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FOREWORD

Vehicles manufactured with liquid hydrocarbon as fuels have a long history of creating appropriate safety countermeasures.
With the onset of new hydrogen fuel cell systems, new mechanical and electrical system safety design parameters will need
to be provided to vehicle developers. This SAE report establishes safety criteria and methodologies for fuel cell vehicle and
subsystem developers.

The purpose of this document is to identify the unique requirements and criteria for the integration of hydrogen fuel systems
(as defined in SAE J2579) and fuel cell systems into vehicles.
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1. SCOPE

This SAE Recommended Practice identifies and defines requirements relating to the safe integration of the fuel cell system,
the hydrogen fuel storage and handling systems (as defined and specified in SAE J2579) and high voltage electrical systems
into the overall Fuel Cell Vehicle. The document may also be applied to hydrogen vehicles with internal combustion engines.
This document relates to the overall design, construction, operation and maintenance of fuel cell vehicles.

1.1 Purpose

The purpose of this document is to provide mechanical and electrical system safety guidelines, safety criteria and

methodologies that should be considered when designing fuel cell vehicles for use on public roads.

1.2 Field of Applic
This document is ap
2. REFERENCES
2.1 Applicable Do

The following public
latest issue of SAE (
2.1.1 SAE Publicg

Available from SAE
and Canada) or 724

Applicable FMVSS

ation

blicable to fuel cell vehicles designed for use on public roads.

Cuments

ptions form a part of this specification to the extent specified*herein. Unless oth
ublications shall apply.

tions

nternational, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-6
776-4970 (outside USA), www.sae.org.

standards and regulations should supersede any SAE recommended practices

prwise indicated, the

D6-7323 (inside USA

as described in this

document.

SAE J1142 Towjability Design Criteria and Equipment Use - Passenger Cars, Vans, and Light-Dufy Trucks

SAE J1645 Fue| Systems and Components™- Electrostatic Charge Mitigation

SAE J1718 Medgsurement of Hydrogen Gas Emission from Battery-Powered Passenger Cars and Light Trucks During
Battery Charging

SAE J1739 Potential FailureMlode and Effects Analysis in Design (Design FMEA), Potential Failyre Mode and Effects
Analysis in Manufacturing and Assembly Processes (Process FMEA)

SAE J1742 Conhections for High Voltage On-Board Road Vehicle Electrical Wiring Harnesses |- Test Methods and
General Performance Requirements

SAE J1766 Recommended Practice for Electric, Fuel Cell and Hybrid Electric Vehicle Crash Integrity Testing

SAE J1772 SAE Electric Vehicle and Plug in Hybrid Electric Vehicle Conductive Charge Coupler

SAE J1773 SAE Electric Vehicle Inductively Coupling Charging

SAE J2344 Guidelines for Electric Vehicle Safety
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https://saenorm.com/api/?name=76ab5b772763675e329901e546fe41c2

SAE INTERNATI

ONAL J2578 Revised AUG2014

Page 5 of 71

SAE J2574

SAE J2579

Fuel Cell Vehicle Terminology

Standard for Fuel Systems in Fuel Cell and Other Hydrogen Vehicles

2.1.2  ANSI Publication

Available from American National Standards Institute, 25 West 43rd Street, New York, NY 10036-8002, Tel: 212-642-4900,

WWW.ansi.org.

ANSI 7535.4

2.13

Product Safety Sign and Label

Motor Vehicle Safety Standards

Motor vehicle standa
2.1.3.1 FederalM

Available from DLA
6396, http://quickseq

rds for the U.S. and Canada are listed below. In other countries, other regulation
ptor Vehicle Safety Standards (FMVSS)

PDocument Services, Building 4/D, 700 Robbins Avenue, Philadelphia, PA 19111
rch.dla.mil/.

The following Federal Motor Vehicle Safety Standards are specifically applicable te this document for

the Code of Federal

FMVSS 301 Fue
FMVSS 303 Fue
FMVSS 305  Eled
2.1.3.2 Canadian

Available from Tran
Terminal, Ottawa, O

The following Canad
the Canada Motor V

CMVSS 301.2 Fue
CMVSS 305  Eled

214

IEC Publications

Regulations (49 CFR 571) for other applicable FMVSS.

System Integrity

System Integrity of Compressed Natural Gas Vehicles

tric Powered Vehicles: Electrolyte Spillagerand Electrical Shock Protection
Motor Vehicle Safety Standards (CMV.SS)

Eport Canada, Road Safety and Motor Vehicle Regulation Directorate, P.O. Bo
htario, K1G.3J2, www.tc.gc.ca:

an Motor Vehicle Safety Standards are specifically applicable to this document for
bhicle Act for other applicable CMVSS.

System Integrity

tric Powered. Vehicles: Electrolyte Spillage and Electrical Shock Protection

Available from IEC @

s may apply.

15094, Tel: 215-697-

use in the U.S. See

8880, Ottawa Post

use in Canada. See

entral Office 3 riie de VVarembe P O Box 131 CH-1211 Geneva 20 Switzerland

, Tel: +41 22 919 02

11, www.iec.ch.

IEC 60079 (Parts 0 through 20) Electrical Apparatus for Explosive Gas Atmospheres

IEC 60417 (Parts 1 and 2)

IEC 60950

Graphical Symbols for Use on Equipment

Safety Testing
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2.15

ISO Publications

Available from American National Standards Institute, 25 West 43rd Street, 4th Floor, New York, NY 10036, Tel: 212-642-

4900, www.ansi.org.

pinst foreign objects,

ISO 6469-1 Electrically propelled road vehicles—Safety specifications—Part 1: On-board rechargeable energy storage
system RESS

ISO 6469-2 Electrically propelled road vehicles - Safety specifications - Part 2: Functional safety means and protection
against failures

ISO 6469-3 Electrically propelled road vehicles - Safety specifications - Part 3: Protection of persons against electric
shock

ISO 26262 Road Vehicle Functional Safety (Parts 1 through 10)

ISO 20653 Road vehicles - Degrees of protection (IP code) - Protection of electrical equipment ag
water and access

2.1.6 UL Publicatipns

Available from UL, 3

UL 991 Star
UL 1998 Star
UL 2202 Star
UL 2231 Pers
UL 2251 Plug
UL 2279 Star
2.1.7 Other Publig

The following public
Report.

DGMK Research Re

B3 Pfingsten Road, Northbrook, IL 60062-2096, Tel: 847-272~8800, www.ul.com.
dard for Tests for Safety-Related Controls Employing, Solid-State Devices

dard for Safety-Related Software

dard for Electric Vehicle (EV) Charging System Equipment

onnel Protection Systems for Electric-¥ehicle (EV) Supply Circuits

s, Receptacles, and Couplers for‘Electric Vehicles

dard for Electrical Equipmentfor Use in Class I, Zone 0, 1, and 2 Hazardous (Cls
ations

htions are provided for information purposes only and are not a required part o

port 508;.1996 Avoiding the Ignition of Otto-type Fuel/Air Mixtures when Refu
Gas Stations

ssified) Locations

this SAE Technical

bling Automobiles at

EPRI TR-105939

Final Report Prepared Underwriters | aboratories, Decembe

r 1995, “Personnel

NFPA 496

Protection Systems for Electric Vehicle Charging Circuits”

Standard for Purged and Pressurized Enclosures for Electrical Equipment 1998

Edition
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2.2 Related Publications

The following publications are provided for information purposes only and are not a required part of this SAE Technical
Report.

2.2.1 SAE Publications

Available from SAE International, 400 Commonwealth Drive, Warrendale, PA 15096-0001, Tel: 877-606-7323 (inside USA
and Canada) or 724-776-4970 (outside USA), www.sae.org.

SAE J551-1 Performance Levels and Methods of Measurement of Electromagnetic Compatibility of Vehicles, Boats (up
to 15 m), and Machines (16.6 Hz to 18 GHz)

SAE J551-2 Tes{ Limits and Methods of Measurement of Radio Disturbance Characteristics of.Vlehicles, Motorboats,
and|Spark-Ignited Engine-Driven Devices

SAE J551-4 Test Limits and Methods of Measurement of Radio Disturbance Characteristics of Vehicles and Devices,
Broadband and Narrowband, 150 kHz to 1000 MHz

SAE J551-5 Test Performance Levels and Methods of Measurement of Magnetic and Electric [Field Strength from
Eleqtric Vehicles, Broadband, 9 kHz to 30 MHz

SAE J551-11 Vehjcle Electromagnetic Immunity - Off-Vehicle Source
SAE J551-12 Vehicle Electromagnetic Immunity- On-Board TransmitterSimulation
SAE J551-13 Vehicle Electromagnetic Immunity- Bulk Current Injection

SAE J1113-2 Eledtromagnetic Compatibility MeasurementiProcedures and Limits for Vehicle Gomponents (Except
Aircraft) - Conducted Immunity, 15 Hz to 250 kHz- All Leads

SAE J1113-3 Conducted Immunity, 250 kHz to 400°MHz, Direct Injection of Radio Frequency (RF) Power
SAE J1113-4 Immunity to Radiated Electromagnetic Fields- Bulk Current Injection (BCI) Method
SAE J1113-11 Immunity to Conducted T¢ansients on Power Leads

SAE J1113-12 Eledtrical Interference.by Conduction and Coupling- Capacitive and Inductive Coupling via Lines Other than
Supply Lines

SAE J1113-13 Eledtromagnetic Compatibility Measurement Procedure for Vehicle Components - Part 13: Immunity to
Eleqtrostatic'Discharge

SAE J1113-21 Eledtromagnetic Compatibility Measurement Procedure for Vehicle Components - fPart 21: Immunity to
Electromagnetic Fields, 30 MHz to 18 GHz, Absorber-Lined Chamber

SAE J1113-24 Immunity to Radiated Electromagnetic Fields; 10 kHz to 200 MHz- Crawford TEM Cell and 10 kHz to 5 GHz
- Wideband TEM Cell

SAE J1113-25 Electromagnetic Compatibility Measurement Procedure for Vehicle Components- Immunity to Radiated
Electromagnetic Fields, 10 kHz to 1000 MHz- Tri-Plate Line Method

SAE J1113-26 Electromagnetic Compatibility Measurement Procedure for Vehicle Components- Immunity to AC Power
Line Electric Fields

SAE J1113-41 Limits and Methods of Measurement of Radio Disturbance Characteristics of Components and Modules for
the Protection of Receivers Used on Board Vehicles

SAE J1113-42 Electromagnetic Compatibility - Component Test Procedure- Part 42- Conducted Transient Emissions
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Guidelines for Developing and Revision SAE Nomenclature and Definitions
High Voltage Primary Cable
High Voltage Automotive Wiring Assembly Design

Hybrid Electric Vehicle (HEV) and Electric Vehicle (EV) Terminology

Measurement Procedures- General and Definitions

10 MHz to 3 GHz

SAE J1115

SAE J1654

SAE J1673

SAE J1715

SAE J1752-1

SAE J1752-2

SAE J1812 Fun

SAE J2464 Eled

SAE J2799 70
Stat]

SAE J2990  Hyb

SAE Paper 2007-01

SAE Paper 2007-01

2.2.2 ANSI Public

Available from Amer|
WWW.ansi.org.

ANSI/IEEE C62.41
ANSI/IEEE C62.45
ANSI FC1
ANSI IMC

2.2.3 CISPR Publ

ction Performance Status Classification for EMC Immunity Testing
tric Vehicle Battery Abuse Testing

MPa Compressed Hydrogen Surface Vehicle Fuelling ConnectiontDévice and
on Communications

rid and EV First and Second Responder Recommended Pragtice

0428 Diffusion and Ignition Behavior on the Assumption of Hydrogen Leakag
Fueled Vehicle, presented at 2007 SAE Waorld Congress
Vehicles, presented at 2007 SAE Waorld Congress

htions

can National Standards Institute, 25 West 43rd Street, New York, NY 10036-8002

Surge Voltages in Low-Voltage AC Power Circuits

Standard forsStationary Fuel Cell Power Plants

International Mechanical Code

cations

Electromagnetic Compatibility Measurement Procedures for Integrated Circuits - Integrated Circuit EMC

Measurement of Radiated Emissions from Integrated Circuits - Surface Scan Method (Loop Probe Method)

Optional Vehicle to

e from a Hydrogen-

0437 Development of Safety Criteria for Potentially Flammable Discharges fromp Hydrogen Fuel Cell

, Tel: 212-642-4900,

Equipment Connected to Low-Voltage AC Power Circuits, Guide on Surge Testing for

Available from International Electrotechnical Commission, 3, rue de Verambe, P.O. Box 131, 1211 Geneva 20, Switzerland,
Tel: +41-22-919-02-11, www.iec.ch.

Methods of Measurement

Measurement

Used on Board Vehicles

CISPR 12
and
CISPR 22
CISPR 25
2.2.4 EU Directives

Vehicles, Motorboats and Spark-Ignited Engine-Driven Devices - Radio Disturbance Characteristics - Limits

Information Technology Equipment - Radio Disturbance Characteristics - Limits and Methods of

Limits and Methods of Measurement of Radio Disturbance Characteristics for the Protection of Receivers

The following Directive is available for download from the European Union at http://www.europa.eu.int/eur-lex/en/index.html.
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Commission Directive 95/54/EC  Automotive Directive (amends 72/245/EEC)

2.2.5

IEC Publications

No IEC publications are provided for guidance.

2.2.6

ISO Publications

Available from American National Standards Institute, 25 West 43rd Street, 4th Floor, New York, NY 10036, Tel: 212-642-
4900, www.ansi.org.

ISO 11451-1

ISO 11451-2

ISO 11451-3

ISO 11451-4

ISO 11452-1

ISO 11452-2

ISO 11452-3

ISO 11452-4

ISO 11452-5

ISO 11452-6

ISO 11452-7

ISO 23273

1SO/26262-1

1SO/26262-2

1ISO/26262-3

Road Vehicles - Vehicle Test Methods for Electrical

Electromagnetic Energy - Part 1: General and Definitions

Disturbances from Narrowband Radiated

Roa
Eled

Roa
Met

Roa
Met

Roal
Eled

Roa
Tes

Roa
Eled

Roal
Eled

Roa
Test

Roa
Test

Roa
Test

d Vehicles - Vehicle Test Methods for Electrical Disturbances from(Ng
tromagnetic Energy - Part 2: Off-Vehicle Radiation Sources

d Vehicles - Electrical Disturbances by Narrowband Radiated Electromagnetic E
nods - Part 3: On-Board Transmitter Simulation

d Vehicles - Electrical Disturbances By Narrowband Radiated\Electromagnetic B
nods - Part 4: Bulk Current Injection (BCI)

tromagnetic Energy - Part 1. General and Definitions

d Vehicles - Electrical Disturbances by Narrowband Radiated Electromagnetic H
Methods - Part 2: Absorber-Lined Chamber

tromagnetic Energy - Part 3: Transvérse Electromagnetic (TEM) Cell

tromagnetic Energy - Part4:Bulk Current Injection (BCI)

d Vehicles - Electrical Disturbances by Narrowband Radiated Electromagnetic H
Methods - Part 5; Sthipline

d Vehicles - Electrical Disturbances by Narrowband Radiated Electromagnetic H
Methods - -Rart 6: Parallel Plate Antenna

[ Vehicles - Electrical Disturbances by Narrowband Radiated Electromagnetic H
Methods - Part 7: Direct Radio Frequency (RF) Power Injection

rrowband Radiated

nergy - Vehicle Test

nergy - Vehicle Test

d Vehicles - Component Test Methods for Electreal Disturbances from Narrowband Radiated

Energy - Component

d Vehicles - Component Test Metheds for Electrical Disturbances from Narrowband Radiated

d Vehicles - Component Test Methods for Electrical Disturbances from Narrowband Radiated

Energy - Component

Energy - Component

Energy - Component

Fuel Cell Road Vehicles - Safety Specifications: Protection Against Hydrogen Hazards for Vehicles Fuelled
With Compressed Hydrogen

Road Vehicles - Functional Safety - Part 1: Vocabulary

Road Vehicles - Functional Safety - Part 2: Management of Functional Safety

Road Vehicles - Functional Safety - Part 3: Concept Phase
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1SO/26262-4

1SO/26262-5

1SO/26262-6

1SO/26262-7

1SO/26262-8

1SO/26262-9

Road Vehicles - Functional Safety - Part 4: Product Development: System Level
Road Vehicles - Functional Safety - Part 5: Product Development: Hardware Level
Road Vehicles - Functional Safety - Part 6: Product Development: Software Level
Road Vehicles - Functional Safety - Part 7: Production and Operation

Road Vehicles - Functional Safety - Part 8: Supporting Processes

ISO/26262-10 Road Vehicles - Functional Safety - Part 10: Guideline

Road Vehicles - Functional Safety - Part 9: ASIL-Oriented and Safety-Oriented Analyses

2.2.7 Other Publig

The following public
Report.

