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Abstract

NASA'’s Exploration Technology Development Program funded the Energy Storage Project
to develop battery and fuel cell technology to meet the expected energy storage needs of the
Constellation Program for human exploration. Technology needs were determined by
architecture studies and risk assessments conducted by the Constellation Program, focused on
a mission for a long-duration lunar outpost. Critical energy storage needs were identified as
batteries for EVA suits, surface mobility systems, and a lander ascent stage; fuel cells for the
lander and mobility systems; and a regenerative fuel cell for surface power. To address these
needs, the Energy Storage Project developed advanced lithium-ion battery technology, targeting
cell-level safety and very high specific energy and energy density. Key accomplishments include
the development of silicon composite anodes, lithiated-mixed-metal-oxide cathodes, low-
flammability electrolytes, and cell-incorporated safety devices that promise to substantially
improve battery performance while providing a high level of safety. The project also developed
“non-flow-through” proton-exchange-membrane fuel cell stacks. The primary advantage of this
technology set is the reduction of ancillary parts in the balance-of-plant — fewer pumps,
separators and related components should result in fewer failure modes and hence a higher
probability of achieving very reliable operation, and reduced parasitic power losses enable
smaller reactant tanks and therefore systems with lower mass and volume. Key
accomplishments include the fabrication and testing of several robust, small-scale non-flow-
through fuel cell stacks that have demonstrated proof-of-concept. This report summarizes the
project’s goals, objectives, technical accomplishments, and risk assessments. A bibliography
spanning the life of the project is also included.
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Overview
* Project Goals and Objectives

» Summary of Accomplishments
* Fuel Cells
* Prior work in flow-through technology
» Current work in non-flow-through
technology
* Predicted System Performance

+ Batteries
» Components
* Cells
* Predicted System Performance

* Summary
+ Bibliography
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Energy Storage Project
Objective and Overall Approach

The Energy Storage Project’s objective is to reduce risks associated with the use of Lithium chemistry
batteries, fuel cells, and regenerative fuel cells for Altair, Lunar Surface Systems, and EVA.

Our deliverables are:
— Primary fuel cell for Altair Descent Stage (TRL 6 by PDR)

— Regenerative fuel cell for LSS (TRL 6 after CDR)

— Rechargeable battery cells for Altair Ascent Stage, EVA Suit 2, and LSS
EVA and Altair: TRL 6 cells by PDR; LSS: TRL 6 cells by PDR;
All: cells early enough for batteries by CDR

We are addressing the top technology development needs for advanced energy storage:

— Human-rating and increased reliability
— Mass/volume reductions

— High performance components and systems

And we are performing systems analyses to ensure the right approaches are being pursued:
— Cost/benefit analyses based on Constellation mission architectures.

Mechanisms to determine Constellation Requirements:
*  Cx Technology Prioritization Process
*  Risk Identification Workshop (Aug 2007 and Aug 2008)
*  Lunar Architecture Team reports
«  Exploration Architecture Requirements Document

*  Points-of-contact on Lander, Surface Systems, EVA, and Ares I/V projects

Energy Storage Project
Documented Constellation Priorities

Documentation Project Criticality Technology Need
High Specific-Energy-Density Power Systems - Need lightweight, long-life
rechargeable batteries and need reliable micro-fuel cells to reduce mass of the
LAT-2 #MOB-5 Mobility Enabling power system by 30% - 50% to extend life of the power system components,
and to reduce cost and frequency of maintenance.
High Specific-Energy-Density PEM Fuel Cell Systems - Need light weight, long-
life (10,000 hr) regenerative fuel cells, 2000 psi electrolyzer, and water
LAT-2 #POW-1 Surface Systems Enabling separators designed for 1/6 g environment to improve life/reliability, to
increase mass to the lunar surface, and to reduce cost.
High Specific-Energy-Density EVA Suit PLSS Power - Need lightweight, high
LAT-2 #EVA-3 EVA Enabling energy density rechargeable batteries and micro-fuel cells to increase useable
mass to lunar surface, to increase EVA range and mission flexibility.
Regenerative fuel cells - Meet energy storage requirements for up to 15 days
(360 hours) or more (e.g., for a 20 kWe night time power requirement, this
LSS TPP — Draft Critical means an energy storage requirement of 7,200 kW-hrs of storage capacity
IRMA ID 2380 Surface Systems (2 orders of magnitude greater than ISS)) Also highly desirable to have 5 year
lifetime.
IRMA Risk ID 2527 EVA 5x5 Required specific energy not achievable with current batteries
Surface Systems, Critical
Cx TPP 606 Orion and ILSM SiG LS #2 Regenerative fuel cell for Lunar Surface Systems
Critical
Cx TPP 466 Lander LT #28 Low mass, highly reliable fuel cell for Lunar Lander power generation.
Cx TPP 465 Critical Low mass rechargeable battery to power the Lunar Lander ascent module during
IRMA Risk ID 4796 Lander LT #27 ascent from the lunar surface.
Critical
Cx TPP 544 EVA LT #12 EVA Suit power
Highly
Desirable
Cx TPP 661 Surface Systems LS #11 High specific energy power for Lunar Rovers
Ares V Risk #2366 5x5 Solid Rocket Booster Thrust Vector Control Power Source require high power,
Cx TPP 525 Ares IV Critical LT #16 primary batteries

Updated 4/21/0
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Energy Storage Technology Development
Mission Requirements Assessment @

Lunar Architecture Studies identified regenerative fuel cells and rechargeable batteries as enabling
technology, where enabling technologies are defined as having:
“overwhelming agreement that the program cannot proceed without them.”

Surface Systems

Surface Power: Maintenance-free operation of regenerative fuel cells for >10,000 hr using
~2000 psi electrolyzers. Power level TBD (2 kW modules for current architecture)
Reliable, long-duration maintenance-free operation; human-safe operation;
architecture compatibility; high specific-energy, high system efficiency.

Mobility Systems: Reliable, safe, secondary batteries and regenerative fuel cells in small mass/volume.
200 W-hr/kg desired; 150 W-hr/kg may be sufficient.
Human-safe operation; reliable, maintenance-free operation; architecture
compatibility; high specific-energy.

EVA
Portable Life Support System (PLSS); and Power, Communications, Avionics, and
Informatics (PCAIl) Subsystem:
Human-safe operation; 8-hr duration; high specific energy; high energy-
density.

Lander

Ascent Stage: Rechargeable battery capability for ascent operations and to support emergency

lander/surface operations. Nominally 14 kWhr in 67 kg, 45 liter package.
Human-safe, reliable operation; high energy-density.

Descent Stage: Functional primary fuel cell with 5.5 kW peak power.
Human-safe reliable operation; high energy-density; architecture compatibility
(operate on residual propellants).

Fuel Cell Systems
* Goals
» Approach
» Technology Development
* Predicted System Level Performance
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Key Performance Parameters for Fuel Cell Technology Development
Customer Need Performance Parameter SOA Current Threshold | Goal**
(alkaline) | Value* Value** (@ 3 kW)-
(NFTPEM) | (@ 3 kW)
System power density
Fuel Cell | 49W/kg | 44 W/kg 88 W/kg 136 W/kg
Altair: RFC (without tanks) | n/a n/a 25 W/kg 36 W/kg
3 kW for 220 hr Fuel Cell Stack power density nla 51 Wikg 107 Wikg | 231 Wikg
continuous, 5.5 kW peak.
Fuel Cell Balance-of-plant mass n/a 2kg 21kg 9kg
Lunar Surface Systems: MEA efficiency @ 200 mA/cm?
TBD kW for 15 days For Fuel Cell | 73% 72% 73% 75%
continuous operation Individual cell voltage | 0.90V | 0.89V 0.90V 0.92V
Rover: TBD For Electrolysis | n/a 83% 84% 85%
Individual cell voltage | n/a 1.48 1.46 1.44
*Based on non-flow-through test
hardware with 4-cells and heavy For RFC (Round Trip) | n/a 60% 62% 64%
end plates, scaled to 3 kW
**Threshold and Goal values based SyStem eﬂICIenCy @ 200 mA/cmZ
on full-scale (3 kW, 300 cm?) fuel Fuel Cell | 71% 64% 71% 74%
cell and RFC technology.
Parasitic penalty | 2% 8% 2% 1%
***Includes high pressure penalty
on electrolysis efficiency 2000 psi
Regenerative Fuel Cell*** | n/a n/a 43% 54%
Parasitic penalty | n/a n/a 10% 5%
High Pressure penalty | n/a n/a 20% 10%
Maintenance-free lifetime | Maintenance-free operating life
Altair: 220 hr (primary) Fuel Cell MEA | 2500 hr 13,500 hr 5,000 hr 10,000 hr
Surface: 10,000 hr (RFC) Electrolysis MEA | n/a n/a 5,000 hr 10,000 hr
Fuel Cell System (for Altair) | 2500 hr | n/a 220 hr 220 hr
Regenerative Fuel Cell System | n/a n/a 5,000 hr 10,000 hr 4/5/10

Summary of Fuel Cell and Regenerative Fuel Cell Technology Development since 2006

Flow-Through Fuel Cell Stack Development (Work stopped)
13,500 hr of MEA testing complete, passing 10,000 hr life goal through use of Pt-black catalysts

System characterized, strengths and weaknesses documented

Component Development
Passive components for Flow-Through Balance-of-Plant (Work stopped)
Water/gas separators, injectors/ejectors, regulators

Devices characterized, strengths and weaknesses documented

Passive thermal management (Work stopped)

Pyrolitic graphite cooling plates and flat plate heat pipes
Tested in Flow-Through and Non-Flow-Through fuel cell stacks, respectively
Temperature distribution across any single plate and from plate-to-plate stays within 2-3 °C

Devices characterized, strengths and weaknesses documented

MEAs for fuel cells (Work continues)
JPL MEAs supplied to Teledyne, Infinity, and Proton
0.89 V at 200 mA/cm? exceeds the performance of vendor cells substantially
Work continues

