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The Crewed Space Vehicle Battery Safety Requirements document has been prepared for use by designers of
battery-operated equipment. The Requirements document's purpose is to provide battery designers with information
on design provisions to be incorporated in and around the battery and on testing to be undertaken such that a safe
battery is provided. The term "safe battery" means that the battery is safe for ground personnel and crew members
to handle and use; safe to be used in the enclosed environment of a crewed space vehicle; and safe to be mounted or
used in unpressurized spaces adjacent to habitable areas (e.g. orbiter payload bay tools).

Battery operated equipment proposed for crewed flight is currently evaluated for battery safety by engineers at the
Johnson Space Center (JSC), Houston, Texas. This Requirements document is for battery designers for a safe
design and for planning of proper testing at the outset of the design process. Battery designers are encouraged to
contact the battery engineers in the Energy Systems Division at JSC or the respective Power Systems Branch at the
various NASA Centers during the early stage of their battery design to receive safety design input and review. The
time and expense involved in battery redesign to incorporate necessary hazard controls can be minimized if
deficiencies are detected early in the design process. Battery design review, approval and certification is required
before battery operated equipment can be used for ground operations and be certified for flight.
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1. INTRODUCTION

1.1 Purpose and Scope

This Requirements document defines the specific provisions required to design a battery that is safe for ground
personnel and crew members to handle, safe for use in the enclosed environment of a crewed space vehicle, and safe
for use in unpressurized spaces adjacent to the habitable portion of a space vehicle. The required provisions
encompass hazard controls, design evaluation, and testing. The extent of the hazard controls and verification
required depends on the battery chemistry, capacity, complexity, charging and application. Evaluation of the design
and test program must be completed prior to certification for flight and ground operations.

Items using batteries shall require battery certification prior to receiving certification for flight on the National
Space Transportation System (NSTS) and International Space Station (ISS) and all future crewed space vehicles.
Battery approval comes from the battery engineers of the Energy Systems Division at the Johnson Space Center or
applicable Power Systems Office at other NASA Centers. For applications being developed in conjunction with
other NASA centers, hardware developers (GFE, CFE, payloads, etc.) may benefit from consultations with battery
engineers at those centers early in the design process for battery design information. The battery engineers at the
respective Power Systems Branch should be contacted as early as possible in the design phase in order to address
battery design and safety considerations.

All projects with batteries that were approved prior to January, 2006 should have used the JSC 20793 as a guideline
for two-fault tolerance to safety and all projects with batteries approved from January 2006 shall certify their

batteries using the JSC 20793 as a requirements document.

The following definitions differentiate between requirements and other statements.

Shall: This is the only verb used for the binding requirements.
Should/May: These verbs are used for stating non-mandatory goals.
Will: This verb is used for stating facts or declaration of purpose

1.2 Responsibility and Change Authority

The responsibility for the development of this document lies with the Energy Systems Division. Change authority
resides with the Energy Systems Division.

A-1
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2. APPLICABLE AND REFERENCE DOCUMENTS

2.1 Applicable Documents
N/A

2.2 Reference Documents

This section lists those documents that may aid in the understanding or clarification of the specification.

Document Number Document Title

JPR 1700.11 JSC Safety and Health Handbook

JPR 8080.5 JSC Design and Procedural Standards Manual

JSC 28484 Program Requirements Document for Johnson Space Center (JSC)
Government Furnished Equipment (GFE) Non-critical Hardware

JSC 26626 EVA Hardware Generic Design Requirements

JSC 26549 JSC Manual for Control of Program Stock

JSC 25159 Toxicologic Hazard Assessments on Batteries used in Space Shuttle Missions

JSC 26943 Guidelines for the Preparation of Payload Flight Safety Data Packages and
Hazard Reports

JSC 61360 Engineering Directorate Certified Parts Approval Process (EDCPAP)

JSC 17481 Requirements Document for JSC Space Shuttle Flight Equipment

JSC 63322 Packaging Requirements for Launch, On-Orbit Storage and Disposal of
Batteries

SSP 52005 Rev. C Payload Flight Equipment Requirements and Guidelines for Safety-Critical
Structures

SSP 50021 Safety Requirements for ISS Program

SSP 41172 Qualification and Acceptance Environmental Test Requirements for Space
Station

SSP 30309 Safety Analysis and Risk Assessment Requirements Document

SP-T-0023 Rev. C Space Shuttle Specification for Environmental Acceptance Testing

PRD 17763 Launch Delay Action Requirements Document

EA-WI-016 Off-the-shelf Hardware Utilization in Flight Hardware Development

EA-CWI-033 Battery Processing

EP-WI-015 Rev. B Specification for Lot Testing and Flight Screening of Canon
BP 927 and BP 930 Lithium-ion Batteries

EP-WI-014 Rev. B Specification for Acceptance Testing of Commercial Nickel Metal Hydride
(NiMH) and Nickel Cadmium (NiCd) Cells

EP-Form -03 EP5 Battery Design Evaluation Form

Form 1230 Flight Payload Standardized Hazard Control Report

JF 1477 GFE Short Form Hazard Analysis

ESTA-OP-049 Ver. D | Lithium Battery Handler Certification

NPR 8705.2 Human Rating Requirements and Guidelines for Space Flight Systems

NSTS 1700.7B Safety Policy and Requirements for Payloads Using the Space Transportation
System

NSTS 1700.7B Safety Policy and Requirements for Payloads Using the International Space

ISS Addendum Station

NSTS/ISS 13830 Payload Safety Review and Data Submittal Requirements

NSTS 07700, Vol. Space Shuttle System Payload Accommodations

XV

NSTS 07700, Vol. X, | Space Shuttle Flight and Ground Systems Specification —-Book 1: Program
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Book 1 Definition and Requirements

NSTS 07700, Vol. X, | Space Shuttle Flight and Ground Systems Specification —-Book 2: Environment

Book 2 Design, Weight and Performance and Avionics Events
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2.3 Order of Precedence

This is a safety design requirements document. All requirements are derived from STS and ISS program
documents. Wherever there is conflict between this and reference documents the following hierarchy applies:

1. STS and ISS documentation/specifications

2. Engineering Directorate documentation/specifications

3. This document

4 Any other document/specification cited herein.

3. BATTERY REQUIREMENTS

This Requirements document is geared toward the designers of either batteries to be used in crew equipment or
batteries to be used in crewed vehicle systems and payloads. This requirements document shall be followed for
batteries used in other space applications and for ground testing. All batteries shall be designed or battery designs
shall be chosen to control applicable hazards and these designs must be reviewed prior to certification for flight.
Specific design and verification requirements for a battery are dependent upon the battery chemistry, capacity,
complexity, charging and application. The variety of battery chemistries available combined with the variety of
battery-powered applications result in each battery application having specific, unique requirements pertinent to the
specific battery application. However, there are basic requirements of all battery designs and applications that
should be followed. These mandatory requirements are listed in this section.

3.1 Battery Design Evaluation and Approval

Every battery, its verification-screening program, its on-orbit usage plans, and its post-flight processing shall be
evaluated and approved by the battery engineers of the applicable Power Systems Office prior to certification for
flight of that  battery.  Battery  approval is  provided via a  signed EP-Form-03
(http://stic.jsc.nasa.gov/dbase/is09000/docs/EP/master.htm) to the appropriate NASA safety panel. Approval of a
battery design for a particular hardware will not be construed as a general certification. Approval of battery usage
shall be obtained for each hardware configuration. The process for obtaining battery design evaluation and
approval from JSC is detailed in EA-CWI-033 referenced in EA-WI-023.

3.2 Fault Tolerance

The fault tolerance of the battery will be evaluated as part of the battery design evaluation and approval. For the
purposes of fault tolerance discussions, NPR 8705.2 defines “catastrophic hazard” as a hazard that can result in the
potential for: a disabling or fatal personnel injury or loss of the space vehicle and ground facilities. Permissible
non-catastrophic failure modes for various batteries have been identified and shall be properly controlled by the
battery design. To summarize, NPR 8705.2 requires that all batteries shall be two-fault tolerant to catastrophic
failure. The two-fault tolerance requirement is also a sound engineering approach to crewed space flight battery
applications.

The hazard reduction precedence will be evaluated as part of the battery design evaluation, approval and Battery
Office certification. Batteries and their systems must be inherently safe through the selection of appropriate design
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features or the use of appropriate safety devices, as fail operational/fail safe combinations to eliminate the hazard
potential.

3.2.1 Critical Equipment

Critical equipment includes equipment whose functional failure can result in loss of the vehicle, harm to personnel,
or inability to achieve primary mission operational objectives. The permissible failure levels are defined in terms of
one and two successive failure modes.

A. A critical equipment battery must survive any single credible failure mode without causing damage to
equipment.

B. A critical equipment battery must survive any single credible failure mode without requiring contingency

procedures.

A critical equipment battery must survive any single credible failure mode without requiring emergency

procedures.

A critical equipment battery must survive a subsequent second failure without causing personnel injury.

A critical equipment battery must survive a subsequent second failure without causing loss of vehicle.

A critical equipment battery must survive a subsequent second failure without causing loss of ground facilities.

)

mmo

3.2.2 GFE/ CFE/Payload/Crew Equipment Batteries (Non-Critical)

Most non-critical equipment include calculators, cameras, multimeters, tape recorders, and others certified to the
requirements document, JSC 28484, Program Requirements Document for Johnson Space Center (JSC)
Government Furnished Equipment (GFE) Non-critical Hardware.

The batteries that fall under this category are typically those that are listed for waivers to detailed testing as
described in Section 5. These are of the button cell type in most cases.

3.3 Risk

Whenever a choice exists between different risk-levels associated with chemistry, capacity, complexity, charging
and application, the option that presents the minimum risk shall be selected. For example, battery selection for in-
cabin applications must not be justified only on a cost and schedule basis of commonality with similar or identical
EVA or payload application batteries. The hazard severity of the battery shall be evaluated as part of the battery
design evaluation and approval.

3.4 Hazard Controls

Battery design considerations must be given to the structural integrity of the cell and battery housings; the
possibility of gas generation, pressure, and/or electrolyte leakage; the prevention of short circuits and circulating
currents; the possibility for high battery temperatures; overdischarging; and assurance of proper charging
techniques. The designer must refer to the details given in the body of this Requirements document regarding each
hazard, its sources, and its controls. The battery evaluation will assess the battery hazard controls. Depending on
the battery chemistry, capacity, toxicity, complexity, charging and application, certain of the hazard controls
discussed in Sections 4 and 5 may be imposed upon the specific battery as unique design requirements.

3.5 Flight Cell and Battery Pack Testing

Qualification, Lot and Flight Acceptance Testing shall be performed to verify the effectiveness of redundant hazard
controls for catastrophic failures.
The overall flight cell and battery pack testing requirements follow.

A. The hardware provider shall perform qualification testing as defined per the approved qualification and
acceptance test plan for the hardware project.

B. The hardware provider shall perform acceptance tests on loose cells and/or battery packs before the cells and
packs are installed in the battery-powered flight hardware.
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C. The hardware provider shall perform lot testing as defined per the approved lot test plan for any new lot of
batteries purchased for the hardware project.

D. The applicable NASA Power Systems Office shall approve all proposed acceptance and qualification test
procedures.

E. Test plans shall include analysis and/or verification of battery safety circuitry.

Detailed requirements for acceptance testing and qualification testing are given in the following subsections.
Details of the overall battery process are provided in EA-CWI-033.

3.5.1 Flight Cell and Battery Pack Qualification Testing

The qualification testing shall be conducted at the cell level and battery-level (i.e. on the stand-alone battery) as well
as at the integrated, top-level assembly (i.e. with the cells or battery pack installed in the top-level assembly).
Determination of the qualification and certification test plan is achieved via inputs from the battery evaluation
process, the intended application, and the program (i.e. Shuttle or Station) requirements. Typical testing includes
functional checkout (operational, cycle), environmental (i.e. vibration, thermal, thermal vacuum), electromagnetic
compatibility, power quality, or others as deemed appropriate for the specific hardware and application. The
vibration spectrum varies depending on the cell chemistry and tolerance of the cell to internal shorts. The
information for vibration testing is provided in Section 3.5.1.1 below. The safety tests that are required to prove
two-fault tolerance to catastrophic hazard shall be performed as part of a qualification test program and repeated for
each newly purchased lot of the same battery. The flight cell and battery packs that form the flight lot can go into
the flight acceptance testing after the qualification test has been successfully completed.

3.5.1.1 Qualification Vibration Testing (QVT) for Batteries Tolerant to Internal Shorts

The purpose of the qualification vibration test for those batteries that are tolerant to internal shorts is to demonstrate
the ability of the component to withstand the stresses and accumulated fatigue damage resulting from the maximum
random vibration environment. The test duration in each of the three orthogonal axes shall be equivalent to either
the total acceptance vibration test time the battery will experience or five minutes, whichever is greater. The test
levels and spectrum are shown in Figure 3.5-1 and Table 3.5-1.

