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|. Statement of technical rationale and justificaton

A. Introduction

1. In the ongoing debate over the need to idengfy sources of energy and to reduce
greenhouse gas emissions, companies around thd favke explored the use of various
alternative fuels, including compressed natural, ¢igsefied propane gas and hydrogen.
Hydrogen has emerged as one of the most promiditegnatives due to its vehicle
emissions being virtually zero. In the late 1990% European Community allocated
resources to study the issue under its Europeagrimied Hydrogen Project (EIHP) and
forwarded the results, two proposals for compregsesgous and liquefied hydrogen, to the
UNECE secretariat. The follow-up project, EIHP2 tized discussions about the
possibility of a global technical regulation fordrggen fuelled vehicles. A few years later,
the United States of America outlined a vision #omlobal initiative, the International
Partnership for the Hydrogen Economy, and invitéih&, Japan, the Russian Federation,
the European Union and many other countries tagiaate in this effort.

2. For decades scientists, researchers and ecdsdmaige pointed to hydrogen, in both
compressed gaseous and liquid forms, as a posdibimative to gasoline and diesel as a
vehicle fuel. Ensuring the safe use of hydrogen &sel is a critical element in successful
transitioning to a global hydrogen economy. By ttheiture, all fuels present an inherent
degree of danger due to their energy content. &fe isse of hydrogen, particularly in the
compressed gaseous form, lies in preventing cafatstr failures involving a combination
of fuel, air and ignition sources as well as pressund electrical hazards.

3. Governments have identified the developmenegiilations and standards as one of
the key requirements for commercialization of hymno-fuelled vehicles. Regulations and
standards will help overcome technological barriéos commercialization, facilitate
manufacturers’ investment in building hydrogen-fe@l vehicles and facilitate public
acceptance by providing a systematic and accuransof assessing and communicating
the risk associated with the use of hydrogen vehjdbe it to the general public, consumer,
emergency response personnel or the insurancetigpdus

4. The development of this United Nations globathtécal regulation (gtr) for
Hydrogen and Fuel Cell Vehicles occurred within Werld Forum for Harmonization of
Vehicle Regulations (WP.29) of the Inland Transp@ammittee (ITC) of UNECE. The
goals of this global technical regulation (gtr) awe develop and establish a gtr for
hydrogen-fuelled vehicles that: (i) attains or eed®the equivalent levels of safety of those
for conventional gasoline fuelled vehicles; and {§ performance-based and does not
restrict future technologies.

B. gtr action plan

5. Given that hydrogen-fuelled vehicle technologystill emerging, the Executive
Committee of the 1998 Agreement (WP.29/AC.3) of W@Pagreed that input from
researchers is a vital component of this efforing®xisting regulations and standards of
hydrogen and fuel cell vehicles (HFCVs) and conieratl vehicles as a guide, it is
important to investigate and consider: (1) the madifferences between conventional
vehicles and hydrogen-fuelled vehicles in safetd anvironmental issues; and, (2) the
technical justification for requirements that woblel applied to hydrogen-fuelled vehicles.

6. In June 2005, WP.29/AC.3 agreed to a proposah fGermany, Japan and United
States of America regarding how best to managedéhelopment process for a gtr on
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hydrogen-fuelled vehicles (ECE/TRANS/WP.29/AC.3/1Fhder the agreed-upon process,
AC.3 approved an action plan for developing a gtorsitted by the co-sponsors. Two
subgroups were formed to address the safety andrihieonment aspects of the gtr. The
informal working subgroup on safety for hydrogerd &nel cell vehicles (HFCV-SGS)
reported to the WP.29 subsidiary Working Party @asdtve Safety (GRSP). HFCV-SGS
was chaired by Japan and the United States of Ameiihe Chair for the group was
designated in the summer of 2007. The environmesafagiroup (HFCV-SGE) was chaired
by the European Commission and reported to the WBuUbsidiary Working Party on
Pollution and Energy (GRPE). In order to ensure momication between the subgroups
and continuous engagement with WP.29 and AC.3, gigect manager (Germany)
coordinated and managed the various aspects ofidhe to ensure that the agreed action
plan was implemented properly and that milestoned timelines were set and met
throughout the development of the gtr. The insi@lge of the gtr covered fuel cell (FC) and
internal combustion engine (ICE), compressed gasdwmydrogen (CGH and liquid
hydrogen (LH) gtr. At a subsequent session of WP.29, the dgtoraplan was submitted
and approved by AC.3 (ECE/TRANS/WP.29/2007/41).