MEAs for high pressure electrolyzers (Work continues)
JPL MEAs supplied to Hamilton Sundstrand
Work continues

High Pressure Electrolysis (Work continues only under SBIR)
Hamilton-Sundstrand system modified for high pressure operation; tested at JPL

Liquid feed system draws significant parasitic power for pumps and water/gas separators
Novel concepts under study via SBIR (vapor feed, passive liquid feed)

Non-Flow-Through Fuel Cell Stack Development (Work continues)
Water removal mechanism and advanced manufacturing process brought to TRL 4
Electrochemical hydrogen pump implemented to provide low-power purge and inert concentration

Unitized Regenerative Fuel Cell System (Work stopped)
System characterized, strengths and weaknesses documented
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Key Accomplishment:

+ Initiated testing of Teledyne multi-kW flow-through
PEMFC breadboard system

» Achieved several hundred hours of testing through
multiple simulated Shuttle load profiles

Significance:

» Passive reactant recirculation and water separator
components replace active components; reduced
mass and volume, lower parasitic power, increased
reliability, longer life

+ Initial performance testing has identified
limitations and control issues with reactant

valves

« Initial testing has shown performance of
membrane water separators to be comparable
to active water separators

* Successfully passed 10,000 hr life goal through use
of Pt-black catalysts on MEA (13,500 hr)

 Establishes the basis for all future MEA
advancements

recirculation system using ejectors and solenoid

3.2.1 Flow-Through Primary PEMFC Development

=
P &
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= o ]
Teledyne multi-kW flow-through PEMFC Breadboard

NASA MEA Life Testing - September 2004 to July 2006
Cell Voltage and Current Density vs. Time
NASA MEA 4-Cell Test Stack
Over Time
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Flow-Through Primary PEMFC Development
Key Accomplishment/Deliverable/Milestone:
» Completed testing of GRC membrane water separator
» Accepted delivery of Lockheed meniscus water separator
Significance:
» Passive water separators replace active mechanical water separators; reduced mass and
volume, lower parasitic power, increased reliability, longer life
* Testing has shown performance of GRC membrane water separator to be comparable
to active water separators
« Initial assessment of Lockheed meniscus water separator is not promising because of
gravity dependency
« Initial assessment of Texas A&M gas-driven vortex water separator is not promising
because of insufficient momentum for consistent operation

Integrated Ejector/Regulator and
Integrated Ejector/Regulator/Two-
Stage Water Separator System

deflection
plate

Lockheed Meniscus Water Separator
Top Level Assembly

liquid level sensor TAMU Gas-driven water

separator demonstration

Flow-Through Primary PEMFC Development

Key Accomplishment/Deliverable/Milestone:
» Completed initial assessment of combined reactant recirculation and water separator
concepts at NASA JSC/Texas A&M
Significance:
» Passive reactant recirculation and water separator components replace active components;
reduced mass and volume, lower parasitic power, increased reliability, longer life
+ Initial testing has shown performance of Tescom integrated ejector/ pressure regulator
to be comparable to active pumps
+ Initial testing has shown performance of two-stage membrane contactor and de-bubbler
(both tubular) to be comparable to active water separators
+ Initial testing has shown gas-driven vortex separator to lack sufficient momentum for
consistent operation
« Initial testing has shown liquid-driven vortex separator connected to pumped coolant
loop to be comparable to active water separators o

Phase 4, Integrated Ejector, Regulator, and
Two-Stage Water Separator System
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Recent Accomplishments: Fuel Cells

Key accomplishment: Completed fab of passive cooling
plates for Teledyne and Infinity short stacks

Sensors

EI Heater Bypass
Valve

Significance: Passive cooling

plates replace active pumped- Conventional
liquid cooling loop; reduced ;:;';‘:'&f; Fuel
Cell
mass _a_nd vqum_e, lower Thermal s E
parasitic power, increased Management

reliability, longer life

Pump Fuel Cell

Testing has shown pyrolytic onter System Hix
graphite cooling plates to Accumulator
have 4x the conductivity of
copper Fuel Cell with G Thermostat Valve

. Passive Cell
Testing has shown flat-plate Thermal Stack
heat pipes to have 30-40x Management
the conductivity of copper

S Y oP Fuel Cell Thermal management

System Hx

vacuum test rig

Flat-Plate Heat Pipes for Temperature Distribution Across Pyrolytic k
Graphite Cooling Plates In 6-Cell Sub-kW
4-Cell TRL-4 Non-Flow-Through Stack Flow-Through Stack

Recent Accomplishments:
Passive Cooling Reduces System Mass and Complexity
Without Degrading Performance (1/2)

Testing shows the temperature distribution across any single plate and from plate-
to-plate stays within 2-3 °C which is very acceptable.

Temperature control uses a thermostatic valve to modulate the cooling flow
through the HX.

Thermal Conductivity Tests in VF-15

920
+ Pyrolytic
80 - Graphite
70 - Heat Pipes and Pyrolytic Graphite have high
] enough thermal conductivity to be acceptable
é 60 - lightweight cooling plates for fuel cells while
. " e % 50 - Heat Pipes Pyrolytc Graphite  COPPET does not.
Four Graphite Cooling Plates slid into the 2 Copper &Titanium Copper Laminate
HX Interface Plate & Cooling Channel. 5 40- Cooling Plates
Pad heaters simulate FC heat. E 30 - Copper
- £
20 -
10 - Stainless Steel
- .
0 !
0.0 2.0 4.0 6.0 8.0 10.0 12,0

Thermal Gradient, °Clcm

The graphite cooling plates, HX Interface Plate, and HX Cooling Channel have been
fabricated and delivered to Teledyne Energy Systems for integration into a 6-cell Flow-
Thru Stack.

The 6-Cell fuel cell stack has been fully assembled.
The integrated FC stack is to be tested at Teledyne in August 2008.

Exploded View Showing Graphite
Cooling Plates & HX Interface Plate

Simulated fuel cell stack testing with identical graphite cooling plates underway at GRC.
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Recent Accomplishments:
Passive Cooling (2/2)

Ti Heat Pipe

/4

Exploded View Showing Ti Heat Pipe FC Stack Showing Ti Heat Pipe Edges FC Stack with HX Interface Plate

eThe Ti heat pipes have been fabricated and tested at GRC. Their
thermal conductivity ranged from 3500 to 6300 w-m/K. (copper is
400 w-m/K)

oThe Ti heat pipes were delivered to Infinity Fuel Cells for integration
into the non-flow-through stack

eThe HX Interface plate hardware has been fabricated and will be
delivered to Infinity for final stack assembly

eThe integrated FC stack is to be delivered to GRC by Fall 2008 for
testing.

ePreparations are being made for this testing to occur in the GRC
Bldg 309 Fuel Cell Laboratory

FC Stack Integrated with System HX

Milestone Accomplishment:
MEA Testing Shows Substantial Improvement Over SOA
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Membrane Electrode Assembly Accomplishments: N‘A\JA
MEA Performance Exceeds Minimum Success Criteria

o NASA fuel cell and electrolysis MEA 1000
performance exceeds best performance of 0 /55%
industry vendors i \ .
JPL MEAs supplied to 800 \ Electofsis MEA
Teledyne, Infinity, and Proton Energy '
700
— 600
9 Fuel Cell MEA
2 500
=
0
£ 400
: i (86%)(72%) = 62%
70°C, 30 psig /0, 300 round-trip RFC stack efficiency
; @ 200 mA/cm?
20
08 1+——
:_ Gen 2 -JPL N1035 1(](]
206 : 200 mAom”
3 0s N Gen1 JPLN115 00 4
JPL MEAs performing at 0.89 V at 200 mA/cm? exceed 0.00 50000 1000.00 150000 200000
02— the performance of Vendor cells substantially. Current density, mA/cm?
(scale: 0 — 2000 mA/cm?)
0

0 500 1000 1500 2000

2500 ) - . . A
current density, mAlom2 Comparison of JPL’s best iridium-doped ruthenium with the latest vendor supplied

MEA shows substantially better (30 mV) performance by the NASA material.

Partners: Hamilton Sundstrand, NASA

MEA and Electrolysis Technology: Recent Progress I\I\‘QSJ
Objective: '
Develop balanced high-pressure (= 2,000 psi) electrolysis technology for Exploration missions.
Incorporate advanced membrane-electrode-assemblies (MEAs) with better electrical performance into high-

pressure electrolyzers.

Key Accomplishment:

» JPL-developed MEA 86% efficient at 1.48 V

« Hamilton Sundstrand modified existing International Space
Station electrolyzer (liquid-feed) for high-pressure operation.
« Testing at JPL showed good voltage performance to

2000 psi H, and 1000 psi O, with Nafion MEA.

" High-pressure electrolyzer in test stand

Significance:

« Advanced electrolysis MEAs will deliver more H, and O,
gases with less electrical power input, reducing the required
size of a solar array for a regenerative fuel cell system.

« Balanced high-pressure operation permits operation within
an architecture having smaller tanks, reducing launch mass
and volume requirements.

Future Work:

*Vapor-feed and passive liquid-feed electrolyzers are being
investigated to reduce the significant parasitic power draw of
the pumps and water/gas separators required for liquid feed
systems.

