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Emerging Energy Storage Technologies

Among the emerging technologies, Zn based alkaline batteries
are the most promising

* Rechargeable Zn-MnO, has most compelling attributes for low
cost grid storage applications
— Low cost materials and manufacturing
— Safe and benign ageous chemistry
— Large manufacturing supply chain from primary dry cell market
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Zn-MnQ, Batteries

* Zn/MnO, alkaline batteries

* Traditionally primary batteries

* Lowest bill of materials cost, lowest manufacturing capital expenses
e Established supply chain for high volume manufacturing

* Readily be produced in larger form factors for grid applications

* Do not have the temperature limitations of Li-ion/Pb-acid

* Areinherently safer, e.g. are EPA certified for landfill disposal.

* Until recently reversibility of Zn/Mn0O2 has been challenging
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History of Rechargeable Zn-MnO2 Batteries
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Limiting the Depth of Discharge to

.. Achieve Long Cycle Life
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Low DOD discharge makes for a highly viable
technology

2e-
= 820 mAh/g

------ sl

[2e = 616 mAh/g
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Utilization of 2e in MnO,
Enabling Zn-MnO, to Reach Li-ion in Energy Density

820mAh/g

« Shape change
+ Passivation
« Dendrite formation

617mAh/g -

« Crystal structure breakdown
« Formation of Inactive phases
« Zinc poisoning

- Diffusion of zincate ions

10-20% of total capacity 5-10% of total capacity
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G.G. Yadav, J.W. Gallaway, D.E. Turney, M. Nyce, J. Huang, X. Wei and S. Banerjee, Nature
Communications, vol. 8, Article number: 14424 (2017). doi:10.1038/ncomms 14424
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CUNY Breakthrough Advancement
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MATERIALS ENGINEERING OF MnO, FOR ACCESSING 100% DOD

/L
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HIGHLY ENERGY DENSE BIRNESSITE/Zn BATTERY

A CONVERSION BATTERY CHEMISTRY

SEQUESTER Zn THROUGH COMPLEXATION

Manganese Dioxide Loading (wt.%)

Zn- BIRNESSITE IS RESISTIVE CURRENT CELLS GET 160Wh/L

BUILDING & TESTING LARGE CELLS
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Utilization of 2e in MnO,
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Current university research targets:
* 180Wh/L
» 500 Cycles
* 40% Fade
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CUNY Roadmap for Zn-MnO,

350 Gen 3
High-voltage electrolytes
$50/kWh
300
250
Gen 2
Mn full 2" electron
- 200 $50/kWh
8
E Optimize Gen 1
-é 50% increase in Zn
& Mn (15t electron)
150 Utilization
Gen 1 $150/kWh
100 Current cell design
$280/kWh
50
0
2018 2019 2020 2022
URBAN
. ; ELECTRIC
Source: CUNY Energy Institute SR
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Energy Storage Systems

* System and engineering aspects represent a
significant cost and component, and system-
level integration continues to present
significant opportunities for further research.



Battery to ES System

Battery = PCS/BOS Softcosts

S/kWh Power. Interconnection
Electronics

S/kW

Efficiency (%)
Self Discharge

BOS (Container,
Safety, Thermal
Cycle life (#) Management)

Battery to a Storage System: doubling in cost,
$250/kWh battery & $500-$700/kWh Storage System

We need cost reductions across all areas, not just batteries
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Power Electronics and Systems Integration

* Unlike batteries, cost reductions in power
electronics and power conversion systems has
been slow to come.

— Bringing in WBG devices can make format factor
smaller, reduces thermal management issues

— New magnetics and temperature capacitor can
make the systems more compact
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Power Conversion System & Integration

Power
Conversion | i .
System

Energy
Storage
Technology

Flow batteries require
higher current and lower

Energy Storage PCS interconnect R&D Opportunity | R&D Opportunity
Technologies

Flow Batteries
Li-ion
Zinc Manganese

Oxide

Sodium Sulfur

@Es
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High Current/Low
Voltage

Low Current/High
Voltage

Low Current/High
Voltage

Low Current/High
Voltage

Wide band gap

electronics - GaN

High Efficiency - SiC  Safety, Reliability &
Controlability

High Efficiency —SiC Safety, Reliability &
Controlability

High Efficiency - SiC  Safety, Reliability &
Controlability

Energy Density &
Controlability

cell voltages for optimal
energy conversion. This is
a challenge for the PCS
and high efficiency
semiconductors will be
critical such as GaN

Li-ion, Zinc Manganese
Oxide and Sodium Sulfur
have similar cell voltage
and current requirements
and the charge and
discharge characteristics
when interfacing with the
PCS are similar.
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Example Benefit of Using SiC Switches