FCC Rules and Reg

CAN/CSA-C108.4M

CSA Component Ac

ICES-002

ations

Lilations Parts 15 and 18

1992

Ceptance Service No. 33

MIL-SPEC-1472 B for Thermal Hazards

Available from the
Philadelphia, PA 191

NFPA 52

“Vehicle Hydrogen S
Hydrogen Program

NFPA 497

Review

htions are provided for information purposes only and are not a requijred part o

the Document Automation and-Production Service (DAPS), Building 4/D, 70Q
11-5094, Tel: 215-697-6257,http://assist.daps.dla.mil/quicksearch/

Limits and Methods of CMeasurement of
Characteristics of Vehiclés, Motor Boats, and Sp
Driven Devices

Spark Ignition, Systems of Vehicles and Other De
Internal Cembustion Engines

torage Using Lightweight Tanks”, Lawrence Livermore Nat. Laboratory, Proceedi

Vehicular Fuel Systems Code, 2006 edition

Recommended Practice for the Classification of
Gases, or Vapors and of Hazardous (Classified) Lg
Installations in Chemical Process Areas, 2004 Edit

this SAE Technical

Radio Interference
ark-lgnited Engine -

vices Equipped with

0 Robbins Avenue,

ngs of the 2000 DOE

Flammable Liquids,
cations for Electrical
on

NFPA 704

ASTM E 681-04

Ballard Power Systems Report RPT5104988H2

dentification of Materals by Hazard Ratng Syste

Standard Test Method for Concentration Limits
Chemicals (Vapors and Gases)

of Flammability of

Accumulation in Closed Structure Hazard: Validation of Models and Air
Exchange Rate Measurement Technique, 2005 September

US Department of Interior, Bureau of Mines Report 503, Limits of Flammability of Gases and Vapors, 1952


http://assist.daps.dla.mil/quicksearch/
https://saenorm.com/api/?name=76ab5b772763675e329901e546fe41c2

SAE INTERNATIONAL J2578 Revised AUG2014 Page 11 of 71

3. DEFINITIONS

Standard Fuel Cell Vehicle (FCV) terminology is provided in SAE J2574. Terminology specific to this document is contained
in this section.

3.1 AUXILIARY CIRCUIT

Electrical circuit supplying low voltage vehicle functions other than for propulsion, such as lamps, windscreen (windshield)
wiper motors, and radios.

3.2 BARRIER

A device or panel that prevents the passage of a person (or part of a person) or material from one side to another.

NOTE: In the context of this document, barriers are discussed in two areas:

a. A flow barrier grovides passive or active means for controlling flow of potentially hazardous fluids from one space in
the vehicle to ahother.

b.  An electrical barrier is a physical device or panel that prevents people from touching high voltagg electrical parts.
3.3 BASIC INSULATION
The electrical insulafion required for protection against electrical shock hazard under fault-free conditipns.
3.4 CLASSI|ISYSTEM

An electrical system[having basic insulation throughout, whose eanductive accessible parts are connegted to the protective
earthing conductor gnd provided with an earthing terminal or_.eonnection to the vehicle.

3.5 CLASSII SYSTEM

An electrical system(having double insulation and/orreinforced insulation throughout.
3.6 COMPARTMHBNT

A space that is enclgsed (by barriers) except for openings necessary for interconnection, control, and fentilation.
3.7 (LIQUID OR GASEOUS) DISCHARGES
Liquids or gases leaying a system.

3.8 DOUBLE INSULATION

A system of two independent insulations, each of which is capable of acting as the sole insulation between live and
accessible parts in the event of failure of the other insulation. The insulation system resulting from a combination of basic
and supplementary insulation.

3.9 ELECTRICALLY-CONDUCTIVE CHASSIS

Conductive parts of the vehicle whose electrical potential is taken as reference and which are: (1) conductively linked
together, and (2) not energized by high voltage sources during normal vehicle operation.
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3.10 ELECTRICAL PROTECTION BARRIER
The part(s) providing against contact with live parts from any direction of access.
3.11 EXPOSED CONDUCTIVE PART

The conductive part that can be touched under the provisions of the IPXXB protection degree and becomes electrically
energized under isolation failure conditions. This includes parts under a cover that can be removed without using tools.

3.12 ENCAPSULATION

The process of applying a thermoplastic or thermosetting protective or insulating coating to enclose an article by suitable
means, such as brushing, dipping, spraying, thermoforming, or molding.

3.13 EXHAUST
Discharges of spentjor processed fluids.
3.14 FLAMMABILITY LIMITS

The limits of sufficiemt concentrations of fuel and oxidant to propagate combustion frém an ignition source.
NOTES:

a. Gas mixtures|involving hydrogen and oxygen require 4% hydrogen and 5% oxygen to be|flammable at room
temperature when no other reactants are present.

b. Propagation ircludes unsustained events such as flashes<moving away from the ignition sourcelas well as sustained
flames.

3.14.1 Upper Flammability Limit (UFL)

Highest concentratign of fuel at which there is sufficient oxidant in the gas mixture for the mixture to b¢ flammable.

NOTE: The UFL of hydrogen is 74% in air and 95% in pure oxygen as in both cases 5% oxygen is required in the mixture.

3.14.2 Lower Flamiability Limit (LFL)

Lowest concentratiop of fuel in which'a gas mixture is flammable.

NOTES:

a. National and international standard bodies (such as NFPA and IEC) recognize 4% hydrogen ir] air as the LFL. See
the US Department of Interior Bureau of Mines Report 503 for further information Flammabi ity limits (LFL, UFL)

depend on mixture temperature, pressure and the presence of dilution gases, and are assessed using specific test
methods (e.g., ASTM E 681-04).

b. While the LFL value in Note a is appropriate for evaluating flammability in general surroundings of vehicles or inside
passenger compartments, this criteria may be overly restrictive for flowing gas situations where ignition requires more
than 4% hydrogen in many cases. Whether an ignition source at a given location can ignite the leaking gas plume
depends on the flow conditions and the type of ignition. At 4% hydrogen in a stagnant, room temperature mixture,
combustion can only propagate in the upward direction. At approximately 8 to 10% hydrogen in the mixture,
combustion can also be propagated in the downward and horizontal directions and the mixture is readily combustible
regardless of location of ignition source.

c. Given the potential confusion that often exists between notes a and b above, this report only uses LFL when referring
to levels established in note a.
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3.14.3 Non-flammal

ble

A non-flammable discharge is one that cannot propagate or sustain combustion at its point of release or as it disperses in
the surrounding atmosphere (or fluid).

NOTES: Figure 1 illustrates the flammability of gas mixtures containing hydrogen, oxygen, and nitrogen (as an inert). The
potential flammability of a discharge can determined by plotting the initial composition of the discharge and its
concentration trajectory as it disperses into the surrounding air and then seeing which regions the discharge
passes through. See notes a and b for descriptions of “non-flammable” and “potentially ignitable” discharges,
respectively, and note c for examples.

The “non-flammable” region is defined by mixtures that are either below 4% hydrogen (LFL) or below 5% oxygen

(or both) based on 3.11 and 3.11.2. If the concentration of the discharge remains in the “non-flammable” region

from the poi
The “potenti

described in
occurring in
approximate
approximate

If the conce
should be c
following dis

Nt O discharge through dispersal in the surrounding atmosphere, the dischargeis
blly ignitable” region represents where the concentration exceeds 4% hydrogen a

3.14. The region is triangular (rather than rectangular) as the nitrogen (and other
air) “clip” the top of the “potentially ignitable” region. As discussed in 3.14.2,

ly 8% hydrogen is only possible in relatively quiescent conditiens whereas ¢
ly 8 to 10% hydrogen can support ignition in flowing conditions (such as discharg

ntration of the discharge passes through the “potentially ignitable” region at any
bnsidered ignitable unless verified to be non-ignitable‘per 4.2.4.1 and Appendix
Charges are discussed to illustrate the evaluation of “potential ignitability” and are S

(and identifi

1. Areleage of 100% hydrogen is not locally flammablétat its point of release due to insuffi

the rele

dispersi
2.

with air,

to suppg
3. A typicaj

discharg

ventilatipn air to dilute the_hydrogen content of the anode exhaust.

A mixtute of hydrogen and nitrogen gas with less than 5% hydrogen is non-flammable b

d by number) on Figure 1:

se disperses in air, the resultant mixture,becomes potentially ignitable in some
hg into the surrounding atmosphere.

the hydrogen falls below the LFI«(of 4% hydrogen) before there is sufficient oxyge
rt combustion.

discharge from a fuel‘eell vehicle shows that there can be both hydrogen and o
e from the vehicle{ but that the discharge is usually non-flammable by virtue o

non-flammable.
nd 5% oxygen as

inert gases normally
vhere ignition below
bncentrations above
bs from vehicles).

point, the discharge
D, for example. The
hown as dotted lines

Cient oxygen, but, as
regions before fully

bcause, when mixed
h (5%) in the mixture

Kygen at the point of
f using cathode and
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3.15 FUEL CELL M
Fuel cell modules ar
electrical connection
modules may incorp
and/or abnormal ops
3.16 HAZARDOUS

An area or space in
in such quantities ag

3.17 HAZARDOUS
A condition that is pq
3.18 HAZARDOUS|

Gases or liquids that

vhich an explosive gas atmesphere or other hazardous condition is or may be ex
to require special precautions for the construction, installation and use apparatug.
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FIGURE 1 - POTENTIAL FLAMMABILITY OF HYDROGEN'WISCHARGES IN AlR

ODULE

b comprised of one or more fuel cell stacks; connections for conducting fuels, oxi
s for the power delivered by the stacks; andmeans for monitoring and/or control.
prate means for conducting additional fluids (€.9., cooling media, inert gas), meang
rating conditions, enclosures or pressuresvessels, and ventilation systems.

AREA

CONDITION

FLUIDS

pose‘potential dangers. Hazards present with fluids in fuel systems are as follow

a.

tentially dangetrous. Among these are hazardous fluids and high electrical voltages.

Po

jants, and exhausts;
Additionally, fuel cell
for detecting normal

pected to be present

‘A

dangerous. See 3.11, including 3.11.1 through 3.11.3, for further information.

Flammability - SUTfICIent quantties of TUelfalr mIXtUres at or above the fower frammabitity imit (LFL) are by definition

Toxicity - Point sources greater than the IDLH (Immediately Dangerous to Life and Health) and occupiable areas

greater than OSHA TWA (Time Weighted Average) or other equivalent standard should be considered hazardous.

management subsystems that can transfer kinetic energy causing personal injury.

such as burns or frostbite.

Fluids with extreme pH are examples.

High Pressure - High-pressure fluids in fuel supply subsystems, fuel processors, fuel cells, and/or thermal
Extreme Temperature - Very high or low temperature fluids or materials that are capable of causing personal injury

Reactive - Materials that can react with other common materials and can directly or indirectly pose hazards to humans.
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3.19 HAZARDOUS VOLTAGE INTERLOCK LOOP (HVIL)

The HVIL is a system intended to protect people from exposure to high voltage or other hazardous conditions. It typically
detects unwanted access or faults by passing a small (non-hazardous) signal through a loop connecting a set of normally-
closed conductors, connectors, sensors, and switches to check for electrical continuity.

3.20 HIGH VOLTAGE

Voltage levels greater than 30 VAC or 60 VDC.

3.21 IGNITION SOURCES

Thermal or electric energy sources capable of igniting flammable gas mixtures. See 4.2.3.3 for discussion of avoiding
thermal, electrical, ahd static discharges, respectively.

3.22 IMMEDIATELY DANGEROUS TO LIFE OR HEALTH (IDLH)
An IDLH exposure cpndition is defined as one that poses a threat of exposure to airborne contaminantg when that exposure
is likely to cause dgath or immediate or delayed permanent adverse health effects or prevent escape from such an
environment.
3.23 INTERNAL TRANSFER (OR CROSS LEAKAGE)
Leakage of fluids and/or gases through seams, joints, cracks, holes,0r defects between circuitd within components
containing multiple fluids (or gases) such as heat exchangers or the fuehcell stack, driven by operating gand/or non-operating
pressure differenceq and/or concentration gradients. Possible internal\transfer types include,fuel-to-gjr, air-to-fuel, fuel-to-
coolant, coolant-to-fiel, air-to-coolant, and coolant-to-air.

3.24 NORMAL DISCHARGES

Discharges expected during normal operation and not associated exclusively with failures.

3.25 NORMAL OPERATION

All transient and steady state operating conditions of the vehicle occurring during start, intended opefation and shut down
which do not involve|a component or system-failure.

3.26 POINT OF RHLEASE

Interface where ventilation exhadst or other discharge potentially containing hazardous fluids leaves the vehicle and is
expelled to the surroundings;\the passenger compartment, or other area that is assumed to be non-hgzardous.

3.27 PURGES

Discharges associated with the removal of fluids or types of fluids from systems.

3.28 REINFORCED INSULATION

A single insulation system with such mechanical and electrical qualities that it, in itself, provides the same degree of
protection against the risk of electric shock as does double insulation. The term “single insulation system” does not
necessitate that the insulation must be in one homogeneous piece. The insulation system may comprise two or more layers
that cannot be tested as supplementary or basic insulation.

3.29 RELEASES

Discharges, which in the context of this recommended practice, that are undesired or unwanted.
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3.30 SUPPLEMENTARY INSULATION

An independent insulation provided in addition to the basic insulation to protect against electric shock hazard in the event
that the basic insulation fails.

3.31 TUBING

A metallic or non-metallic enclosed conduit for transferring gaseous or liquid fluids.

3.32 VEHICLE ELECTRICAL CONNECTOR

A portable receptacle that by insertion into a vehicle inlet, establishes an electrical connection to the electric vehicle for the

purpose of providing power and information exchange, with means for attachment of flexible cord or cable. This device is a
part of the coupler.

3.33 VEHICLE ELHCTRICAL COUPLER

A means of enabling the connection, at will, of a flexible supply cord to the equipment. It consists gf a connector and a
vehicle inlet.

3.34 VENTS
Discharges of unspgnt, unprocessed, or partially processed gases or liquids;
4. TECHNICAL SY|STEMS SAFETY GUIDELINES

4.1 General Vehide Safety

It is important to pr@tect persons from hazardous conditionsy\where the fundamental hierarchy of vehicle system safety
design is:

a. To protect vehicle occupants and the public from:ihjuries that could result from the failures of cqmponents within the
vehicle systens that support operation and/er,as a result of damage caused by external events |(e.g., collisions).

b. To protect vehicle occupants, general public, and service personnel from hazards associat¢d with operation or
servicing of thie fuel cell vehicle (e:@:high voltage, extreme temperatures, high pressure, angl flammable or toxic
fluids).

c. To minimize vehicle systemsdamage caused by subsystem or component failures.

4.1.1 Design for Safety

The vehicle and asgociated subsystems should be designed with the objective that a single-point hardware or software
failure should not regultsin an unreasonable safety risk to any person or uncontrolled vehicle behavior

4.1.1.1 Risk Assessment

Risk assessments such as Failure Modes and Effects Analysis (FMEA) are necessary to identify potential faults and define
appropriate countermeasures. See SAE J1739 Reference Manual for guidance.

4.1.1.2 Isolation and Separation of Hazards

Isolation and separation of hazards are approaches used to prevent cascading of failures and preclude unwanted or
unexpected interactions. Ignition sources should be isolated from hazardous fluid systems.
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4.1.1.3  Critical Control Function

Safety-critical control systems should be designed such that a single hardware or software failure will not cascade into a
hazardous condition. This may include isolation, separation, redundancy, supervision, and/or other means. Guidance for
hardware and software design can be found in ISO 26262, UL 991, and UL 1998.

4.1.1.4 Fail-Safe Design

The vehicle design should consider fail-safe design of electrical and hazardous fluid system controls. Automatic electrical

disconnects should open and fuel shutoffs should close when deactivated. By so doing, any interruption of this control signal
will cause isolation of electrical or fuel sources.

Vehicle operational safety should consider loss of vehicle power due to an automatic shutdown that may in itself lead to a

hazardous operating
provided to mitigate
detected, specific ag

Guidance can be fol

condition. A staged warning and shutdown pProcess or some other arernaiiyj
the posed hazard, particularly, if the vehicle is moving. When faults that pase-{i
tions to be taken are defined in 4.6.

nd in ISO 6469-2 - Electric road vehicles - Safety specifications. Part 2./ unction

protection against fajlures.