83 cm? MEA with platinum-black catalyst

on hydrogen side and iridium oxide
catalyst on oxygen side
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derivative of Gemini fuel cell technology

Recent Accomplishments:
Flow-Through vs. Non-Flow-Through PEMFC Down-Select

Background: Non-Flow-Through 20
Flow-Through PEMFC technology is characterized by PEMFC Schematic
recirculating reactants and external product water separation MEA

« Recirculation requires pumps or injectors/ejectors [ves

« Water separation requires motorized centrifugal coolant

separators or passive membrane separators 2o
Non-flow-through PEMFC technology is characterized by o]
dead-ended reactants and internal product water removal

« Tank pressure drives reactant feed; no recirculation

» Water separation occurs through internal cell wicking
Selection:
Non-flow-through PEM fuel cell technology selected for further
development H2 0z
Justification: )
Flow-through PEMFC technology is at a higher TRL, but Representative mass
non-flow-through technology offers advantages in efficiency, allocation for 3 kW fuel cell
weight, volume, parasitic power, reliability, life, and cost. FT NFT

.
f Stack 16 kg 13kg

BOP 21kg | 9kg
Total 37kg | 22kg

Recent Accomplishments: NASA
Non-Flow-Through System Testing Begun

50 cm? Lab Stack #1
Integrated with Balance-of-Plant

Packaging Concept for
Non-Flow-Through System

Non-flow-through PEMFC technology is
characterized by dead-ended reactants and
internal product water removal

Tank pressure drives reactant feed;
no recirculation required

Water separation occurs through
internal cell wicking

Components eliminated in NFT
system include: |

H20

Pumps or
injectors/ejectors for ..
recirculation

coolant

Motorized centrifugal E
separators or passive
membrane separators for
water separation [x]

H2 o2
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Non-Flow-Through Primary PEMFC Development

Key Accomplishment/Deliverable/Milestone:

» Completed testing of non-flow-through PEMFC single cell at Phase |l SBIR contractor infinity
technologies

» Completed 3D modeling of balance-of-plant components at NASA GRC

Significance:

» Successful steady-state operation in dead-ended mode demonstrated; achieved current
densities > 1,000 mA/cm?

« Establishes the basis for future non-flow-through technology advancements

« All ancillary components can be mounted on circuit boards attached to stack end plates,
significantly reducing mass and volume of non-flow-through PEMFC systems

N
°
s —
3D Packaging Infinity Single Cell Performance Plot
Concept Model of
Balance-of-Plant
Components o
o
Current density (mA/cm?2)
Infinity Single Cell Test Article 0 1000

WBS 3.2.2 Balance of Plant and System Testing PT: Energy Storage
PM: Carolyn Mercer

MS 3.2.2-1 Lab Stack #1 System Testing Complete  p}; ‘Mark Hoberecht

Objective:

Develop non-flow-through fuel cell technology at baseline stack vendor Infinity Fuel Cells and Hydrogen, Inc.
for Exploration missions. Integrate Infinity Lab Stack #1 (4-cell, 50 cm?) with a GRC-developed balance-of-
plant and conduct performance evaluation testing at GRC.

Key Accomplishment/Deliverable/Milestone:
« Partners: Infinity Fuel Cell and Hydrogen, GRC

* 11/30/08 — Infinity Lab Stack #1 System Testing Complete

« The fabrication and testing of this small-area (50 cm?) short-
stack (4 cells) using JPL MEAs with a GRC-developed
balance-of-plant is one of several non-flow-through fuel cell
system tests used to evaluate the performance of a stack
integrated with a balance-of-plant.

Significance:

» The milestone represents the first successful testing at the
system level of a non-flow-through fuel cell stack integrated
with a balance-of-plant.

Shown: Infinity Lab Stack #1 integrated
with GRC balance-of-plant

NASA/TM—2011-216963 12



WBS 3.2.1.1 Baseline Stacks PT: Energy Storage
PM: Carolyn Mercer

Milestone 3.2.1.1-1 Lab Stack #2 Unit Delivery PI: Mark Hoberecht

Objective:

Develop non-flow-through fuel cell technology at baseline stack vendor Infinity Fuel Cells and Hydrogen, Inc.
for Exploration missions. Incorporate GRC-developed passive flat-plate heat pipe technology and JPL-
developed membrane-electrode-assembly (MEA) technology into Infinity fuel cell stacks for performance
evaluation.

Key Accomplishment/Deliverable/Milestone:
« Partner: Infinity Fuel Cell and Hydrogen

* 4/30/09 — Lab Stack #2 Unit Delivery from Infinity to GRC

« This small-area (50 cm?2) short-stack (4 cells) delivery is one
of several stack deliveries used to evaluate the development
progress of non-flow-through fuel cell technology from
baseline fuel cell vendor Infinity Fuel Cells and Hydrogen, Inc.
This stack also incorporates NASA-developed technology in
the form of passive flat-plate heat pipes (GRC) and advanced
MEAs (JPL).

Significance:
« Passive flat-plate heat pipes are an alternative to pumped-
liquid cooling loops in fuel cells, and offer the potential of

better heat transfer, higher reliability, and lower parasitic Shown: Infinity Lab Stack #2 with JPL
power. MEAs and GRC flat-plate heat pipes

« Advanced fuel cell MEAs with better electrical performance (protruding fins of heat pipes visible
will deliver more power from a fixed quantity of hydrogen and behind blue tie rods)

oxygen reactants.

Energy Storage Project Recent Accomplishments:
Integrated Balance-of-Plant Components for Fuel Cells

¢ Integrated balance-of-plant demonstrated in
conjunction with the laboratory scale fuel
cell stacks

Pressure
Transducers

Solenoid Valves

o During this testing, the balance-of-plant ran
on a battery source consuming less than
10 W of parasitic power to operate the fuel
cell system

Pressure Accumulator

Pressure
Transducers

o Afull-scale (3-kW fuel cell system) balance-
of-plant will likely operate on less than pressure
50 W of parasitic power (same number of  gegulator
components, but some components larger)

o A 2-12 kW flow-thru fuel cell system tested
at GRC required several hundred watts of
parasitic power during operation

Pressure
Regulator

« That difference in parasitic power means
that Altair would need almost 100 kg less
reactants over the course of its 2-3 week
mission using a non-flow-through fuel cell
system versus a flow-through system

NASA/TM—2011-216963 13



Milestone Accomplishments
3.2.1.1-2 Lab Stack #3 Unit Delivery PT: Energy Storage
3.2.2.2-4 BOP for Lab Stack #3 Complete P el Mercer
3.2.2.2-5 Lab Stack #3 System Testing Complete
3.5-1 Lab Stack #3 MEA Delivery

Objective:
Develop non-flow-through fuel cell technology at baseline stack vendor Infinity Fuel Cells and Hydrogen, Inc.
for Exploration missions. Incorporate advanced membrane-electrode-assemblies (MEAs) with better
electrical performance into fuel cell stacks. Integrate Infinity Lab Stack #3 (4-cell, 50 cm?) with a GRC-
developed balance-of-plant and conduct performance evaluation testing at GRC.

Key Accomplishment/Deliverable/Milestone:
+ Partners: Infinity Fuel Cell and Hydrogen, JPL, GRC

+ 3/25/09 — Lab Stack #3 MEA Delivery from JPL to Infinity

+ 3/31/09 — Lab Stack #3 Unit Delivery from Infinity to GRC

+ 3/31/09 — Balance-of-Plant for Lab Stack #3 Complete

* 4/30/09 — Infinity Lab Stack #3 Testing Complete

« The fabrication and testing of this small-area (50 cm?) short-
stack (4 cells) using JPL MEAs with a GRC-developed
balance-of-plant is one of several non-flow-through fuel cell
system tests used to evaluate the performance of a stack
integrated with a balance-of-plant.

Significance:

+ System testing of Lab Stack #3 revealed several additional
stack design modifications and balance-of-plant procedure
adjustments which are both needed to resolve system
performance deficiencies.

» These changes will be implemented in subsequent hardware
builds and evaluated through additional testing.

Shown: Infinity Lab Stack #3
and test rig with fuel cell system
(stack + balance-of-plant)

Partners: Infinity Fuel Cell and Hydrogen, NASA

Non-Flow-Through Fuel Cell Technology: Recent Progress

Objective:

Generate data showing performance of a non-flow-through fuel cell stack having a full-size active area.

Key Accomplishments: — S
Lab-scale non-flow-through fuel cell 2

stack under test

Delivery of 4-cell, 150 cm? non-flow-through fuel cell
stack incorporating advanced manufacturing process.
First successful continuous testing of a non-flow-through
fuel cell for 100 hr.

Test data showed successful operation, with performance
exceeding all prior small area stacks. X
Innvotive Hydrogen Pump used to increase operation
time between purges

Significance:

« Demonstrates the feasibility of non-flow-through fuel cell
technology for Exploration missions

Eliminates a substantial program risk associated with
scale-up of non-flow through fuel cell technology from a
laboratory size to the final flight hardware active area.
Validates the decision to develop non-flow-through fuel
cell technology over the previous flow-through
technology.

The 150 cm? cell size is optimum for full-size stacks
anticipated for 120 VDC Exploration applications such as
Altair and Lunar Surface Systems.

Future Work:

Build Ya-scale breadboard, then 3-kW Engineering Model

Schematic image of future 3 kW non-
flow-through fuel cell stack
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Non-Flow-Through Fuel Cell: Common Test Bed
« Configurable to test stacks provided by multiple vendors
+ Capable of testing total output power of 1 kWe
+ Capable of testing stacks up to 40 cells
» Capable of conducting un-attended life testing
» Developed and built using COTS hardware
- T L T T T T T ! |
| v | o
| Electronics I 3
Module é
I A | &
< | > Reactant s
m Management Power l &
5 4—|—> ranagement Interface | §
5 | |
»
5 I
b —
=
_bc
110 Vac
= Reactants (H, & O,) = + Communication Bus
L — Heat Sensor/Actuator
=— Water/Coolant ~ seeees Power

Infinity Non-Flow-Through Fuel Cell Stack Progression
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Johnson Glenn Glenn Glenn
Space Center Research Center Research Center Research Center

L P s PO e iy
Shuttle
“Active BOP” “Active BOP” “Passive BOP” “Passive BOP”

Alkaline PEM PEM PEM

|

Non-Flow-Through

H0

-
o
“0
Active coolant
% pump

(coolant loop
not shown)

0

I Active coolant
o pump
(coolant loop
not shown,

Hy

Passive Mechanical Component

= Active Mechanical Component
(injector/ejector, passive water separator)

(pump, active water separator)

Fuel Cell Technology Progression to Simpler Balance-of-Plant

PEMFC System Comparison (cont'd)

3-kW Non-Flow-Through
PEMFC System
(mock-up)
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Fuel Cell Predicted Performance

+ Test data shows that even with existing heavy endplates, power density of current
hardware nearly matches that of SOA Shuttle alkaline flight hardware:
* 59 kg non-flow-through stack (endplates 17 kg) + 10 kg BoP @ 3 kW = 44 W/kg
+ SOA Shuttle alkaline @ 6 kW = 49 W/kg

* Note: KPP threshold and goal power density values are based on 300 cm2 hardware
(for 30 V systems), which is more mass efficient than smaller 150 cm?2 hardware (for
120 V systems). Our current expectations for 3 kW performance are based on test
results from 4-cell stacks, and assume a 4-screen design, 4 kg flightweight endplates,
and a 10 kg BOP. The expected 3 kW performance ranges from:

* 66 W/kg for the stack and 54 W/kg for the system, assuming a 4-chamber cell
(separate cavities for coolant and product water); to

» 125 W/kg for the stack and 88 W/kg for the system, assuming a 3-chamber cell
(combined water/coolant cavity) and additional mass optimization.

