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Stationary Energy Storage 
for Grid Applications:

Storage links Variable Load 
with Variable Generation

Variable
Generation

Storage
Buffer

Variable
Load
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Grants

Cost shared Projects

DOE Loan Guarantee

FERC

CA: AB2514 1.3GW

Tax Incentives

Research    Development Demonstration   Niche Market    Mass Market

Creating a New Industry
The Federal Role

NY: 2100$/kW

Venture Capital

HI: 200MW RFP

Project Financing
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R&D Demonstration Deployment

DOE-OE Project Mapping

ARRA 
Projects

Non-aqueous 
Flow Batteries

V/V 
Redox

Na flow

Mg-ion

Stat. 
Li-ion

Zn-I2

Codes and Standards

System Safety

Regional Use 
Cases

ES Test 
Bed

2nd Use 
Li-ion

Application 
Protocols

Reliability 
Testing

Power
Electronics

Technology Development Activities Stakeholder Acceptance Efforts

Organics

Basic Science Applied Systems Pilot Scale

Commercial Scale-up Market Acceptance
Bankable Product
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ARRA Stimulus Funding for 
Storage Demonstration Projects

Leveraged Funding:  $185M vs. $585M 

• Show technical feasibility
• Gather cost data
• Stimulate regulatory changes
• Generate follow-on projects

5



Power Systems
for Frequency Regulation
or Renewable Smoothing
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►This project provided the basis for FERC
to establish  “PAY FOR PERFORMANCE”!

ARRA Project – Beacon
Hazleton, PA.  
20MW Frequency Regulation for PJM.
Commissioning of full 20MW Aug. 2014

ARRA – Duke Energy / Younicos
With 153MW Wind at No-Trees, TX
36MW / 40 min battery plant 
Smoothing, Frequency Regulation
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Key Outcomes of 2012 PNNL Study
For every 10 MW of extra wind capacity approximately 0.8 – 1.5 MW 

of intra-hour balancing (minute-to-minute variability) need to be added. 

Intra-hour balancing power requirements caused by wind 
variability in WECC area

20% wind  in 
WECC

Required
MW Storage

Percentage of Installed Wind 
Capacity 

AZ-NM-SNV 174.08 12.8

CA-MX 943.65 14.4

NWPP 1,071.26 11.0

RMPA 504.89 8.0

Kintner-Meyer 20128



Energy Systems
for Peakshaving,

Loadshifting, or Ramping

6
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ARRA - Southern California Edison / LG Chem – Li-Ion:
8 MW / 4 hr battery plant for  wind integration at Tehachapi, CA.

Tehachapi: 4,500MW Wind by 2015!

8MW / 32MWh Storage Plant

Commissioned: Sept. 2014
Integrator: ABB 
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Material Science and
Device Development,

for Costeffective Storage
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Research at PNNL, Sandia, ORNL
Materials – Devices – Systems – Analysis

Focused on Commercialization

Over 90 peer reviewed publications
4 R&D 100 Awards

Fed. Lab Consortium Award for Tech Transfer

Projects at 5 Universities

Integrated SBIR projects
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• 5 Licensees for mixed acid electrolyte 
technology: (UniEnergy, Imergy, WattJoule, 
Riverside (production), and Aartha (Fe/V)

• Awarded 2013 FLC Award for Tech Transfer

• Further electrode and stack 
improvements for V/V mixed acid 
resulting in projected system cost of 
$300kWh for 4 hour system (FY16).

• Work with industry on commercial scale-
up of new electrode  and stack 
components for improved performance.

UniEnergy 600 kW/2.2MWh battery system

Deprotonation leads to precipitation in 
standard sulfuric electrolyte

HCl addition prevents deprotonation 
Temp. stability + 80%, energy density + 70%

Cost Competitive Energy Storage 
Mixed Acid V/V Redox Flow Batteries, PNNL
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Progress in V/V
System Efficiency

PNNL has developed an Analytical Model to identify Opportunities 
for System Enhancements.

As the System improves the Cost of Material predominates! 

A novel Zn-I2 Chemistry promises 5x Energy Density over ZnBr (Nature Comm.) 14



Metal ionic liquid flow batteries may offer higher energy densities 
compared to aqueous flow batteries due to larger voltage windows 
and higher active material concentrations, but are limited by viscosity. 