Battery Qualification Vibration Test (QVT)
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Figure 3.5-1 Qualification Vibration Spectrum for Batteries and Cells Tolerant to Internal Shorts
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Table 3.5-1 Qualification Vibration Spectrum for Batteries and Cells Tolerant to Internal Shorts

FREQ (Hz) [ ASD (G%/Hz)| dB/OCT | Grms
20.00 0.025000 * *
80.00 0.100000 3.01 1.94

350.00 0.100000 0.00 5.55
2000.00 0.017500 -3.01 9.58

Test condition tolerances shall be applied to the nominal values defined in Figure 3.5-1 and Table 3.5-1.

maximum allowable tolerance of +/-1.5 dB shall be applied to the Power Spectral Density values. Any aspect of the
test not specifically defined in this document shall be conducted in accordance with the applicable requirement (e.g.
SP-T-0023, SSP-41172, SSP-52005).

3.5.1.2 Qualification Vibration Testing (QVT) for Batteries Intolerant to Internal Shorts

The purpose of the qualification vibration test for those batteries that are “intolerant” or “not tolerant” to internal
shorts is to demonstrate the ability of the component to withstand the stresses and accumulated fatigue damage
resulting from the maximum random vibration environment and to identify any potential internal short hazard. The
test duration in each of the three orthogonal axes shall be equivalent to either the total acceptance vibration test time
the battery will experience or five minutes, whichever is greater. The test levels and spectrum are shown in Figure
3.5-2 and Table 3.5-2 and are applicable only to batteries being launched in the following locations: shuttle
middeck, MPLM, Progress and Soyuz. The only exception is that batteries cannot be launched in the
Progress/Soyuz descent module under any circumstances.

Battery Qualification Vibration Test (QVT)
Environment Defined for Shuttle Middeck, MPLM and Progress/Soyuz
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Figure 3.5-2 Qualification Vibration Spectrum for Batteries Intolerant to Internal Shorts
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Table 3.5-2 Qualification Vibration Spectrum for Batteries Intolerant to Internal Shorts

FREQ (Hz) | ASD (G¥Hz)| dB/OCT | Grms
20.00 0.057600 * *
40.00 0.057600 0.00 1.07
70.00 0.144000 4.93 2.02
700.00 0.144000 0.00 9.74

2000.00 0.037440 -3.86 13.65

Test condition tolerances shall be applied to the nominal values defined in Figure 3.5-2 and Table 3.5-2. A
maximum allowable tolerance of +/-1.5 dB shall be applied to the Power Spectral Density values. Any aspect of the
test not specifically defined in this document shall be conducted in accordance with the applicable requirement (e.g.
SP-T-0023, SSP-41172, SSP-52005).

3.5.2 Flight Cell and Battery Pack Verification Acceptance Testing

The type of acceptance testing required for different battery chemistries is listed in Table 3.5-3 for flight batteries.
Note that omission of any cell chemistry from the table does not mean it can not be used. Cell chemistries not listed
in the table can be used with sufficient hazard control verification to warrant battery approval. Offgasing/ outgasing
tests may be required for materials compatibility. Data from the cell and battery pack screening must be recorded
and included as part of the acceptance data package. JSC 25159 Toxicologic Hazard Assessments on Batteries
Used in Space Shuttle Missions is to be used to determine the toxicity of batteries based on their generic chemistry
classification.

Table 3.5-3 provides a guideline for the types of acceptance tests that are required to be performed and a categorical
rating for each chemistry is included to offer design guidance. Table 3.5-4 provides a categorical description of
batteries based on cell chemistries and their associated amounts of hazard controls. The test levels required must be
based on the mission to be performed and the environments expected for the battery. Consultation with the
respective NASA Power Systems Office must be conducted to verify that the test levels are adequate. For
chemistries not listed in the table, the respective NASA Power Systems Office can be consulted.

Table 3.5-3 Flight Acceptance Tests for Cells or Battery Packs

Battery Cell | Battery Category Conducted on 100% of Flight Cells
Chemistry See Table Visual Dimension | Weight | OCV | CCV | VacuunV/ | Vibration | Cycle Thermal
3.5-2 for Inspection Leak Testin Cycle
descriptions g (EVA Only)
Alkaline 1,2 M M M M M M N/A N/A M
Zn-air 1,2 M M M M M N/A N/A N/A N/A
Li iodine 1,2 M M M M M M N/A N/A M
LiCFx 1,2 M M M M M M N/A N/A M
LiFeS, 1,2 M M M M M M M N/A M
AgZn 1-3 M M M M M M M M(s) M
LiMnO, 1-3 M M M M M M M N/A M
NiCd 1-3 M M M M M M M M M
NiMH 1-3 M M M M M M M M M
Pb Acid 2-4 M M M M M M M M M
LiBCX 4 M M M M M M M N/A M
Li-ion/
Li-ion
polymer 3 M M M M M M M M M
LiSOCI, 4 M M M M M M M N/A M
NiH, 3 M M M M M M M M M
LiSO, 4 M M M M M M M N/A M
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M = Mandatory for cells (if loose cell application) and battery packs (if battery pack application) for
screening (workmanship or internal short depending on the chemistry).
(s)= For secondary (rechargeable) cells and batteries

Table 3.5-4 Categorical Descriptions for Batteries

Category Description
1 Small Commonly Used Commercial-Off-The-Shelf (COTS) battery cells that can be used for flight with
minimal testing/documentation required.
Examples: Batteries/Cells covered in the Form 1230.
2 COTS cells available to the public requiring additional testing/documentation
Examples: Battery/Cell chemistries covered on the form 1230 but of a larger capacity or higher
complexity. Sealed Lead Acid (SLA), LiSOCI, button cells.
3 Cells available for Original Equipment Manufacture (OEM) assembly as a pack, but not readily available
to the general public as loose cells.
Examples: Li-ion, Ni-H,
4 Cells and batteries of any size that cannot be used, stored, or transported in a habitable volume
Examples: LiSO,, sodium sulfur, LiSOCI,, LiBCX, LiSO,Cl,.

3.5.2.1 Acceptance Vibration Testing (AVT) for Batteries Tolerant to Internal Shorts

The purpose of the acceptance vibration test for those batteries tolerant to internal shorts is to detect material and
workmanship flaws prior to flight by subjecting the battery to a dynamic vibration environment. The test duration
in each of the three orthogonal axes shall be no less than one minute. The test levels and spectrum are shown in
Figure 3.5-3 and Table 3.5-5.

Battery Acceptance Vibration Test (AVT)
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Figure 3.5-3 Flight Acceptance Vibration Spectrum for Batteries Tolerant to Internal Shorts

Table 3.5-5 Flight Acceptance Vibration Spectrum for Batteries Tolerant to Internal Shorts

FREQ (Hz) | ASD (G¥Hz)| dB/OCT | Grms
20.00 0.010000 * *
80.00 0.040000 3.01 1.22
350.00 0.040000 0.00 3.51

2000.00 0.007000 -3.01 6.06
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Test condition tolerances shall be applied to the nominal values defined in Figure 3.5-3 and Table 3.5-5. A
maximum allowable tolerance of +/-1.5 dB shall be applied to the Power Spectral Density values. Any aspect of the
test not specifically defined in this document shall be conducted in accordance with the applicable requirement (e.g.
SP-T-0023, SSP-41172, SSP-52005).

3.5.2.2 Acceptance Vibration Testing (AVT) for Batteries Intolerant to Internal Shorts

The purpose of the acceptance vibration test for those batteries that are intolerant to internal shorts is to detect
material and workmanship flaws prior to flight by subjecting the battery to a dynamic vibration environment and to
identify any potential internal short hazard. The test duration in each of the three orthogonal axes shall be no less
than one minute. The test levels and spectrum are shown in Figure 3.5-4 and Table 3.5-6 and are applicable only to
batteries being launched in the following locations: Shuttle middeck, MPLM, Progress and Soyuz. The only
exception is that batteries cannot be launched in the Progress/Soyuz decent module under any circumstances.

Battery Acceptance Vibration Test (AVT)
Environment Defined for Shuttle Middeck, MPLM and Progress/Soyuz
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Figure 3.5-4 Flight Acceptance Screening Vibration Spectrum for Batteries Intolerant to Internal Shorts

Table 3.5-6 Flight Acceptance Screening Vibration Spectrum for Batteries Intolerant to Internal Shorts

FREQ (Hz) | ASD (G¥Hz)| dB/OCT | Grms
20.00 0.028800 * *
40.00 0.028800 0.00 0.76
70.00 0.072000 4.93 1.43
700.00 0.072000 0.00 6.89
2000.00 0.018720  -3.86 9.65

Test condition tolerances shall be applied to the nominal values defined in Figure 3.5-4 and Table 3.5-6. A
maximum allowable tolerance of +/-1.5 dB shall be applied to the Power Spectral Density values. Any aspect of the
test not specifically defined in this document shall be conducted in accordance with the applicable requirement (e.g.
SP-T-0023, SSP-41172, SSP-52005).
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3.6 On-Orbit Usage

A. The hardware provider of the battery-powered application will assess the on-orbit usage and disposal of cells
and battery packs.

B. The respective NASA Power Systems Office or the JSC Battery Office must review and approve all on-orbit
charging parameters, charger circuit schematics and charger usage for rechargeable battery systems.

C. Procedures for on-orbit battery handling, storage, replacement and disposal shall be well documented.

Details regarding the on-orbit usage considerations are provided in EA-CWI-033.

3.7 Post-Flight Cell and Pack Removal

A post-flight performance evaluation of the hardware must be conducted when hardware is returned post-flight.
After the post-flight evaluation, the cells and battery pack shall be removed so that the equipment may be stored
without the cells and pack installed. An exception is made for coin cells that provide memory storage for hardware.
Cells providing memory storage need not be removed unless performance degradation has been noted or unless
signs of damage or corrosion are evident. For applications in which the batteries are only installed and removed on-
orbit such that the hardware is not returned with the battery attached, the on-orbit crew procedures shall specify that
the battery cells and pack be removed prior to de-orbit. For additional information, battery storage is defined in JSC
63322, Packaging Requirements for Launch, On-Orbit Storage and Disposal of Batteries and JSC 26549, JSC
Manual for Control of Program Stock. Details regarding the process for post-flight removal of cells or battery packs
are provided in EA-CWI-033.

10
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4. GENERAL HAZARDS AND CONTROLS

Batteries can be categorized into three mian types. They are primary, secondary and reserve. The primary batteries
are typically one-time usage types and are not capable of being charged after they are used up. The secondary
batteries are those that can be recharged. The reserve batteries are those in which the active materials are mixed just
before use.

Potential hazards and safe design features are discussed in this section. Hazard sources are identified, hazard

manifestations are explained, and hazard prevention and controls are presented. Not all controls will apply to all
battery designs and hence thorough identification of hazards and controls must be performed to prove design safety.

41 STRUCTURAL

4.1.1 Sources

Structural hazards are caused by mechanical, chemical, and thermal stresses that reduce the integrity or functional
capability of cell and battery cases.

4.1.2 Hazards

Failures of structural components, both on the cell and battery level, can yield the following hazards:
a. Breakage of cell cases, permitting uncontrolled release of electrolyte and gases within the battery case.

b. Breakage or other failure of sealing provisions, permitting uncontrolled release of electrolyte and gases to the
battery environment.

c. Breakage of mounting provisions, including bolts, permitting unconstrained movement of the battery.
d. Fracture of internal current-carrying components, providing a source for arcing and explosion.

e. Failure of tie-rods on open-type battery assemblies such as in satellite nickel-cadmium batteries, creating
projectiles, and arcing.

4.1.3 Controls

The controls to be incorporated in a battery design for the prevention of hazards due to structural component
failures include the following:

a. Battery assembly shall have vibration resistance and function, after exposure to Station, Shuttle or other launch
vehicle vibration environments (e.g. SP-T-0023, SSP 41172, SSP 52005).

b. Battery assembly shall have shock resistance and function after exposure to Station, Shuttle or other launch
vehicle flight and ground environments (e.g. MIL-STD-810E, Method 516.4, Procedure I. Apply a saw-tooth
shock pulse, 20G peak with an 11 +/- 1 millisecond rise and a 1 +/- 1 millisecond decay, once in each direction
along each of the three mutually perpendicular axes, for a total of six (6) shock pulses).

c. Cell and battery case materials shall be compatible and ensure that the material strength and function are
maintained after exposure to electrolyte liquids and gases/vapors, painted coatings, potting materials and their
solvents, cleaning solutions, cell case sealing materials and their solvents, or any other material to which the
battery may be exposed.

11
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d. Battery cases shall have relief valves or other low pressure venting provisions for those with aqueous or
flammable electrolytes. Aerospace nickel-cadmium and nickel-hydrogen batteries used in satellites are an
exception, since they generally use an open type battery structure and the cells are hermetically sealed. See
Section 5.3 regarding design criteria associated with pressure vessels.

e. Cell vents shall not be blocked or plugged with the application of potting materials.

f. The effects of differential thermal expansion and contraction between dissimilar materials, such as plastic cell
cases and metal battery cases, must be incorporated in the battery design if the battery will experience
significantly low or high temperatures from external or internal sources (see Section 5.7). For example, plastic
cell cases shall not be "pinned" to a metal battery case by cement, hard potting or mechanical means. Resilient
filler material may be required inside the battery case to absorb dimensional changes resulting from large
temperature changes.

g. Dimensional changes due to cell swelling during discharge must be determined during battery engineering/
development testing. The battery case structure should provide the strength to withstand or negate the stresses
induced by cell swelling. The direction of cell swelling during discharge varies for cell shapes and chemistries.
Most prismatic cells swell in the direction normal to the plane of their plates (electrodes), resulting in a
thickening of the cells.