* Next steps are to build successively taller stacks to move toward 1/4 scale breadboard
(40 cells, 1 kW, 150 cm?2) while retaining the excellent power density

* Voltage, lifetime, and some mass KPP’s not specifically addressed in current fiscal year
» Optimization for voltage not in current year scope, although some conductive
coatings will be investigated
« Lifetime testing not in current year scope
» Mass optimization not in current year scope, although replacing metallic porous
plate with Supor membrane for mass reduction will be investigated

WBS 3.2.1.2 Alternative Stacks :E. Ecnaerroglv :ﬁ;:g:r
Milestone 3.2.1.2-1 SBIR Stack Delivery PI: Mark Hoberooht

Objective:

Develop non-flow-through fuel cell technology at alternative stack vendor ElectroChem, Inc. for Exploration
missions. Integrate this ElectroChem stack with a GRC-developed balance-of-plant and deliver to JSC for
performance evaluation testing.

Key Accomplishment/Deliverable/Milestone:
< Partners: ElectroChem, GRC, JSC

* 4/30/09 — ElectroChem Alternative Stack Delivery to GRC

« This small-area (50 cm?) short-stack (4 cells) delivery will be
used to evaluate the development progress of non-flow-
through fuel cell technology from alternative fuel cell vendor
ElectroChem, Inc.

Significance:

« Several fuel cell stack vendors are developing non-flow-

through fuel cell technology as an alternative to the baseline

stack technology under development. This approach increases

competition and reduces risk. Shown: ElectroChem alternative non-flow-
through fuel cell stack (4-cell short stack)
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3.4 Regenerative Fuel Cell Technology Development

Key Accomplishment/Deliverable/Milestone:

» Completed testing of single-cell unitized regenerative fuel cell (URFC) system in NASA GRC
test facility

» Accepted delivery of 10-cell URFC stack from Proton Energy Systems

Significance:

» URFC performs both fuel cell and electrolysis functions in a single stack; reduced RFC stack
mass and volume, but higher system mass and volume due to lower efficiency in both fuel
cell and electrolysis operating modes

Plans for FY’08 and beyond:

» Conduct performance testing of 10-cell URFC
system in NASA GRC test facility

» Perform study/design of reactant management
integration hardware required for RFC system
with separate fuel cell and electrolysis stacks

URFC System

Batteries

Goals

Approach

Component Development

Cell Development

Predicted Cell Level Performance
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Key Performance Parameters for Battery Technology Development

Customer Need

Performance
Parameter

State-of-the-Art

Current Value

Threshold
Value

Goal

Safe, reliable
operation

No fire or flame

Instrumentation/control-
lers used to prevent
unsafe conditions.
There is no non-
flammable electrolyte in
SOA

Preliminary results
indicate a small reduction
in performance using
safer electrolytes and
cathode coatings

Tolerant to electrical and
thermal abuse such as
over-temperature, over-
charge, reversal, and
short circuits with no fire
or flame***

Tolerant to electrical and
thermal abuse such as
over-temperature, over-
charge, reversal, and
short circuits with no fire
or flame***

0to 30 °C, Vacuum

Assumes prismatic cell packaging for threshold values. Goal values include lightweight battery packaging.

** "High-Energy”

tests; overcharge 100% @ 1C for Goal and 80% @ C/5 for Threshold Value.

Battery values are assumed at 100% DOD, discharged at C/10 to 3.0 V/cell, and at 0 °C operating conditions
= mixed metal oxide cathode with graphite anode
** “Ultra-High Energy” = mixed metal oxide cathode with Silicon composite anode

*** Over-temperature up to 110 °C; reversal 150% excess discharge @ 1C; pass external and simulated internal short

Specific energy Battery-level 90 Whikg at C/10 &30 °C | 160 at C/10 & 30 °C (HE) 135Wh/kg at C/10 & 0°C | 150 Whikg at C/10 & 0°C
Lander: specific energy* 83 Whikg at C/10 & 0 °C 170 at C/10 & 30 °C (UHE) | “High-Energy™** “High-Energy”
150-210 Whikg [Whikg] (MER rovers) 80 Whikgat C/10 & 0°C 150 Wh/kg at C/10 & 0°C | 220 Whlkg at C/10 & 0°C
10 cycles (predicted) “Ultra-High Energy™* “Ultra-High Energy”
Rover: Cell-level specific | 130 Whikg at C/10 &30 °C | 199 at C/10 & 23 °C (HE) 165 Whikg at C/10 & 0°C | 180 Whlkg at C/10 & 0°C
égg&zoo ;Nh/kg energy 118 Whikg at /10 & 0°C | 213at C/10 & 23°C (UHE) | “High-Energy” “High-Energy”
cveles [Whikg] 100 Whikgat C/10 &0°C | 180 Whikg at C/10 & 0°C | 260 Whikg at C/10 & 0°C
EVA: (predicted) “Ultra-High Energy” “Ultra-High Energy”
270Wh/kg
100 cycles Cathode-level 180 mAh/g 252 mAh/g at C/10 & 25 °C 260 mAh/g at C/10 & 0°C | 280 mAh/g at C/10 & 0°C
specific capacity 190 mAh/g at C/10 & 0 °C
[mAh/g]
Anode-level 280 mAN/g (MCMB) 330 @ C/10 & 0 °C (HE) 600 mAh/g at C/10 & 0°C | 1000 mAh/g at C/10 0°C
specific capacity 1200 mAh/g @ C/10 & 0°C “Ultra-High Energy” “Ultra-High Energy”
[mAh/g] for 10 cycles (UHE)
Energy density Battery-level 250 Wh/l n/a 270 Wh/l “High-Energy” 320 Wh/I “High-Energy”
Lander: 311 Wh/l energy density 360 Wh/I “Ultra-High” 420 Wh/I “Ultra-High”
:\‘;‘;\e_";o; S\I/)h " Cell-level energy | 320 Whi na 385 Wh/l “High-Energy’” | 390 Wh/l “High-Energy”
. density 460 Wh/I “Ultra-High” 530 Wh/l “Ultra-High”
Operating Operating -20t0 40 °C 0to30°C 0t030°C 0to30°C
environment Temperature

Revised 4/8/10

Energy Storage Project Cell Development for Batteries

High
Energy
Cell

Li(LINMC)O,
NASA Cathode

FFFFFFrFrry

N FFFIFIFIFIFIFF

Conventional

\

FFFFFFrFrry

Carbonaceous Anode

“High Energy” Cell

Baseline for EVA and Rover
Lithiated-mixed-metal-oxide cathode/Graphite anode
Li(LINMC)O,/Conventional carbonaceous anode

150 Wh/kg (100% DOD) @ battery-level 0 °C C/10
80% capacity retention at ~2000 cycles

Ultra-High
Energy
Cell

AN

Si-composite
NASA Anode

Ay

" Cell

“Ultra-High Energy
Upgrade for EVA and Altair, possibly Rover
Lithiated-mixed-metal-oxide cathode/Silicon composite anode
Li(LINMC)O,/silicon composite
220 Wh/kg (100% DOD) @ battery-level 0 °C C/10
80% capacity retention at ~200 cycles

Anode (commercial)
Anode (NASA)

Cathode (NASA)
Electrolyte (NASA)
Separator (commercial)

Safety devices (NASA)
incorporated into cell
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Lithium-lon Battery Master Schedule

FY09 FY10 FY11 FY12 FY13 FY14 FY15
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 H1 H2 H1 H2 H1  H2 H1 H2 H1 H2
EVA (Suit 2 Config) \ A3 \ A2 \ £X
Lander - Altair \ £3 \ ££8 W cor

v MCR

\ £ \ A0

Component Development

LSS
High Energy
Cell “A”

Screen, scale-up, Scale-up. aind

cell design Cell Build ;
Integrated

BASIC A Component

Down-select

NASA TRL 5/6 Testing
—
High Energy
Environmental | Battery

Testing
Complete

ntweight
cell A

Component Development

Ultra-High
Energy Cell
«g

Screen, scale-up,
cell design
Cell Build #1

BASIC B

v
#1A #2

Integrated Component
Down-Select 1&2

Scale-up and ' Scale-up g
Cell Build

NASA TRL 5/6 Testing
— Ultra-High

Energy Battery
Environmental

Testing

Complete

lightweight
Cell B

Safety, Packaging
and Control

Fault isolatior
electronics studies

Pack level testing of

e Li-ion cells

Sep. 2

, 2009

Adv

Nano-particle based
circuit breaker

Silicon nano-particles

alloy with Li during

charge, lose Li ions

during discharge

« Offers dramatically
improved capacity over
carbon standard

Lithium lon Battery Technology Development

anced Cell Components

Layered Li(NMC)O,

cathode particle

« Varying composition
and morphology to

improve capacity and

charge/discharge rate

Separator

Cathode

Li-Metal-PO,
Safety Coating for
Thermal Stability

Optimized Solid-Electrolyte interface Layer
+ Mitigates causes of irreversible capacity

Advanced electrolyte with additives provides
fl

- Improving Cell-Level Safety

* Nano-particle circuit breaker,

and ility at high
without sacrificing performance.
Example: LiPFg in EC+EMC+TPP+VC

+ Porous, elastomeric binder allows ionic
transport and accommodates large
volume changes during
charge/discharge cycling

+ Functionalized nanoparticles adhere to
binder without blocking reactive silicon
surface area

g flame-retardant electrolytes, and
cathode coatings to increase the thermal
stability of the cell.