Development of Ionic Liquid Flow battery, SNL

v
Fe3+ Fe2+

W6+ W5+

O2– O2–

Charged Discharged

H+

H+

Organo-metallic structures
Serve as multivalent Electrolytes 
and Electrodes. 
Membrane facilitates proton
exchange
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Development of Advanced Membranes, SNL

Teaming with PNNL, we have shown a substantial 
improvement of capacity retention compared to Nafion!

Development of high performance durable 
polymers at SNL leads to superior separators

We estimate that when commercialized this material will be nearly two orders 
of magnitude lower in cost compared to Nafion! 16



Office of Electricity Delivery and Energy Reliability

DOE OE Power Electronics Development

WORLD’S FIRST HIGH 
TEMPERATURE SIC SINGLE-
PHASE INVERTER
3 kW (1200 V/150 A peak) 
250 °C Junction Temperature
Integrated Gate Driver

WORLD’S FIRST 
HIGH 
TEMPERATURE SIC 
POWER MODULE
50 kW (1200 V/150 
A peak) 
250 °C Junction 
Temperature
Integrated HTSOI 
Gate Driver

WORLD’S FIRST HIGH 
VOLTAGE, HIGH 
TEMPERATURE, 
REWORKABLE SIC HALF-
BRIDGE POWER MODULE
> 15 kV / 100 A, > 200 °C
Reworkable
Wire Bond Free, Low 
Parasitic Design
Device Neutral
HV Isolated Gate 
Driver

WORLD’S FIRST HIGHLY ACCELERATED 
LIFETIME TESTING (HALT) OF HIGH VOLTAGE 
SIC MODULES
Dramatically Accelerates Design Cycle
-100 °C to 250 °C (1.7 °C/s Ramp)
48 in × 48 in Table Size
6 axis 75 gRMS Vibration

2003   2004   2005  2006  2007  2008   2009   2010   2011   2012    2013       2014             2015

WORLD’S FIRST 
MONOLITHICALLY INTEGRATED 
SINGLE CHIP TRANSISTOR
Integrated SJT/Diode Chip at 
1200V

WORLD’S FIRST VOLTAGE 
CONTROLLED 4500V/400A TURN-
OFF THYRISTOR
4500V and 400A rated
Integrated Si MOSFET and GTO 
Embedded Current Sensing 
Capability

WORLD’S FIRST 
COMMERICALLY 
AVAILABLE ULTRA-
HIGH-VOLTAGE SIC 
THYRISTOR
Rating exceed 6.5kV, 
200kHz, 80A 
> 200°C  junction 
temperature

WORLD’S FIRST HIGH 
FREQUENCY, HIGH 
TEMPERATURE, SIC HALF-
BRIDGE POWER MODULE
15 kV/100 A, 20 kHz, 200C 
Reworkable
Low Parasitic Design
Device Neutral
HV Isolated Gate Driver

WORLD’S HIGHEST 
VOLTAGE 
NORMALLY OFF SIC 
JFET
6.5 kV, 20kHz, 60A 
200°C Junction 
Temperature

WORLD’S FIRST FIBER OPTIC 
ELECTRICAL TRANSDUCER TO PASS 
MILITARY CERTIFICATION
Exceeds 30Mhz, Can operate at up to 
34.5kV without Insulation, or Cooling



Energy Systems 
for Resiliency and

Emergency Preparedness
----

DOE / State Initiatives
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Every $1 on protection measurements
Can prevent $4 in repairs after a storm!