Miniaturize power
electronics systems
by employing WBG
power devices in
high temperature
and high efficiency
design

size reduction of an order
of magnitude achievable
if SiC T) is maximized

Passive cooling

- i 30 kW SiC MCPM -
Higher switching Motor Drive 30 KW Standard Motor Drive

frequency

Source: Wolfspeed
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Example: 500kW PCS using SiC

Key: Eliminate Add

Nominal Existing
Incorporate SiC Eliminate Change Switchgear Generation System
SLNPC Power 60 Hz transformer from 600 V to 13 kV * 500 kW, 250 kW-hr

Converter

\ e ! * 23x8x10ft

*  Includes AC & DC switchgear

*  QOptional: solarrecombiner

Enables (600 — 1000 V PV arrays)
Renewable Energy * Optional: 4x2x4ft
Sources 0:480 transformer
s 3Ix7x10ft
Eliminat 250 kW-hr Li-ion battery
iminate
P . ) . I, f
Liquid Cooling T Ramp rate control, frequency

regulation, VAR support
Air Conditioner and Liquid /Air

*  Seamless dynamic transfer
Heat Exchanger ynami

(E o Existing 500 kVA Grid Tied Energy Storage Container Courtesy: eare, LLC
CPES

Power & Energy Society®
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Cost and Size Comparison: SiC vs Si

500 kVA Inverter Cost By Element

$160K 500 kVA Inverter Size By Element (m3)
Chassis etc. $152K 5.0
$140K $141K 4.6 m*
$120K - 3K Cooling | a0 -
$100K | Magnetics
3.0 (I
S80K
S60K +—— 2.0 l Magnetics Ii —
S40K - 01m?
Semiconductors 10 1lm* 0.1m? —
$20K Coom |
K | . 00
SiC MOSFETs 81 IGBTs SiC MOSFETs Si IGBTs
Per unit material costs are comparable ($141K vs. Size of the inverter which uses SiC MOSFETs is much
$152K). New design: SiC costs are higher, but smaller, with 4.3X power density.

magnetics and cooling costs are lower. SiC costs are
likely to reduce.

m@w . O |EEE

Courtesy: Creare, LLC
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WBG Power Converters

 WBG power converts present opportunity for
improving power density and also reduce system
complexity

Product Roadmap: PCS
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Safety and Reliability

* Unlike batteries for consumer electronics and battery packs
for electric vehicles, the scale and complexity of large
stationary applications in the electric grid impose a complex
set of requirements on the safety and reliability of grid-scale
energy storage systems.

e Safety aspects of grid energy storage and how this safety is
connected to the electrochemistry of materials, cell-level
interactions, packaging and thermal management at the cell
and system level, and the overall engineering and control
architecture of large-scale energy storage systems.

(s
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Improving Storage Safety

Safer cell chemistries
* Non-flammable electrolytes
* Shutdown separators

Development of

Inherently Sate Cells * Non-toxic battery materials

* Inherent overcharge protection

* Cell-based safety devices
* current interrupt devices
afety Devices anc

> * positive T coefficient
|

Systems * Protection circuit module
* Battery management system

* Charging systems designed

*  Suppressants

i * (Containment
Effective Response to

Off-Normal Events * Advanced monitoring and controls

O PES . € IEEE
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Materials R&D for Energy Storage System Safety

* Major research areas
— Materials origin of safety and reliability
— Device level failures

— Cascading failures

* Advanced simulation and modeling of energy storage
systems

— Further
» Software’s role as a critical safety system
» Better control of cell behavior through power electronics
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Safety through Codes and Standards

 Many ESS safety related issues are identical or similar to those
associated with other technologies

 Some safety issues are unique to energy storage in general
and others only to a particular energy storage technology

* Current codes and standards provide a basis for documenting
and validating system safety
— prescriptively
— through alternative methods and materials criteria
 Codes and standards are being updated and new ones

developed to address gaps between ESS
technology/applications and criteria needed to foster initial

/. and ongoing safety
(.