Goal: no fire or flame, even under abuse.

» Providing Ultra High Specific Energy

« Sili anodes to

; ic binders and es to
achieve ~200 cycles
« Novel layered oxide cathode with lithium-excess

compositions (Li[Li,Ni,Mn.Co,.,.,.]O,) to improve
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Anode Development
Led by William Bennett, ASRC at NASA GRC

* Develop silicon-based carbon
composite materials
— Much higher theoretical capacity
than carbonaceous materials

* Development focus on:
— Decreasing irreversible capacity
loss
— Increasing cycling stability by
reducing impact of volume
expansion
— Improving cycle life

* Anode Development at:
— Georgia Tech Research Institute
— Lockheed Martin
— Glenn Research Center

Cycle Performance of 11-month Anode Deliverables
1800

rate

1400 o

1600

1200

1000

mAh/g

ETDP-71,77, 81 Cycle Number
Silicon-based anodes: Specific capacity vs.
cycles for three materials at C/10 and 23 °C
in coin cell half cell.

Anode Development
NASA Contract # NNC08CB02C

Project: ETDP Energy Storage Project —
Space-rated Lithium-ion Batteries
COTR: Concha Reid, NASA GRC

“Advanced Nanostructured Silicon Composite Anode Program”

PI: Dr. Justin Golightly, Lockheed Martin

Objective:

To develop an optimized silicon nanoparticle anode with a

novel elastomeric binder that will mitigate capacity fade

and enable long cycle.

Approach:

* Functionalize nanoparticles to covalently adhere with
binder

* Optimize binder to manage volume changes during
cycling

» Optimize anode properties to meet capacity, temperature
and life requirements

Accomplishments:

» Anode exceeded 1000 mAh/g when tested in a full cell
with an NMC cathode (NEI-D) at room temperature.
Performance has stayed good through all 5 cycles to
date.

* Anode samples demonstrated >1000 mAh/g at C/10 for
40 cycles at room temperature in half cell testing.

» The KPP goal for the anode specific capacity of
1000 mAh/g at C/10 and 0 °C has been demonstrated
over more than 10 cycles.

+ Anode tested in a full cell with Saft's NCA cathode and
tested for 230 cycles at 40% depth of discharge. Long-
term cycling stability was demonstrated with this
electrode pair, but capacity imbalance between
electrodes limited performance.

LM 11-month deliverable at 0°C

c/10

1400 c/s c/2
N
1200
S 1000 ———
H —— w

Cycle Number ETDP-91

Preliminary results for unoptimized materials are shown.
Materials were tested at NASA in coin cell half cells.

Challenge:

Anode specific capacity fade rates are
still too high to meet the goal of 200
cycles at the cell level.

NASA/TM—2011-216963
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Anode Development Project: ETDP Energy Storage Project — @
S )

Space-rated Lithium-ion Batterie
NASA Contract # NNC08CBO01C COTR: Richard Baldwin, NASA GRC

“Design of Resilient Silicon Anodes”

Dr. Gleb Yushin & Dr. Tom Fuller, Georgia Institute of Technology
Dr. Igor Luzinov, Clemson University

Objective: Georgia Tech Anode 2A at 0°C
To address the NASA “ultra-high energy cell” 1800
performance metrics, develop a practical silicon- 1600 <
. . /5
based anode cell component with demonstrated high 1400 e 2
) ’ - ——
capacity and cycle life. === —
Approach: Hinel J—
Optimize a (nano)silicon-based anode structure by 80T,
utilizing a novel elastic epoxidized polybutadiene 80 Ty
(EPB) binder so as to permit sufficient elastic 400 T — e
deformations during detrimental volume changes 200
associated with lithium-silicon alloying and de- S A
alloying. dataat 0°C Cycle Number ETDP-79
Preliminary results for unoptimized materials are shown.

Accomplishments: Materials were tested at NASA in coin cell half cells.
» Anode samples demonstrated >1000 mAh/g at C/10

Iort1' 0 cycles at room temperature in half cell Challenge:

esting.

Anode specific capacity fade rates are
still too high to meet the goal of 200
cycles at the cell level.

GRC In-House Anode Synthesis
PI: Jim Woodworth, NPP,NASA GRC

Resorcinol Formaldehyde (RF) Gels

* Resorcinol- formaldehyde resin formed in water
* Formed into monoliths

» Formed into microspheres

» Silicon or other materials may be added to the
material

* Materials are freeze dried and pyrolyzed to form
the carbonaceous anode material

Silicon Sputter Coated Carbon Fiber Paper

» Apply Si to an active support material that is
also capable of acting as a current collector

* 50 nm Si Coating

Silicon

Silicon Sputter Coated Copper
* 50 nm Si coating
* Used to study lithiation of silicon
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Cathode Development @

Led by Kumar Bugga, NASA JPL

+ Develop Li(NMC) materials v . T
— Offer enhanced thermal o e o BB
stability over conventional .
cobaltate cathodes £ g W B F
- High voltage materials -
a4 -" = Grnding
+ Development focus on: i 2
— Increasing specific capacity T
— Improving rate capability Number o1 Taps
_ Stablllzmg materials for Synthesis methods affect tap density
higher voltage operation * e — ——

— Reducing irreversible
capacity loss
— Increasing tap density

Sp. Capacity, Wh/kg

» Cathode Development at:
— University of Texas at Austin
- NEI Corporation LiCoO2  Li(NiCo)O2 Li(NMC)O2 Li(NiMn)O2 Projcected

- JPL Cathode Material Development
Adding transition metals improves thermal stability

Project: ETDP Energy Storage Project — m
S| -rated Lithium-ion Batteri
Cathode Development COTR: Richard Baldwin, NASA GRC NASA

NASA Contract # NNCO9CA08C TM:  Kumar Bugga, NASA JPL

“Development of High Capacity Layered Oxide Cathodes”

PI: Dr. Arumugam Manthiram, University of Texas at Austin

Objective: I m
Develop LINMCO, cathode materials with high 2

capacity and low irreversible capacity (IRC) loss. ::_v——
an
|~
Approach: Srke .
« Vary composition of base material to maximize B M
discharge capacity with low IRC loss. Z a2 \\
« Modify cathode surface with metal oxide coatings to an ~210 mAh/g
increase capacity and decrease the IRC. 2:_
» Dope samples with titanium to increase capacity. 24
22] Izm
Accomplishments B T T "I P P Mg
« Surface modified samples demonstrate higher Gopacty (mahg)
capacity, IOW?_r irreversible capacity loss, and more - Preliminary results of high tap density material in coin cell
stable cyclability after 25 cycles as compared to half cell. 1%t cycle data shown. The discharge capacity is
unmodified cathode sample. slightly lower than anticipated, but increases after a few cycles

to ~ 230 mAh/g at C/10.

« Tap density increased to 1.6 g/cc to accommodate Challenge:
Saft's manufacturing process, but specific capacity

degraded (down to ~210 mAh/g from 252 at 3.0 V) 0 °C capacity is very poor (~30% reduction). Even

at room temperature, the specific capacity remains
below 260 mAh/g.

High first cycle irreversible capacity loss.(~30% at
room temperature).
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Project: ETDP Energy Storage Project —
Space-rated Lithium-ion Batteries
Cathode Development COTR: Concha Reid, NASA GRC

NASA Contract # NNCO9CA07C TM:  Will West, NASA JPL

“Mixed Metal Composite Oxides for High Energy Li-ion Batteries”

PI: Dr. Nader Hagh, NEI Corporation

Objective: 0724098
Develop a LINMC cathode material with a NEI 120PLV2, €/10, 23°C
unique structure, composition, and a fine- ! !
grained particle morphology. Synthesize 300
materials using a scalable and low cost process. B 5 4;&
2 3V Specific Discharge
£ 200 capacity

Approach: > . .
« Understand ordering and produce a highly 8 150 ?dc n;?:/g

ordered structure S 4 Charge 2 me
« Ultra fine particle crystallization using solid 5 = Discharge 30 M6

state reactions g 50 4w
» Structure refinement 0 :

0 1 2 3 4 5

Accomplishments: Cycle
* Produced several variants of LINMCO, cathode

materials Preliminary results of unoptimized materials are shown.
« Demonstrated stability over a wide Operating Materials were tested at NASA in coin cell half cells.

voltage window (4.8 to 2.5 V). .