4.1.2 Electromagn
All electrical assemk
electromagnetic env
which may occur du
normal operation of

The vehicle should
guidelines in 2.2.1, 2
4.1.3 Fuel Cell Ve
Crashworthiness gu
applicable FMVSS

simultaneously or se
inventory.
4.1.3.1 Fuel Systg
In the U.S., FMVSS

boiling points above

criteria are proposed
subject to such regu

etic Compatibility (EMC) and Electrical Transients

lies on an FCV, which could affect safe operation of thelyehicle, should be functi
ronment to which the vehicle will be exposed. This includes fluctuating voltage
ing normal operation of the vehicle during driving.and fueling. Also, electrical trar
he vehicle should not cause false shutdowns of the vehicle.

e means should be
otential hazards are

al safety means and

pnally tolerant of the

and load conditions,
sients resulting from

meet the applicable government regulatoty requirements for EMC. See ind{istry standards and

.2.3,2.2.5,2.2.6,and 2.2.7.
hicle Crashworthiness

delines for FCVs should meet'applicable government regulatory requirements.
(see 2.1.3). See 4.6.2 for crash response. Fuel system and electrical integ

In the U.S., use the
rity may be tested

parately. If performed separately, electrical integrity testing can be performed with a partial or no fuel

m Integrity

BO1 and FMV'SS 303 provide fuel system integrity requirements of motor vehicles Wising liquid fuels with

D °C (32 <k)and compressed natural gas, respectively. In the absence of such regu
for past-crash fuel releases from Fuel Cell Vehicles (FCVs), as well as other hyd
ation~in the future:

lations, the following
ogen vehicles, likely

a.
hydrogen systems.
b.
hydride materials).
4.1.3.2 Electrical Integrity

Post-crash electrical

requirements for fuel cell vehicles are addressed in SAE J1766. See also 4.6.2.

4.1.4 Vehicle Immersion

The same equivalent energy of fuel as currently in FMVSS 301. See Appendix A for specific guidance for compressed

No expulsion of other hazardous fluids from the fuel system (such as hydrogen as a liquid, metal hydride or chemical

Immersion of a FCV in water as specified by the vehicle manufacturer should not result in electric potential or current flow,
gas or liquid emissions, flame or explosion that is hazardous to any person inside or outside the vehicle.
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4.1.5 Towability Design Criteria

Specific procedures for sling, wheel-lift, or car-carrier towing should be considered normal service information and included
in the owner’'s manual/guide. Included in the procedures should be photographs or line drawings describing recommended
attachment points. For further information on towing, refer to SAE J1142.

4.2  Fuel System Safety

Fuel systems that store, contain, process, and/or deliver fuel should be designed to SAE J2579. Integration of fuel systems
into the vehicle should address the following items.

4.2.1 Installation

All components and [interconnecting piping and wiring should be securely mounted or supported in th¢ vehicle to minimize

damage and preve

leakage and/or malfunction. Protection from gravel and road debris as wellag

should be considered. Thermally-activated PRDs should be located in the same area or compartmen

or systems that are
4.2.2 Fail-Safe Sh

A means should be
function. The HVIL d

4.2.3 Managemer

eing protected. See SAE J2579 for guidance.
utoff

provided to prevent the unwanted discharge of fuel arising from single-point f3
ould also possibly be used to isolate the fuel supply. See 44,1.

t of Potentially Hazardous Conditions within Vehicle €empartments

All components contgining or generating hazardous fluids as defined.in-3.15 should be located in spa

of the vehicle wherg
may be formed usin
suitable for their eny
ignition sources per

Discharges of hazar

a. External relea
b. The entry of h
C. The passage ¢

per 4.2.4.3.

Credible failures of €
4.2.8.

4.2.3.1 Flow Barri

potentially hazardous conditions can be managed. When appropriate, the spag
j barriers as defined in 4.2.3.1. Equipment installed within these spaces or com
ironments based on control of the potentially flammable atmosphere per 4.2.3.2
1.2.3.3.
lous fluids from these spaces or compartments should address the following:
se of hazardous fluids from-the vehicle per 4.2.4.1.

hzardous fluids into the\passenger compartment per 4.2.4.2.

f flammable fluids_into compartments or spaces containing equipment not suitable

quipmentand systems in 4.2.3.1 through 4.2.3.3 should be considered and, if war

ers

chafing or damage
[ as the components

ilures to the shutoff

es or compartments
es or compartments
bartments should be
and/or elimination of

for hazardous areas

ranted, addressed in

Flow barriers may be used to form spaces or compartments with hazardous materials and separate them from
non-hazardous areas inside or surrounding the vehicle. Flow barriers should control the passage of hazardous fluids by
either passive or active means. All seams, gaps, and penetrations of passive barriers should be sealed sufficiently to meet
4.2.3. Active barriers should meet the criteria for pressurization in 4.2.3.2(c).

Flow barriers for containing fuel-bearing equipment as well as ventilation exhaust ducts and channels should be constructed
of metallic or other materials that will not propagate flame and be designed to prevent static electrical discharges. The
potential for transient flame transmission between compartments, pressure rise and other effects should be addressed. See
4.2.4.1 and the evaluations in Appendix D. Inlets and exhaust outlets should be protected such that functionality is not
compromised due to flow restrictions. See Appendix E for additional guidance in designing barriers in conjunction with
PRDs and other shields for hydrogen systems.
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4.2.3.2

Potentially Flammable Atmospheres

The following approaches may be used to manage potentially flammable atmospheres in compartments containing fuel

bearing equipment:

Ventilation - Natural or forced ventilation is an effective method for reducing the potential for the existence of a

flammable gas mixture by diluting the flammable gas to a level below its lower flammability limit. When establishing a
ventilation inlet location and flow requirement, possible contamination of the diluent air stream should be considered.
Ventilation equipment and sensors within ducts and channels carrying potentially flammable fluids should be suitable
for their application per 4.2.3.3. The size and location of other shields (if any) that thermally or physically protect the
hydrogen system shall be such that they do not interfere with the functionality of the ventilation system or the flow
barriers. If the ventilation flow is incapable of diluting all releases (including abnormal releases) of flammable gas
mixtures or if loss of ventilation flow causes a potential hazard, then countermeasures should be provided per 4.2.8.

potential ignitipn sources are used.

prevent combystion. The asphyxiation risk or toxicity @ssociated with suppressants should be cq

a.
See IEC 6007
b. Encapsulation
equipment. Se
C. Pressurization
a protective ¢
opposing pres
in a compartm
a potential haz
d. Consumption
combustible m
e. Suppressants
4.2.3.3 Potential |

If a local area conta
an ignition source du
an abnormal or infre
ignition sources sho

p-1U 10I guldance.

- Encapsulation may be used to isolate flammable atmospheres from potential ig
e IEC 60079-18 for guidance.

- Pressurization is a type of protection of electrical apparatus in which safety is a
as maintained at a pressure above an adjoining space containing potentially
Sure differential or velocity may be used to prevent the leakagelof hazardous flui
ent (or space) to other compartments (or spaces) in the vehicle! If loss of pressu
ard, then countermeasures should be provided per 4.2.8.,See NFPA 496 for guid

L Catalytic reactors or other means to reduce flammable gas concentration ma
ixtures. A means of unacceptable flame suppression should be provided if catal

- Inert gases or other materials may be used to reduce the effective flammability

pnition Sources

ns flammables on a frequent.or continuous basis, then equipment installed in thi
ring either normal operation‘or a single failure of said equipment. If the discharge
quent basis, then equipment should not be an ignition source during normal ope
Ild be treated as follows:

ces - During.normal operation, external surface temperatures of components
containing<€uel-bearing equipment should be less than the autoignition temperat
60079-20.for guidance regarding auto ignition temperatures of flammable fluids.

ipment” - Electrical equipment installed within spaces or compartments cof

nition sources within

Chieved by means of
flammable gas. An
s through openings
fe or velocity causes
ance.

be used to reduce

tic reactors or other

of an atmosphere or
nsidered.

5 area should not be
s flammable only on
ration. The following

vithin the spaces or
Lire of the flammable

taining fuel-bearing

uldbe suitable for use within that area. Guidance for the determining the protectiq

n techniques can be

0079-14 and UL 227/9.

Static Discharge - The potential for static discharge in spaces or compartments containing fuel-bearing equipment

should be eliminated by proper bonding and grounding. See 4.4.8 for installation of equipment within areas containing

a. External Surfg
compartments|
fluid. See IEC
b. Electrical Eqy
equipment shg
found in IEC 6
C.
fuel-bearing components.
d.

Catalytic Materials - Equipment containing materials that are capable of catalyzing the reaction of flammable fluids

with air should suppress the propagation of the reaction from the equipment to the surrounding flammable

atmosphere.

If the ignition sources cannot be adequately suppressed or if there is a potential for auto-ignition, see 4.2.3.1, 4.2.3.2, and/or

4.2.8.
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4.2.4 Normal Gaseous Discharge Systems

The vehicle design for all fuel system exhausts, purges, vents, and other normal gaseous discharges should meet the
physical and functional requirements set forth in 4.2.4.1 through 4.2.4.4. Credible failure of gaseous discharge systems
should be addressed as part of fault monitoring in 4.2.8.

4.2.4.1 Normal Gaseous Discharges Outside the Vehicle

Fuel constituents in purges, vents, and exhausts, which occur during normal operation shall not cause a hazardous

condition. The hazards posed include the possibility of local flammability or toxicity at point of discharge or as the discharge
disperses into the surrounding atmosphere, and the subsequent possibility of build-up of emissions to a flammable or toxic

level when the vehicle is operated or parked in enclosed environments.

Discharges may be
catalytic reactors (re|

Local regions at poir
criteria throughout n

a. Below the IDL

b. Below the lowe
disperses into
Appendix D.

If degradations or fa
addressed per 4.2.4
appropriate) for guid

See also 5.2 and Ap
vehicle remains non

4.24.2

Discharges of haza
accomplished using
4.2.3. Flammable ga
LFL (based on Note
4.1.1.

4.2.4.3

Normal Gaseous Discharges to Passenger; Luggage, and Cargo Compartments

Normal Gaseous Discharges to Other Compartments

managed through a combination of process and component design, natural, g
combiners) or other means. See 4.2.3 for guidance.

brmal operation including start-up and shutdown:
H of constituent compounds.

br flammadbility limit (LFL) per 3.14.2 or, if potentially flammable at point of discharg
the surrounding atmosphere, limited in both volume and €oncentration of hydrogern

Ilts as discussed in 4.1.1 could result in the aboye'criteria being exceeded, then th
or verified to not pose a hazard using Appendix D (including Appendices D
ance.

pendix C for specific criteria and evaluations for ensuring that the general atmosp
hazardous during normal operation.

rdous gases to passenger, luggage, and cargo compartments shall be prey
barriers, natural or forced convection, catalytic reactors (recombiners) or other
s and toxic gas levelsinside passenger, luggage, and cargo compartments shol
a in 3.14.2) and OSHA TWA (Time Weighted Average) or other equivalent metho

Flammable fluids sh

for flammable Ioca]ilons. This can be accomplished using barriers, natural or forced convectio

Il not-be discharged into compartments or spaces within the vehicle that contain ec

r forced convection,

t of discharge or as the discharge disperses into the surrounding atmosfhere shall meet the following

b or as the discharge
and verified to meet

ese items should be
.1, D.2, and D.3 as

nere surrounding the
ented. This can be
means as defined in

Id be less than 25%
0 as evaluated using

uipment not suitable

n, catalytic reactors

(recombiners) or oth

4.2.4.4

er means as defined in 4.2.3.

Potential Hydrogen Evolution from Traction Batteries

The vehicle design should preclude the release of hazardous gases beyond the limits defined in 4.2.4.1 through 4.2.4.3 and
follow safety measures defined in 4.2.3.
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4.2.5 Discharges from Hydrogen Storage Systems and Pressure Relief Devices (PRDs)

Hydrogen storage systems may discharge hydrogen following an accident or fault. Since it is often not practical to dilute
these discharges to non-hazardous levels as done with normal discharges in 4.2.4 or 5.2.1, the discharge from pressure
relief devices (PRDs) should be vented to the outside of the vehicle passenger, luggage, and cargo compartments.
Additionally, if the hydrogen storage system is located within the passenger, luggage, or cargo compartment, all other
discharges or potential discharges from the hydrogen storage system should be directed outside of these compartments.
The placement and direction of vent flows should minimize exposure to humans (both inside and outside the vehicle) or the
progression of hazards within the vehicle or surroundings.

See Appendix E for guidance with regard to packaging hydrogen storage systems, PRDs, and vent systems.

4.2.6 Fueling

The fueling receptacje should be located on the vehicle such that potential leaks during filling are verited directly over-board
without flammable gpses passing through the passenger compartment, luggage compartment, or other interior spaces of
the vehicle. Considdration should also be given to not locating the receptacle in areas very likely,to be damaged in accidents
such as the energy absorbing elements of the vehicle .

The receptacle shoyld be protected from the ingress of dirt and water as far as is réasonably practicable, and receptacle
sealing surfaces shdll be protected by a door, cover, or cap.

The receptacle, when connected, shall be bonded to the electrically-conductive chassis of the veh|cle. The measured
electrical resistance [shall be less than 1,000 Q.

The fuelling receptacle should also be protected against maladjustment and rotation (e.g., accomplished by means of

positive locking in all directions) and should be secured to the vehiglein such a manner that it provideq against foreseeable

handling errors. See SAE J2579 for guidance in the design of:fueling systems and SAE J2600 for npzzle and receptacle

requirements for comppressed hydrogen.

The vehicle should glso have provisions such that one (or-both) of the following are met:

a. the vehicle cannot be moved while the fuelinginozzle is connected

b. the fueling regeptacle is properly installed and secured to prevent rupture of the fill line or cgnnections within the
vehicle if a drlve-away occurs and.the break-away functions to separate the fueling hose on|the fill station. See
Appendix F.

See also 4.7 and 5.1 for safety labeling requirements and fueling safety guidance, respectively.

4.2.7 Defueling

A means should be [develeped for removing fuel from the FCV for maintenance or other special purposes such as post-
crash and post-fire. [See 6 and 7.2.

4.2.8 Fuel System Monitoring

Potential faults such as the items listed below should be evaluated per 4.1.1. Faults leading to potential hazards should be
addressed using 4.1.1.4 for guidance and 4.6 for appropriate actions.

a. Fuel Discharge Fault - A fuel discharge fault is a discharge of fuel that results in potentially flammable atmospheres
in excess of the limits specified in 4.2.3. Fault detection methods may include odorants, direct measurements such
as hydrogen concentration or combustibility, or indirect measurements such as flow or pressure measurements within
the system.

b. Fuel Shutoff Fault - Detection of a fault in the fuel shutoff function as defined in 4.2.2.
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condition of the component or system.

environment p

4.3

er4.2.3.2.

Fuel Cell System Safety

Process Fault - A process fault is a pressure, temperature, or other process parameter exceeding its normal operating

Ventilation Fault - A ventilation fault is a loss or reduction of airflow intended to manage a potentially hazardous

Fuel cell systems typically contain a gaseous-fueled electrochemical reactor (the fuel cell stack) and support subsystems,
which if not monitored and controlled appropriately, can expose the vehicle occupants and/or the public to specific hazards
(e.qg., electrical shock, fuel leak).

43.1

Fuel Cell System Design

SAE J2579 should be used for the design of subsystems containing hydrogen, and 4.2 should be used
subsystems into theg vehicle. Correspondingly, subsystems using electrical components should*be
comply with SAE J2844.

4.3.2

Fuel cell stacks sho
electric shock hazar

If hazardous fluid le
these external leaka
Examples include fu
the cooling system,
operation. (See 4.2.4

4.3.3
The fuel cell system
4.3.4
For design verificati
indication of a dieleg
equipment/circuits th
4.3.5 Fuel Cell Sy,

Potential faults such
should be addresseq(

Fuel Cell Stack Design

High Voltage Electric Shock Protection

High Voltage Withstand Capability

Id be designed to prevent hazardous faults including hazardous-fluid leakage, o
Is.

hkage can develop over time due to stack or other component faults or wear, th
ges or internal transfers should be assessed and addressed as per 4.1.1, 4.2
b|-to-coolant transfer, which may result in the presence of hydrogen within (and p
and fuel-to-air transfer, which may result ip, potentially flammable mixtures K
l.1 for methods for assessing normal gaseeus-discharges outside the vehicle.)

should meet electrical requirements defined in 4.4.3.

bn, each high voltage. system should demonstrate adequate dielectric strength 9
tric breakdown or flashover after the application of a voltage per 4.4.4. The fuel ¢
at could be damaged by this test may be disconnected.

stem and Stack Monitoring

as the‘items listed below should be evaluated per 4.1.1. ltems exceeding limi
using”4.1.1.4 for guidance and 4.6 for appropriate actions.

for integrating these
Hesigned to 4.4 and

erpressure, fire, and

b potential effects of
8, 4.6, 5.1 and 5.2.
hssibly emitted from)
eing emitted during

uch that there is no
bll stack(s) and other

s for safe operation

Cell Stack or Process Fault - Out-of-limit thermal, pressure, flow, or composition conditions within cell stacks or other
reactors in the fuel cell system could lead to internal or external component failures and subsequently expose

Low Voltage Fault - The fuel cell stack or individual cells may experience low voltage that could lead to internal or
external component failures and subsequently expose personnel to hazards.

a.
personnel to hazards.

b. Isolation Fault - See 4.4.9a.