SNL & PNNL Protocol for Evaluation of ES Systems

Companies looking for an accurate
method to gauge how well large
batteries and other grid-scale energy
storage systems work now have a
new set of evaluation guidelines,
called the Energy Storage
Performance Protocol, at their
disposal. The guidelines currently
evaluate three energy storage

performance uses:

Peak shaving, Frequency Regulation, and
Islanded Microgrids

Additional Lab Protocols:
* Duty Cycle for ESS Firming
* Duty Cycle for PV Smoothing

@@ IEEE

- Apil 2016 PNNL-22010 Rev 2/ SAND2016-3078 R

Pacific Northwest @ Sandia National Laboratories
NATIONAL LABORATORY

Protocol for Uniformly
Measuring and Expressing
the Performance of Energy
Storage Systems

DR Conover SR Ferreira

AJ Crawford DA Schoenwald
J Fuller DM Rosewater
SN Gourisetti

V Viswanathan

Prepared by

Pacific tional L
Richland, wm\gbn
and

Sandia National Laboratories
Albuquerque, New Mexico

for the Office of Electricity Delivery and Energy Reliability (OE1)

Funded by the Energy Storage Systems Program of the U.S. Department of Energy
Dr. Imre Gyuk, Program Manager




PNNL-23578

Pacific Northwest

NATIONAL LABORATORY

Froudly Operated by BEIEIE Since 1065

Overview of Development and Deployment
of Codes, Standards and Regulations
Affecting Energy Storage System Safety
In the United States

August 2014

PNNL-SA-118670 / SAND2016-5977R
Pacific Northwest @ Sandia National Laboratories
NATIONAL LABORATORY

US DEFARTHENT OF
GY Prepared for the US ODepartment of Energy
under Contract DE-ACOS-76RLOVEI0

Energy Storage System Guide for
Compliance with Safety Codes
and Standards

PC Cole
DR Conover

June 2016

Prepared by

Pacific Northwest National Laboratory
Richland, Washington

and

Sandia National Laboratories

Albuquerque, New Mexico

for the Office of Electricity Delivery and Energy Reliability (OE1)

Funded by the Energy Storage Systens Program of the U.S. Department of Energy
Dr. Imre Gyuk, Program Manager

Pacic Northwest £ cremary. ard
data nrayscs ot 1568, under Contract DE-ACOS. TERL 013D, for
the DOE Oftce of Sciance.
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IEEE 1547: Timeline of Major Changes

\
20(;0 California Rule 21 /- Shall trip in response to abnormal
g voltage/frequency condition
2003 [ IEEE 1547-2003 = Shall not actively regulate voltage or
9 frequency )
FERC SGIP (Small Generator P R
Interconnection Procedure) = May ride through abnormal V/F
2005 _ _ = May actively regulate voltage by
'Updated California Rule 21 changing real/reactive power
(consistent with [EEE 1547-2003) = May change real power in response to
2011 frequency deviations
T 4
| IEEE 154722014 —
2014 ("« Shall ride through abnormal V/F N
: : =  Shall be capable of actively regulating
) _Updated California Rule 21 voltage by changing real/reactive power
2015 (more prescriptive than IEEE 1547a-2014) «  Shall be capable of changing real power in
| menced UL 174158/ /| e e
2016 (inverter certification driven by CA Rule 21) - : -
Z ,
AT T | IEEE 1547rev-201x f ;
\1.
| :
2018/19 ? c
= DER to provide ancillary grid services
* Interconnection Agreements / Markets / etc. — capability VS. provision

@Es
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1547 Revision Includes

« Performance categories
— Gives flexibility to accommodate different DER futures
 More coordinated operation under normal conditions

— Section 5 — many details on reactive power capabilities and voltage/power control
requirements (not just allowance)

* Grid support under abnormal conditions

— Maintains distribution grid safety (cease to energize, trip on voltage or frequency
when necessary)

— Maintains bulk power system reliability (rides through voltage and frequency
disturbances)

 New guidance for interoperability
— Starts us on the path to more open communications
— Seeks to strike a balance between varying topologies & needs
 New guidance for intentional islands
— Much needed and immediate relevance
« Testing requirements completely revised to address new capabilities
K — Strikes a balance between needs for large and small installs
IEEE
w.@’ii A & IEEE
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Other Significant Results from 1547 Revision

Gap for ES Interconnection Standards Identified, and Action Taken

1.1 Project Number: P1547.9
1.2 Type of Document: Guide
1.3 Life Cyele: Full Use

2.1 Title: IEEE 1547.9 Guide for Interconnection of Energy Storage Distributed Energy Resources with Power
Systems

5.2 Scope: This Guide provides information on and examples of how to apply the IEEE Std 1547, for the
mnterconnection of Energy Storage Distributed Energy Resources (DER ES). Scope includes DER ES connected to
area Electric Power Systems (local EPSs) that are capable of bidirectional real and reactive power flow. and are
capable of exporting real power to the EPS. Gwdance is also provided for non-exporting DER ES. such as UPS
type systems that support onsite loads. or EV chargers. with charging attributes that could have power system
impacts, e.g. modulating rate of charge proportionally to system frequency.