Challenge:

» Successfully synthesized powders with tap
densities above 2.0 g/cc. 0 °C performance is very poor (~40% reduction).
High first cycle irreversible capacity loss.(~24% at R.T.),

w

Electrolyte Development
Led by Marshall Smart, NASA JPL

+ Develop advanced electrolytes with additives:
— Non-flammable electrolytes and flame retardant additives
— Stable at potentials up to 5V
— Compatible with the NASA chemistries

* Development focus on:
— Reducing flammability
— Stabilizing materials for higher voltage operation
— Compatibility with mixed-metal-oxide cathodes and silicon
composite anodes

* Electrolyte Development at:
- JPL
— Yardney Technical Products/University of Rhode Island
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JPL In-House Electrolyte Development
Led by Marshall Smart, NASA JPL
20 ‘ ‘ " N
Objective: 50 MPG.”‘QZ?“:“E-TO“ LlNMl:sfue,Cells
» To develop flame retardant electrolytes for Li-ion . - Temenme
cells that are stable up to 5.0 V. 250 ] w
300 e =
Approach: S e | 7
+ Determine best formulation for low-flammability & oo
that is consistent with high-voltage mixed-metal- 2
oxide cathodes, and with graphite and silicon ’ iy Dl BsmaEhcro Vg
composite anodes: o0 )
+ Vary concentration of triphenyl phosphate os0 e ST D e v,
additives 000
. . . ] 25 50 75 100 125 150 175 200 225 250
» Test both linear and cyclic fluorinated Discharge Capacity (mAhig)
carbonates as non-flammable solvents. Comparable performance was obtained with the JPL Gen #2
electrolytes (containing LiBOB) compared with the baseline solution.
Accomplishments:
+ JPL Gen #1 Electrolyte has <50% heat release, Description Electrolyte oo | ST | e
<25% pressure rise, and >33% faster flame
extinction compared to Saft electrolyte, but e e e 15% DMme 18 15
showed poor compatibility with NMC cathodes. oL Hectralyte somurren ccwerer Lsop . 12
+ JPL Gen #2 electrolytes (containing LIBOB) now 't Electroivee il 10% PP 857 0s
shows good performance with graphite/NMC PLGEN# 1 Electrolyte | 1OMUPFEin sc/enc/Ter stop 2245 e
electrodes, and has lower flammability because rafon i ve
of |ncreased TPP COnter‘It (1 0%) "Baseline" Electrolyte 1.0M LiPF6 in EC/EMC (3:7) None 334 34
Tl e D
Self-extinguishing time (SET) flammability tests show excellent
flame retardance in JPL and Yardney/URI electrolytes.

Project: ETDP Energy Storage Project —
Space-rated Lithium-ion Batteries

Electrolyte Development COTR: Richard Baldwin, NASA GRC NASA
NASA Contract # NNCO9CA06C B

“Flame Retardant, Electrochemically Stable Electrolyte for Lithium-lon Batteries”

Pl: Dr. Boris Ravdel, Yardney Technical Products
Collaborator: Dr. Brett Lucht, University of Rhode Island (URI)

Objective:
. Lithium-Li(Li, ;Nly ;sMn, 5,)O, Cell

+ To develop flame retardant electrolytes for Li-ion cells = s RS A

» that are stable up to 5.0 V. -

Approach:

» Characterize electrochemical stability of baseline -
electrolyte solution at and above 5V . T T—— \ \ \\

+ Examine flame retardant properties of baseline
electrolyte with additives

» Characterize effect of additives on electrochemical o B om0 e 5 0 w5 %0

. Stablllty Discharge Capacity (mAh/g)

+ Analyze performance of cells containing the developed  Rate capability at 23 °C of electrolyte with lowest
Self-extinguishing time (left):

Voltage (V)

EIGCtrOIytes 0.95 M LiPF6 + 0.05M LiBOB EC+EMC+DMMP
(30:55:15 wt %) developed by Yardney Technical
Accomplishments: Products

» Flame retardant electrolytes were formulated
» Tests performed on 12 Ah cells made with developed
electrolyte formulations

(effort completed December 2009)
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Separators and Safety Components @

Separators
Led by Richard Baldwin, NASA GRC

» Separators with improved safety
* Shutdown separators
* Optimized for ETDP chemistry

Safety Component

Development
Led by Judy Jeevarajan, NASA JSC

» Development of internal cell materials
(active or inactive) designed to improve
the inherent safety of the cell

* Functional components

+ Safety Component Development at:
— Physical Sciences, Inc.

— Giner
Project: ETDP Energy Storage Project —
Safety Component Development Space-rated Lithium-ion Batteries
NASA Contract # NNCO9CA04C COTR: Judy Jeevarajan, NASA JSC NASA

“Metal Phosphate Coating for Improved Cathode Safety”

PI: Dr. Christopher Lang, Physical Sciences Corporation

Objective:
«Coat metal oxide cathodes with lithium metal phosphate coatings to improve thermal stability.

Approach:
*Coat LiCoO, cathodes using 1 and 2% lithium metal phosphate solutions
*Optimize coatings to increase onset temperature of exothermic peak or eliminate peak

PeakX = 199.16 °C
APeakY -1.7768 Wig

!

Uncoéte&] Cathode
[
[ 1

oated Vo |

Accomplishments:

» Demonstrated no loss in discharge capacity
for uncoated cathode compared to cathode
with ~1.5% LiCoPO, coating (results reported
for 1 cycle)

Demonstrated robust adhesion of coating in
half cells for 200 cycles, cycling at C-rate with
capacity retention of ~90 of 1st cycle capacity

Normalized Heat Flow Endo Down (W/g) —

» Demonstrated to reduce exotherms without - i e——
reducing performance on high voltage Temperature (“C)
cathodes (Toda). Preliminary results show complete suppression of

exotherm with coated LiCoO, cathode.

Next step:
Determine compatibility with MPG-111/NMC full cell.
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Project: ETDP Energy Storage Project —

Safety Component Development Space-rated Lithium-ion Batteries
NASA Contract # NNCO9CA05C COTR: Judy Jeevarajan, NASA JSC

“Control of Internal and External Short Circuits in Lithium-lon Batteries”

Pl: Dr. Robert McDonald, Giner Incorporated

Objective:
To develop the compositions and fabrication methods for integration of a Composite Thermal
Switch into Li-ion cells.

Approach. Coupon A-2 thermal switch at 173°C
*Optimize a switch temperature for safe handling of o

short circuits in Li- ion cells (switch activation causes a F -
resistance increase at surface of coated electrode). § 1o ”
*Build Li-ion cells to demonstrate the concept and “3 100E+03

effect using externally applied heat and hard shorts. & 1m0 ﬁ
*Perform electrochemical testing to confirm that safety 100E01 5 =
improvements do not compromise performance. Temperaters [°c)
Accomplishments: Prior work for Li primary cells. Activation of switch

: _ for work for iry cel tion of
« Switch coated on both copper and aluminum substrates 2 ~173 “C yields >10°fold increase in resistance.

» Coatings deposited in different thicknesses to compare switch
behavior as a function of temperature
» Non-uniform switching behavior and resistance observed on samples

Challenge:
Repeatable, consistent switching behavior.

Cell Development
Led by Tom Miller, NASA GRC @/
+ Assess NASA-developed
components Posive s —
— Build and test electrodes and
screening cells

— Provide manufacturing
perspective from the start

/- Separator

+ Scale-up NASA-developed
components
— Transition components from the
lab to the manufacturing floor

* Negative
plates

+ Build and test evaluation cells (10 Ah):
— Determine component interactions
— Determine cell-level performance

+ Design flightweight cells (35 Ah)
— ldentify high risk elements early
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Project: ETDP Energy Storage Project —
Cell Development Space-rated Lithium-ion Batteries O

NASA Contract # NNC0O9BA04B COTR: Tom Miller, NASA GRC N“Ag@

“Advanced Lithium-Based Chemistry Cell Development”

PI: Dr. Bob Staniewicz, Saft America
Component screening:
UT Austin increased the tap density of their cathode to provide manufacturability;
Saft modified their electrode processing to be compatible with Giner’s thermal switch;
Georgia Tech will modify their binder additives to be compatible with Saft's anode
manufacturing process. &
Toda-9100 identified as baseline cathode.

Baseline cells: graphite anode (MPG-111), nickel-cobalt cathode (NCA)
DD cells (10 Ah, cylindrical): fabricated and under test.
34P cells(45 Ah, prismatic): fabricated, activated, and delivered.

Flightweight cells (35 Ah, prismatic): PDR held May, 2010
Flightweight cell design predicted to meet 185 Wh/kg at 25 °C,
and possibly 194 Wh/kg (using a proposed design change in the bussing
configuration). 0 °C predictions below current baseline.

DD Cells
Basic Option 1
(34 months) Flightweight Cell Fabrication (18 months)
« Component screening and evaluation | Fabrication and delivery of 12-48 (TBR) High
High Energy Cell for manufacturing suitability Energy, ~35 Ah (TBR) flightweight cells that
«  Component material scale-up incorporate cell-level safety components.
«  Electrode optimization Fabrication and delivery of 12-48 (TBR) Ultra
Ultra High Energy «  Fabrication and delivery of High Energy, ~35 Ah (TBR) flightweight cells
Cell evaluation screening cells that incorporate cell-level safety components.
Flightweight cell design

Cell Development

Objective:
Develop a cell/battery design tool to aid
in component materials assessments

Key Accomplishment:

 Spread sheet developed that projects
cell/battery level characteristics based on
component level materials
« Based on standard design configuration
« Configured to rapidly perform what-if?
analyses

Energy Density (Whiter
g

o 20 a0 e

Spocific Energy (Whkg)

Significance:

T 450 1 B prismatic cell theoretical A
£ 400 1 o cylindrical cell
350 1 cells

B o

« Aids in quantifying impact of incremental
improvements in battery design materials

« Allows identification of critical factors which
control cell/battery energy density and specific
energy

« Provide engineering-accuracy forecasts of size
and mass for cells and batteries

« Rate performance can be estimated from
laboratory data for electrodes under relevant
conditions

(=]
200 1 batteries
o

0 T T T
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Cell-Level Specific Energy Prediction Results —
Using Current Component Data