C.

d.

Overcurrent Fault - Currents greater than the rated values could lead to internal or external component failures and
subsequently expose personnel to hazards.
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4.4  Electrical System Safety

FCVs typically contain potentially hazardous levels of electrical voltage or current. The intent of electrical design and
monitoring actions are to prevent personal injury and the development of unintended circuits that could generate an ignition
source or cause damage. Refer to SAE J2344 for guidance.

4.4.1 High Voltage Wire

It is recommended that harnesses containing high voltage be visually identified with a permanent orange covering material

per SAE J1673.

4.4.2

High Voltage Connectors

Connectors for high
requirements establi

4.4.3

The high voltage ele
of the electrical buse

Basic protection agdg
basic insulation and
for basic protection:

1. Prevent acces
any barrier or
2. Protect againg

ISO 20653.

Potential equalizatio
chassis per 4.4.8.1.

The isolation resists
requirements define
if the basic protectio

The additional meas
protection under sin
which contribute to &
that occurs if an ele
electric shock proteg

High Voltage Electric Shock Protection

voltage components for FCVs should comply with the test methods and.d
Shed in SAE J1742.

ftrical system in the completed vehicle should be protected such that the‘hazard as
s by people is minimized. See Appendix B for additional inforpjation and rational

inst electric shock shall be provided under fault-free conditions over the vehicle
pr barriers (such as housings, covers, and enclosures). Batrriers shall meet the fol
s to live parts without the use of tools. The hoad,)trunk, and occupant-entry doo

Shield that can be removed or opened withoutoaols are not acceptable for meetin

t direct contact with live parts by providing, applicable IPXXB, IPXXC, or IPXXD p

n of all exposed conductive parts shall be provided by bonding these parts to the e

nce between the any of the high voltage buses and the electrically-conductivg
1 in 4.4.3.1 and summarized in Table 1 so that the system is “floating” for minimiz
N is compromised.

ures defined in4:4.3.1 and summarized in Table 1 shall also be implemented to p
ple-fault conditions. These additional measures are necessary on order to accd
ody current'if the electrical bus is touched. Requirements vary depending on the

eneral performance

Sociated with contact
e.

service life by using
owing requirements
s of the vehicle and

J this requirement.

rotections defined in

ectrically-conductive

chassis shall meet
ng potential hazards

rovide electric shock
unt for Y-capacitors
type of body current

Ctrical’ bus is touched so the operating state and situation needs to be consider
tion\>The same or different measures (or combinations thereof) may be employe

of the system or und

ervarious situations to comply with these electric shock protection requirements.

ed when addressing

<|i in different portions

As an alternative to the measures in 4.4.3.1 (and 4.4.3.2), the countermeasures in 4.4.3.3 may be used to deactivate the
bus during non-operating states or fault management situations, for example.

See SAE J1766 for electric shock protection in post-crash situations.
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TABLE 1 - SUMMARY OF ISOLATION REQUIREMENTS FOR IN-USE OF VARIOUS TYPES OF HIGH VOLTAGE

SYSTEMS
Type of High Voltage Isolation Additional Measures for Electric Shock Protection
Electrical System Resistance for a under Single-Fault Conditions
“Floating” System In 4.4.3.1 (and 4.4.3.2)
per 4.4.3.1
AC Touch Current® DC Touch Current®
DC Systems (Only) 2100 Q/V Y-cap energy <0.2J®)
or
protection of the DC
system per 4.4.3.2
AC Systems (Only) 2500 Q/V Touch current <5ma(rms) Y-cap energy <0.2J6G4
or Of
protection of the AC system protection pf the AC
per 4.4.3.2 system pgr 4.4.3.2
Conductively-
connected AC and DC
Systems
Option 1: =500 Q/V Touch current <5ma(rms) Y-cap energy <0.2J®)
Conductively- or 0
connected pystem protection of the AC system | protection of the AC and
meets AC $ystem per 4.4.3.2 DC systems|per 4.4.3.2
requiremenjts
Option 2: Additional 2100 Q/V Protection of.the*AC system Y-cap energy <0.2J¢)
AC Protectjon per4.4.3.2 of
protection of the AC and
DC systems|per 4.4.3.2
Notes: (1) Exposure to AC can occur by touching an operating AC bus.

@)

(©)
4)

Exposure t
system char
See SAE J1
Y-capacitorg

4.43.1 High Voltd

The isolation resistal
AC systems, and cor

Ction.

electric shock prote
capacitance. As an
in 4.4.3.2 may be a

The same or differept measures (or combinations thereof) may be employed in different portions of

ge Isolation

lied to the electrical system.

b DC can occur by touching a DC electrical bus,or touching the electrical bus in the AC system when
ed but not generating AC power (for example, not switching).
766 for the methodology to calculate the total energy stored in the system Y-capacitance.
are typically not used in AC circuits gonnected to electric motors.

nce requirements and the Y-capacitance or touch current requirements are provi
ductively-connected DC and AC systems in 4.4.3.1.1 through 4.4.3.1.3, respective
See SAE'J1766 for the methodology to calculate the total energy stor
lternative to.meeting the Y-capacitance or touch current requirements, the protecti

various situations to [camply with these electric shock protection requirements.

he

Hed for DC systems,
y, in order to provide
bd in the system Y-
ve measures defined

the system or under

As an alternative to the defined above, the countermeasures in 4.4.3.3 may be used to deactivate the bus during non-
operating states or fault management situations, for example.

44311

High Voltage DC Systems

The requirements in this section apply to high voltage DC systems.

The isolation resistance when measured from any DC bus to the electrically-conductive chassis shall be at least 100 Q per

volt (by itself).

The energy stored in Y-capacitors, if any, shall be less than 0.2J. As an alternative, the protective measures in 4.4.3.2 may
be implemented on the DC system.
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4.4.3.1.2 High Voltage AC Systems

The requirements in this section apply to high voltage AC systems.

The isolation resistance when measured from any AC bus to the electrically-conductive chassis shall be at least 500 Q per
volt (by itself).

The touch current when measured from the AC bus to the electrically-conductive chassis shall be less than 5ma (rms) to
demonstrate the acceptability of the Y-capacitance (in conjunction with the system isolation resistance) when the system is
operating. Additionally, the energy stored in Y-capacitors, if any, shall be less than 0.2J. As an alternative (to either or
both requirements), the protective measures defined in 4.4.3.2 may be applied to the AC system.

The measuring instrument specified in Figure D.1 of IEC 60950 (or Figure 2.1 of UL 2231-1) shall be used for touch current

measurement. One
electrically-conducti
4.43.1.3 High Vo
If DC and AC are
requirements in 4.4
conductively connec|

a. The isolation r

to demonstrate t
system is opera

The touch curreF

The energy sto
implemented on

b. The isolation 1

shall be implemented on the AC system!

The energy storg
be implemented
4.43.2 Electrical
For fault protection, ¢

mechanical/physical
protect). See also S

terminal of the instrument 1S connected 1o AC high volfage bus and the other
e chassis. The voltage of U2 is measured during system operation. The touch.el

tage DC and AC Systems that are Conductively Connected

onductively connected in one circuit, two alternatives can be defined that are
fed:

psistance shall be at least 500 Q per volt for the combinéd circuit.

when measured from the AC bus to the electrically>conductive chassis shall be
e acceptability of the Y-capacitance (in conjunction with the system isolation resi

ing. As an alternative, the protective measures, defined in 4.4.3.2 may be applied

ed in Y-capacitors, if any, shall be less\than 0.2J or the protective measures
both the DC and AC systems.

esistance shall be at least 100.Q per volt for the combined circuit, and protective
d in Y-capacitors, if-any, shall be less than 0.2J. As an alternative, protective mea
on the DC system (in addition to the AC system).

Protection Barriers for Fault Protection

robustness and durability against faults (for which the electrical protection bar

is connected to the
rrent is U2/500.

consistent with the

3.1.1 and 4.4.3.1.2. One of these two alternatives shall be <met when DC gnd AC systems are

less than 5ma (rms)
stance) when the AC
to the AC system.

in 4.4.3.2 shall be

measures in 4.4.3.2

sures in 4.4.3.2 shall

lectrical-protection barriers need to add to (or supplement) the measures in 4.4.3 and provide sufficient

iers are intended to

AE-J1766 if electric protection barriers are used for post-crash protection.

Examples of electric

a.

protection barriers for fault protection are as follows:

Addition of one or more layers of insulation and/or barriers (including housings, covers, and enclosures) where the

combination of the basic measures in 4.4.3 and additional measures have sufficient mechanical robustness and
durability to provide intended fault protection over the vehicle service life.

protection ove

intended fault

r the vehicle service life.

protection over the vehicle service life.

Double insulation or reinforced insulation with sufficient mechanical robustness and durability to provide intended fault

Barriers (including housings, covers, and enclosures) with sufficient mechanical robustness and durability to provide
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NOTES:

1)

The intent of item a is to not necessarily require double or reinforced insulation but rather allow multiple layers of basic

insulation for both basic and additional protection if the basic insulation has the necessary mechanical robustness
and durability (as prescribed in item a) to address the potential fault. Specific examples of possible approaches for
achieving the required protection are the use of (i) two or more layers of solid insulators or (ii) conduit to protect the
basic insulation.

2)

The intent of item c is to not necessarily require a second barrier/enclosure but rather to allow a single enclosure for

both basic and additional protection if the barrier has the necessary functionality (as prescribed in item c) to address
the potential fault. The barriers/enclosures discussed in item c include (but are not limited to) battery pack and fuel
cell enclosures, power control enclosures, motor housings, connector casings and housings, etc.

4.4.3.3 De-energi

Events (such as vetﬂcle

circuits (or portions

De-energization doy
non-hazardous:
a. Voltage on all

b. Total discharg

be based on all X- and Y-capacitors connected to the particular Bus relative to the vehicle e

chassis. See 9

Voltage or energy m
proof, rigid barrier/et

See SAE J1766 if de
4.4.4

For design verificati
indication of a dieled
the harnesses, bus
in establishing test
fuel cell system (per

445 Accessto Li

An interlock, special
parts with hazardoug

High Voltage Withstand Capability

pation of High voltage Circuits

“key off” or crash) or faults detected as part of 4.4.9 may be used to\de-e
ereof).

nergize high voltage

/n to one of the following criteria should be performed for thejelectrical circyit to be considered

AC buses is less than 30 VAC and voltage on all DC busesis:less than 60 VDC.

pable energy on each high-voltage bus is less than 0.2 Joules. The calculation ¢f bus energy should

AE J1766 for description of the methodology and‘tationale.

pbasurements to verify that one of the above féquirements are met may be performe
closure (e.g., battery pack, fuel cell stack; motor housing) as defined in 4.4.3.

-energization is used to provide protection in post-crash situations.

bn, each high voltage system should demonstrate adequate dielectric strength 9
tric breakdown or flashever after the application of a voltage. The focus of the t
ars, and connector$ have adequate margin for operating at high voltage. See App
oltages and conducting the test. Tests may be conducted individually or as part

ectrically-conductive

d outside of a finger-

uch that there is no
pst is to confirm that
endix B for guidance
of assemblies. The

1.3.4) and otherequipment/circuits that could be damaged during assembly tests mpay be disconnected.

ve Parts

fasteners, or other means should be provided on covers that are intended to p
voltage. If a Hazardous Voltage Interlock Loop (HVIL) is used for safety, such in

event access to live
terlocks may be part

of this HVIL. Refer to 4.2.2 and SAE J2344 for additional information on the HVIL.

4.4.6 Labeling

High voltage equipment or compartments containing high voltage equipment should be identified using the high voltage
symbol from IEC 60417 as shown in Figure 2 using black on a yellow background.
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FIGURE 2 - HIGH VOLTAGE SYMBOL

4.4.7 Fusing/Over

Refer to SAE J2344

4.4.8 Bonding ang
Vehicle components
buildup or occurreng
4.4.8.1 High Voltg
All exposed conduct
electrically-conducti

chassis is less than

galvanic connection
C2 of SAE J1766 fof

current Protection
for guidance on fusing and over-current protection.
Grounding

and systems shall be properly bonded or grounded as defined.in4.4.8.1 through 4
e of voltages which could lead to a hazardous event..

ge Electrical System Bonding for Electric Shock Protection

\ve parts including barriers and enclosures of the high voltage electrical systems s
e chassis such that the resistance between the.exposed conductive part and the e
D.1 Q when there is a current flow of at least(0.2 amperes. This requirement is dg
has been made by welding, and the weld.is intact after each of the specified crash
guidance in analyzing faults and measuring the bonding resistance.

4.4.8.2 Bonding t

Prevent Ignition of Flammable Gases

The measures defingd in 4.4.8.2.1 through 4.4,8.2:3 are required to prevent ignition of flammable hydr

has potentially leak

44821

or escaped from the vehiele or the filling station/dispenser during fueling.

Vehicle Fuel System Bonding

Conductive compongnts that are a;part of the fill process (e.g., receptacle for nozzle, fill door) or are in
where potentially flajmable vapors could build up shall have an electrical connection to the vehicle e

chassis.

4.48.2.2

Vehicle |ntetier'Bonding

}.4.8.2 to prevent the

hall be bonded to the
ectrically-conductive
emed satisfied if the
tests. See Appendix

bgen gas, if any, that

Epaces of the vehicle
ectrically-conductive

Interior component materials should be selected that do not promote static discharges.

4.4.8.2.3

Grounding to Fill Station During Refueling

A means needs to be provided to have the vehicle ground plane at the same potential as the fueling station prior to fill
nozzle connection. A conductive path should exist from the vehicle electrically-conductive chassis to ground with the total
resistance not exceeding 125 megohms. See SAE J1645 for recommended practices for minimizing electrostatic charges
and their effects. Special interdependencies with the filling station should be identified and addressed in 5.1.
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4.4.9

Electrical Sys

tem Fault Monitoring

Potential faults such as the items listed below should be evaluated per 4.1.1. Items exceeding limits for safe operation
should be addressed using 4.1.1.4, 4.4.3.3, and 4.6.

a.

b.

Overcurrent - Currents greater than equipment ratings could lead to component damage.

4.4.10 Hybrid Fuel Cell Vehicles

Vehicles with fuel cel

Is and batteries and/or capacitors should meet the following requirements.

4.4.10.1 Equipment for Charging a Plug-In System

For vehicles that can be externally charged by the user from the grid using either on-board or
connections between premise wiring and the FCV should conform to SAE J1772 for conductive coupli
for inductive couplings. The Fuel Cell System defined in 4.3 may be disconnected from the circuit

meeting these requi

For service charging, a conductive connector mounted on the vehicle (inlet connector) should hay

prevent inadvertent
guidance in HVIL.

4.4.10.2 Back-Feed to Fuel Cell

If necessary, the fue
as the traction battef

4.4.11 Automatic D

An automatic deacti
power sources such

be activated by eithgr the main switch or as ap-automatic triggering protection per 4.1.1.4 or 4.6. Re

J2344 for additional

NOTE: This deactiv|
as IGBTS), g

4.4.12 Manual Disd

A means should be
voltage sources (if ¢

ements and 4.4.10.2.

contact with high voltages such as recessed contacts or integration with the HVIL

cell stack module should be protected from upintended back-feed of power from
y pack and/or the regenerative braking system.

eactivation

/ation function, should provide a‘means of disabling both positive and negative ¢
as fuel cell systems, traction battery, and other high voltage sources (if equipped

nformation on automatic disconnects.

Ation function can_be)accomplished by mechanical breakers or contactors, solid
r by other means.that opens the circuit.

onnects

quippéd) from external circuitry or components. This function would be used f

Isolation Fault - Electrical isolation below the levels in 4.4.3.1 may represent a hazard to service personnel.

off-board chargers,
ngs and SAE J1773
being charged when

e safety features to

See SAE J2344 for

Pnergy sources such

onductors of traction
. This function would
er to 4.4.3 and SAE

State switches (such

provided to disconnect pole(s) or de-energize the fuel cell module, a traction baftery, and other high

br vehicle assembly,

service, and mainter

ance operations. Refer to SAE J2344 for additional information on manual discor]

nects.

4.4.13 High Voltage Bus Discharge

Refer to SAE J2344
45
Mechanical safety fu

45.1 Main Switch

for guidance on high voltage bus discharge.

Mechanical Safety

nctionality should be provided but need not be implemented mechanically.

A single main switch function should be provided so that the operator can disconnect traction power sources per 4.4.11,
shutdown the fuel cell system, and shutoff the fuel supply. The main switch should be activated by and accessible to the
operator, such as a conventional ignition switch.
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4.5.2  Shift Mechanisms

Refer to SAE J2344 for guidance on preventing unintended motion of electric vehicles when they are parked. This guidance
is also relevant to fuel cell vehicles.