7. In order to develop the gtr in the context oblging hydrogen technologies, the
trilateral group of co-sponsors proposes to devéiemtr in two phases:

(@) Phase 1 (gtr for hydrogen-fuelled vehicles):

Establish a gtr by 2010 for hydrogen-fuelled vedgdbased on a combination
of component-, subsystem-, and vehicle-level regnénts. The gtr specifies
that each Contracting Party will use its existirgfional crash tests where
vehicle crash tests are required, but and will theeagreed upon maximum
allowable level of hydrogen leakage as the crash lemkage requirement.
The new Japanese national regulation, any avail@sdearch and test data
will be used as a basis for developing this fitsige of the gtr.

(b)  Phase 2 (Assess future technologies and hazmenash tests):

Amend the gtr to maintain its relevance with nemdihgs based on new
research and the state of the technology beyondepta Discuss how to
harmonize crash test requirements for HFCV regaraihole vehicle crash
testing for fuel system integrity.

8. The gtr will consist of the following key elentsn
(@) Component and subsystem level requirements¢remsh test based):

Evaluate the non-crash requirements by reviewirsglyaes and evaluations
conducted to justify the requirements. Add and adbt requirements or
amend test procedures as necessary, based omg@xistaluations or on
quick evaluations that could be conducted by Catitrg Parties and
participants. Avoid design specific requirementghi® extent possible and do
not include provisions that are not technicallytifiesd. The main areas of
focus are:

0] Performance requirements for hydrogen storagstesms, high-
pressure closures, pressure relief devices, andiras;

(i)  Electrical isolation, safety and protectionaagst electric shock (in
use);

(i)  Performance and other requirements for sutesysintegration in the
vehicle.
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(b)  Vehicle-level requirements:

Examine the risks posed by the different typesuefl ystems in different
crash modes. Review and evaluate analyses and teathconducted to
examine the risks and identify appropriate mitiggtmeasures for hydrogen-
fuelled vehicles. The main areas of focus are kmve:

0] In-use and post-crash limits on hydrogen redea®ost-crash leakage
limits apply following execution of crash testsoffit, side and rear)
that are specified in national requirements forslkeraafety testing in
each jurisdiction;

(i)  In-use and post-crash requirements for eleatriisolation and
protection against electric shock. Post-crash etettsafety criteria
apply following execution of crash tests (frongesiand rear) that are
specified in national requirements for crash safietsting in each
jurisdiction.

C. Description of typical hydrogen-fuelled fuel ck vehicles (HFCVS)

1. Vehicle description

9. Hydrogen fuelled vehicles can use either infecoanbustion engine (ICEs) or fuel

cells to provide power; however, hydrogen-fuellehicles are typically powered by fuel

cell power systems. Hydrogen-fuelled fuel cell wdds (HFCVs) have an electric drive-
train powered by a fuel cell that generates ele@ower electrochemically using hydrogen.
In general, HFCVs are equipped with other advarieelnologies that increase efficiency,
such as regenerative braking systems that captarkinetic energy lost during braking and
store it in a battery or ultra-capacitors. While tharious HFCVs are likely to differ in the

details of the systems and hardware/software impleations, the following major systems
are common to most HFCVs:

@) Hydrogen fuelling system;

(b)  Hydrogen storage system;

(c)  Hydrogen fuel delivery system;

(d)  Fuel cell system;

(e) Electric propulsion and power management system

10. A high-level schematic depicting the functiommdéractions of the major systems in
a hydrogen-fuelled fuel cell vehicle (HFCV) is shovin Figure 1. During fuelling,
hydrogen is supplied to the vehicle through thelliuge receptacle and flows to the
hydrogen storage system. The hydrogen supplieddcstored within the hydrogen storage
system can be either compressed gaseous or liqubfidrogen. When the vehicle is
started, hydrogen gas is released from the hydretggage system. Pressure regulators and
other equipment within the hydrogen delivery systeduce the pressure to the appropriate
level for operation of the fuel cell system. Thadtggen is electro-chemically combined
with oxygen (from air) within the fuel cell systetm produce high-voltage electric power.
That electric power is supplied to the electricquigion power management system where
it is used to power electric drive motors and/carge batteries and ultra-capacitors.
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Figure 1
Example of High-level Schematic of Key Systems inFFCVs
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11.  Figure 2 illustrates a typical layout of keymgmnents in the major systems of a
typical hydrogen fuel cell vehicle (HFCV). The fliet) receptacle is shown in a typical
position on the rear quarter panel of the vehigle.with gasoline containers, hydrogen
storage containers, whether compressed gas orfieggubydrogen, are usually mounted
transversely in the rear of the vehicle, but coalso be mounted differently, such as
lengthwise in the middle tunnel of the vehicle. Fesdls and ancillaries are usually located
(as shown) under the passenger compartment orirtralditional "engine compartment,”
along with the power management, drive motor cdleiroand drive motors. Given the size
and weight of traction batteries and ultra-capasijtthese components are usually located
in the vehicle to retain the desired weight baldiocgroper handling of the vehicle.