4.2 BATTERY GASES

42.1 Source

Battery safety concerns arise when gases, principally hydrogen, are generated during battery operation. Batteries
with an aqueous electrolyte may generate hydrogen, even under no-load status, due to self-discharge reactions.
Hydrogen may leak or be vented from a cell, depending on the temperature, relief valve settings, prior handling, and
hydrogen generation rate of the cell and/or battery. In addition to hydrogen, oxygen may exist in the form of
residual air in the cells and/or battery case, or can be generated by the cell during charging. Depending on the cell
chemistry, other gases may also be evolved by side reactions during operation of the battery.

4.2.2 Hazards

Battery electrolyte gases / vapors when released, present flammability, toxicity, and corrosion hazards.

a. Some batteries generate hydrogen and/or oxygen while discharging and/or charging. Hydrogen gas, mixed
with air or oxygen is flammable and/or explosive over a concentration range of 4 percent to 94 percent in air.
Design of the hardware must prevent accumulation of hydrogen in enclosed spaces containing oxygen. Many
aqueous electrolyte cells subjected to charging will generate oxygen as the charge nears completion, providing
oxygen where none may have existed previously, such as in a battery container that had been purged with
nitrogen to flush away oxygen. Wherever a flammable and/or explosive mixture of hydrogen and oxygen may
exist, an ignition source is presumed to exist because the energy required for ignition of stoichiometric
hydrogen and oxygen mixtures is only on the order of 1 to 2 microjoules. The battery by itself, under nominal
conditions, is not an ignition source.

b. Batteries may also generate toxic and/or corrosive gases. Release of these gases into the enclosed environment
of a space vehicle would contaminate the air supply and exposed surfaces, creating health hazards for personnel
and operational problems for surrounding hardware and potential structural problems for surrounding facilities.

4.2.3 Controls

Hazards due to generated battery gases can be prevented by incorporating the following controls into the battery
design.

12
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The traditional means of avoiding hydrogen accumulation is to provide continuous air ventilation at a rate
sufficient to dilute evolved hydrogen below 2.0 percent, which gives a margin below the 4 percent flammability
level. For example, a lead-acid or silver-zinc battery on overcharge is considered to evolve hydrogen at the
rate expressed by the following equation:

Q = 0.016 NI
where Q = cu. ft. Hy/hr. at 1 atm. and 25°C (77°F),
N = no. of cells in battery in series,
I = charging current in amperes.

Thus, a battery of 20 cells in series on charge at 3 amps evolves:
Q=0.016x20x3=0.96 cu. ft. Hy/hr
(Two parallel rows of 20 cells, each passing 3 amps, would generate twice as much hydrogen.)
The value Q may be corrected for temperature and pressure by multiplying it by the value
K =1.415(T + 460)/P. (This equation is derived from the Ideal Gas Equation)
where T =°F
P =mmHg

To dilute the hydrogen to below 2 percent concentration in the ventilating air, the air flow in the
above example must exceed 0.96/0.02 = 48 cu. ft. Air/hr.

Since it is usually not feasible to provide continuous gas-diluting air ventilation in a battery design, the following
other controls shall be incorporated into the battery design.

b.

For cells that vent flammable gases, the battery cases shall not to be hermetically sealed. To prevent gas
accumulation, a vent hole or low pressure (3 to 15 psig) relief valve must be incorporated into the battery case.
Depending on the cell chemistry and cell case, the vent hole may need a liquid impermeable, gas permeable
covering to trap electrolyte while venting gases. COTS batteries with plastic casings are typically not
hermetically sealed and hence elaborate testing is not required to prove that it does not have a hermetic seal.
See Section 4.3 on battery pressure for additional information.

Since toxic gases shall not be vented into the habitable compartments of a vehicle, non-vented cells shall be
used for those chemistries containing toxic gases. The battery design shall also protect against abuse conditions
that could force cells to vent, for example short circuits, high temperatures, reversal, charging (primary) or
overcharging (secondary), and the other hazards identified in this Requirements document.

Minimize the volume of void spaces inside the battery case. Void spaces, which cannot be eliminated by
design, must be filled with electrolyte-resistant, non-flammable filler, such as potting material (see Section 4.5
for discussion of potting materials). Fillers limit the volume and mass of gases which can accumulate prior to
venting, thus limiting the force of any gas explosion. Care must be taken to not block cell vents with potting
material. (see 4.1.3.¢)

The controls of Sections 4.4 regarding electrolyte leakage must be followed to reduce hydrogen and oxygen
generation. The controls of Section 4.5 regarding short circuits must be followed to eliminate potential ignition
sources. Additionally, the controls of Section 4.7 regarding high temperatures must be followed to minimize
gas generation due to increased temperatures. Finally, if charging is required, the controls of Section 4.8 must
be incorporated.

13
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4.3 PRESSURE

When assessing pressure hazards for batteries, it is useful to note that much of a cell or battery’s internal volume is
filled with non-expandable material and glass or similar seals are commonly used to close out the pressurized
volume.

Small commercial nickel-cadmium cells such as those manufactured by Sanyo have a resealable pressure vent that
in the case of a D-size cell opens between 216 and 285 psi. The valve is normally tested at the subsystem level.
The crimp seal is expected to leak between 355 and 700 psi, depending upon the temperature and the consequent
nylon gasket softening point. The can is deep-drawn nickel-plated steel.

Alkaline manganese dioxide cells also use a steel can. They have a one-way (non-resealable) vent valve that
operates in the range of 50-200 psi. The back up is the crimp seal, which in the case of the Energizer cell has a six-
sigma value between the high end of the relief valve pressure and the low end of the crimp release. The crimp relief
pressure values for Energizer were found to be as follows: AA 1500 psi, C 1200 psi, and D 1000 psi.

A commonly used lithium-manganese dioxide cell, the Duracell 2/3A for example, has a vent activation pressure as
follows:

@ 21 °C, vent activation pressure = 490 to 600 psi,

@ 60 °C, vent activation pressure = 380 to 480 psi, and

@ 80 °C, vent activation pressure = 250 to 400 psi.
The pressure at which the crimp seal breaks is 1,350 psi.

4.3.1 Sources

a. Accumulation of gases in a sealed cell or battery case can build up pressure within the case. Gases can
accumulate as discussed in the previous section.

b. Excessively high temperature. (See Section 4.7)

c. A plugged or faulty pressure relief valve in the cell or battery.

4.3.2 Hazards

a. Excessive internal pressure can result in cracked cell and/or battery seals and cases. Cell and/or battery
contents can then be expelled from the cell, either slowly or forcibly.

b. Shrapnel fragments from damaged cell and/or battery cases can cause damage upon impact.

4.3.3 Controls

The best control against pressure hazards is prevention of pressure accumulation and the elimination of a pressure
vessel in the battery design. Obviously this is not possible in certain cases such as with nickel-hydrogen batteries.

4.3.3.1 Vented Cell and Battery Cases

a. Do not hermetically seal battery cases for those batteries that have an aqueous or flammable electrolyte. A
hermetically sealed cell and/or battery design shall be used for all LiSO,, LiSOCI, and LiBCX batteries. To
prevent pressure build-up due to gas accumulation, a vent hole or low-pressure relief valve shall be
incorporated into the battery case. Depending on the cell chemistry and cell case, the vent hole may need a
liquid impermeable, gas permeable covering to trap electrolyte while venting gases. Additional containers in
which a battery case is installed shall also have a low-pressure relief capability.

b. Relief valves can be used as controls for the prevention of accumulation of excessive pressure. Test relief-
valve equipped cells and battery cases by applying an internal pressure equal to 1.5 times their relief valve
maximum vent pressure. For plastic cell cases such as those used in silver-zinc batteries, the broad sides of the
cell shall be restrained, e.g., with flat blocks, during such a test. The burst pressure of cell cases shall also be
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determined. In the case of commercial off-the-shelf alkaline-manganese cells and lithium cells that have
pressure relief vents (which cannot be exercised without destroying or degrading the cells), vent and burst
pressure values need to be determined by testing.

c. Battery cases such as those for silver-zinc batteries must have redundant pressure relief valves, wherever
possible. The relief valve on the cell itself can be used as one level of control, wherever applicable.

4.3.3.2 Sealed Cell and Battery Cases

a. Hermetically sealed cells may be contained in sealed compartments. If the sealed compartment is used as one
of the controls for two-fault tolerance to catastrophic hazard, it shall be verified with analysis or test. However,
the sealed compartment can be used to contain toxic gas to keep it from being released into a habitable volume
and the sealed compartment should be qualified for containment. For this, approval shall be obtained from the
Structural Engineering organization at the respective Centers.

b. Nickel-hydrogen and other cell chemistries that are hermetically sealed must meet a factor of safety of at least
2.5 times the Maximum Design Pressure (MDP) or undergo a stress/ fracture analysis and have a safety factor
of at least 1.5 times the MDP, after two failures. For applications being developed at the Johnson Space Center,

the pressure-vessel engineers in the Structural Engineering Division at JSC must be contacted. For applications
being developed at other centers, a pressure-vessel engineer at that particular Center must be consulted.

44 ELECTROLYTE LEAKAGE

4.4.1 Sources

Electrolyte leakage may result from:
a. Excessive free electrolyte in vented cells.
b. Faulty seals on sealed cells.

c. Inadequate design of electrolyte trapping within the cell, such as a vent tube extension or Teflon frit in the vent
tube.

d. Leakage through cracked cell containers.
e. Forced electrolyte leakage due to cell overheating under electrical or mechanical abuse conditions.

f. Inadequate design — failure to take into account microgravity conditions or launch load directionality with off-
nominal stowage configurations.

4.4.2 Hazards

Hazards associated with electrolyte leakage include:
a. Formation of conductive ground paths between cells and metal battery cases (see Section 4.5 on short circuits).

b. Decomposition of aqueous electrolyte on ground paths into hydrogen and oxygen, creating an explosive gas
mixture (see Section 4.2 on gases).

c. Corrosion and toxicity of electrolyte fluid or vapors. For additional information on battery toxicity, see JSC
25159, "Toxicologic Hazard Assessments on Batteries Used in Space Shuttle Missions."

4.4.3 Controls

The best control against electrolyte leakage is a battery designed to prevent leakage and/or to minimize the quantity
of electrolyte leakage. Additional design features as stated below must also be incorporated where appropriate.
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a. Anodize and/or coat, with a non-electrically conductive, electrolyte resistant paint, all internal surfaces of a
metal battery case to prevent a subsequent short circuit hazard as a result of electrolyte leakage. Additionally,
short circuits from any source must be prevented (see Section 4.5 on short circuits). A non-metallic battery
case must be made of an electrolyte compatible material.

b. Cover vent holes in the battery case with a gas permeable/liquid impermeable or electrolyte absorbent, non-
flammable material to contain released electrolyte.

c. Incorporate heat sinks, active cooling loops, or other provisions to remove internal heat from the battery thus
preventing electrolyte leakage due to cell and/or battery internal heating. Additionally, install batteries such
that they are isolated from potential external heat sources. See Section 4.7 regarding battery temperature
considerations.

d. Insert an electrolyte absorbing material that is also non-flammable, in void spaces within the battery case.
Ensure that conductive battery parts are insulated to protect against a flammability hazard if the absorbent
material could trap electrolyte against conductive battery parts.

e. If possible during pre-launch stowage, orient the batteries "upright" relative to the launch gravity-vector so that
any free electrolyte will be forced by the earth's gravity and the launch acceleration into the cell away from cell
seals or vents. This is primarily directed to silver-zinc batteries, which have a relatively low-pressure relief
valve.

f.  Cells with free electrolyte require additional features to prevent electrolyte spills. Add a relief valve to the vent
port to allow "burping" of gases and electrolyte, especially during the atmospheric pressure changes, which
occur with launch and reentry. Make cell covers spill proof so that spills do not occur when the cell is inverted
in a gravity environment.

45 SHORT CIRCUITS

4.5.1 Sources

Short circuits are a direct connection between the positive and negative terminals of a cell and/or battery. They can
be generated by a failure external to a cell or, in rare cases, by a failure internal to a cell. External short circuits can
be caused by faulty connections between the positive and negative terminals of a cell and/or battery, conductive
electrolyte leakage paths within a battery, broken and/or loose connections within a battery, or failures in the
hardware powered by the battery. Internal shorts are caused by metallic burrs, misalignment, separator failure, or
other means of direct contact between the positive and negative materials inside a battery cell. Internal shorts must
be prevented with quality-controlled assembly procedures, wherever possible. In COTS batteries and for those
chemistries that are not tolerant to internal shorts, the cells shall be screened using the vibration screening method
devised by the applicable NASA Power Systems Office (Section 3.5).