4.6 Fail-Safe Procedures

The FCV should include the ability to perform staged warnings and/or safety shutdowns when faults that could lead to
hazardous conditions are detected. As discussed in 4.1.1.4, the sequence of actions depends on the operating state of the

vehicle. The vehicle control system should be capable of isolating the fuel and electrical energy supplies whether the
operator has deactivated the vehicle systems or not. Required provisions for automatic fuel shutoff are defined in SAE

J2579 and automatic electrical disconnect are defined in 4.4.11.

A number of alterng
strategy such as acti
or other manufactu
subsystem may be €

Specific actions are
4.6.1 Main Switch

Deactivation of the
Traction Battery, or

4.6.2 Response tg
If detected by crash
The electrical discor
after a crash. The fu
4.6.3 Vehicle Star|

If the vehicle is in thg
shutdown and isolat

4.6.4 Vehicle Not
If the vehicle has stq
to the operator. If the

shutdown even if the

4.6.5 Vehicle MoV

five means may DE USed 0 achieve a staged response o fauls. For example]
vely reducing power output and/or running on battery power to mitigate the hazarqg
er-specific means for recovering and/or preserving power output after,failure
mployed.

Hefined in 4.6.1 through 4.6.5 for when hazardous faults are detected;
Deactivated

ain switch function as defined in 4.5 should shutoff the fuel and disconnect the fu
ther high voltage sources.

Crash

sensors, the automatic fuel shutoff(s) ands€lectrical disconnect(s) should be act
nect may also be used for assuring that:the electrical isolation required by SAE
0| shutoff and electrical disconnect fun¢tions may be manually restorable.

-Up

process of start up when a-petentially hazardous fault is detected, it may be appro
b the electrical and fuel sources.

Moving
rted up but issagt moving when a potentially hazardous fault is detected, a warnin

vehicle hasaot moved after a predetermined time then it may be appropriate to g
main switch is not deactivated (per 4.5.1).

ng

a limited operating
posed by the failure
of a component or

Bl cell Stack Module,

Lated, if appropriate.
J1766 is maintained

priate to immediately

) should be provided
xecute an automatic

If the vehicle is moving when a potentially hazardous fault is detected, a warning should be immediately provided to the
operator. The fail-safe design (per 4.1.1.4) may delay the shut down cycle, limit power, or follow another appropriate strategy
in response to this fault. Certain faults may require immediate removal of high voltage or traction power and/or fuel.

If the fuel cell is the sole source of power, a shutdown should be executed after the vehicle comes to rest (per 4.6.4) or the
main switch is deactivated (per 4.5.1).
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4.7 Safety Labels and Badging
Safety labels, badges, or other means of identification should be employed as defined in 4.7.1 to warn of potential hazards
associated with the operation and service of the vehicle.

Safety labels and badging are also necessary for first and second responders to clearly, accurately, and reliably determine
that a given vehicle encountered at an unplanned incident (collision, fire, water submersion, etc.) contains hydrogen and
high voltage systems. SAE J2990 (xEV) discusses expectations from a first and second emergency responder perspective.
Based on this information, vehicle safety labels and badging requirements were developed for hydrogen and fuel cell
vehicles, depending on the gross weight rating (GVWR). See 4.7.2 for vehicles that are 19,500 Ibs (8845 kg) GVWR or
less and 4.7.3 for heavier vehicles.

Safety labels and badging should be durable and securely affixed to the vehicle.

P990 for rationale of vehicle badging requirements and examples of vehiclel badges based on
5 in 4.7.1 through 4.7.3.

NOTE: See SAE J
requirement

4.7.1 Safety Labe|s for High Voltage and Hydrogen Systems

High voltage lines sk
labeled per 4.4.6.

ould be identified per 4.4.1. Electrical equipment or compartments containing high voltage should be

See SAE J2579 for |
in this document or §
Z535.4.

that are not covered
b identified per ANSI

hbeling requirements of fuel-bearing components and systems. Potential hazards
BAE J2579 (for example, hot and cold surfaces, causties, and reactives) should b

In the case of vehid
removal from servic
vehicle.

les with compressed hydrogen storage systems, the “pressure class” (H35, H70, etc.) and date of
b consistent with regulatory requirements shall be indicated on or near the fuelipg receptacle on the

4.7.2 Badging and Labeling for vehicles that are 19 500°Ibs (8845 kg) GVWR or less.
Exterior vehicle badg

and 4.7.2.2. The de

es or labels should be clearly recognizable by an approaching responder followin
5ign of exterior badges or Jabels should also follow 4.7.2.4.

j guidance in 4.7.2.1

Interior vehicle badgjng and labeling shouldfollow 4.7.2.3 and 4.7.2.4.

4.7.2.1 Location df Exterior Badging or Labeling

One badge or label S
- but not on the bum
it is not restricted to

hould be placed on an exterior right, rear surface of the vehicle, such as the trunk,
ber. If awunique symbol, word, or nameplate as defined in 4.7.2.4.3 is used to sat
he right'side of the vehicle.

When three exterior

hatchback, or liftgate
sfy this requirement,

badges or labels are applied to the vehicle, they should include the location desc

Fibed above and one

on each side of the vehicle. One on the left side and one on the right side of the vehicle such as the front fender, front door
panel, or roof pillar trim, that allows the badges or labels to be clearly seen upon approaching either the left or right side of
the vehicle.

Additional hydrogen vehicle or fuel cell vehicle badges or labels are permissible on the front surface of the vehicle, as well
as, other exterior locations.
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4.7.2.2 Size of Exterior Badging or Labeling

The height of exterior badges or labels should be a minimum 1 inch (25 mm) tall and may incorporate colors, designs, fonts,
or shapes as desired by the OEM. For vehicles where height of all other badges and labels is less than 1 inch (25 mm),
the badge or label should be no smaller than the largest letters used for other exterior vehicle identification.

NOTE: NFPA 704, chapter 9, ‘Identification of Materials by Hazard Rating System’ specifies a one inch text height to legibly

identify a hazard from a distance of 50 feet (15.2 meters). Based on SAE J2990 Appendix G, this text height also
appears to be a common height currently used by OEM’s.

4.7.2.3

Location of Interior Vehicle Badging and Labeling

If only one exterior badge or label is used on the vehicle, an interior badge or label should be provided.

The interior badge o
switch or the start o
side/surface of the d
regulations.
4.7.2.4 Design Cq
Appropriate wording
vehicles. In lieu of t
of their vehicle for fi
label as defined in 4

NOTE: Manufacture
are address

4.7.2.4.1 Hydroge

Badges or labels for

1. the word ‘HYDR

2. the words ‘COM

NOTE: The “blue di
words and Ig

Additionally, if the hy
and labeling defined
hazards.

" label should be affixed at a location visible from the driver or passenger windew

river’'s sun visor if said location allows conformance with applicable FMV/SS 20§

nsiderations for Exterior and Interior Badging or Labeling
or lettering for badges or labels are defined in 4.7.2.4.1 for hydrogen vehicles and

'st and second responders may use a unique symbel; word, or nameplate as th
7.2.4.3.

rs of fuel cell vehicles may elect to use 4.7.2.4.1"(instead of 4.7.2.4.2) as require
bd as part of 4.7.2.4.1.

n Vehicles

hydrogen vehicles should clearly‘contain one of the following:
DGEN'’ or letters ‘H2'

PRESSED HYDROGEN!' or letters ‘CH2’, ‘CHG’

Amonds” in Figure_ 4 comply with the above requirement but other designs may 4
tters definedabove.

drogen vehicle is also an electric vehicle (for example, an electric hybrid or fuel ¢
in SAE 32990 should also be implemented to apprise emergency responders of

near the key ignition

power button on the instrument panel, console, or steering column. An,altérnate location is on one

Standard or similar

4.7.2.4.2 for fuel cell

ne designs specified in 4.7.2.4.1 and 4.7.2.4.2, a vehicle.manufacturer desiring t¢ identify the exterior

Pir exterior badge or

ments in SAE J2990

Iso be used with the

ell vehicle), badging
otential high voltage

47242

Fuel Cell Vehicles (FCVs)

FCVs are a version of H2V which use a fuel cell to convert hydrogen into electricity. Pure and hybrid fuel cell vehicle
badging or labeling should clearly contain the words ‘FUEL CELL’ or letters ‘FC’ (e.g., ‘FCV’, ‘FCHV’, ‘FCEV’).
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4.7.2.4.3 Unique Badging or Labeling for Hydrogen Vehicles and FCVs

Unique badging or labeling (ie, symbols, words, or nameplates) is permitted for hydrogen vehicles and FCVs as long as this
badging is not used on any other vehicle with a different type of propulsion system. An example of unique vehicle name
currently used for FCV is HONDA ‘Clarity’.

Prior to use of unique badges or labels on the vehicle exterior, the vehicle manufacturer should provide information in the
form of emergency response guidelines or other methods to the first and second responder community that they correctly
comprehend the badges or lables as indicating the vehicle stores hydrogen and may contain high voltage electrical systems.

4.7.3 Vehicle Badging or Labeling for Vehicles Greater Than 19,500 Ibs (8845 kg) GVWR.

Following CNG vehicle practice, vehicles may apply a blue diamond with white lettering to the right, rear of the vehicle to
indicate the type of flieT stored. See Figure 3. "CHG”, "CHZ", "Compressed Hydrogen” should be useH to indicate sources
of compressed hydragen gas storage, and “LH2” should indicate liquefied hydrogen storage systems-{Qther examples could
be specialized badgés or labels or other unique features on the vehicle.

Compressed

Hydrogen

FIGURE 3 - EXAMPLES OF BLUE DIAMONER-HYDROGEN VEHICLE BADGING
5. OPERATION
5.1 Owner’'s Guid¢ or Manual
Due to large degree|of variation possible in fuel.celf vehicle systems, the vehicle manufacturer should provide an Owner’s
Guide or Manual that addresses the unique operating, fueling, and safety characteristics of the vehicl¢. It is recommended
that the following items be addressed.

a. Procedures fo[ safe vehicle operation, including operating environments.

b. Precautions rglated to thedluids and materials stored, used, or processed in the vehicle.
C. Possible safety hazards*posed by vehicle or system operation and appropriate action(s) if a proljlem is detected. Any

restrictions or|building requirements related to operation, parking or storage in residential gafages or commercial
structures, ann]i any special requirements for sealed shipping should be noted.

d. Fueling procedures and safety precautions including, in the case of vehicles with compressed hydrogen storage
systems, the “pressure class(es)” that can be used to fuel the vehicle.

e. Precautions related to operator replacement of parts or fluids.

f. Information for roadside emergencies.

g. Operator service procedures, checks, and maintenance schedules.

5.2 Normal Vehicle Discharges

All gaseous discharges from the vehicle shall be non-hazardous during normal operation (including startup and shutdown).

Potential hazards posed by the possibility of local flammability or toxicity at point of discharge or as the discharge disperses
into the surrounding atmosphere are addressed in 4.2.4.1. Various situations affecting the general space surrounding the
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vehicle are addressed herein. In order to gain acceptance by Authorities Having Jurisdiction (AHJs) for use within buildings
and structures, the space surrounding vehicles needs to be “unclassified” based on not exceeding 25% LFL (following
guidance in Note a of 3.11.2) or the OSHA TWA (Time Weighted Average) or other equivalent method.

The requirements defined 5.2.1 and 5.2.2 are based on information in Appendix C and its associated subsections. A
hypothetical minimal space surrounding the vehicle is defined in Appendix C such that allowable hydrogen discharges from
the vehicle can be defined based on the ventilation through the hypothetical space. The objective of this approach is to
ensure that the space surrounding the vehicle remains “unclassified”.

The hypothetical storage space for standard passenger vehicles is 4.5 m X 2.6 m X 2.6 m. It has been selected to be
smaller than a typical North American garage to provide design guidance that is consistent with global requirements. The
volume of this space is 30.4 m3. For smaller or larger vehicles, the volume and floor area may be scaled by the following

factors:

where R is the volun
and length (m) of thg

The vehicle may be

judgment. The vehig
effects on discharge
this failure mode sh
should be addresse
5.2.1 Vehicle Disg
Vehicles should be ¢
to 0.03 air exchange
in the closed structun
For example, per Af
qualified to have a t
standard passenger
qualifying hydrogen

NOTES:

1) The0.03 ACH
and represent

and no vents)
driven infiltrati

R = (Mwidth+1) * (Vheight+0.5) * (Viengtn+1) / 30.4
FR = (Vwidth+1) * (Viength+1) / 11.7

he factor, FR is the floor area factor, and Vuwidgth, Vheight, and Viength are,the’vehicle
vehicle.

erified to meet 5.1 and 5.2 through test, analysis, or a combination thereof based @
le design verification should account for the effects of operafihg variations, compo
5. If any fault cannot be fully managed per 4.2.8, the design of the components ¢
puld be suitably improved to minimize the probability~ef any such failures. Add
in5.1.

harges Within Non-Mechanically Ventilated Structures

apable of parking in “tight” non-mechanigally ventilated structures (such as residg
5 per hour. The Space surrounding thevehicle should remain “unclassified” when
e. The vehicle may be verified to meet this requirement through test, analysis, or a
pendix C.1, compliance can he demonstrated by utilizing a hydrogen storage s
ptal hydrogen discharge due to-leakage, permeation, and venting (if any) less t
vehicles or R * 150 Ncc/min for smaller or larger vehicles where R is defined in 5.
Storage systems are provided in SAE J2579.

air exchangetrate was derived from the study in “Vehicle Hydrogen Storage Usin

that are sheltered from wind and undergo no significant daily temperature swin
DN.

(Eq. 1)

idth (m), height (m),

n sound engineering
nent wear, and aging
r systems subject to
tionally, precautions

bntial garages) down
the vehicle is parked
combination thereof.
stem that has been
nan 150 Ncc/min for
. Methodologies for

j Lightweight Tanks”

b an extremely“tight” wood frame structures (with plastic vapor barriers, weather-s{ripping on the doors,

s to cause density-

2)  When the veh

e hydrogen storage

system due to leakage, permeation, and venting (if any) becomes the dominant source for hydrogen introduced to
the enclosure. Thus using the hydrogen discharge from a qualified hydrogen storage system is acceptable to meet

this requireme

nt.
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5.2.2 Vehicle Discharges Within Ventilated Structures

Vehicles should be capable of operating in ventilated structures (such as parking garages and other buildings) that are
mechanically or naturally ventilated to 0.23 m? per minute per square meter (0.75 ft® per minute per square foot). The space
surrounding the vehicle shall remain “unclassified” when the vehicle starts, runs (idles), and shutdowns. Vehicles with
discharges that locally exceed the Lower Flammability Limit (LFL) in 4.2.4.1 should be verified to meet this requirement
through test, analysis, or a combination thereof as described in Appendix C.2. As final confirmation of acceptability of the
discharge, the vehicle shall demonstrate compliance with Appendix C.3.

NOTE: The 0.75 scfm/ft? flow rate is based on the ventilation flow requirement in the 2009 International Mechanical Code

(IMC).

5.3 Inadvertent or

Inappropriate Operation of the Vehicle

The vehicle manufal
necessary, provide

with internal combus
operation in spaces
occur), but, when s
surrounding the ve

manufacturer should address such possibility and ensure that inherent operating limitations of th

mitigations cease of
analysis, or a combi

5.4 Byproducts

Discharges of produ
condition nor affect

6. EMERGENCY R
The manufacturer o
regard to dealing wj

responders:

a. Identification d

Cturer should consider potential extreme usage of the fuel cell vehicles (FCVS)),
hitigations such that the operation of these vehicles is no more hazardous than g
tion engines. For example, FCVs (like all vehicles with “air-breathing” €ngines)
hat do not have adequate fresh air supply (as oxygen depletion and possible asp
ich inappropriate operation occurs, the FCV may pose an additional‘hazard b
hicle to become flammable. Given that potential flammability<is a new and

eration of the vehicle in such circumstances. The vehicle-may be verified to m
hation thereof based on sound engineering judgment. Sée Appendix C.4 for guid

Cct water or other substances should be non-toxic and limited such that they do n
ehicle traction.

ESPONSE

the FCV should have availablesinformation for safety personnel and/or emerge
th accidents involving a FCV.\"The following information should be made av{

f vehicle by safety labéls and badging. (See 4.7).

and, when deemed
onventional vehicles
are not intended for
nyxiation are likely to

causing the space
unigue hazard, the
e vehicles or other
pet 5.3 through test,
hnce.

Dt pose a hazardous

ncy responders with
ilable to emergency

b. Explanation of hgzards associated with the fuel, high voltage systems, and any materials or comp@nents in the fuel cell

system or veh

cle in general,
verifying.that automatic fuel shut-off and electrical disconnection functions have o

rocedures for manual shut-off of fuels and disconnection of electrical bus, if appli

C. Procedure for
d. Location and
e.

ccurred.

cable.

