor Facilities at 15% install $1,121,628 $2,287 434 $4,546 875 $7,718 475 $1,220,835 $1,404.375 $2,657 475
Engineering Fees @ 5% Install $373,876 $762 478 $1,515,625 $2,572,825 $406,945 $468,125 $885,825
Project Contingency Application @ 0-15% install $747,752 $1,524,956 $3,031,250 $5,145 65( $813,590 $936,250 $1,771,650
Process Contingency Application @ 0-15% of battery |$4 618,182 $9.621,.212 $8.750,000 $16.000.000 $2.810.000 $4,000.000 $8,000.000
Total Plant Cost (TPC) $117.513,678 $244 833,608 $240.434,750 $432.623,950 $87.164.270 $114,349.750 $225,441.950
OPERATING EXPENSES
FIXED O&M - $/KW-yr $5.8 $4.5 $4.5 $4.3 $4.5 45 43
Replacement Battery Costs - $/kW $1,385 $1,155 $1,050 $960 $337 $480 $480
Battery replacement - yrs 3 8 8 8 8 8 8
Variable O&M - $/kWh (Charging or Discharging) 0.0005 0.0005 0.0005 0.0007 0.0005 0.0006 0.0006