4.5.2 Hazards

a. A sustained short can produce extremely high temperature increases. Table 4.5-1 shows the effects of
shorting relatively benign alkaline-manganese dioxide cells and batteries. The current spikes due to
external shorts are typically observed within the first two seconds. For example, the peak currents,
obtained from li-ion liquid electrolyte, cobaltate type cells are between 60 and 80 A and these are
generated in the microsecond time scale.

TABLE 4.5-1 Alkaline-Manganese Short Circuit Data
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Cell or Battery Size Peak Current (A) Temperature Rise (°C)
AA 10to 15 Upto 115

D 10to 18 Up to 85

9V prismatic 8to 10 Up to 88

b. The high temperatures associated with a sustained short circuit can burn crew members, melt protective plastic
structures surrounding a battery, cause the release of noxious or explosive substances, or initiate a fire. The
maximum allowable touch temperature for surfaces in crewed spacecraft is 45°C (120.2°F). See Section 4.7 for
more details on high temperature hazards.

c. A short circuit through an electrolyte leak can decompose water in the electrolyte to hydrogen and oxygen and
then provide the minuscule ignition energy (1 to 2 microjoules) to ignite the hydrogen-oxygen mixture via a
small arc when the short circuit current terminates at the last contact. See Section 4.2 on battery gases for more
details.

4.5.3 Controls/Verifications for Internal Shorts

Since the absence of internal shorts cannot be proven with confidence, a screening method has been developed at
NASA-JSC-EPS5 for the removal of cells/batteries with this type of defects. The cells/batteries shall be tested to
prove tolerance (no venting, fire or explosion) to internal shorts using simulated methods. If such tolerance is not
observed, batteries and cells shall be screened with a level of vibration that is higher than workmanship levels
(Section 3.5). The vibration spectrum may also be determined by the hardware provider in conjunction with the
Power Systems Office battery evaluator.

4.5.4 Controls for External Shorts

a. Circuit interrupters that are rated well below the battery's short circuit current capability shall be installed in the
battery circuit. Interrupters may be fuses, circuit breakers, thermal switches or other effective devices. Since
the battery case is usually grounded/ bonded to the structure, the interrupters shall be in the ground (negative)
leg of a battery where the negative terminal is connected to ground. Where the circuit is “floating” (the circuit
goes from positive terminal through the load to the negative terminal), the circuit interrupters can be placed in
either leg. In either case, the circuit interrupters should be placed as close to the terminal as the design will
allow. Positive temperature coefficient devices can be used to limit the high current spikes experienced by a
cell/ battery under an external short condition.

b. All inner surfaces of metal battery cases shall either have an anodized finish or be coated with a non-electrically
conductive, electrolyte-resistant paint to prevent shorts between leaked electrolyte and the battery case.

c. Cell terminals shall be protected from contact with other conductive surfaces. Examples are, potting the
terminals with RTV or other non-conductive sealants or by isolating the terminals with a non-conductive
barrier.

d. The surfaces of battery terminals on the outside of the battery case shall be protected from accidental bridging.
This may be accomplished by using a scoop-proof female connector, recessing stud-type terminals, installation
of effective insulating barriers, etc.

e. Battery terminals which pass through metal battery cases shall be insulated from the case by an insulating collar
or other effective means.

f.  The surfaces of battery terminals that extend inside the battery case shall be insulated with potting materials to

prevent unintentional contact with other conductors inside the case and also to prevent bridging by electrolyte
leaks.
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g.  Wires inside the battery case shall be insulated, restrained from contact with cell terminals, protected against
chafing and physically constrained from movement due to vibration or bumping.

4.6 CIRCULATING CURRENTS

4.6.1 Sources

Circulating currents are unintended current flow, generally between cells or cell stacks connected in parallel. They
can also occur between standby batteries and the prime power source they support, or through electrolyte leakage
paths between cells. They result in parasitic discharging and/or unintended charging of cells in the circulating
current loop. Circulating currents between parallel-connected cell stacks can result from lowered voltage in one or
more stacks due to cell degradation, followed by current flow from adjacent electrically sound stacks as a result of
the difference between stack potentials. Circulating currents can also occur due to corona arcing between
conductive surfaces in high voltage batteries while exposed to low pressures.

4.6.2 Hazards

a. Hazards associated with circulating currents through electrolyte paths are described in Section 4.4, electrolyte
leakage.

b. Current flow between parallel stacks of cells or between a standby battery and a prime power source as a result
of circulating currents becomes a hazard under unintended charge and/or discharge conditions. In aqueous
electrolyte batteries, charging can result in water electrolysis with consequent hydrogen generation. Hazards
associated with hydrogen generation are discussed in Section 4.2. Specific hazards of battery charging are
discussed in Section 4.8. Unregulated discharging can result in overheating, the hazards of which are covered
in Section 4.7.

c. Degradation of insulating materials by corona arcing.

4.6.3 Controls

a. Prevent electrolyte leakage paths as discussed in Section 4.4, thus removing the opportunity for circulating
currents to form in electrolyte paths.

b. For batteries with cells or cell strings that should not be charged, redundant blocking diodes (Figure 4.6-1) shall
be installed in each parallel leg of a battery consisting of primary cells to prevent circulating currents between
parallel cells or cell stacks. Small Schottky diodes have been used for this purpose to minimize voltage drop.
In secondary batteries, charge-current controls are required to prevent problems due to severe charge-current
distribution problems that can arise with parallel cell strings.

HH
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Figure 4.6-1. Schematic showing redundant parallel blocking diodes for (a) cells and (b)
strings in parallel.
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c. For batteries with cells or cell strings that should not be charged, redundant serial blocking diodes (Figure 4.6-2
and Figure 5.6-2) shall be installed to prevent circulating currents between a prime power source and its back-
up primary battery. Redundant controls, such as a high resistance or a fuse in series with the battery, may be
installed, depending on the circuit power requirements. Another option is to put a relay, held open by the prime
power source, in series with the battery.

Figure 4.6-2. Schematic of Redundant serial blocking diodes for two-fault tolerance.

d. Corona discharge induced arcing can be prevented by using the guidelines of JSC 29129.

4.7 HIGH TEMPERATURE

From a battery perspective, high temperature occurs when the operating temperature of a battery or cell exceeds the
upper temperature limit of the manufacturer's performance specifications. For commercially available cylindrical
alkaline and carbon-zinc cells, 54 °C (129.2 °F) is the maximum cell temperature limit for nominal cell
performance. For lithium-thionyl chloride cells, the maximum cell temperature for nominal performance is 65 °C
(159.8 °F), while for lithium-manganese dioxide cells, the maximum is 80 °C (176 °F).  Controls shall be
incorporated in a battery to prevent the battery and cells from exceeding their maximum temperature specification;
otherwise, battery and/or cell leakage, venting, or rupture could occur. An additional high temperature concern for
batteries and cells is the maximum safe touch temperature. Hardware which will be touched by crewmembers must
have surface temperatures not exceeding 45 °C (113 °F) for continuous contact, should have warning labels for
surface temperatures between 45 and 50 °C (113 and 122 °F) and should have protective measures above 50 °C
(122 °F) (SSP 50021 para 3.3.6.12.1, NSTS 1700.7b para 220.2d and ISS Addendum para 222.2). If the battery or
cell will not be directly touched but is located near a surface that will, temperature controls must be incorporated to
prevent excessive battery or cell heat from transferring to the touchable surface.

4.7.1 Sources

Battery and/or cell high temperatures can be induced by either external or internal sources.

a. External heat sources include direct and indirect solar radiation, heat from nearby or adjacent hot components,
and heat from circuitry or hot fluid and gas loops.

b. Internal heat sources are the chemical reactions ongoing inside a cell during charging or discharging.

¢. Short circuits quickly cause batteries to reach high temperature. See Section 4.5.

4.7.2 Hazards

a. Gas generation rates on open circuit double for every 10°C temperature rise (corresponding to a doubling of gas
generation rates for every 18°F temperature rise), thus high temperatures can cause excessive hydrogen gas
generation. Specific hazards associated with gas generation are discussed in Section 4.2.

a. Expulsion of electrolyte and/or vented gases may occur due to high gas generation rates or thermal expansion
of internal cell components.

b. High temperatures could cause injury to the crew.
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c. High temperatures could melt the battery container or other equipment in close proximity to the battery.

d. Some cells, notably, lithium (primary and secondary) types, are subject to thermal runaway. At high
temperatures, decomposition of the cell chemical components yields by-products, which favor self-discharge
reactions. As the temperature increases, the volume of gases generated due to decomposition reactions
increases and this can result in melting, charring, and/or extrusion of cell components and in some cases fire or
explosion.

e. Batteries with flammable electrolyte can burn at very high temperatures or in a thermal runaway condition.

4.7.3 Controls

a. External short circuit protection shall be provided for the cells and batteries, as discussed in Section 4.5, to
prevent heat generation resulting from shorts.

b. Protective devices shall be incorporated to protect the batteries from going into a venting, fire or thermal
runaway condition. Some examples are the following: 1) thermally actuated circuit breakers or thermostats set
to interrupt the load current before the cell and/or battery temperature reaches a hazardous temperature, 2) heat
sinks, 3) heat shunts, or 4) active cooling loops in the battery to remove internally generated heat from the cells
and/or battery. If these provisions can not be incorporated into equipment which will be handled by the crew,
the equipment must, as a minimum, have temperature label indicators with a range including 45 °C to 49 °C
(113 °F to 120 °F) affixed to the equipment on the surfaces adjacent to the battery housing.

c. Batteries shall be installed such that they are isolated from potential external heat sources by thermal
optimization of the on-board location of the battery to provide protection from convective, radiative or
conductive heat sources.

4.8 CHARGING

As mission duration increases and available stowage volume for spare batteries decreases, the use of secondary
(rechargeable) batteries becomes necessary in crewed spacecraft. Not only must all the previously discussed
controls for primary batteries be incorporated for safe operation of the battery during discharge, additional controls
must also be incorporated to ensure safe battery charging. Final testing should treat the battery and charger as a unit
or system.

For rechargeable battery applications, the charging scenario and charging equipment should be evaluated as part of
the battery design evaluation and approval process. Charger circuit schematic must be reviewed and evaluated for

safe operation if charger is inherent to equipment (e.g. laptops). For external chargers, the specification document
for the charger should be the guidelines for the buildup and test.

4.8.1 Sources

a. Electrical devices that are designed to recharge secondary batteries.
b. Additional power sources in a device using either a primary or secondary battery.
c. Improper charging device or method.

d. Failure of charge control devices such as smart chips, feedback loops, switches, temperature sensors, and
timing devices.

4.8.2 Hazards

a. Gas generation during charging and overcharging could result in the high temperatures, cell venting rupture or
explosion leading to gas generation and electrolyte leakage.
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4.8.3 Controls

a. The charger shall be designed for the specific type of battery being used and incorporate the necessary charge
termination controls, since the charge termination criteria usually varies with battery chemistry.

b. The charger shall be safe in the event of a failure in the charger. The charger shall have protection for short
circuits and high temperatures inside the charger.

c. The charger shall be designed to stop charging the battery after a set period of time to prevent overcharging
even if the voltage, current, and temperature are within limits.

d. There shall be no ignition sources in the vicinity of the charger or battery during the charging process.

49 OVERDISCHARGE INTO REVERSAL

49.1 Sources

Batteries that are designed with unbalanced cells in series or those that have diverging cell voltages with
service life, can lead to inadvertent discharge of one or more cells in a string causing the cells to go into a
discharge into reversal condition. Discharge into reversal can also occur if the load on the battery is large
enough to take the battery into reversal by other faults in the circuit board such as circulating currents.

4.9.2 Hazards

Cells/batteries could display high temperatures, venting and fire or even explosion if subjected to an
overdischarge into reversal condition.

4.9.3 Controls

The hardware/equipment shall have a low-voltage cutoff. In addition to this, redundant parallel bypass diodes
(Figure 4.9-1) shall be used to prevent cells from going into an overdischarge into reversal condition. Test data
that demonstrates tolerance of cells to reversal conditions can be used as a level of control. In the event that no
controls are present as in the case of non-critical hardware, cell tolerance to overdischarge should be
determined and data submitted with the safety data package.

Figure 4.9-1 Use of Bypass Diodes to Prevent Overdischarge into Reversal for Cells in
Series.
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5.0 SAFETY RELEVANT TO SPECIFIC BATTERY CHEMISTRIES

Battery users frequently request a listing of batteries "approved" for use onboard crewed space vehicle. Since the
safe use of a battery is partially application specific, there can be no such list. An attempt has been made in Table
3.5-2 to categorize battery chemistries in terms of perceived difficulty to obtain battery approval based on the extent
of controls required for the chemistries; this table can be used to provide design guidance. A battery which can be
made safe to fly in the crewed space vehicle environment can be used; however, there are some batteries that are not
practical to make safe. For example, lithium-sulfur dioxide cells have built-in overpressure relief, but they will
release SO7 and other electrolyte components which are toxic and unacceptable in the habitable area of a space
vehicle. Venting shall not produce unwanted thrust. When at all possible, it is better to build a battery using a cell
chemistry and cell design that is inherently safe on its own for space vehicle use rather than applying extensive (and
often costly) modifications to make an inherently unsuitable cell acceptable for crewed flight use.