Information should be provided that situations may occur where some tanks have vented and others are still

pressurized. It should also be noted that damaged tanks can burst after some delay after the crash or after exposure
to fire. Information should be made available to recognize and manage such situations. See 4.2.7 and 7.2.

See SAE J2990 for guidance and further detail.
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7. MAINTENANCE

7.1

Service Manual

Due to large degree of variation possible in fuel cell vehicle systems, the vehicle manufacturer should be responsible for
the compilation of information related to vehicle service and maintenance. It is recommended that the following items be

physical properties of hazardous materials stored or processed in the vehicle.

Possible safety hazards posed by the vehicle or its systems during maintenance and appropriate action(s) if a fault is

addressed:

a. Chemical and
b.

detected.

C. First aid proce]
d. Maintenance t
e.

f. Suggested an
7.2 Defueling Pro

Specific procedures
manufacturer’'s serv
addition to standard

For compressed g4
depressurizedto are
level. Removed fuel
7.3 Facility Safety
Vehicle repairs shou

local and state buildi
for building code cor

8. NOTES
8.1 Marginal Indic

A change bar (1) loca
editorial changes, hé

dures specific to the unique hazards of the vehicle.

bols, equipment, and personal protective equipment (PPE).

Methods and procedures for specific operations (such as defueling).

| required maintenance items and their schedules.
edures

for fuel removal should be considered normal service information and incl
ce procedure manual. Considerations should bexmade for defueling tanks in ¢
service situations including fault conditions.

s fuel systems, defueling normally requires the on-board fuel storage and/o
commended level followed by a purge withhan inert gas, which reduces the content
should be transferred to either an appréved closed recapture system or venting s

Id be conducted in a garage facility equipped with adequate safety measures an
ng codes. Additionally, the manufacturer of the FCV should have information about
nmittees or local authgrities and businesses at their request.

a

ted in the left margin is for the convenience of the user in locating areas where te
lve been made to the previous issue of this document. An (R) symbol to the left
revision of the document. including technical revisions. Change bars and (R) ar.

indicates a completg

ided in the vehicle
amaged vehicles in

fuel system to be
5 to a non-hazardous
/stem.

d in compliance with

the vehicle available

chnical revisions, not
pf the document title

P not used in original

publications, nor in documents that contain editorial changes only.

PREPARED BY THE SAE SAFETY SUBCOMMITTEE
OF THE SAE FUEL CELL STANDARDS TECHNICAL COMMITTEE
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APPENDIX A - POST-CRASH CRITERIA FOR COMPRESSED HYDROGEN SYSTEMS

The purpose of this appendix is to develop a basis for post-crash requirements of compressed hydrogen containment
systems based on FMVSS 301 and 303. FMVSS 303 (per section S.3) applies to passenger cars, multipurpose passenger
vehicles, trucks and buses that have a gross vehicle weight rating (GVWR) of 10 000 pounds or less and use CNG as a
motor fuel. This standard also applies to school buses regardless of weight that use CNG as a motor fuel.

This appendix provides alternative methods for demonstrating post-crash compressed hydrogen storage system integrity.

The alternatives are intended to provide equivalent results and confirmation to any one of the methods is acceptable.

A.1 DESCRIPTION

All

OF THE BASIC APPROACH FOR MEASURING HYDROGEN LEAKAGE

Requirement of Hydrogen Loss

FMVSS 303 require]nents are based upon the physical properties of CNG (and nitrogen as a testga

errors associated w
25 MPa (3000 to 36
Service Pressures)
hydrogen or helium

According to S5.2 in
in any fixed or moviri
not exceed:

1. 1062 kPa (154

2. 895 (T/VFS); V
where T is the aver
where average temp
15 minutes until the

th Nominal Working Pressures (or Service Pressures) of CNG storage systems
DO psig). These values have to be adjusted (as described in this appendix) for W]
f compressed hydrogen containment systems ranging from 25 to 70 MPa (3600
s a test gas.

FMVSS 303, the pressure drop (expressed in kPa) of 20 or 25 MPa (3000 or 36(

psi) or
vhichever is higher
hge temperature of the test gas in degreés Kelvin, stabilized to ambient temper

erature (T) is calculated by measuring. @mnbient temperature at the start of the test
test time of 60 minutes is completed;*the sum of the ambient temperatures is th

yield the average te

perature (T); and where VFS isthe internal volume in liters of the fuel container

to the first fuel shutoff.

The second criterion| stated in FMVSS 303 S5.2-(item 2 above) is based on the amount of CNG leakd
in combustion energly content to the total amount of gasoline leakage permitted by FMVSS 301. FMV{

of liquid fuel from i

heating value for liq
interval after motion
for CNG, the hydrog

pact through the 60 minute interval after motion has ceased. Using 42.7 MJ/kg

5) and measurement

ranging from 20 to
orking Pressures (or
to 10 000 psig) with

0 psi) CNG systems

g barrier crash from vehicle impact through the 60 minute period following cessation of motion should

pture before testing,
time and then every
en divided by five to
and the fuel lines up

ge that is equivalent
5S 301 allows 1.7 kg
Bs an average lower

id fuel (gasoline(and diesel)!, an allowable energy loss of 72 590 kJ is permittedl over the 60 minute

has ceased. Pro-rating this total amount of combustion energy released relative
bn fuel leakage in any fixed or moving barrier crash test should not exceed:

b (kJ)(1127.87 Btu), in energy content from impact until motion of the vehicle has

to what is permitted

ceased;

.36.Btu) during the five-minute period following cessation of motion; and

a. 1190 kilojoule
b. 5950 kJ (5639
C.

previously.

1 From US DOE Transportation Energy Data Book: Liquid Fuels

LHV (MJ/kq)

Conventional gasoline 43.438
Reformulated or low-sulfur gasoline  42.348
CA reformulated gasoline 42.490
U.S. conventional diesel 42.781
Low-sulfur diesel 42.602

1190 kJ (1127.87 Btu) in any one-minute interval during the 55 minutes following the five-minute period specified
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This totals to 72 590 kJ of combustion energy, where the allowable loss of mass for the 60 minute period can be calculated
using the lower heating value of hydrogen (119 863 kJ/kg or 51 532 Btu/lb) as follows.

m,, = 220K _ 4 6o6kg
119863 ki/kg (Eq. AD)
Converting this mass of hydrogen to an expanded volume at standard temperature at 15 °C and pressure yields
0069 1 22411molx 28 Z7107L (Eq. A2)
2(1.00794) g/mol 273

or an average permi
loss of fuel represen

NOTES:
a.

IC-engine veh

the ability of th

b. The loss of 0.6
from each oth
appendix) and

C. Recent ignition

a vehicle and

saturated cong
even a 1000 |
hood, or injureg

Figure Al shows the
leakage mass of 606

The loss of 11
from the down)|

tted leak rate of approximately 118 slpm over the one hour period following cess

B L between the time of impact and motion ceased in FMVSS 301 \typically repre
stream fuel supply system, similar to the loss of fuel containedcin'the fuel injector

br after crash, it may be necessary to measure hydrogen loss individually (using
then sum this to determine the total loss of compréessed hydrogen from the vehic

testing? of hydrogen leaks ranging from 131:NL/min (11.8 g/min) up to 1000 NL/m
inside the engine compartment showed*that, while a loud noise can be expq
ition (e.g., 118.5 dB at 1 m for a 200 NL/min leak), the sound pressure level and H
NL/min leak rate were not enough-to damage the underfloor area of the vehicle
a person standing 1 m from the vehicle.

pressure loss for various tank sizes and initial pressures that can be calculated b3
g.

s the allowable for the entire compressed hydrogen storage system on the vehicl

cles. This small inventory of low pressure hydrogen is neglected as the key to thig
e compressed hydrogen storage system to continue to isolate and contain hydrog

htion of motion. The
e.

ents the loss of fuel
rails or carburetor of
testing is evaluating
en after crash.

06 kg is total allowable from the vehicle. In the case afmdltiple hydrogen storage tanks that are isolated

the approach in this
e.

n (89.9 g/min) under
cted from igniting a
eat flux from igniting
release the vehicle

sed on the hydrogen

16000 ‘ ‘ ‘ ‘
e | | #25MPa
~ M 35MPa
$12000 | - A= - - o- - - 1
& } } | A50MPa
8 | | |
2 8000 | |
g
3
g
& 4000
0

400 600
Tank Volume (L)

800 1000

FIGURE Al - PRESSURE LOSS WITH 606 g HYDROGEN LEAKAGE

2 SAE Paper 2007-01-0428-Diffusion and Ignition Behavior on the Assumption of Hydrogen Leakage from a Hydrogen-Fueled Vehicle, presented at
2007 SAE World Congress.
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According to the concept of first criteria in FMVSS 303 S5.2 (item 1 in A.1.1 above), the total measurement error should not
exceed 10% of the value being measured. Since the measurement error is considered about 0.5% of pressure sensor range
for state-of-the-art systems, the pressure loss should be more than about 5% of the pressure sensor range for accurate
measurement.

Measurement error factors of a 0 to 68 950 kPa (0 to 10 000 psi) state-of-the-art pressure sensor are assumed as follows;

a. Pressure transducer error (0.11%) = +75.8 kPa (11 psi)

b. Thermal zero shift error (0.2%) = £137.9 kPa (£20 psi)

C. Thermal coefficient sensitivity error (0.15%) = £103.4 kPa (£15 psi)
d. Analog to digital conversion error (0.056%) = +38.6 kPa (5.6 psi)

Therefore, total meagurement error equals £355.7 kPa (£51.6 psi), and ends up about 0.5% of68950
of 0.5% is consideref to be uniform to any pressure sensor range.

As illustrated in Fig

hydrogen is released.

In order to adhere

accomplishes 5% pr
that can accomplish
A3) with substituting
hydrogen gas consta

where M is the masy
the gas temperature
of each nominal wor

re A2, 5% pressure loss cannot be accomplished for tanks largeri{than about 4

0 the 5% accuracy requirement, the extension of time perjods is applied so t
pssure loss. Figure A3 shows the simulation results of the required test time period
6069 leakage in 60 minutes. The orifice areas are calculated with the orifice floy

average mass flow rate of 0.606/3600(kg/s), average pressure values, tempe
int of R=4127 and ratio of specific heats of k=1.40%:" The orifice flow equation is

1 1

M= ax ) (@)

flow rate (kg/s), A is the orificeLarea (m2), R is the gas constant (J/kg*K), P is th
(K), and k is the ratio of specific heats. In Figure A2 and Figure A3, pressure seng
King (or service) pressure.

kPa. This error ratio

00 liter when 606 g

nat the fuel leakage
5 through the orifices

equation (Equation
brature of T=288(K),

(Eq. A3)

e pressure (Pa), T is
or range is 1.3 times

16000 ¢ 100L
= = 200L
£.12000 A 400L
2 ® 1000L
o 0
o 8000 o
@
§ 5% of pressure
a 4000 sensor range

0
20 30 40 50 60 70

Service presure (MPa)

FIGURE A2 - PRESSURE LOSS WITH 606 g HYDROGEN LEAKAGE
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200 ‘ ‘
- —e—25MPa J
£ -- B --35MPa 1
2 150 | —A—50MPa | . A
8 — @ - 70MPa
o
3
@ 100
o
c\‘:‘ Time period (min)
o 25MPa | 35MPa | 50MPa | J0MPa
S 50 100L 8 11 14 16
© 200L 18 24 30 33
E 400L 39 50 62 69
0 1000L 100 129 159 175

According to the sinpulation results in Figure A3, required test time (time period to obtain 5% press

sensor range) can b

where Time_5% is t
Pressure (or service
range ratio.

For 70MPa system
instead of Equation

A.l.2 Test Procy

Figure A4 shows the

200 400 600 800 1000

Tank volume (L)

FIGURE A3 - TIME PERIODS FOR 5% PRESSURE LOSS

b provided in the approximation equation below:

Vol x NWP
1000

SR

Time_5% = —
NWP

x ((-0.027xSP + 4)x Rt-0.21)-1.7%Rt Rt=

pressure) of the system (MPa), SR is the pressure sensor range (MPa), and R
vith the required pressure drop of 3.5MRa (= 5% of 70MPa), a simpler equation
(4. The extension of test time is necessary for the tanks more than 450L.

13.3%Vol

. o
Time_5% = 100

pdure for Hydrogen Test Gas at Nominal Working (or Service) Pressure

test procedure with-hydrogen test gas at Nominal Working Pressure (or service

ure loss of pressure

(Eq. A4)

ne time period for pressure loss of 5% (min), Vol is the tank volume (L), NWP is the Nominal Working

t is pressure sensor

below may be used

(Eq.A5)

ressure).
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1)

2)

3)

Time_5% > 60 minutes
Yes

’ Calculation of Test Time (LT) ‘

’ LT = Time_5% ‘ ’ LT = 60 minutes
[ J

I
’ Filling Test Gas to Fuel Tank ‘
[

Measurement of Gas
Temperature and Pressure

|

Calculation of [Test Time (LT)

Measurement of Gas
Temperature every 15 minutes.

Test Time has passed.
Yes

Measurement of Gas
Temperature and Pressure

’ Calculation of Test Gas Leakage: ML ‘
[

Calculation of Allowable
Test Gas Leakage: AML

FIGUREA4 - TEST PROCEDURE

Use Equation A4. If the calculated Test Time (Time_5%) is less than 60 minutes, the Test Time ghould be 60 minutes

(as a minimumn).

Identification gf Average Gas ' Temperature (Tavg)

Gas temperatyire is,measured at the start of the test time and then every 15 minutes until the te

5t time is completed;

the sum of thg gas;temperatures is then divided by the number of measurements to yield the average temperature

(Tavg).

Calculation of Test Gas Leakage (ML)

The mass of test gas leakage can be calculated based on measured values of gas temperature and pressure before

and after crash.

3-1) Pressure Value Conversion to 288 K

288 288

Ps 15=Psx
- Ts Te

,Pe 15=Pex—

(Eq. A6)
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where Ps_15 is the converted pressure at 288 K (MPa), Ps is the measured pressure (MPa), and Ts is the gas temperature
(K) before the crash

and Pe_15 is the converted pressure at 288 K (MPa), Pe is the measured pressure (MPa), and Te is the gas temperature
(K) after the test.

3-2) Gas Density Calculation

Equation A8 is approximation equation derived from pressure-density correlation of hydrogen described in Figure A5:

Ds =-0.0027 x (Ps_15) +0.75x Ps_15+1.07
De =-0.0027 x (Pe_15)2 +0.75x Pe_15+1.07

(Eg. A7)
where Ds is the gas density before crash (kg/m?3) and De: gas density after Test Time (kg/m)
50
2
E40
30
=
€20
3
© 10
o
0
0 20 40 60 80
Pressure.(MPa)
FIGURE A5 - HYDROGEN PRESSURE DENSITY CORRELATION
3-3) Mass of Test Gas Leakage
where ML is the mags of test gas leakage)(g) and Vol is tank volume (L).
3-4) Calculation of Allowable Test.Gas Leakage (AML)
Test time (LT) and deviations in test conditions during the test period influence the leakage mass of the test gas.
Equations A1Q andALl show the compensations for these factors. After applying the conpensations in Equations
A10 and All, [theresultant equation for the allowable mass of test gas leakage (AML) from 606g can be calculated
as follows:

LT Ps +/288XTav
AML = 606 X — X —— X g (Eq. A9)

60 NWP Ts
where AML is the allowable mass of test gas leakage (g), Ps is the initial test pressure (MPa), NWP is Nominal Working
Pressure (or the service pressure) of the system (MPa), LT is the Test Time (Time_5% or 60 minutes, whichever is longer),
and Ts is the initial gas temperature (K) and Tavg is the average gas temperature (K).

Figure A6 and A7shows the leakage mass characteristics through an orifice that accomplish 606¢g leakage in 60 minutes.
Figure A6 shows that leakage mass is also proportional to test time for the 60 minute test period or until Time_5% (for
example, 175 minutes for 1000L tank). The compensation factor for test time is therefore as follows:

LT
CF_LT = s (Eq.A10)
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where CF_LT is the compensation factor for test timeand LT is the Test Time (Time_5% or 60 minutes, whichever is longer).

2000 :
———-100L
~ 1000L
o)
D500 B aom . [
w 606 g
a ] 606%t/60
E.n b 27T
S1000 |
an
©
X
8500 [
0

P

60 120 1900
A LE oY

The proportional rel
proportion (or linear

Time (min)

FIGURE A6 — LEAKAGE MASS CHARACTERISTICS OVER TIME

ationship between the initial test pressure and the leakage massttan be see
relationship can also be seen in the orifice equation (Equation, A3).