12. A typical arrangement of componentry of a hgam fuelled vehicle with
compressed hydrogen storage and powered by adliéd shown in Figure 2.

Figure 2
Example of a hydrogen fuel cell vehicle

Controller

Drive Motor
Fuel Cell and S '
Auxiliaries Drive Motor A A
]

Electric Power
Regenerative Management
Braking

Hydrogen fuelling system

13.  Either liquefied or compressed gas may be #ghpab the vehicle at a fuelling
station, depending on the type of hydrogen storsggtem in the vehicle. At present,
hydrogen is most commonly dispensed to vehicles @smpressed gas that is dispensed at
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(@)

pressures up to 125 per cent of the nominal workiressure (NWP) of the vehicle to
compensate for transient heating from adiabaticpression during fuelling.

14. Regardless of the state of the hydrogen, théchkes are fuelled through a special
fuelling nozzle on the fuel dispenser at the fugllstation that connects with the fuelling
receptacle on the vehicle to provide a "closedesy$tiransfer of hydrogen to the vehicle.
The fuelling receptacle on the vehicle containdeck valve (or other device) that prevents
leakage of hydrogen out of the vehicle when thdifgenozzle is disconnected.

Hydrogen storage system

15. The hydrogen storage system consists of alboments that form the primary high
pressure boundary for containment of stored hydrogae key functions of the hydrogen
storage system are to receive hydrogen duringifigeltontain the hydrogen until needed,
and then release the hydrogen to the fuel celesydbr use in powering the vehicle. At
present, the most common method of storing andreléig hydrogen fuel on-board is in
compressed gas form. Hydrogen can also be storégluiak (at cryogenic conditions). Each
of these types of hydrogen storage systems areildeddn the following sections.

16. Additional types of hydrogen storage, such ®-compressed storage, may be
covered in future revisions of this gtr once thdievelopment has matured. Cryo-
Compressed Hydrogen (CcH2) storage is a hybrid detwliquid and compressed gas
storage which can be fuelled with both cryogenimpoessed and compressed hydrogen
gas.

Compressed hydrogen storage system

17. Components of a typical compressed hydrogemagto system are shown in

Figure 3. The system includes the container andotiler components that form the

"primary pressure boundary" that prevents hydrdgem escaping the system. In this case,
the following components are part of the compres$sehlogen storage system:

(@) the container;
(b)  the check valve;
(c)  the shut-off valve;

(d)  the thermally-activated pressure relief deyitBRRD).
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Figure 3
Typical compressed hydrogen storage system

Storage
Container

18. The hydrogen storage containers store the asspd hydrogen gas. A hydrogen
storage system may contain more than one contdepanding on the amount that needs to
be stored and the physical constraints of the qadati vehicle. Hydrogen fuel has a low
energy density per unit volume. To overcome thistition, compressed hydrogen storage
containers store the hydrogen at very high pressu®a current development vehicles
(prior to 2011), hydrogen has typically been stoa¢dh nominal working pressure of 35
MPa or 70 MPa, with maximum fuelling pressures @6 Jer cent of nominal working
pressure (43.8 MPa or 87.5 MPa respectively). @utine normal "fast fill" fuelling
process, the pressure inside the container(s) msayto 25 per cent above the nominal
working pressure as adiabatic compression of tisecgases heating within the containers.
As the temperature in the container cools aftellifgg the pressure is reduced. By
definition, the settled pressure of the system kéllequal to the nominal working pressure
when the container is at 15 °C. Different pressi(tiest are higher or lower or in between
current selections) are possible in the futureamsroercialization proceeds.

19. Containers are currently constructed from casitpanaterials in order to meet the
challenge of high pressure containment of hydrogem weight that is acceptable for
vehicular applications. Most high pressure hydrogtarage containers used in fuel cell
vehicles consist of two layers: an inner liner thedvents gas leakage/permeation (usually
made of metal or thermoplastic polymer), and areoulayer that provides structural
integrity (usually made of metal or thermoset résipregnated fibre-reinforced composite
wrapped over the gas-sealing inner liner).

20. During fuelling, hydrogen enters the storagstesy through a check valve. The
check valve prevents back-flow of hydrogen intoftigling line.

21. An automated hydrogen shut-off valve prevehts dut-flow of stored hydrogen
when the vehicle is not operating or when a faldeétected that requires isolation of the
hydrogen storage system.

22.  Inthe event of a fire, thermally activatedssuae relief devices (TPRDs) provide a

controlled release of the gas from the compresgedolgen storage containers before the
high temperatures in the fire weaken the containatscause a hazardous rupture. TPRDs
are designed to vent the entire contents of théaawer rapidly. They do not reseat or allow

re-pressurization of the container. Storage coataiand TPRDs that have been subjected
to a fire are expected to be removed from servicedestroyed.
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(b)

Liquid Hydrogen Storage System

23.  Since on-road vehicle experience with liquefigdrogen storage systems is limited
and constrained to demonstration fleets, safetyuirements have not been
comprehensively evaluated nor have test procecheen widely examined for feasibility
and relevance to known failure conditions. Themfaptional requirements and test
procedures for vehicles with liquefied hydrogerrate systems are presented in section G
of this preamble and paragraph 7.1. of the textthaf regulation, respectively, for
consideration by Contracting Parties for possildepdion into their individual regulations.