» Projected discharge profiles for cells using - 50 High Energy
electrode voltage data % 4.5
> Based on electrode data at 23 and 0 °C E— 4.0
» Representative of fresh cell without many cycles g 35
Q
» Cathode low-temperature performance S 30
produces very low specific energy at 0 °C E 25 |
» Lower than SOA at 0 °C 20 ‘ ‘
> Specific energy at room temperature represents 0 100 200 300
improvement over SOA Wh/kg
KPP at 0 °C model at 3 V cutoff 80 Ultra High Energ
[}
threshold goal 23°C 0°C 3 45
Baseline 150 173 156 < 4.0
HE 165 180 (9D
UHE 180 260 213 S 30
Baseline electrodes = MPG-111 and NCA E 25
HE electrodes = MPG-111 and Li(LINMC)O, 20 4 ‘
UHE electrodes = Si-composite and Li(LINMC)O, 0 100 200 300
Whikg

» Expected performance should improve with further component development

O0OO0OI—-—rmXxX-—r

L]
1 2 3 4 5
CONSEQUENCES

Explanation of risk closure before
becoming “green”:

1. Constellation accepted late
delivery of regenerative fuel
cell so this project closed it
as an Energy Storage risk.

2. Battery performance risk split
into more detailed technical
risks.

2010

Energy Storage Risk Assessment: Overall Project - Closed Risks
Summary Since December 2007 Major Re-plan

Risk ID |Risk Title Risk Statement Mitigation
and
Open
Date
ES-01 |Resources for FC | Given that there is insuficient money to develop fuel | Stopped "low-through” fuel cell work,
1212007 |and RFC cells and regenerative fusl call technology in the and acceptad late delivery of
1 timeframe required for LSS, there is a possibility that  |regenerative fuel cell.
$ hardware will not be ready in time, resulting is a
schedule slip for LSS.
ES-02 |Battery Given that there is a gap between the stated customer |Reformulated our goals to meet Cx
12/2007 |Py and our goals. there is a needs
2 ! that our will not be resg to
$ Cx needs, resulting in an inability to meet the misisen.
ES-05 |Electrolysis work |Thie only work done on high pressure electrolysis is  |Accept.
12/2007 (starts late done via SBIR and IPP.
3
ES-06 |Schedule for Given the aggressive performance and safety goals  |Negatiated with EVA and Altair to deliver
172008 |batteries needed for EVA Suit 2 and Altair Ascent stage cells instead of batteries.
4 batteries, there is a possibility that we can not develop
‘ TRL 6 batteries in time for their PDR resulting in a
schedule slip for EVA and Altair_

ES-07 |Commonality of | Given that EVA may require a unique cell package o |A conformal cell configuration unique to
1/2008 |EVA and Altair  [fully optimize its battery design, there is a possibility |the EVA geometry may improve specific
5 |requirements that building only one cell design will not be optimal for |capacity and energy density for EVA

both EVA and Altair, resulting in a loss of specific but this configuration would not be
E 2 energy and/or energy density for one or the ather optimum for Altair. The existing budgat
and schedule can only support one cell
Accept.
ES-08 |Funds availability |Given that there will be a continuing resolution in FY09, |Requested early funds from ETDPO,
7/2008 there is a possibility that funds with to allow
[3 will be available ta start the new battery contracts partial initial funding, apply FY08 funds
3 resulting in a schedule slip for delivering cells to EVA  |to these contracts.
and Altair
ES-11 |Na bidders or high |Given that we have very agaressive battery goals and | Annaunced solicitations at Space Powe
7/2008 |[bidding on battery |need to contract out much of the work. there is a VWorkshop, held WebEx bidders
7 |contracts possibility that no one will bid or that the bids will come |conference. Negotiate contracts as
in much more expensive than we can afford, resulting in |necessary.
» an inability to pursue the direction we have chosen to
meet the EVA and Altair performance goals.
ES-09 [Technology Given that new technolagy is being developed for both |Formed Fuel Cell Working Group and
7/2008 |infusion into Cx  [batteries and fuel cells, there is a possibility that prime |contracting for Battery Industry Partner.
8 and subcontractors for Cx will be unfamiliar with our
work and therefore uncomfortable with it, resulting in the
‘ selection of less capable technology for flight hardware.

NASA/TM—2011-216963

29




Energy Storage Risk Assessment: Overall Project — Open Risks
Summary Since December 2007 Major Re-plan

Rank/ Description Likelihood, Consequence Risk Mgmt Approach
ID Mitigation
L 1 Battery Less likely with lithium ion Address electrolyte flammability.
| ES-04 | safety: chemistry than with lithium Include safety goals in NRA and RFP.
chemistries metals. Potential Develop fault isolation electronics.
K ¥ may pose consequence is Carry “high energy” cell as fall back.
E unacceptable | spontaneous ignition
risks to the causing loss of crew.
L crew. (3,5)
I 2 Regenerative Highly likely that new Develop non-flow-through technology to
H ES-03 | fuel cell life: system design will have eliminate balance-of-plant components
fo) » 10,000 hr unforseen problems that (including the highest-failure-rate
reliable could limit life goal. components) for both primary and
(0] operation (4, 4) regenerative fuel cell systems.
D may not be Build fuel cell systems out of modular
achieved. units to prevent single-point failures.
Leverage SBIR/IBR for innovation.
3 IPP/SBIR IPP/SBIR funding likely to Focus SBIR solicitations on Energy
ES-10 | electrolysis remain steady in FY09 and Storage needs.
funding not FY10. If not, high pressure
1. Li-ion Chemistry selected. f stable electrolysis will not be ready
. . ) for integration further
2. Primary fqel qell risk lowered; impacting LSS schedule.
electrolysis still at low TRL. (1,4)
3. Management structure of the
SBIR program in flux.

1 2 3 4 5
| CONSEQUENCES |

1. EVA and Altair have detailed

2. Materials now selected;

2010

techniques or may
require multiple re-
qualifications.

ion cell design has been baselined, the
suppliers may alter their manufacturing
process and impact performance or
necessitate re-qualification of the lithium-ion
cell.

2010
Energy Storage Risk Assessment: Batteries
Status of Risks as Reported at Last TCR
— an! escription ikelihood/Consequences isk Mgt. Approacl
Rank/ D ipti Likelihood/C Risk Mgt. Aj h
Lls Trend
1 There is uncertainty of Trade studies based on limited program Define the power load profiles
- | theload profile an: requirements may miss the key drivers and mission requirements as
| ES. he load profile and i iss the key d d mi
K 4 13a energy requirements associated with the energy storage technical | early as possible.
ithin the Constellation focus.
E Es. | Wi
13b Program. Impact: Although there are iterative cycles to
a continuously review updated requirements,
L 3 1a) LSS i I dated
i there are potential schedule impacts i
1B) EVA and Altair h ial schedule i f
H significant re-work is necessary.
cale-up of critical e aerospace lithium-ion battery market is ontract with Industry Partner to
02 2 Scal f critical Th lithium-ion bx ket i C ith Ind P:
- materials to meet small in comparison with the commercial evaluate advanced materials for
o ES-14 al Ili ison with th ial luate advanced materials f
performance goals may market sector and the commercial market their manufacturability. Factor
D1 q not be compatible with drives the manufacturing process. results into component
L existing manufacturing Impact: There is a risk that once the lithium- | downselection decisions.

Once baselined for flight,
maintain government
control/oversight/manufacturing
of critical materials.

cathodes, anodes,

power |iStS, although still 3 Poor integrated cell Prelim assessment = 3 / 5; Individual Integrate candidate materials

. ES-15 dueto p of advanced cc for together in a laboratory to screen
su bJeCt to Change- LSS potential incompatibility lithium-ion cells may fail to meet all of the for compatibility and guide
working on power profiles_ ﬂ of the best selected enhanced performance metrics for human- selection of best components.

rated batteries. Impact: Additional interactive

with added costs will need to

lithium-ion cell design.

scale-up not yet begun and their be to meet the with different combinations of
3. Integration not yet begun. unique ”‘a’t‘”ffac‘g'"g issues and safety for human-rating. candidate component materials
fgs;tef?esre:sz ;:m;l)(l’gte and conduct performance, safety

Manufacture evaluation cells

and abuse testing to determine
the best performing chemistries.
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Energy Storage Risk Assessment: Fuel Cells
Status of Risks as Reported at Last TCR

Rank Description Likelihood, Risk Mgmt Approach
WBS Consequence
Trend Mitigation

1 Non-Flow-Through If Non-Flow-Through Non-flow-through stack being

ES- stack development stack development is not | developed by experienced vendor
12 may not be successful, mass/vol personnel team (Gemini, Shuttle
successful. and reliability fuel cell experience); several

requirements won't be
met for Lander & LSS.

leading fuel cell SBIR vendors
developing back-up stacks.

2 Non-Flow-Through
balance-of-plant
development may
not be successful.

If Non-Flow-Through
balance-of-plant
development is not
successful, mass/vol

Non-flow-through balance-of-plant
being developed in-house at NASA
by experienced fuel cell team;
system integration and testing

and reliability planned at each succeeding
l requirements won't be technology readiness level.
1 met for Lander & LSS.

3 High-pressure
electrolysis for RFC

If high-pressure
electrolysis is not

Two parallel development
approaches (IPP & SBIR) with

Ooo0OO0OIT—-rmx-—-r

1 2 3 4 5

CONSEQUENCES

may not be successful, lower leading high-pressure electrolysis
successful. pressure electrolysis will | vendors. Down-select to follow,
Non-flow-through stacks built = be required with leading to TRL
mass/vol and parasitic 58&86.

and tested, initial feasibility
demonstrated.
2. NFT BOP built and tested,
initial feasibility
demonstrated.
Initial electrolysis work
promising, but too early to
reduce likelihood a level.

power penalties.

4 RFC integration of
fuel cell and
electrolysis
technologies may
not be successful.

If necessary integration
hardware doesn't work,
RFC won't be available
for LSS.

Perform reactant management
study/design, followed by hardware
development, integration, and
testing.

5 10,000 hr. life for
primary fuel cells
and RFCs may not

1f 10,000 hr. system life
is not achievable, extra
redundancy or

Stress long life at component and
subsystem levels; perform system
life testing at TRL-5 for early

4 Same be achievable. premature system awareness of issues; perform at
) maintenance or TRL-6 in parallel with system
5. Same q replacement will be qualification.

required.