The following is a historical list of cell chemistries, both primary (non-rechargeable) and secondary (rechargeable)
which have been flown on crewed space vehicles.

Alkaline-manganese primary

LeClanche (carbon-zinc) primary

Lead-acid secondary cells having immobilized electrolyte

Lithium / lithium-ion polymer secondary (including lithium-polymer variation)
Lithium metal anode primary cells having the following cathodic (positive) active materials:
Poly-carbon monofluoride

Iodine

Manganese dioxide

Silver chromate

Sulfur dioxide (external to habitable spaces only)

Thionyl chloride

Thionyl chloride with bromine chloride complex additive (Li- BCX)

Iron disulfide

Mercuric oxide-zinc primary

Nickel-cadmium secondary

Nickel-hydrogen secondary

Nickel-metal hydride secondary

Silver-zinc primary and secondary

Zinc-air primary

There are additional battery chemistries that are emerging in commercial/industrial prominence. Use of these
chemistries shall be reviewed on a case-by-case basis for use in crewed flight.

Often the cells used in batteries for crewed space vehicle are commercially available. A special "government”
purchase is not required for alkaline, zinc-air, and lithium coin cells; however, minimal screening tests are required
of sample commercial cells to ensure the cells will perform in the required load and environment without leakage or
failure (See Tables 3.5-3 and 3.5-4). Specific certification tests may also be required of a battery depending on its
application and design. Often a Certificate of Compliance regarding manufacturing processes and shelf life data is
required by the Safety and Mission Assurance (S&MA) personnel responsible for certifying the hardware, so
designers are cautioned to inquire ahead of time regarding necessary documentation.

In order to ensure that cells are fresh for flight use, shelf-life limits from the date the cells are manufactured have
been established for the various chemistries. A manufacturer’s shelf life can be used in all cases. If this is not
available, an email from a technical battery expert can be used to document the actual shelf life of the cell or battery.
Battery providers need to keep in mind that stowage of a cell with a diode across the terminals can cause a slow
drain of capacity of the cell, thus lowering the service life.
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Rechargeable cells typically are stowed late in order to retain a good charge on the cells for flight use.
Rechargeable cells generally have a faster self-discharge rate than primary cells, so some launch delays could force
a hardware exchange with freshly charged cells or a recharge on the launch pad (with prior approval). In cases
where large nickel-hydrogen batteries will require charging in the Shuttle on the launch pad, consideration should
be given to see that adequate cooling of the battery is available.

As with any evolving technology, new cell chemistries periodically enter the commercial market. Ongoing
investigations are conducted by engineers in the Power Systems Branches at the various NASA Centers to
determine the acceptability of these chemistries for use in crewed space vehicle. Examples of these newer
chemistries are nickel-metal hydride, lithium-ion and lithium-polymer, and rechargeable alkaline cells. Designers
interested in using these chemistries, or other new chemistries, are encouraged to contact the engineers in the
respective Power Systems Branch as soon as possible to determine whether or not the cells will be acceptable in the
given application. Designers should also review the EA-CWI-033 for additional information on Battery Processing.

5.1 ALKALINE PRIMARY BATTERIES

5.1.1 Definition

Alkaline manganese dioxide cells were introduced in the early 1960s and have become the most dominant battery
cell in use today. They have higher energy density, better service and shelf life and better resistance to leakage than
the Carbon-zinc cell. The cell is a bobbin (or button) design with a zinc anode and an electrolytic manganese
dioxide cathode utilizing an aqueous (35% to 45%) potassium hydroxide (KOH) electrolyte.

5.1.2 Hazard Sources

As with any aqueous electrolyte, the cell can generate flammable mixtures of hydrogen and oxygen. The KOH
electrolyte is extremely caustic and can cause damage to eyes, skin and mucous membranes as well as corrosion of
metals. In short circuit conditions these cells can exceed touch temperature limits and swell to the point that
removal from cylindrical constraints becomes difficult.

5.1.3 Controls / Process Requirements

Since this type of cell is commonly replaced on-orbit, some controls are more difficult than with other chemistries.
The battery boxes used for alkaline cells must be vented and have a nonconductive coating and absorbent material.
For alkaline cells in sizes D or smaller with a maximum of 12 V and/or 60 Wh [Wh= Cell Capacity (Ah) X Cell
Voltage (V)] and with cells either all in series or all in parallel and with no potential charging source and with the
cells located in a vented compartment, they can be listed on the JSC Form 1230 (for payloads) or JF 1477 (for GFE)
and shall include cell product information and a circuit schematic showing the safety circuitry (fuses, diodes, etc.)
with the Form 1230 or JF 1477. An EP-Form-03 shall be used to obtain approval for these batteries and presented
along with the GFE or Payload safety data packages. In the absence of UL data and/or safety circuitry, testing shall
be performed to provide this safety data along with the Form 1230 or JF 1477. For batteries that do not fall within
this requirement, a complete engineering, qualification and flight acceptance test program shall be completed and a
Unique Hazard report should be submitted. Lot testing (on batteries that do not fall under the Form 1230 or JF
1477) shall be performed on 3% (minimum) of every new lot of cells and/or batteries procured for the same
application.

5.2 ALKALINE SECONDARY BATTERIES

5.2.1 Definition

In the early 1990's, "rechargeable" alkaline cells entered the commercial cell market. Historically, alkaline cells
have been used solely as primary, nonrechargeable cells. Alkaline cells being advertised as rechargeable are sold
with a special charger that should be used, following strict instructions, in order to achieve rechargeability.
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However, since their performance and capacity is significantly less than alternative primaries, a comparison with a
NiMH battery design is advised before this option.

5.2.2 Hazard Sources

Due to the hazards associated with charging cells, and the strict routine that should be followed for processing these
cells through the charge/discharge cycles, flight hardware using "rechargeable" alkaline cells must be evaluated on a
case-by-case basis. Since the commercial chargers typically lack the type of fail-safe controls required for use of
the hardware in the space vehicle environment, the use of the commercial chargers must be restricted. A thorough
evaluation of the charger design is required to identify the hazard controls inherent in the design, if any, and the
missing hazard controls. The applicable hazards detailed in subsections of Section 4.0 must be accounted for in the
design, especially controls concerning the hazards associated with gas generation, high temperature, and charging.

5.2.3 Controls / Process Requirements

The controls from 5.1 are applicable here. In addition, the applicable controls detailed in subsections of Section 4.0
must be accounted for in the design, especially controls concerning the hazards associated with charging.

5.3 LEAD-ACID BATTERIES

5.3.1 Definition

The practical Lead-Acid battery traces its origins to 1860 and is one of the few batteries with acid electrolyte
(battery acid). Since this battery generates hydrogen during charge, discharge and on open circuit, the Vent
Regulated Lead Acid (VRLA) battery is not to be flown without a waiver. The Sealed Lead Acid (SLA) battery cell
is designed to contain any hydrogen generated within the cell case. The Lead Acid battery uses lead dioxide as the
positive electrode and metallic lead alloys as the negative electrode in an aqueous solution of Sulfuric Acid (37% at
full charge).

5.3.2 Hazard Sources

The traditional concerns with lead-acid batteries are hydrogen generation and loss of electrolyte containment. This
cell chemistry is capable of extremely high current rates, which could result in burns to the crew or overheating of
improperly protected electronic components.

5.3.3 Controls / Process Requirements

Lead-acid batteries used on spacecraft are of the immobilized electrolyte type, are sealed or have a resealable
pressure relief valve set at approximately 25 to 50 psia, and are designed to recombine hydrogen under nominal
conditions, all of which greatly lessens the hazard from hydrogen gas evolution. Appropriate absorbent materials
shall be used to contain any electrolyte vented from the cells. Fusing components shall be used to limit the
maximum discharge capability of the battery. All batteries shall undergo engineering, qualification and flight
acceptance testing. Lot testing shall be performed on 3% (minimum) of every new lot of cells and batteries
procured for the same application.

54 LITHIUM-ION SECONDARY BATTERIES

5.4.1 Definition

Lithium-ion batteries are rechargeable batteries and have a LiMO, cathode (M = Co, Ni, Mn or combinations of
these). The anode is usually a form of carbon, namely, coke, natural and synthetic graphites, mesophase carbon
micro beads (MCMB) or carbon fibers. The electrolyte in these cells is made up of a combination of organic
carbonates and a salt. The most commonly used salt is LiPF¢ (lithium hexafluorophosphate). Other salts such as
LiBOB (Lithium bisoxalato borate) or LiBF, (lithium tetrafluoroborate) have also been used. The charge and
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discharge in the lithium-ion cells occurs by the process of intercalation and deintercalation, respectively, as shown
in the equations below.

charge

Positive LiMO, «— Li;, MO, + xLi" + xe
discharge

charge
—

. -t — .
Negative C +xLi" + xe discharge Li,C

charge

—>
- 4— - -
Overall LiMO, + C discharge Li,C + Li;.,MO,

The nominal voltage of lithium-ion cells is about 3.6V and the highest energy density obtained from a state-of-the-
art cell is about 150 Wh/kg. The typical charging protocol for the lithium-ion cells includes a constant current
charge to a voltage of 4.1 V or 4.2 V (depending on the metal oxide cathode and manufacturer’s recommendations)
and held at constant voltage until the current falls down to approximately C/100 (this can vary according to the
manufacturer). Due to the unique charging characteristic of the lithium-ion cells and batteries, charging shall be
performed with a dedicated charger only. This charger may be a “smart” charger in some cases. The discharge of
the cell depends on the load used, but the end voltage during discharge shall not go below 2.5 V. Typical end of
discharge voltages for the batteries in different equipment has been 3.0 V/cell. Internal resistance for the li-ion cells
varies from 80 to 120 mQ for small (1 to 3 Ah) cells to about 0.8 mQ for large (190 Ah) cells.

Lithium-ion cells typically are spiral wound or prismatic. Under the prismatic types there are true prismatics, that
are stacked flat plates and others that are folded over to give a prismatic appearance. A third variety that is
increasingly common in the market today is the elliptic cylindrical type where the spiral wound stack is flattened to
give a prismatic appearance. Typically, the commercial cells used in cellular phones are prismatic cells while those
used in camcorders, cameras, and PCs are cylindrical cells. Lithium-ion cells have 100% energy efficiency through
most of their cycle life (input energy is equal to output energy). While most commercial cylindrical cells are case
negative, most of the prismatic cells above SAh capacity are case neutral.

The state-of-charge (SOC) and temperature at which the cells are stored or cycled greatly affects the irreversible
capacity loss in the cells. For example, one commercial cell in a period of storage for one year, exhibited less than 2
% loss at 0 % SOC and 0 °C, whereas it was about 13 % loss at 100 % SOC and 40 °C. The temperature and the
depth of discharge to which the cells are cycled also affect the deliverable capacity of the cells with cycle life.

5.4.2 Hazard Sources

The main abuse conditions that cause hazardous conditions in li-ion cells are the result of overcharge, internal and
external shorts, and high temperatures.

Studies have shown that overcharge conditions can lead to the deposition of lithium metal that can create internal
shorts in the cell. The electrolyte in the lithium-ion cells contains flammable organic solvents and under high
voltage conditions, they decompose leading to the formation of gases (carbon monoxide, carbon dioxide, and other
gaseous decomposition products). This can cause over-pressure conditions inside the cell leading to smoke and
flame if the gases are not vented benignly.

External short of lithium-ion cells can result in very high current spikes that cause high pressures inside the cell
resulting in venting and explosions.

The lithium-ion cells under simulated internal short conditions can exhibit venting, fire, smoke and go into thermal

runaway. Slight deformations of the cells under hydraulic jaw pressures of 20 to 50 psi per minute, causing soft
shorts, have resulted in electrolyte leakage and smaller rises in temperature [max. temp. 45 °C (113 °F) recorded].
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Fast and heavy crushing (hydraulic jaw pressures of greater than 200 psi per minute) of the cells has resulted in
venting and smoke.

The lithium-ion cells under very high temperature conditions [above 150 °C (302 °F)] can vent, smoke and exhibit
thermal runaway accompanied by fire and/or an expulsion of can contents through the vent holes in the cell.

Overdischarge conditions lead to the electrodeposition of copper on the cathode causing the formation of a short
circuit condition when the cell is subsequently charged. In most cases, overdischarge is benign and results in a dead
cell.

5.4.3 Controls / Process Requirements

Lithium-ion batteries shall be charged with a dedicated charger or a universal “smart” charger that recognizes the
battery chemistry via the use of unique EEPROMSs or equivalent devices. The charger should be evaluated under
normal operating conditions to understand its characteristics and verify its safety. The battery shall be two-failure
tolerant to overcharge, overdischarge, external short and internal short hazards.

Commercial cylindrical 18650 cells have three levels of protection. These are the PTC (Positive Temperature
Coefficient), CID (Current Interrupt Device), and the shutdown separator. The PTC is activated in the case of
external short/overcurrent and overtemperature conditions. The CID is activated when the cells build up excessive
pressure that usually occurs when the cells are overcharged to voltages close to or above 5 V. The shutdown
separator is activated when the cells reach a certain temperature that causes a meltdown of the middle polyethylene-
layer of the three-layer separator. This usually occurs at about 130 °C (266 °F). The cells also have a vent that is
rated to vent above 150 psi but this is not a level of protection as the cells go into a thermal runaway condition with
venting. In the event that these cell-level controls are being used as safety controls, test data should be provided to
prove the working of these devices on the flight lot of cells and batteries.