400 T

G06g:
oo patasipal 1w
g p----- LI S R S at _?U_rvj Fa |

Leakaze mazs (g)

21 40 Al an
Initial fillne pressure (MPa)

100

FIGURE A7 - HYDRQGEN LEAKAGE FOR VARIOUS INITIAL TEST PRESSURE

If the initial gas tem;
mass flow needs to
deviation from the re

Compensation for th

a. If the average

perature (Ts) istnot'equal to the reference temperature of 288K, then (per Equati
e also adjusted by the square root of the temperature ratio in order to account for t
erence condition.

average gas temperature during the test period requires consideration of the fol

N in Figure A7. The

bn A3) the allowable
ne initial temperature

owing two effects:

change in pressure from the initial condition.

Are-the Arotth me-as-thein g Pers heh (following Equation
A3) the allowable Ieak mass needs to be adjusted by the ratlo of temperatures in order to adjust for the apparent

In addition to item a above, if the average temperature during the leak test is not the same as the initial gas

temperature, then (following Equation A3) the the allowable leak mass needs to be also adjusted by the square root

of the ratio of i

nitial gas temperature to average gas temperature.
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Applying the above compensation factors for initial pressure, initial gas temperature, average gas temperature (on both
leakage pressure and temperature) as defined in items a and b above) and then performing some algebraic simplification
of the equation yields the following compensation factor for deviations in test conditions during the test from reference
values:

CF_TC =

X
NWP Ts Ts

Tavg - Ts (Eq.ALL)

Ps 288 % Tavg X\/ Ts _ /288xTavg

where CF_TC is the compensation factor for deviations in test conditions from the reference values, Ps is the initial pressure
(MPa), NWP is Nominal Working Pressure (or the service pressure) of the system (MPa),Ts is the initial gas temperature
(K), and Tavg is the average gas temperature (K).

Figure 8 shows the simulation results of the correlation hetween the gas temperature and the leakage mass at 70MPa/200L
tank and it well fits the calculation results of Equation 11.

f40 i
— £
2 gap E
& o
m
= 600 g
& o
A =
E a8l —m—— | eakage mass il :'E
— - & - —|nitial pressure =
il : ' 66
260 240 300 aan

Gaz tempefature (K)

F

GURE A8 - LEAKAGE MASS IN 60-MINUTE AT DIFFERENT GAS TEMPERATURE

A.2 DESCRIPTION OF THE BASIC APPROACH-FOR TESTS PERFORMED WITH HELIUM AT NOMINAL
WORKING PRESSURE (OR FULL SERVICE PRESSURE)

A2.1 Basic Corfsideration
Figure A9 shows th¢ simulation results of the allowable helium leakage mass over 60 minutes thrgugh the orifices that

discharge 606 g hydrogen. An approximation formula (Equation A13) can be derived from the simylation results as the
minimum allowable leakage mass:

4219 904
Vol (Eq. A12)

HeW

where HeW is the helium leakage over 60 minutes (g) and Vol is the tank volume (L).
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1

Helium released mass (g)

Figure A10 shows th
leakage mass descr

As illustrated in figur:
larger than about 20
5%. In Figure A1l a

000

900

800

700

600

500

i Helium released mass (g)
- —+—25MPa -/ 25MPa | 35MPa | 50MPa | 70MPa
—=—35MPa 100L 967 954 947 947
|-~ & --50MPa - 200L 934 928 925 926
—%—T0MPa] | 400L 919 916 915 915
‘ ‘ 1000L 910 909 908 909
200 400 600 800 1000

Tank volume (L)

FIGURE A9 - HELIUM LEAKAGE OVER 60 MINUTES

FIGUREALD - HELIUM PRESSURE LOSS OVER 60 MINUTES

Helium plesure loss (kPa)

10000

8000

6000

4000

2000

e pressure loss for various tank sizes and initial pressures that can be cal¢ulated
bed in Figure A9.

b Al11, 5% pressure loss of pressure sensor range cannot be accomplished within
0 liters. Figure A12 shows the simulation results of the required‘test time periods
nd A12, pressure sensor range is 1.3 times of each Nominal Warking Pressure (0

*/25MPa
® 35MPa |~

A 50MPa

400 600
Tank volume (L)

800

1000

based on the helium

60 minutes for tanks
for pressure loss of
service pressure).

10000
& —— 100L
o --m-
= 8000 oy
g ---@---1000L
— 6000 £
E el
g 4000 5% of pressure
; sensor range
=}
2 2000
T

0
20 30 40 50 60 70

FIGURE All - HELIUM PRESSURE LOSS OVER 60 MINUTES

Service pressure (MPa)
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< ——25MPa G
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‘_g 200 |- —4&—50MPa | '/ ,,,,, o 4
o — @ - 70MPa ite -
2 60 min. 3
[%2] T T
[}
5 wo b Y Time period (min)
s 25MPa [ 35MPa | 50MPa [ 70MPa
5 100L 12 16 22 26
“G‘J 200L 27 36 47 56
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€I Il 1 VAT
Tatrmrcvortme =7

According to the sin
can be provided in th

where Time_5% is t
Pressure (or service
ratio.

For 70MPa system
below) may be used

A.2.2 Test Procs
Basically, same test
testing with helium.

pressure loss of pre
Gas Leakage (AML)

FIGURE Al12 - TIME PERIODS FOR 5% PRESSURE LOSS

ulation results, required test time (time period to obtain 5% pressure ‘lass of pre
e approximation equation below:

Vol x NWP
1000

Rt= SR

Time_5% =
NwWP

% ((-0.028x NWP +5.5) xRt - 0.3) - 26 xRt

he time period for pressure loss of 5% (min), Vol is thextank volume (L), NWP is
pressure) of the system (MPa), SR is the pressure:sensor range (MPa), and Rt: p

L

ssure sensor range)

(Eq. A13)

e Nominal Working
ssure sensor range

vith the required pressure drop of 3.5MPa.(= 5% of 70MPa), a simpler equation (see Equation A15

instead of Equation A10. The extension.of test time is necessary for the tanks mg

9xVol
40

Time_5% =
bdure for Helium Test Gas

procedure described.in A.1.2 (Figure A4) is applied, but some of the equation
The formulas definéd)below should replace the formulas in A.1.2 for 1) Calculatior
5sure sensor range (Time_5%), 3-2) Gas Density Calculation and 3-4) Calculati
when heliumdest'gas is used instead of hydrogen.

Test Timefor 5% pressure loss of pressure sensor range (Time_5%)

\ 13K the calculated Test Time (Time_5%) is less than 60 minutes, the Test Time

re than 265L.

(Eq.A14)

5 are different when
of Test Time for 5%
bn of Allowable Test

thould be 60 minutes

).

1) Calculation of
Use Equation
(as a minimuni
3-2)

Gas Density Calculation

Equation A7 is changed to Equation A15.

Ds =-0.0043x (Ps_15) +1.53x Ps_15 +1.49
De =-0.0043x (Pe_15)? +1.53x Pe_15+1.49

where Ds is the gas density before crash (kg/m?) and De is the gas density after test time (kg/m?3).

(Eq. A15)
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3-4) Calculation of

Allowable Test Gas Leakage (AML)

Equation A9 is changed to Equation A16 according to the helium leakage characteristics of Equation A12.

AML = (ﬂ+904)x£x Ps ><\/W'Tavg
Vol 60~ NWP Ts

(Eq. Al6)

where AML is the allowable mass of test gas leakage (g), Ps is the initial test pressure (MPa), NWP is the Nominal Working
Pressure (or service pressure) of the system (MPa), LT is the Test Time (Time_5% or 60 minutes, whichever is longer), Ts
is the initial gas temperature (K), and Tavg is the average gas temperature (K).

A.3 DESCRIPTION OF THE BASIC APPROACH FOR TESTS PERFORMED WITH HYDROGEN AT REDUCED
PRESSURE
A.3.1 Basic Consideration

This approach is to

pressure) for test safety. In order to achieve this benefit, an initial pressure test range between 2 and

Figure A13 shows th
sensor range (4.55
606 g hydrogen ove
time periods are req

FIGURE 4

To manage this aspe
crash test. The rang
1) Less than 10 N

2)

perform a crash test with hydrogen, but using less than the Nominal Warking Pre

e simulation results of pressure characteristics and time periods for 5% pressure
MPa) starting with various initial test pressures through a same size orifice. Thi
60 minutes when the tank is filled up to 70 MPa service(or-working) pressure. It
lired to obtain pressure loss of 5% when starting at loweRinitial test pressures.

. 80 : ‘ ‘
& g4 3§ ) — — —10MPa
= 60 N 94.9 min 25MPa
p ‘ — — —35MPa
>
% 40 : : 7QMPa Service pressure: 70MPa
s ;\\1043m|n """""""""""""""""""" Tank volume: 200L
2 - ; Gas Temperature: 15C
220 : :
w Pressure sensor range: 91MPa
"é 5% of prassure sensor range: 4.55MPa
- 0 I I | I I

0 120 240, 360 480 600 720

TFime (min)

\13 - PRESSURB-ZHARACTERISTICS AND TIME PERIODS FOR 5% PRESSU

ct, an additional low-range pressure sensor should be installed in the vehicle syste
e of the additional pressure sensor should be selected to meet the following crite

/IPa\and

ssure (or full service
B MPa was selected.

loss of the pressure

5 orifice can release
indicates that longer

RE LOSS

m before conducting
a:

Between 1 and 2.5 times the initial test pressure.

For example, when a pressure sensor range of 5 MPa is used, the initial pressure may range from 2 MPa to less than
5 MPa. Figure Al14 shows the simulation result of time period for pressure loss of 5% (Time_5%) when the pressure sensor
range is 5 MPa and the initial test pressure is 4 MPa.


https://saenorm.com/api/?name=76ab5b772763675e329901e546fe41c2

SAE INTERNATIONAL

J2578 Revised AUG2014

Page 47 of 71

As illustrated in Figu
sensor range ratio (
function of pressure

According to the sim
equation below.

,C\ 400 ' '

g ——25MPa | | l

o -- M - -35MPa | S

8 300 f{—A— 50MPa| it e Lo

2 — @ - 70MPa ’/—/ | 4

[ | P -

8 200 :

s B Time period (min)

S e 25MPa_| 35MPa | 50MPa | 70MPa
5 100 100L 10 15 22 32
o 200L 23 33 48 68
= 400L 49 69 99 140
= 0 1000L 126 177 253 355

200 400 600

Tank volume (L)

800 1000

FIGURE Al4 - TIME PERIODS FOR 5% PRESSURE LOSS

e Al5, even if the initial test pressure varies, Time_5% ends up almost equivalent
Rt = Sensor range / Initial test pressure) is identical. It implies that Time 5% cal
sensor range ratio, instead of pressure sensor range and initial testpressure.

Initial test pressure: 2MPa, 4MPa, 8MPa
Pressure sensor range ratio: 1.25

100

400 ‘ ‘
2 | | | | ---¢--- 2MPa
£ | | | A e
2300 f---- Lo o DErVIBE PTESSUre o - —-&- - 8MPa
© : - #¢)2MPa
a | —8— 4MPa
2200 fF---- e >+ e b
s | | o |x5Je -~ 8MPa
= ! \35Mpq_,.-:' B
Tel | | =
E I
(o]
E
|_

400 600
Tank volume-(L)

800 1000

FIGURE A15 - TIMEPERIODS FOR 5% PRESSURE LOSS WITH
A SAME PRESSURE SENSOR RANGE RATIO

Lilation results described in Figure A14 and Figure A15, Time_5% can be provided

Vol x NWP
1000

SR

Time_5% = x(4.6xRt-057)-29xRt Rt= "7

value when pressure
N be calculated as a

in the approximation

(Eq. A7)

0,

where Time_5% is ti

he Nominal Working

Pressure (or service pressure) of the system (MPa), SR is the pressure sensor range (MPa), IPis the initial test pressure

(MPa), and Rt is the

A.3.2

pressure sensor range ratio.

Test Procedure for Hydrogen at Reduced Pressure

Basically, same test procedure described in A.1.2 (Figure A4) is applied but some of the equations are different when testing
with hydrogen at reduced pressure. The formulas defined below should replace the formulas in A.1.2 for Calculations in 1)
Calculation of Test Time for 5% pressure loss of pressure sensor range (Time_5%), 3-2) Gas Density Calculation, and 4)
Calculation of Allowable Test Gas Leakage (AML) when testing with hydrogen at reduced pressure instead of testing at
service (or nominal working) pressure.
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1)

Use Equation
minimum).

Calculation of Test Time for Pressure Loss of 5% (Time_5%)

Al17. If the calculated Test Time is less than 60 minutes, the Test Time should

3-2) Gas Density Calculation

where Ds is the gas

Ds =-0.0048 x (Ps_15)? + 0.84x Ps_15
De =-0.0048 x (Pe_15)® + 0.84 x Pe_15

density before crash (kg/m?) and De is the gas density after Test Time (kg/m?3).

be 60 minutes (as a

(Eq. A18)

4) Calculation of

where AML is the all
NWP is the Nominal

(MPa), Ts is the initigl gas temperature (K), and Tavg is the average gas temperature (K).

A.4 ALTERNATIVE

As an alternative to the criteria of allowable mass of test gas leakage (AML), the allowable average vo
en leakage mass of 606g in 60 minutes corresponds to 118 slpm according to Equation A2 as shown
in Equation 20 below:

can be used. Hydrog

where AFR is the all

The average volume
mass flow needs t
compensation facto
developed in Equati

where VH2 is the av

S
In A11, the following equation results:

Allowable Test Gas Leakage

LT IP 288xTav
AML = 606 X — X x ¥ &
60 NWP Ts

pwable mass of test gas leakage (g), LT is the Test Time (Time_5% or 60 minutes,
Working Pressure (or service pressure) of the system (MPa),/IP is the initial re

METHOD TO CALCULATE ALLOWABLE POST-CRASH HYDROGEN AND HE

7107 L
60 min

AFR =

= 118 slpm

bwable average volume flow rate-(slpm).
flow rate (VH2) can be calculated based on the leakage mass (ML in Equation

for pressure, initialjgas temperature, and average gas temperature are the i

Ts

X
+/288xTavg

22.41
2.016

NWP
Ps

vHZ = MLy
LT

< 118 slpm

corrected for minar\deviations in test conditions from the reference valued.

(Eq. A19)

whichever is longer),
duced test pressure

L IUM LEAKAGE

ume flow rate (AFR)

(Eq. A20)

A8), but the leakage
Recognizing that
verse of the factors

(Eq.A21)

uation A8, LT is the

Test Time (Time_5%

brage volume flow rate of hydrogen (slpm) ML is the hydrogen mass loss from E

dlecular weight, NWP

is the Nominal Workrng Pressure (or Servrce Pressure) of the tank Ts is the |n|t|al gas temperature (K), and Tavg is the
average temperature of the tank over the test period (K).

A corresponding alternative method can be developed for full pressure helium test gas. The density calculation for hydrogen
is replaced with the density calculation for helium as specified in Equation A15. The resultant loss of helium equation (ML)
is calculated with Equation A8.
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The next step is to determine the allowable volumetric flow rate of helium. It can be calculated by substituting the ratio of
specific ratio of specific heats (H2:1.410, He:1.667) and the gas constant (H2:4126, He:2077) in Equation A3. The result is
that the allowable volumetric flow rate of helium is 75% that of hydrogen or (0.75 X 118slpm =) 88.5 slpm.

The resultant equation is as follows after accounting for minor deviations in pressure and temperature from standard test
conditions, the helium molecular weight (4.00g/mole) and leakage mass compensation in Equation A16:

2241 NWP Ts

X X
4.00 Ps \/288xTavg

where VHe2 is the average volume flow rate of helium (slpm), ML is the helium mass loss from Equation A8, LT is the Test
Time (Time_5% fronrEquatiomAL3or60mimnutes,; whichever isfonger);, NWP-sthe Nomimat-WorkimgPressure (or Service
Pressure) of the tank, Ts is the initial gas temperature (K) and Tavg is the average temperaturec@f tihe tank over the test
period (K).

VHe2 = % X < 88.5 slpm (Eq.A22)
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APPENDIX B - GUIDANCE FOR CONDUCTING HIGH VOLTAGE TESTS
B.1 HIGH VOLTAGE ISOLATION TEST

The high voltage isolation test should be conducted on high voltage systems to ensure that, if there is inadvertent contact
with a single high voltage rail and the vehicle electrically-conductive chassis, a person is not exposed to harmful electric
shock due to a circuit created by low electrical isolation resistance to the vehicle electrically-conductive chassis as shown
in Figure B1.

Battery Dcioc voltage Inverter
300V

MOT

Isolationresistance
chms

Yehicle Chassis

ohms/voltage —> Body current
(body resistance:0-0hm)

HGURE B1 - ILLUSTRATION OF ELECTRIC SHOCK PYE TO CONTACT WITH A
HIGH VOLTAGE SYSTEM HAVING A LOW IS@WTION RESISTANCE

The objective of the 00 Q per volt and 100 Q per volt requirementstis.to ensure that the current pass|ng through the body
of a person (acciderftally or inadvertently) touching a single electrical bus does not exceed 2 ma AC jand 10 ma total DC,
respectively, due to @ single failure.