Source: Charlie Vartanian
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Smart Grid Comm & Controls

P2030.7/Draft D11 - IEEE Draft Standard for the Specification of Microgrid

Controllers
1.1 Scope

A key element of microgrid operation is the Microgrid Energy Management System (MEMS). It includes
the control functions that define the microgrid as a system that can manage itself. and operate
autonomously or grid connected. and seamlessly connect to and disconnect from the main distribution grid
for the exchange of power and the supply of ancillary services. The scope of this standard 1s to address the
technical 1ssues and challenges associated with the proper operation of the MEMS that are common to all
nucrogrids. regardless of topology. configuration or jurisdiction, and to present the control approaches
required from the distribution system operator and the microgrid operator, Testing procedures are
addressed. Scenario and/or use cases for testing are identified in this standard for dispatch function and
transition function respectively. These cases shall be tested according to IEEE P2030.8.

IEEE Std 2030.2-2015 Guide for the Interoperability of Energy Storage
Systems Integrated with the Electric Power Infrastructure

1.1 Scope

Thiz document provides gmdehnes for discrete and hybnd energy storage systems (ESS5S:) that are

mtegrated with the electne power mmfrastructure, mcluding end-use apphicatons and loads. This gmde
builds upon IEEE Std 2030™-2011."
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Major Fire/Building Codes that Include
Stationary Battery Regulations

genf 2021 Battery
atie .

Soctiny Section

in 2018 Already
Edition

Drafted! -
FCAC

ors | ff New
Battery
NEPA 1 Section

FIRE CODE in 2018
HANDBOOK Edition

(5] 2

K Courtesy: Randy Schubert, Ericsson
IEEE
EpEs

$IEEE
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Code Meeting Schedule

NFPA 1 Fire Code 2018 2021

IFC International Fire Code 2018 2021 (2021 input was due
12-January 2018)

NFPA-855 Energy Storage Standard New 2020 (First Draft Posting
“New “ April 11, 2018)

NFPA-70 National Electrical Code 2017 2020 (First Draft Posting
July 6, 2018)

NFPA-101 Life Safety Code 2015 2021

1:19

International Building 2018 2021
Code
IMC International 2018 2021
- Mechanical Code

NFPA- Standard on Stored 2016 2019 (Jan 24, 2018 Second
110/111 Electrical Energy Draft Posting, Feb 21, 2018
Emergency and Standby NITMAM deadline)
Power Systems

6'5%8

VAN /
Power & Energy Society®




2018 IFC and NFPA-1 Threshold
Quantities

Kilowatt-hours for a single string (array):
rated amp-hours (at an 8-hour rate) multiplied by the
battery string voltage and divided by 1000. As an

Figure 1. Battery Capacity Threshold Covered by Codes

Technology Capacity Threshold (kilowatt example of a system that is covered by the code, the
hours) photograph below shows strings of VLA batteries that

. _ are rated at approximately 4000 amp-hours. So even a

Lead Acid (all types) 70 KWh (252 Mega joules) single string would be subject to the codes. 48V x 4000
amp-hours / 1000 = 192 KWh.
Nickel Cadmium (Ni-Cd) 70 KWh (252 Mega joules) ) i
ELY -
Lithium (all types) 20 KWh (72 Mega joules) -'_;l‘. ﬂ::ﬁ.m""' ; "‘
Sodium (all types) 20 KWh (72 Mega joules) i B '
e

T
Other Battery Technologies 10 KWh (36 Mega joules)

NFPA-855 Threshold 1 KWh
for Residential Battery !!!




E——————
NFPA-855

* New Technical Committee developing a comprehensive energy
storage system standard

* First Meeting Was January 2017

* First Draft Posting April 11, 2018

* Covers all stationary storage applications
— Fire protection
— Placement and Siting
— Thermal Management & Ventilation
— Interconnection
— General Battery Requirements



NFPA-111 Standard on Stored Electrical Energy Emergency
and Stand-by Power Systems

* QGuidelines for safe deployment and operation of stationary battery systems in
stand-by applications.

— The emergency power systems that operate at less than 24 volts and/or less
than 500 VA are not subjected to these requirements.

* Not used as basis for existing code enforcement.

* Industry best practices for power sources, controls, converters, transfer equipment,
and accessory equipment including:

— Installation
— Maintenance
— Operation
— Testing

* Asister document NFPA-110 focuses more on generators and associated back-up
power.
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R
Summary

e Currently, the entire storage system (batteries to interconnection) is
expensive.

* Manufacturing and scale-up needed for new technologies
* PCS costs are not coming as fast

* Advances in several areas will make grid-based storage systems safer,
more reliable, and cost-effective.

* Codes and standards need further work
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