Large cells consist of the shut-down separator, vents, and a fusible link to the electrode as levels of protection. The
shut-down separator is activated when the cells reach temperatures of close to 130 °C (266 °F). The fusible link
melts at specific currents, which then inhibits any hazardous occurrences during an external short condition. The
vent typically operates above 150 psi and the vent can sometimes be a level of protection to a catastrophic hazard
but the cells typically do not perform after a vent. These levels of control are not always reliable. In the event that
these cell-level controls are being used as safety controls, test data to prove the working of these devices should be
provided on the flight lot of cells and batteries.

For li-ion batteries and cells of up to 300 mAh capacity, a Form 1230 or the JF 1477 is sufficient for documentation
of the battery. Cells shall undergo acceptance testing that includes functional and vacuum leak checks. For those
that cannot be removed from the equipment, a functional check along with UL data shall be supplied. In all cases,
the cell specification, UL data and the safety circuitry shall be provided with the standardized hazard reports.

For lithium-ion batteries of the COTS type with up to 10 V and up to 60 Wh, data should be provided to show one-
fault tolerance. The second level of control should be obtained from existing test data or manufacturer’s data.
Batteries and charger shall be from the same lot and the battery safety circuitry and charger circuitry information
should be provided with the Form 1230 or JF 1477. All flight batteries shall undergo acceptance testing that
includes visual inspection and testing for open circuit voltage, closed circuit voltage, vibration to flight requirement
levels or higher (Section 3.5) and vacuum leak check with functional charge/discharge cycles performed before and
after each test.

Engineering and qualification of lithium-ion batteries and cells, lot certification, acceptance testing and screening of
flight batteries shall be performed on all batteries that do not fall under the 1230 or 1477 category and the EP-WI-
015 can be used as the guiding document. Lot testing shall be performed on at least 3% (minimum) of every new
lot of cells and batteries procured for the same application.
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The lithium-ion batteries should undergo performance and abuse tests on the battery and cell level to establish an
engineering evaluation database. The performance tests must include physical characterization (dimensions and
weight), electrochemical characterization (OCV, CCV, capacity checks), rate capability (capacities at different
charge/discharge rates and different temperatures), and vacuum leak checks. The abuse tests must consist of
overcharge, overdischarge, external short, internal short/crush, heat-to-vent, vibration, drop, and vent and burst
pressure determination. The main features that need to be understood about the battery are the fuse rating, the
operational characteristics (voltage) of the overcharge and overdischarge protection switches and the nature of the
protective circuitry. On the cell-level, the levels of safety incorporated into the cell, if any, need to be understood
and characterized (for example, PTCs, CIDs, shut-down separator, etc.).

The qualification of the battery should include testing the batteries to environmental and vibration levels that are
higher than the mission requirements (Section 3.5). The flight acceptance testing involves verification of battery
performance by charge/discharge cycling, vacuum leak checks and vibration. The number of flight missions that
the batteries will be used for, along with the location of the battery in the Orbiter should determine the period and
level of vibration. The vibration spectrum used to screen the batteries from the occurrence of internal shorts should
be higher than what is obtained from the calculation of mission requirements (Section 3.5).

55 LITHIUM/LITHIUM-ION POLYMER SECONDARY BATTERIES

5.5.1 Definition

Lithium/lithium-ion polymer batteries are rechargeable batteries and have polymer blends in the cathode or anode or
separator or in all three. In the polymer cells, flat, bonded electrodes are used to enable the fabrication of thin cells.
The cells could be made in flexible shapes and sizes and packaged in aluminized plastic pouches.

The electrochemical nature of these cells is very similar to the liquid li-ion cells dealt with in the previous section.
These cells have a LiMO, cathode (M = Co, Ni, Mn or combinations of these). The commonly used cathodes in
li/li-ion polymer cells are LiMn,Oy spinel compounds. The anode can be any form of carbon, namely, natural and
synthetic graphites, mesophase carbon micro beads (MCMB) or carbon fibers (li-ion polymer cells). The anode can
also be lithium metal (lithium polymer cells). The electrolyte in these cells is made up of a combination of organic
carbonates and a salt in a polymer matrix. The most commonly used salt is LiPFg (lithium hexafluorophosphate).
The polymers commonly used are based on polyacrylonitriles (PANs), PVDF based polymers (PVDF-HFP, PVDF-
CTFE), polyvinyl chloride (PVC), etc. In some cases, an ancillary plasticizer such as dibutyl phthalate is
incorporated into the resin, which facilitates the densification of the electrodes under low temperature and pressure.
The plasticizer is later vaporized or removed by a suitable solvent extraction process. The charge and discharge in
the lithium/lithium-ion cells occurs in a manner similar to that described in Section 5.4.

The nominal voltage of the lithium-ion polymer cells with the cobaltate cathode is about 3.6 V and the energy
density obtained can range from 145 to 190 Wh/kg. The lithium-ion polymer cells with the manganese spinel
cathode have a nominal voltage of about 3.8 V and have energy densities in the range of 130 to 144 Wh/kg. The
typical charging protocol for the lithium/lithium-ion polymer cells includes a constant current charge to a voltage of
4.1 V or 4.2 V (depending on the metal oxide cathode and manufacturer’s recommendations) and held at constant
voltage until the current falls down to approximately C/100 (this can vary according to the manufacturer). Due to
the unique charging characteristic of the lithium-ion cells and batteries, charging shall be performed with a
dedicated charger only. This charger can be a “smart” charger in some cases. Lithium polymer cells may
sometimes require higher temperatures for operation (about 60 °C (140 °F)). The discharge of the cell depends on
the load used but the end voltage during discharge shall not go below 2.5 V. Typical end of discharge voltages for
the batteries in different equipment have been 3.0 V/cell. Internal resistance for the li-ion polymer cells varies from
20 to 60 mQ for small (0.5 to 15 Ah) cells and is expected to drop with increased capacity cells.

Lithium/lithium-ion polymer cells are typically flat and thin. The cells are packaged in vapor-impermeable,
flexible, multilayer polymer-aluminum bags. The polymer cells are typically made up of a positive electrode plate
and a negative electrode plate bonded to two opposite sides of an ionically conductive separator. The plates can be
stacked as individual plates, Z-folded, or folded in other ways depending on the mechanical properties of the
individual component layers. A large capacity cell would thus have several plates stacked on each other to give the
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capacity required. Another common method of cell stacking is the “bicell” configuration where the central plate
(typically a negative electrode) is shared by two positive plates on either side. There is a layer of separator between
the center negative plate and the two positive plates on either side. Several bicells can be stacked to give a larger
capacity cell.

Polymer cells typically perform well at low rates of charge and discharge. However, cells can be made for specific
medium and high rate applications. Because of the higher resistance caused by the polymer materials used in the
electrodes and separator, currently, a small quantity of liquid electrolyte is used to improve ionic conductivity.

The state-of-charge (SOC) and temperature at which the cells are stored or cycled greatly affects the irreversible
capacity loss in the cells. These are similar to the liquid li-ion cells.

5.5.2 Hazard Sources

The main abuse conditions that cause hazardous conditions in li/li-ion polymer cells are the result of overcharge,
internal and external shorts and high temperatures. These are very similar to that for the liquid li-ion cells given in
Section 5.4. However, the polymer li-ion cells have an additional problem with electrolyte leakage under abusive
conditions.

5.5.3 Controls / Process Requirements

The controls for the polymer cell batteries are similar to those for the lithium-ion liquid systems as given in Section
5.4. The battery shall be two-failure tolerant to overcharge, overdischarge conditions, external and internal short
hazards.

The polymer cells do not have the same safety features that a liquid li-ion cell would have. The only safety feature
in the cell is the shut-down separator that works in a manner similar to that of the liquid systems. With the polymer
cells, due to the nature of the cell design and package, the cell seals lose integrity under abusive conditions leading
to electrolyte leakage. But, due to the presence of very little electrolyte compared to the liquid cells, the hazards
associated with them are less. The presence of the gel polymer can cause a self-healing process in instances of nail
penetration in a fully charged state and hence reduce the occurrence of explosions or fires.

Engineering and qualification of the polymer lithium-ion batteries and cells, lot certification, acceptance testing and
screening of flight batteries shall be performed on all batteries that do not fall under the 1230 or 1477 category and
the EP-WI-015 can be used as the guiding document. Lot testing shall be performed on 3% (minimum) of every
new lot of cells and batteries procured for the same application.

The polymer lithium/ lithium-ion batteries should undergo performance and abuse tests on the battery and cell level
to establish an engineering evaluation database. The performance tests should include physical characterization
(dimensions and weight), electrochemical characterization (OCV, CCV, capacity checks), rate capability (capacities
at different charge/discharge rates and different temperatures), and vacuum leak checks. The abuse tests must
consist of overcharge, overdischarge, external short, internal short/crush, heat-to-vent, vibration, drop, and burst
pressure determination. The main features that need to be understood about the battery are the fuse rating, the
operational characteristics (voltage) of the overcharge and overdischarge protection switches and the nature of the
protective circuitry. The levels of safety at the cell-level should also be understood and characterized.

For li-ion polymer batteries and cells of up to 300 mAh capacity, a Form 1230 or the JF 1477 is sufficient for
documentation of the battery. Cells shall undergo acceptance testing that includes functional and vacuum leak
checks. For those that cannot be removed from the equipment, a functional check along with UL data shall be
supplied. In all cases, the cell specification and the safety circuitry shall be provided with the standardized hazard
reports.

For lithium-ion batteries of the COTS type with up to 10 V and up to 60 Wh, data should be provided to show one-

fault tolerance. The second level of control should be obtained from existing test data or manufacturer’s data.
Batteries and charger shall be from the same lot and the battery safety circuitry and charger circuitry information
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shall be provided with the Form 1230 or JF 1477. All flight batteries shall undergo acceptance testing that includes
visual inspection and testing for open circuit voltage, closed circuit voltage, vibration to flight requirement levels or
higher (Section 3.5) and vacuum leak checked with functional charge/discharge cycles performed before and after
each test.

The qualification of the battery should require testing the batteries to environmental and vibration levels that are
higher than the mission requirements (Section 3.5). The flight acceptance testing involves verification of battery
performance by charge/discharge cycling, vacuum leak checks and vibration. The number of flight missions that
the batteries will be used for, along with the location of the battery in the Orbiter should determine the period and

level of vibration. The vibration spectrum used to screen the batteries from the occurrence of internal shorts should
be higher than what is obtained from the calculation of mission requirements (Section 3.5).

5.6 LITHIUM PRIMARY BATTERIES

5.6.1 Definition

For the purpose of this document, a lithium cell is any primary cell using elemental lithium as its anode (negative
electrode), whether its electrolyte and cathode consist of organic or inorganic chemicals.

5.6.2 Hazard Sources
Lithium batteries have very high energy densities compared to other batteries, as shown by Table 5.6-1.

Table 5.6-1 Energy Density of Different Cell Chemistries (Manufacturer's Data)

Chemistry Watt-hrs/Ib Watt-hrs/cu. in.
Alkaline Manganese D-Cell 37 3.8
Carbon-zinc D-Cell 17 1.2
Lithium-BCX D-Cell 175 16.9
Mercuric Oxide D-Cell 41 5.7
Silver Oxide-Zinc Rectangular Cell 80 7.0

Under unique and abusive conditions, lithium cells can be made to yield their contained energy suddenly and
explosively. Some of these conditions are:

a. Any condition that results in the lithium anode reaching its melting point of 180°C (356°F) is a hazardous
condition. Discharging lithium cells at a high rate produces heat; therefore, a lithium battery must be designed
to safely remove that heat. High temperatures can also be caused by an external heat source, an external short
circuit, or physical abuse (e.g., crushing or penetration by a sharp object) that results in an internal short or a
manufacturing defect resulting in an internal short.

b. Discharging a cell until its voltage falls to zero volts then overdischarging the cell by forcing it into negative
voltage, whether by cells in series with it or by another power supply, can result in cell rupture and/or
explosion.

c. Charging lithium cells can result in cell rupture and/or explosion.

d. A toxicity hazard is presented by certain lithium cells that contain a pressure relief vent. Cell over-

pressurization under certain abuse conditions may release such toxic gases as sulfur dioxide, thionyl chloride,
and/or hydrogen chloride, depending on the type of lithium battery, into the space vehicle environment.
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Batteries with an electrolyte toxicity of level 4 shall not be used in the habitable environment (irrespective of
size) of a space vehicle. Examples of such battery chemistries are Li-sulfur dioxide, Li-sulfuryl chloride, Li-
thionyl chloride and Li- BCX.

5.6.3 Controls / Process Requirements

a.

As with all cells and batteries, lithium cell and battery temperatures shall be controlled such that the
temperature remains below the manufacturer's stated upper temperature limit, e.g., 71 °C (159.8 °F) for Li-
BCX. Testing shall be done to verify safe performance at the operating temperature limits. Temperature-
tripped switches or fuses set to open at 71 °C (159.8 °F) shall be installed in batteries containing Li-BCX cells.
The quantity and location of the thermal switches depends on the cell quantity and serial/parallel combinations
in the battery. Both external and internal heat sources shall be controlled in the battery design, as detailed in
Section 4.7 on high temperatures.