2010

Taselned 10/05/03
a7 10
Revsed 4/28/2010 (format nly) TOp Battery ¢ 2SS
s Lower-Level Risks sl pioasal
Ranka @& O SES est. est
Category _Trend <€ of Risk Title Risk Statement KW Status/Context Witigation Start End
Catodes 30 nerm Gathode Given that e UFIE specifc capacity performance of ] 5 |4 W[ T Gelerables are showing Saf on contract 0 recommend Cel level esign
Performance Loverthan | cathodes achieved sofar i less than our goals; here is improvements, however cellievel improvements that could accommodate some
< Expected in UHE Cels  |a possibiy that the baftery-evel Speciic Energy goals precictions are not showing that we can | shrtialls in cathode performance. E.g.thinmer
may not be obiained curently make performance goals, even |subsirates, lower densit elecirlye,
at room temperature
Fspcs Cathodes 7073108 [inerim Cathode Given that e HE specifc capaciy performance of |53 W Cellevel prediciions are shoving That we [Sa on coniraci 1o ©ecommend celllevel Gesign
Performance Loverthan | cathodes achieved sofar i less than our goals; there is
Expected in HE Cels a possibilty that the batteryfevel Specific Energy goals oporaing at S0 [shorfals Eog thimer
may not be obtained here s a possibiity that we can handle | subsrates, lower density eleciroyte,
the lower cathode performance. KPP
ol s for 0 deg_operation,however. 1
v deiverables are showing
Esseo Eecioies | 19 7019108  Competing Eleciiote |Given tat eleciralytes that meet safely requrements | 3 |4 W | Trades are being conducied Working Wi EG formulations fo educe
R rate capabily (adequate conduciiviy) and compatibilty
(wetabilty),there is a possibily hat we may not
succeed in smutaneously meeting our safety and
s oez  [urecal 75 7018108 |Cyce Life Tesing notwithin | Given ihat there is nsufficiet schedule to demonsirate | 3 |4 A [Need o corelte test dafa af C/2and |Wiigate. Lok af charge and discharge
cheduie 2000 cycies; here s a possibilty that we wil ot be able crto. voltages, inernal resistance, elc, monior
1o meet the end.otife goals Hrends and y o precict hat the performance
- wilbe at 2000 cycles
s [Anodes 7 7079108 Anode Pariice Expansion |Given thalvolume expansion occurs during cycing and | 4 W [230 cycies achieved vih fimited dept o |Look at hard Coatings and rubber binders 10
inat this afects te mechanical integr of the electrode: aischarge. force the anode into s strucure orto
R here is @ possibilty that cyce ife goals may nat be accommodate for the expansion during year 2
: acnieved ofhe component development cortracts. Saft
il work issue as il s they form electrodes
fom h anode mats ande
Fsoce Catodes 7 7018108 |Cathode Rate Capabilty | Given thaf e chosen caioe matenals have ierently | 4 W[ FPoor power peformance may resu. | Work on keeping parici size unform and
nherenty Low low rate capabilty, there is a possibilty hat we may not smal. Consider direcly working with nano-
Ime s e oa expertsConsider
s 6 HERUNE T [FE & URE 7 Given hat heremansk |4 W [The ikeihood of developing a new cell | Provide cells in prismaic format prior o CDR
Cels Cell Design hat cel. lovel ssues show up late in the program, with a novel design and al hese new |fo evalualion al NASA cerlers. Provide
causing delays in schedue and more budget required components is lover than we'dike. | paihinder cels in figh design process
@ Consider addl testing wi either 34P's or DD's
o understand the celldesign variatons versus
component variatons.
s p_reaurE 2 [FE & URE 7 7073108 [Unknown Scheduie Needs | Given that e Saf schedui includes a crical paito | 4 |3 W [May Consider Siaggering fture Geliveries [ASK Saf fo assess e fisk now hat e frst
Cels for Component Scale-Up | scale-up materials, and the reqired time is unknoun, as was done for 6-monih NRA materials | baich of Gelveries has been received
here is  possibilty thl there willbe delays in the 1o provide a few more months nthe | Formuate and consider options if the rsk s il
< delivery of fight cels,resuling in schedue delays and schectle, bt s dminishes NASA's | high, in comparison with the oter cel-ouikdup
budget overuns. abilty to compare materals against one  [tasks. Ack Saltfor an updte -are the scale-p
another andin ifferent combinations | durations st unknown and i there a crical
Esees Eleciohtes | 17 7019108 Elechrobte Alomization | Given that elecrayles may atomze during abuse A [More aggressive lame tests reveal thal | Accep for now. Reconsider after Safety KPP's
condions,there is a possibily that we won' be able 10 ihe flame-retardant addiive is cutenty |are beter defined
B achieve the flame.retardant goals insufficient May be out of scope after
KPP’ are revised. Action for JSC safety
o confirm
Es5 Az [Anodes (5 Given that W[The §0% by volume e cast
Contaction clectiochemical cycling may pose design chalienges for during a charge at maximum theorelcal | lectrode structure
ine celibattery sysiem, there is  possibily hat th final
cell design may require increased mass, volume,
= increased amourts of eleciolte maerial and other
unknowns,fesuling in schedue delays and budget
overruns
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waanon - Top 10 Fuel Cell & RFC Lower—LeveJ Q@Jsks
& & »‘°<z‘°i*",\‘ Mitigation 1
Ranka & & .\\@@*Qo st est.
D Category _Trend <& Risk Title Risk Statement S Status/Context Mitigatior Start End

|(post-TRL) programs. lifelime and qualification testing as

b4 |lifetime requirement will not be met. electronics and are not unique to Fuel Cell BOP's. proper clauses are used in
|property restrictions); there is a possibility intellectual property rights.
|resuiting in the inability to optimize the

e & Maintainabiliy [the 10,000 hour, as watch

TRL at
end of

Technology V10

Non-Flow-Through Fuel
Cell System

High Pressure (2000 psi)
electrolyzer

2/3

Regenerative Fuel Cell
System

“High Energy” lithium-ion 2/3

battery cell

“Ultra High Energy” 2/3

lithium-ion battery cell

TRL Status

Needed to reach TRL 6

Technical

Component
development

Component
development

$1

$21M

$1

$1

Budget
(ROM)

oM 3 Years

5 Years

™* 3-4 Years

IM* 6 Years

Comments

Schedule
(ROM)

Operation at
0 °C limits
performance
Cycle life and
operation at
0 °C limits
performance

*Some synergy will allow for cost savings if both High Energy and Ultra-High Energy battery
cells are pursued concurrently. These estimates assume a stand-alone task.
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Lessons Learned

1. ltis better to try to develop technologies with aggressive goals, aggressive
schedules, and no budget margin than not to try, even if the risks are very
high.

« Although we have not met our technical goals for battery components, we made

substantial progress and are now positioned to support nearer-term demos.
» Further development is required, and will continue to be high risk.

2. Down-selecting technologies before TRL-4 is extremely risky — we got lucky
on this one for fuel cells.

» Aserious technology development program supporting serious program schedules
should not take this risk.

+ ltis a testament to the skill of our technical staff that this decision could
be made without adequate data on the lower-TRL system.

3. Working closely with Cx and industry at the very beginning had us on a path
to cross the “valley-of-death” for technology infusion.

 Priorities set by EVA, LSS and Altair were essential to keep the technology
focused.

» Feedback provided by Saft, America ensured a sharper focus on manufacturability
early on.

+ Close collaboration with Infinity Hydrogen led to success.

Summary

Energy storage technologies were considered critically important for NASA's Constellation Program.
Advanced batteries are critical
Reduces mass/volume and extends mission duration for EVA,
Extends range and/or functionality of robots/mobility systems,
Reduces mass or adds functionality for landers

Advanced fuel cells are critical for vehicle power
Recent advances make NASA-developed technology extremely attractive for reliability and system
mass/volume
Provides water for life support

Advanced regenerative fuel cells are critical
Provides surface power during the lunar night

Substantial technical progress was made under the Energy Storage
Project
Advancements made in Lithium lon components

Li(NMC) cathodes show improved specific capacity at C/10,
Silicon-composite anodes show improved cycle life,
Electrolytes show compatibility with high-voltage cathodes and
improved self-extinguishing times,
Cathode coating shows improved thermal stability.

Advancements made in PEM fuel cells
“Non-flow-through” stack technology demonstrated to TRL-4
Flat-plate heat-pipes demonstrated to be effective for thermal
management
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Energy Storage Project Final Report
List of Acronyms

BOP Balance of Plant MEA Membrane Electrode Assembly
C Charge/Discharge Rate NFT Non-Flow Through
CDR Critical Design Review NMC Ni-Mn-Co
Cx Constellation Program NTR New Technology Report
DOD Depth of Discharge PDR Preliminary Design Review
ETDP Exploration Technology Development Program PEM Proton Exchange Membrane
EVA Extra Vehicular Activity PEMFC Proton Exchange Membrane Fuel Cell
FC Fuel Cell Pl Principal Investigator
FT Flow Through PLSS Portable Life Support System
GEN Generation PSU Power Supply Unit
GRC Glenn Research Center RFC Regenerative Fuel Cell
HE High Energy R.T. Room Temperature
HX Heat Exchanger SBIR Small Business Innovative Research
IPP Innovative Partnership Program SPR Small Pressurized Rover
IRC Irreversible Capacity TAMU Texas A&M University
ISRU In-Situ Resource Utilization TBD To Be Determined
JPL Joint Propulsion Laboratory TBR To Be Reviewed
JSC Johnson Space Center TCR Technical Content Review
KSC Kennedy Space Center TPP Technology Prioritization Process
LAT Lunar Architecture Team TRL Technology Readiness Level
LS Lunar Surface UHE Ultra-High Energy
LSS Lunar Surface Systems URFC Unitized Regenerative Fuel Cell
LT Launch Technology
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