Energy Storage for 
Emergency Preparedness

Trends indicate the situation
will get worse not better!! 19



Some 50% of Diesel Generators failed to start during 
the Sandy Emergency

Storage combined with Renewables allows Microgrids  to 
provide essential Services over an extended Time Period

During non-emergency Periods Storage can provide 
Demand Management for the User and compensated 
Services to the Grid

Apartment Buildings – Campuses – Schools – Shopping 
Centers – Community Centers – Nursing Homes –
Hospitals – Police Stations – Gas Stations – etc. etc
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Vermont Public Service Dept. – DOE
Green Mountain Power
Solicitation issued by VPS.  Joint funding by VPS, DOE-OE, GMP

Rutland, VT
4MW / 3.4MWh of storage
Integrated with 2MW PV
Integrator: Dynapower

Groundbreaking: Aug. 12, 2014
Expected Completion: April 2015

Situated on Brown Field Area

Storage: Ancillary grid services, peak shaving during high load periods

System can be islanded to provide emergency power for a resilient 
microgrid serving a highschool / emergency center. 
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Washington State Clean Energy Fund:
Solicitation for $15M for Utility Energy Storage Projects

Selected projects with UET vanadium flow battery:
 Avista (1MW / 4MWh) -- PNNL -- WA State U
 Snohomish (2MW / 8MWh) – PNNL -- 1Energy -- U of WA

Avista Commissioning April 2015

Under a DOE / WA MOU, 
PNNL will participate in both 
Projects, providing use case 
assessment and performance 
analysis.

Vanadium technology with 
2x Energy density developed 
at PNNL for DOE 22



BPA  / DOE / Puget Sound Grid Project:
PNNL Analysis Program selects cost-effective
site and scale to optimize Value Stream
Primus Power, to install 500kW / 2MWh ZnBr
Flow Battery, developed with ARRA funding
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Hawaii Electric Company

• DOE/Sandia and Hawaii Electric 
Company (HECO) Collaboration to 
assist in the selection and analysis of 
160-200MW, 30 minutes of energy 
Storage for renewable integration 
and spinning reserve.

• MOU with HECO to provide ongoing 
support of ES projects

• Developed the RFP review criteria 
for HECO and reviewed 10+ energy 
storage project proposals.

• Developed preliminary ES model to 
optimize system sizing.

• Provided technical analysis of 
selected battery technology, power 
and energy requirements, and costs 
for winning proposals

$/
M

W
h

MW for 30 minutes

MW for 30 minutes (draft)

• Review construction designs

• Review technical specs 

• Define commissioning requirements

• Develop Sequence of Operations

• Develop and implement control 
optimization methodology

• Monitor & evaluate system opera

• BERMUDA 2424



Facility 20-25% 

Power 
Electronics

20-25%

Energy Storage 
Device 25-40% 

Storage Economics:

The Cost of a Storage System 
depends on the Storage Device,
the Power Electronics, and the
Balance of Plant

The Value of a Storage System 
depends on Multiple Benefit 
Streams, both monetized and
unmonetized

LCOE depends on Application! Policy is important!
25



INDUSTRY TOOLS
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Energy Storage Test Pad (ESTP)

SNL Energy Storage System Analysis Laboratory
Reliable, independent, third party testing and verification of 

advanced energy technologies from cell to MW scale systems

System Testing
•Scalable from 5 KW to 1 MW, 480 VAC, 3
phase, Both power and energy use tests.
•1 MW/1 MVAR load bank for either parallel 
microgrid, or series UPS operations 
•Subcycle metering in feeder breakers for 
system identification and transient analysis
•Safety Analysis

Milspray Deka Battery under testing

GS Battery at DETL
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DOE International  Energy Storage Data Base 
energystorageexchange.org supported by Strategen
Over 1200 energy storage projects from 58 countries. 
50 energy storage technologies are represented
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Grid Energy Storage Safety Initiative
DOE identified Validated Safety as a critical need  for the success of 
grid energy storage.

The ability to validate the safety of energy storage 
systems will:
• Decrease human and financial risk,
• Minimize installation costs,
• Accelerate acceptance of new storage 

technologies.

To address this need DOE is engaging key energy storage stakeholders:
•  DOE OE Energy Storage Safety Workshop, February 2014
• DOE OE Publications:  Inventory of Codes and Standards
• DOE OE Strategic Energy Storage Safety Plan – December 2014
•   Initiate ES Safety Forum to coordinate safety development
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Energy Storage is Coming of Age!
New Cost Effective Technologies 

New Benefit Streams opened

Major solicitations / Mandates in:
California (1.3 GW)
Hawaii (200 MW)
Ontario (50 MW)

Involvement of States: VT, WA, OR, MA

DOE Loan Guarantees Solicitation
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