The purpose of the {esting is to ensure that the isolation of‘DC and AC circuits meet the requirements defined in 4.4.3.1.
Standard engineering practice of electrical circuits should be used to combine the isolation resistancgs of circuits that are
conductively connegted. See Figure B2 for an example of the calculation for the situation wherq two DC buses are
conductively connected to an AC circuit through a non-isolating inverter.

R2AO)Fuel BEE T |pyedsi 7=
R3(Q)Fractibasa— ! R1(Q)
battery
R'total: Combined resistance (R1, R2, R3)
—+ &+ ,—*% %
R totat” R1 R2 " RS3

FIGURE B2 - TYPICAL APPROACH FOR CONDUCTING THE HIGH VOLTAGE
ISOLATION TEST FOR THE VEHICLE IN NORMAL OPERATION

The test may be performed on the entire system at one time, or on individual assemblies with appropriate analytical
adjustments to determine the isolation resistance (to current flow through the body if a person touches any point of the high
voltage system). If the portion of the system that is being tested includes both DC and AC circuits, then that portion of the
system should be assumed to be AC (as the requirements are more stringent for AC systems) unless, as discussed in
4.4.3.1, direct contact with the AC is prevented by measures in 4.4.3.2.
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The general approach is to measure the isolation resistance (Q) between the various sections of the high voltage bus and
the electrically-conductive chassis (ground) under a condensing condition, and then calculate the isolation (Q per volt) at
the maximum working voltage(s) of the system. The test generally follows the following procedure for the purpose of design

verification:

a.
44.104canb

conditions are

e disconnected for this test.

established. The fuel cell system may be shut down for testing.

Any on-board energy storage device (e.g., traction battery, auxiliary battery) complying with 4.4.10.1, 4.4.10.2, and

Prior to conducting the test, the fuel cell system or other equipment may be preconditioned such that normal operating

Both sides of electrical circuits not under test (such as low voltage circuits) should be connected to the vehicle

electrically-conductive chassis at a common point. If some electronic components connected between the vehicle

conductive str
electrical circ
application of
rendered inop
the test is mad

At the discreti
determining th

For the purpo
8 hours at 5 °(
of 90 +10/ —5¢
provided trans|

If a high voltg
atmospheres i

The test voltg
externally-app

The test voltag

e For fuel g

For electflical systems (otherithan the fuel cell systems) with batteries (or other high voltage

cture an P

it. Printed-wiring assemblies and other electronic- cwcun components that\m
he test potential or that short-circuit the test potential should be removed,, discon
brative before the tests are made. Semiconductor devices in the unit can be indivig
e to avoid destroying them in the case of a malfunction elsewhere in thecircuits.

bn of the manufacturer, the poles of various sections may be connhected togethg
e overall resistance to ground or left disconnected and tested‘separately.

e of design verification, the equipment should be subjected to a preconditioni

6 at atmospheric pressure. Alternative preconditioning and conditioning paramet]
tion across the dew point occurs shortly after the Beginning of the conditioning p4

ge isolation test is used as part of productien testing, the use of precondition
N item b and e may be deleted (or modified) and the test time may be shortened.

ge for isolation resistance measurements may be the voltage source that is
ied DC voltage.

e should be selected to be-atleast the following:

ell systems, the maximum open circuit voltage of the fuel cell stack.

one of the following conditions, as appropriate:

he maximum state of charge as recommended by the vehicle manufacturer and st
ual grlabel that is permanently affixed to the vehicle;

C + 2 °C, followed by a conditioning period of 8 hours.at a temperature of 23 °C +|5

nected from the test
ay be damaged by
nected, or otherwise
ually shunted before

br for the purpose of

g period of at least
°C with a humidity
Prs may be selected
riod.

ng and conditioning

n the system or an

sources), the voltage

ated in the operating

5% of the maximum capacity of the batteries (or other high voltage sources) if the

manufacturer makes

based on

1) At
m

2) At
no

or

3)

recommendation;

Within the normal operating range as specified by the manufacturer for any state of charge of batteries (or

other high voltage sources) that are chargeable only by an energy source on the vehicle.

[ ]
maximum

working voltage of the circuit.

The test voltage should be applied for a time long enough to obtain a stable reading.

For electrical systems (other than the fuel cell systems) without batteries (or other high voltage sources), the
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The isolation resistance should be measured at the beginning of and during the conditioning period at a rate that
allows the minimum value to be measured. The measurements should be performed using suitable instruments (e.qg.,
MQ meter) between the live parts of each power system and the vehicle conductive structure.

Isolation for each assembly or system (Q per volt) is calculated by dividing the isolation resistance of the assembly
by the maximum working voltage. The total isolation of the interconnected system is determined based on the isolation
for each assembly or system within the circuit that can cause current to flow through the body of a person touching
an electrical bus within the system.

B.2 HIGH VOLTAGE WITHSTAND TEST

The high voltage withstand test should be conducted on high voltage systems to verify connectors, harnesses, and bus
bars. The test may be performed on the entire system at one time or on individual assemblies. The test generally follows
the following proced

a.

b.

Any on-board

Prior to condu

ire Tor the purpose of design validation:
bnergy storage device (e.g., traction battery, auxiliary battery) can be discennecte

Cting the test, the fuel cell module or other loads in the fuel cell systems (that may

voltage) may be disconnected. If not disconnected, components within the fuelicell system ma

such that norn

voltage poles

Both sides of

nal operating conditions are established. The fuel cell system should then be sh
should be electrically connected for this test.

electrical circuits not under test (such as low voltage<circuits) should be conn

conductive strjcture and the live part cannot withstand the test voltage, they should be discon

eIectricaIIy—co:Pductive chassis at a common point. If some electrofic’components connected

electrical circ
application of
rendered inop

the test is mad

The test shoul

for one minute
used for an AQ

is to be applie

The dielectric

it. Printed-wiring assemblies and other electronic-circuit components that m
he test potential or that short-circuit the test petential should be removed, discon
brative before the tests are made. Semicondqctor devices in the unit can be indivig
e to avoid destroying them in the case of.a malfunction elsewhere in the circuits.

1 be performed by applying a DC voltage or an AC voltage (with a frequency betwd
between the electrical circuits and-the vehicle conductive structure. When a dire
circuit, a test potential of 1.414times the applicable rms value of alternating-curr

.

withstand voltage should be applied as follows without dielectric breakdown

application of {he test voltage:

For circuits no
voltage that cg

of the test volt

For circuits int

t intended to be conductively-connected to the grid, the test voltage shall be gre
n actually ocedr to the component including relevant over-voltages of the electric
hge should be 1 minute.

bnded-to be conductively-connected to the grid, the following test voltage shall be

d for this test.

be damaged by high
ly be preconditioned
Lt down and its high

ected to the vehicle
between the vehicle
nected from the test
py be damaged by
nected, or otherwise
ually shunted before

en 50 Hz and 60 Hz)
Lt-current potential is
ent voltage specified

or flashover during

hter than the highest
circuit. The duration

applied for 1 minute:

e (2U+1,000) V a.c. (rms) if basic insulation applies

e (2U +3,250) V a.c. (rms) if double insulation or reinforced insulation applies

where U is the maximum working voltage (rms).
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As an alternative to the above test voltages for circuits conductively-connected to the grid the impulse voltage
withstand test and the a.c. voltage test in IEC 60664-1 may be used for verifying the withstand voltage capability. The
over-voltage category shall be selected by the vehicle manufacturer in accordance with IEC 60664-1.:

e Forthe impulse voltage withstand test, the applicable test voltages given in IEC 60664-1 shall be applied based
on the over-voltage category. The applied value shall be increased by160 % of the voltage value for double
insulation or reinforced insulation

e For the a.c. voltage test, Un +1 200 V (rms) for 60 s where Un is the nominal line-to-neutral voltage of the
neutral-earthed supply system. Twice the voltage value shall be applied for double insulation or reinforced
insulation.

For circuits intended to be conductively-connected to the grid, surge protective devices (SPDs) such as capacitors
that can affect[the test result shall be disconnected before testing. Components such as RFI filters shall be included
in the impulseftest, but it can be necessary to disconnect them during a.c. tests.

If a high voltage withstand test is used as part of production testing, the test time may-be shorteped.
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APPENDIX C- GUIDANCE FOR CONDUCTING DISCHARGE EVALUATIONS
INTO SPACES SURROUNDING VEHICLES

The following tests and/or analyses are based on SAE J1718 and are envisioned for meeting 5.2. The purpose of these
requirements is to evaluate the vehicle’s discharges when parked, stored or operating inside structures to ensure that the
vehicle surroundings can remain “unclassified” and will not be subject to H2 build-up to unacceptable levels.

Section 4.2.4 and Appendix D ensure that any discharge from the vehicle is non-flammable or un-ignitable at the point of
discharge or as the discharge diffuses into the surrounding air. See the discussion in 3.14.1. In order to meet this
requirement, the vehicle discharge must typically contain less than a 7-8% hydrogen concentration at the point of discharge.
While this requirement results in the discharge being locally non-hazardous, it is not sufficient, by itself, to ensure that the
space surrounding the vehicle is “unclassified”. In order to be unclassified and therefore acceptable to Authorities Having
Jurisdiction (AHJs), the space surrounding the vehicle should remain less than 25% LFL (or 1% hydrogen) as the discharge

continues.
NOTE: The 25% LH

The concentration o
relative to the ventil
developed to ensurg
during parking. The

envelope of the vehicle including, for example, filling the compressed hydrogen’storage system

capacity, considerin
challenging conditio
description of each ¢

The C.1 testis i
the vehicle wher
residential garag

C.2 is applicabld
section suggest

demonstrate thak the vehicle is acceptable.

e C.3 provides a fi
Additionally, C.4 was
from an operating ve
the vehicle should @
vehicle before the sy

For the purpose of
enclosed space of 4

L requirement is based on IEC60079 and the International Mechanical CodexIMC

hydrogen in the space over time is a function of the exhaust hydrogerrflow rat
ption flow through the space. For this reason, the two evaluations’ in“Appendic
that the space surrounding the vehicle remains “unclassified” {based on being
intent is to perform the evaluation under the most severe‘conditions within t

) the expected temperature range to which the vehicle_will be exposed and eV
ns(s), or evaluating a liquid hydrogen storage system.when hydrogen venting (i
valuations is as follows:

ntended to examine the impact of fuel leakage,and permeation from the hydroge
the vehicle is parked (and not operated) in:an extremely “tight” (minimally ventila
e.

if the vehicle is expected to be operated during parking in structures such as pa
5 vehicle operating situations that.should be evaluated by test, analysis, or a cg

hal confirmation test faor the situations depicted in C.2.

developed to evaluate the accidental or inadvertent operation of the vehicle wher¢
hicle could resultsin a hazardous condition when only minimal air exchange is a
ease operationibased on inherent operating characteristics or special protectiv
ace becomés flammable. See C.4 for additional information.

bvaluation in C.1 and C.2, a standard passenger vehicle is assumed to be plad
.5-m(X 2.6 m X 2.6 m (30.4 cubic meters) as a basis of verification. If the vehicl

~—

b (not concentration)
es C1 and C2 were
less than 25% LFL)
ne normal operating
fo maximum design
aluating at the most
f any) is required. A

h storage system on
ed) space such as a

rking garages. This
mbination thereof to

hydrogen emissions
ailable. In this case,
b features within the

ed in a hypothetical
b is smaller or larger

osure should not be

than a standard pas

senger vehicle a Inrgpr vehicle enclosure may he assumed but the vehicle enc

more than one (1) m larger than the vehicle in length or width, and one-half (0.5) meter in height above the highest point on
the vehicle structure.

The evaluations described in C.1 and C.2 may be performed by testing, analyses, or a combination of both.

While it is possible to perform tests in an enclosure to verify the acceptability of discharges, such testing is unnecessarily
time-consuming and complicated as a repetitive task. For this reason, the approaches developed in Appendices C.1 through
C.3 rely on more readily-obtained measurements of discharges from the vehicle. Guidance with regard to performing
measurements of discharges and defining the criteria for acceptance are provided in C.1 through C.3.
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CAUTIONARY NOTES:

1.

Caution should be exercised when performing the following evaluations as these tests involve handling flammable

gases and possibly igniting flammable mixtures. Loud noises, fire/explosion, asphyxiation, and/or the production of
toxic materials (e.g., smoke) are possible outcomes and suitable personnel isolation and personal protective
equipment (PPE) should be used.

ventilation may be required to maintain acceptable conditions.

4,

Test facilities and operations should comply with local, state, and federal codes and regulations.

All test equipment and sensors should be suitable for the test environment. Flammability monitoring and increased

The materials used to construct the facility should not introduce an ignition hazard from static electricity.

C.1 PARKING INN

In order to evaluate
air changes per hou
Hydrogen Storage \

DN-MECHANICALLY VENTILATED ENCLOSURES

the most severe condition, parking in an extremely “tight” enclosure with an air e
(ACH) should be addressed. This 0.03 ACH air exchange rate was derived from
sing Lightweight Tanks” and represents extremely “tight” wood frame” structure

barriers, weather-stiipping on the doors, and no vents) that are sheltered from wind and undergg

temperature swings

As noted in 5.2 and
combination thereof
hydrogen with the sy

fo cause density-driven infiltration.

Appendix C, the ability to meet the scenario defined above can be verified by
For small discharge rates that mix uniformly® within the surrounding space,
ace can be represented by the following equations:

H G ( H\+/ARDOm }t
Crp () = - ChE
H + ARoom H + ARoom
ACH*V, o
A Room — TR

ne-dependent H2\concentration in the enclosure [1.0 = 100% Hz]
al H2 discharge rate from the vehicle [L/min]

flowdn/out of the enclosure [L/min]

kchange rate of 0.03
the study in “Vehicle
5 (with plastic vapor
no significant daily

h test, analysis, or a
the concentration of

(Eq. C1)

(Eq. C2)

exchange rate [Air Changes per Hour] of the enclosure

where:
cHz2(t)  is the tin
H is the to
Aroom IS the ai
ACH istheai
VRoom

is the volume of the enclosure minus the material volume of the vehicle [L]

3 Small discharges of hydrogen will tend to mix to a uniform concentration in the enclosure because the diffusivity of hydrogen is high relative to the
small air exchange rate. Stratification of hydrogen is not observed for small H2 release rates, because stratification is driven by buoyancy, and mixing

to a low (non-buoyant)

concentration occurs before the small amount of released hydrogen can rise to the ceiling.
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In the case of a parked vehicle, the hydrogen shut-off valve is closed and the hydrogen discharge to the room is essentially
equal to the hydrogen discharge (total leakage, permeation, and vent) from the hydrogen storage system (given that
hydrogen left in the fuel system down-stream of the shutoff is very small compared to the enclosure volume). The hydrogen
concentration defined by Equation C1 approaches the following steady-state value:

C=— 100
(H+ ARoom) (Eqg. C3)
or
C,, - H 100
(H+ACH-V,_/60) .

where Cnz is the stelidy—state H2 concentration in the enclosure (%) and the remainder of the terms‘aje as defined above.

This requirement cah also be met by verifying that the discharge from the hydrogen storage (System (ps measured as part
of the qualifications [in SAE J2579) is sufficiently low such that the atmosphere surrounding the vehjcle in the enclosure
does not exceed 25% LFL (or a 1% hydrogen concentration) in the steady-state limit.

Substituting values for H and ACH into Equation C4, an expression for the steady-state’hydrogen concentration as a function
of air exchange ratel (ACH) for various discharge rates in the standard vehicle€nclosure can be defermined (see Figure
C1). Figure C1 shoys the effect of higher air exchange rates above 0.03<ACH to significantly redlice the steady-state
hydrogen concentration in the standard enclosure, while Figure C2 shows‘the effect of larger enclosyres on the allowable
release. As previoudly noted in this section, the condition of the hydrogen storage system should be such that the largest
normal discharge is pccounted for.

_ 3.5%
2 ~150 cc/min H2
g 3.0% emissions limit
= to remain below ACH
E 2.5% 25% of LEL

for 0.03ACH
2 2.0% 0.03
8 = = 01
8 15%_|____. - V__ A ___ 1
2
s 1.0% =
E 0.5%
@ _00% '

0 0.05 01 015 02 025 0.3 0.35 0.4 045 05

; H2 Flow: H (slpm)  45mx 2.6 mx 2.6 mGarage

FIGURE C1 - CALCULATED STEADY-STATE HYDROGEN CONCENTRATIONS VS HYDROGEN
EMISSION RATE FOR VARIOUS AIR EXCHANGE RATES WITH STANDARD ENCLOSURE
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