Over-current protection devices such as fuses or circuit breakers shall be provided for lithium cells regardless
of whether or not the cells have self-contained fuses. Protective devices shall be rated above the highest likely
load current but well below the short circuit capability of the battery as established by test. See Section 4.5 for
more details on short circuit protection.

Wherever more than one lithium cell is used in series and/or wherever an external power supply can be applied
to a lithium battery, all cells shall have redundant parallel by-pass diodes attached to them so that the diodes
become conductive at the smallest possible negative voltage in order to provide overdischarge protection. See
Figure 5.6-1. Button cells with a capacity less than 300 mAh which are used as backup power sources for
computer memories, clocks, etc. may use a high value resistor to limit a potential charging current. Schottky
barrier rectifiers have been used on space hardware with Li-BCX batteries since the rectifiers conduct at -0.25
to -0.3 volts, whereas silicon diodes require -0.5 to -0.6 Volts for conduction. In selecting a shunt diode for the
battery design, strive for the least negative value. Additionally, each cell shall have a fuse that is properly rated
in series with it to keep the cell from being short-circuited. Approval of cells that fall within the Form 1230 of
JF 1477 category shall be obtained from EPS5 through an EP-Form-03.

Cell 1
— Redundant
7\ 7 Parallel
By-Pass Diodes
Fuse

Figure 5.6-1 Fuse and Diode Protection of a Cell

d. Avoid paralleling strings of cells within a battery, strings of batteries, and batteries with other external power
supplies whenever possible to prevent charging of lithium cells and/or batteries. Parallel combinations between

cells, batteries, and power sources may force a charging current through a stack of cells containing a weak or dead
cell. If the battery design utilizes parallel strings of cells to obtain the desired current, each string shall contain
redundant blocking diodes in series with each string of cells. Batteries that are in parallel with external power

sources shall be equipped with charge-current blocking devices. See Figure 5.6-2. (The blocking diodes as shown

below provide redundancy for both safety and mission success if a diode fails open or short-circuited. For just

safety, only two blocking diodes in series are needed.)
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Figure 5.6-2 Redundant Parallel Blocking Diodes for each Series String in a Parallel-Series Battery
Combination
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By-Pass Diodes

e. All primary lithium batteries shall be tested for tolerance to internal shorts using simulated internal short tests.
Those that are intolerant to internal shorts (that is, they exhibit leakage, venting, explosion or fire) shall
undergo a higher vibration screening before flight (Section 3.5).

f.  Primary lithium button cells such as Li-(CF)y, Li-iodine, LiV,0s, LiMnO,, which have a capacity of 300 mAh
or less and no more than 3 cells per common circuit, and cells are not in a gas-tight compartment can be listed
on a Form 1230 or JF 1477 after an approval has been obtained using a EP-Form-03. The cell specification,
UL test data and the safety circuitry shall be included in the safety data package. The cells shall be acceptance
tested with open circuit and closed circuit voltage checks and vacuum leak checks.

g. All other batteries that do not fall under the Form 1230 or JF 1477 shall undergo engineering, qualification and
flight acceptance tests for each unique application. Lot testing shall be performed on 3 % (minimum) of every
new lot of cells and batteries procured for the same application. All flight batteries shall undergo acceptance
testing that includes visual inspection and testing for open circuit voltage, closed circuit voltage, vibration to
flight requirement levels or higher (Section 3.5) and vacuum leak checked with weight and voltage
measurements performed before and after each test.

5.6.4 Certification Requirement for Handling Lithium Batteries

Personnel who handle lithium batteries or cells are required to be certified per the applicable Center requirements
under provisions of JPR 1700.11, JSC Safety and Health Handbook. A training class is offered through the Safety,
Reliability, and Quality Assurance Office at JSC. After successful completion of this class, personnel are certified
for 12 months. The class must be repeated every year to maintain certification. Additional training in lithium
battery handling is offered through the Energy Systems Test Area (ESTA). The content of this training is provided
in ESTA-OP-0-49 Ver. D, “Lithium Battery Handler Certification”. Although Lithium primary batteries should be
handled safely, they do not require to be classified by the quality standards (For example, they need not be always
treated as Class I or Class II hardware) unless they are flight or qualification units.

5.6.5 Application of Underwriters Laboratory Data

The Underwriters Laboratory conducts abuse tests on several models of lithium cells. Cells that pass the abuse tests
receive Underwriters Laboratory Recognition (distinct from Approval) by cell number. The Underwriters

31



January, 2005 JSC-20793

Laboratory test data is sometimes used as a reference during battery review to determine whether adequate hazard
controls have been incorporated in a lithium battery design.

5.6.6 Prepackaged Multi-celled Batteries

The use of prepackaged lithium batteries containing more than one cell shall still contain the necessary hazard
controls. Modification of the prepackaged batteries may be required in order to incorporate the hazard controls into
the final battery design.

5.7 MERCURIC OXIDE-ZINC BATTERIES

5.7.1 Definition

Since mercury content within any single container is limited to 200mg, the mercuric oxide-zinc cell is no longer a
practical power source. The equipment owner is strongly urged to select an alternate cell chemistry per 5.7.4 below.

5.7.2 Hazard Sources

Each mercuric oxide-zinc (HgO-Zn) cell contains at least 3.74 grams of mercury per ampere-hour of rated capacity.
(On that basis, a mercury cell in AA-size will contain 13.4 grams of mercury.) Mercury vapor is toxic to the human
central nervous system at a continuous exposure of 0.01 milligram/ cubic meter of air, or 8.3 parts per billion by
weight, which equates to a toxic level of 0.69 milligrams in the 2450 cu. ft. void volume of the orbiter cabin.
Additionally, metallic mercury readily amalgamates with many metals, including those used in the orbiter's
structure, causing embrittlement and failure. Under certain extra-nominal conditions (overheating, shorting,
charging, etc.), cells may open, vent, or burst, releasing mercury simultaneously.

5.7.3 Requirements for Use

Mercuric oxide-zinc batteries are subject to the JPR 8080.5, JSC Design and Procedural Standards Manual. The
mercuric oxide-zinc battery user shall show why no mercury can escape, or show a decontamination plan for prompt
recovery of all escaped mercury, or otherwise show why no decontamination plan is necessary. Application for
waiver of all or part of Standard 116 can be made to the various safety panels. The form shall be accompanied by
justification data including analysis and results of abuse tests (short circuit; exposure to high temperatures, e.g.,
176.7 °C (350 °F); overdischarge; shock; etc.) involving presumptive failure of cell seals. There is no guarantee
that the waiver will be granted.

5.7.4 Alternatives to Mercuric Oxide-Zinc Batteries

From the previous paragraph, it shall be clear that significant savings in time and expense may result from selection
of a cell type having significantly less mercury content, such as alkaline-manganese or silver oxide-zinc. Because
of environmental concerns, mercury has been eliminated from most alkaline manganese dioxide cells and replaced
with small amounts of such materials as lead, bismuth and/or indium to reduce hydrogen gassing. However, many
silver-zinc cells and LeClanche cells still have a small amount of mercury. This is generally not considered
hazardous for payloads. Alkaline-manganese cells will be slightly heavier than mercuric oxide-zinc for the same
energy content (See Table 6.5-1) but are less expensive. Silver oxide-zinc cells are generally more expensive but
may be lighter and smaller, depending on energy content. Neither requires special approval for mercury content.

5.8 NICKEL-CADMIUM BATTERIES

5.8.1 Definition

While charging, nickel-cadmium cells produce a voltage with a gradually rising slope. When the cells are fully
charged, the voltage begins to increase its rate of rise and then drops off due to the inverse relationship of voltage
and temperature in nickel-cadmium cells. This peak in the voltage curve is readily detected, normally on the
negative slope, and the chargers are designed to use this to terminate the charge. Alternatively, nickel-cadmium
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battery charging may be terminated on the basis of an upward break in the temperature curve. A timed cut-off is
recommended as a backup for charge termination.

5.8.2 Hazards

Since nickel-cadmium cells undergo both charge and discharge, the battery hazards detailed in subsections of
Section 4.0 shall be accounted for in the battery design, especially the hazards associated with gas generation, high
temperature, and charging. While nickel-cadmium cells are designed to recombine gases produced during nominal
charging conditions, these battery types have pressure relief vents set at 200-300 psia (except for hermetically
sealed aerospace type nickel-cadmium cells). This vent is often a resealable type.

5.8.3 Controls / Process Requirements

The controls detailed in the subsections of Section 4.0 shall be incorporated for nickel-cadmium batteries.
Additionally, a specific charge termination shall be incorporated in the battery charger. The charge shall be
terminated by voltage slope and temperature sensing or by a rigid cut-off time with either voltage slope or
temperature sensing. The charger shall be tested under conditions representing the nominal operational mode as
well as under reasonable abuse scenarios (i.e. overcharge) for the intended application. The tests must verify the
successful operation of the charge termination method.

For NiCd batteries and cells of up to 300 mAh capacity, a Form 1230 or the JF 1477 is sufficient for documentation
of the battery. Cells shall undergo acceptance testing that includes functional and vacuum leak checks. For those
that cannot be removed from the equipment, a functional check along with UL data shall be supplied. In all cases,
the cell specification and the safety circuitry shall be provided with the standardized hazard reports.

For COTS NiCd batteries of up to 20 V and 60 Wh for IVA use, they can be listed on the Form 1230 or JF 1477
and shall be from one lot and shall undergo open circuit and closed circuit voltage tests, vibration and vacuum tests
with functional charge/discharge cycles performed before and after each test. The manufacturer’s specification, the
battery protective features and charger schematics shall be provided along with the Form 1230 or JF 1477.

All other batteries that do not fall under the Form 1230 or JF 1477 shall undergo engineering, qualification and
flight acceptance tests for each unique application. Lot testing shall be performed on 3% (minimum) of every new
lot of cells and batteries procured for the same application.

59 NICKEL-HYDROGEN BATTERIES

5.9.1 Definition

Nickel-hydrogen batteries utilize essentially the same positive electrode and electrolyte as Nickel-Cadmium cells
and a platinum catalyst negative electrode. This battery does not suffer a fate similar to other nickel based cells if
overcharged or if overdischarged into reversal. Nickel-hydrogen batteries exhibit maximum performance between —
10 °C and 0 °C with performance dropping off sharply above 30 °C. Operational life exceeding 60,000 LEO cycles
and more than 15 years of GEO cycling has been obtained in satellite use. The expense of this battery generally
dictates its use.

5.9.2 Hazard Sources

The principal hazard associated with nickel-hydrogen batteries is the high pressure hydrogen in fully charged cells,
800-1,000 psia. Internal pressure is directly proportional to relative state of charge.

5.9.3 Controls / Process Requirements

The nickel-hydrogen cell container is considered a thin walled pressure vessel and shall be designed and certified to
leak before burst to assure that breaching the container does not result in release of shrapnel. Special arrangements
need to be made well in advance of launch of any nickel-hydrogen battery that will require crew handling. Nickel-
hydrogen batteries have not been designed for operation inside crewed vehicles.
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5.10 NICKEL-METAL HYDRIDE BATTERIES

5.10.1 Definition

Nickel-metal hydride cells became commercially available in the early 1990s as replacements for nickel-cadmium
cells. In part this was sparked by new limits on the allowable cadmium in the manufacturing work place. Nickel-
metal hydride cells typically provide up to twice the capacity for the same size nickel-cadmium cell and experience
less of the "memory effect”" characteristic of nickel cadmium cells. The voltage and discharge parameters of both
chemistries are sufficiently similar to allow the interchange of nickel-cadmium and nickel-metal hydride cells for
discharge purposes. However, the intricacies of the charge characteristics of nickel-metal hydride cells differ
enough from the nickel-cadmium cells that nickel-cadmium chargers can not be safely used to charge nickel-metal
hydride cells in the habitable environment of a spacecraft.

Nickel-metal hydride cells exhibit a gradually rising slope to the discharge curve while charging. However, the
negative slope at completion of charge is not as significant as with nickel-cadmium cells. The negative slope may
go undetected, especially at the lower charge rates, forcing the cells into overcharge. For this reason, chargers
designed strictly for nickel-cadmium batteries cannot be used to charge nickel-metal hydride cells and/or batteries.
The nickel-metal hydride charger shall be designed to terminate the charge on a characteristic other than the
negative voltage slope in addition to the negative voltage slope. Chargers designed specifically for nickel-metal
hydride cells often terminate charge when the voltage change over time is zero. Alternatively, the charge is
terminated on the basis of an upward break in the temperature curve. A timed cut-off is recommended as a backup
for charge termination.

5.10.2 Hazards

Since nickel-metal hydride cells undergo both charge and discharge, the battery hazards detailed in subsections of
Section 4.0 shall be accounted for in the battery design, especially the hazards associated with gas generation, high
temperature, and charging. While both are designed to recombine gases produced during nominal charging
conditions, these battery types have pressure relief vents set at 200-300 psia. This vent is often a resealable type.

5.10.3 Controls / Process Requirements

The controls detailed in the subsections of Section 4.0 shall be incorporated for nickel-metal hydride batteries.
Additionally, a specific charge termination shall be incorporated in the battery charger. The charge shall be
terminated by voltage slope and temperature sensing or by a rigid cut-off time with either voltage slope or
temperature sensing. The charger shall be tested under conditions representing the nominal operational mode as
well as under reasonable abuse scenarios (i.e. overcharge) for the intended application. The tests shall verify the
successful operation of the charge termination method. An example of acceptance and lot testing of cells is
provided in EP-WI-014 B.

For NiMH batteries and cells of up to 300 mAh capacity, a Form 1230 or the JF 1477 is sufficient for
documentation of the battery. Cells shall undergo acceptance testing that includes functional and vacuum leak
checks. For those that cannot be removed from the equipment, a functional check along with UL data shall be
supplied. In all cases, the cell specification and the safety circuitry shall be provided with the standardized hazard
reports.

For COTS NiMH batteries of up to 20 V and 60 Wh for IVA use, it can be listed on the Form 1230 or JF 1477 and
shall be from one lot and shall undergo open circuit and closed circuit voltage tests, vibration and vacuum tests with
functional charge/discharge cycles performed before and after each test. The manufacturer’s specification, the
battery protective features and charger schematics shall be provided along with the Form 1230 or JF 1477.

All other batteries that do not fall under the Form 1230 or JF 1477 shall undergo engineering, qualification and

flight acceptance tests for each unique application. Lot testing shall be performed on 3% (minimum) of every new
lot of cells and batteries procured for the same application.

34



January, 2005 JSC-20793

5.11 SILVER-ZINC BATTERIES

5.11.1 Definition

Although silver-zinc batteries have limited cycle life, they are frequently used because of their high energy density,
for example, in the Extravehicular -Mobility Unit (EMU).

5.11.2 Hazard Sources

The main safety concern is electrolyte leakage. It should be noted that if it is necessary to top off the electrolyte,
one shall add only electrolyte and not water, as water alone will lead to degradation of the cell separator.

5.11.3 Controls /Process Requirements

The controls associated with electrolyte leakage, as discussed in subsections of Section 4 apply. Cell vents should
be made out of non-corrosive or corrosion-resistant materials. A cell vent made of metallic materials could possibly
contribute to the formation of shorting paths. In addition, corroded vents can easily plug contributing to an
energetic release of gases and electrolyte.

For Ag/Zn batteries and cells of up to 300 mAh capacity, a Form 1230 or the JF 1477 is sufficient for
documentation of the battery. Cells shall undergo acceptance testing that includes functional and vacuum leak
checks. For those that cannot be removed from the equipment, a functional check along with UL data shall be
supplied. In all cases, the cell specification and the safety circuitry shall be provided with the standardized hazard
reports. For those batteries that have capacities above 300 mAh and that are rechargeable, acceptance test cycles
shall be performed on the flight batteries. For COTS Ag/Zn batteries of up to 20 V and 60 Wh for IVA use, should
be listed on the Form 1230 or JF 1477 and shall be from one lot and shall undergo open circuit and closed circuit
voltage tests, vibration and vacuum tests with functional charge/discharge cycles performed before and after each
test. The manufacturer’s specification, the battery protective features and charger schematics shall be provided
along with the Form 1230 or JF 1477.

All other batteries that do not fall under the Form 1230 or JF 1477 shall undergo engineering, qualification and
flight acceptance tests for each unique application. Lot testing shall be performed on 3% (minimum) of every new
lot of cells and batteries procured for the same application.

5.12 ZINC-AIR BATTERIES

5.12.1 Definition

Zinc-air batteries have a high energy density since the bulk of the cell contains only one of the reactants - zinc.
Oxygen from the air is required to complete the chemical reaction that produces voltage from a zinc-air cell. The
zinc-air battery shall therefore contain air holes to let oxygen in, yet shall also be sealed to prevent the leakage of
electrolyte. Using gas permeable, liquid impermeable material to cover the air holes makes this possible. To
prevent voltage loss during storage due to self-discharge reactions, the battery design shall include an air barrier
over the air holes (i.e. battery inside a bag or gas impermeable material placed over the air holes). Removal of the
air barrier when the battery is to be used will activate the cells by allowing air into the cell reactions. In addition to
these guidelines for zinc-air batteries, the following hazards must also be considered.

5.12.2 Hazard Sources

a. Hydrogen gas is generated by the chemical reaction between the potassium hydroxide electrolyte and the zinc
anode. The hydrogen generation rate is 0.01 cc hydrogen/hr/gram of zinc for 0.5 percent mercury amalgamated
zinc at 21.1 °C (70 °F), based on silver-zinc chemistry. The hydrogen generation rate doubles or halves with
each 10 °C increase or decrease, respectively, in temperature (corresponding to a doubling or halving for every
18 °F increase or decrease). The discharge rate also affects the rate of hydrogen generation.
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Zinc-air cells and battery cases require air holes in order to provide an access port for oxygen, a necessary
reactant of the chemical reaction, which produces current. The air holes are a potential leak point for the
potassium hydroxide electrolyte. Potassium hydroxide is a strong base that can be caustic to eyes, mucous
membranes and skin and corrosive to most metals. In addition to the air holes, another potential leak point is
the gasket between the two parts of the cell can. Also, charging zinc-air primary cells may cause cells to
rupture, releasing the electrolyte.

Other causes for hazards for zinc-air cells include short circuits, circulating currents, high temperature, and
charging. The details of these hazards are contained in their respective subsections of Section 4.0.

.12.3 Controls / Process Requirements

Accumulation of generated hydrogen gas is minimized by providing vents in the battery. The air holes, which
bring oxygen to the cells, can also serve as vent holes for generated hydrogen. If a ventilated zinc-air battery is
installed inside another container, the second container shall also have a relief vent for hydrogen.

The need for air holes in the zinc-air battery case complicates the electrolyte leakage control for a zinc-air
battery. The air holes must be covered with a material, such as Goretex fabric, which is permeable to air but
impermeable to the electrolyte. The battery case, potting material, and case sealants shall be made of materials
that are compatible with the strong base potassium hydroxide electrolyte.

The controls for short circuits, circulating currents, high temperature, and charge prevention are detailed in their
respective subsections of Section 4.0.

For Zn-Air batteries and cells of up to 300 mAh capacity, a Form 1230 or the JF 1477 is sufficient for
documentation of the battery. Cells shall undergo acceptance testing that includes functional and vacuum leak
checks. For those that cannot be removed from the equipment, a functional check along with UL data shall be
supplied. In all cases, the cell specification and the safety circuitry shall be provided with the standardized
hazard reports.

36



January, 2005 JSC-20793
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APPENDIX A: ACRONYMS AND ABBREVIATIONS

Acronym

CCV
CID
CofC
COTS
Crate or C
DoD
EEPROM
G

g*/Hz
GFE
GSE

ISS

JSC
KOH
LEO
GEO
mAh
MCMB
MOSFET
OoCcv
PSRP
PTC

SLA
SOC

SRP
SSRP
STS

Description

Closed Circuit Voltage

Current Interrupt Device

Certificate of Compliance
Commercial-off-the-shelf

Charge/Discharge rate based on the nameplate capacity of the cell
Depth of Discharge

Electrically Erasable Programmable Read Only Memory
Gravitational Constant

Measurement of Vibration Amplitude
Government Furnished Equipment

Ground Support Equipment

International Space Station

Johnson Space Center

Potassium hydroxide

Low Earth Orbit

Geosynchronous Earth Orbit

milli-Amp hours

Mesophase Carbon Micro Beads

Metal Oxide Field Effect Transistor

Open Circuit Voltage

Payload Safety Review Panel

Positive Temperature Coefficient

Sealed Lead Acid

State of Charge

ISS Safety Review Panel

Shuttle Safety Review Panel

Space Transportation System (Space Shuttle)
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APPENDIX B: GLOSSARY OF OFTEN-USED BATTERY TERMS

Activation — The process of making an assembled cell functional, either by introducing an electrolyte, by
immersing the cell into an electrolyte, or by any other means dictated by the battery manufacturer.

Active Material — The material contained in the electrodes of a cell or battery that takes part in the electrochemical
reactions of charge and discharge.

Aging — Permanent loss of capacity due to repeated cycling or passage of time during non-use.

Anode — (negative electrode) — gives up electrons to external circuit and is oxidized during the electrochemical
reaction of discharge.

Available Capacity — The total capacity, Ah or Wh, that will be obtained from a cell or battery at defined discharge
rates and other specified discharge or operating conditions.

C Rate — The discharge or charge current, in amperes, expressed as a multiple of the rated capacity in ampere
hours.

Capacity — The total number of ampere-hours or watt-hours that can be withdrawn from a fully charged cell or
battery under specified conditions of discharge.

Cathode — (positive electrode) — accepts electrons from the circuit and is reduced during the electrochemical
reaction of discharge.

Charge Acceptance — The willingness of a battery or cell to accept charge. It may be affected by cell temperature,
charge rate, and state-of-charge.

Closed Circuit Voltage (CCV) — The difference in potential between the terminals of a cell or the voltage
measured when the circuit is under load by a circuit.

Concentration Polarization — Polarization caused by the depletion of ions in the electrolyte at the surface of the
electrode.

Conditioning — Cyclic charging and discharging of a battery to ensure that it is fully formed and fully charged.
Sometimes indicated when a battery is first placed into service or returned to service after prolonged storage.

Cut-Off Voltage — The cell or battery voltage at which the discharge is terminated. Also called End Voltage.

Cycle Testing — Repetitive charge discharge tests performed to demonstrate rate performance capability or verify
continued operability after completing acceptance testing.

Deep Discharge — Withdrawal of 80 percent or more of the rated capacity of a cell or battery.

Depth of Discharge (DOD) — Ratio of the quantity of electricity (in amp-hours or watt-hours) removed from a cell
or battery on discharge to its rated capacity.

Electroformation — Term used to describe the conversion of the material in both the positive and negative plates to
their respective active materials. Also called Formation.

End Voltage — The prescribed voltage at which the discharge (or charge, if the end-of-charge voltage) of a cell or
battery may be considered complete.
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Fast Charge — A rate of charging which returns full capacity to a rechargeable battery, usually within an hour.
Flooded Cell — A cell design that incorporates an excess amount of electrolyte.
Forced Discharge — Discharging a cell or battery below zero volts causing voltage reversal.

Formation — Electrochemical processing of a battery plate or electrode which transforms the active materials into
its usable form.

Gasing — The evolution of gas from one or more of the electrodes in a cell.

Internal Resistance — The opposition to the flow of electric current within a cell or battery expressed as the sum of
the ionic and electronic resistances of the cell components.

Life — For rechargeable batteries, the duration of satisfactory performance, measured in years (float life) or in the
number of charge/discharge cycles (cycle life).

Memory Effect — A phenomenon in which a cell, operated in successive cycles to less than full depth of discharge,
experiences a depression of its discharge voltage and temporarily loss of the rest of its capacity when cycled again

at normal voltage levels.

Open Circuit Voltage (OCV) — The difference in potential between the terminals of a cell or the voltage measured
when the circuit is open (no-load condition).

Overcharge — The forcing of current through a cell after all the active material has been converted to the charged
state. Charging continued after 100 percent state of charge is achieved.

Overdischarge — To discharge a cell or battery past the point where the full capacity has been obtained.

Oxygen Recombination — The process by which oxygen generated at the positive plate during charge is reacted at
the negative plate.

Prismatic Cells — A cell fabricated typically with flat plate electrodes, which are stacked to provide capacity.

Rated Capacity — The number of ampere-hours a cell or battery can deliver under specific conditions (rate of
discharge, end voltage, temperature), usually the manufacturers rating.

Shape Change — Change in shape of an electrode due to migration of active material during charge/discharge
cycling.

Shelf Life — The duration of storage under specified conditions at the end of which a cell or battery still retains the
ability to give a specified performance.

Starved Electrolyte Cell — A cell containing little or no free liquid electrolyte. This enables gases to reach
electrode surfaces during charging and facilitates gas recombination.

State of Charge (SOC) — The available capacity in a cell or battery expressed as a percentage of rated capacity.

Taper Charge — A charge regime delivering moderate to high rate charge current when the battery is at a low state
of charge and tapering the charge current to lower values as the battery reaches its end-of-charge voltage.

Thermal Runaway — A condition whereby a cell or battery will overheat and reach very high temperatures in very

short periods (seconds) through internal heat generation caused due to an internal short or due to an abusive
condition. The temperature of the cell or battery is uncontrollable at this point.
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Trickle Charge — A charge at a low rate, balancing losses through a local action and/or periodic discharge, to
maintain a cell or battery in a fully charged condition.

Unactivated Shelf Life — The period of time, under specified conditions of temperature and environment, that an
unactivated cell or battery can be stored before deteriorating below a specified capacity.

Wet Shelf Life — The period of time that a cell or battery can stand in the charged or activated condition before
deteriorating below a specified capacity.

Working Voltage — The typical voltage or range of voltage of a cell or battery during discharge.
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