It is expected that these requirements will be icmmed as requirements in a future gtr that
applies to vehicles with liquefied hydrogen storagstems.

Hydrogen fuel delivery system

24.  The hydrogen fuel delivery system transfersbgen from the storage system to the
propulsion system at the proper pressure and texyer for the fuel cell (or ICE) to
operate. This is accomplished via a series of ftontrol valves, pressure regulators, filters,
piping, and heat exchangers. In vehicles with ligke hydrogen storage systems, both
liquid and gaseous hydrogen could be released thenstorage system and then heated to
the appropriate temperature before delivery tol@ie or fuel cell system. Similarly, in
vehicles with compressed hydrogen storage systdresnal conditioning of the gaseous
hydrogen may also be required, particularly inextely cold, sub-freezing weather.

25.  The fuel delivery system shall reduce the pmesgrom levels in the hydrogen
storage system to values required by the fuelaelCE system. In the case of a 70 MPa
NWP compressed hydrogen storage system, for exartimepressure may have to be
reduced from as high as 87.5 MPa to less than 1 M inlet of the fuel cell system, and
typically under 1.5 MPa at the inlet of an ICE gyst This may require multiple stages of
pressure regulation to achieve accurate and stainitrol and over-pressure protection of
down-stream equipment in the event that a pressagulator fails. Over-pressure
protection of the fuel delivery system may be acglished by venting excess hydrogen gas
through pressure relief valves or by isolating lilgdrogen gas supply (by closing the shut-
off valve in the hydrogen storage system) when ardstream over-pressure condition is
detected.

Fuel cell system

26.  The fuel cell system generates the electrivétyded to operate the drive motors and
charge vehicle batteries and/or capacitors. Theres@veral kinds of fuel cells, but Proton
Exchange Membrane (PEM) fuel cells are the commpe tised in automobiles because
their lower temperature of operation allows shodtnrt up times. The PEM fuel cells
electro-chemically combine hydrogen and oxygeraiiin to generate electrical DC power.
Fuel cells are capable of continuous electricakgatiion when supplied with hydrogen and
oxygen (air), simultaneously generating electricyd water without producing carbon
dioxide (CQ) or other harmful emissions typical of gasolinetfed internal combustion
engines (ICEs).

27.  As shown in Figure 1, typical fuel cell systeimslude a blower to feed air to the
fuel cell stack. Approximately 50 to 70 per centled oxygen supplied to the fuel cell stack
is consumed within the cells. The remainder is agted from the system. Most of the
hydrogen that is supplied to the fuel cell systengansumed within the cells, but a small
excess is required to ensure that the fuel cellsnat be damaged. The excess hydrogen is
either mixed with the exhaust to produce a non-feble exhaust from the vehicle or
catalytically reacted.
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28.  The fuel cell system also includes auxiliarynponents to remove waste heat. Most
fuel cell systems are cooled by a mixture of glyaotl water. Pumps circulate the coolant
between the fuel cells and the radiator.

29. The individual fuel cells are usually electligaonnected in series in a stack such
that their combined voltage, the total stack vadtaig between 300 and 600 V DC. Since
fuel cell stacks operate at high voltage, all reactand coolant connections (including the
coolant itself) to the fuel cell stack need to lequately isolated from the conductive
chassis of the vehicle to prevent electrical shtitég could damage equipment or harm
people if the insulation is breeched.

Electric propulsion and power management system

30. The electric power generated by the fuel gadteam is used to drive electric motors
that propel the vehicle. As illustrated in Figuren2any passenger fuel cell vehicles are
front wheel drive with the electric drive motor awdive-train located in the "engine
compartment” mounted transversely over the frofd;ehowever, other configurations and
rear-wheel drive are also viable options. Largesrgpltility Vehicle-type fuel cell vehicles
may be all-wheel drive with electric motors on fhent and rear axles or with compact
motors at each wheel.

31. The "throttle position" is used by the drive torocontroller(s) to determine the
amount of power to be sent to the drive wheels. Wl cell vehicles use batteries or
ultra-capacitors to supplement the output of thel fcells. These vehicles may also
recapture energy during stopping through regenerabiraking, which recharges the
batteries or ultra-capacitors and thereby maximéffisiency.

32.  The drive motors may be either DC or AC. If th&ve motors are AC, the drive
motor controller shall convert the DC power frone tfuel cells, batteries, and ultra-
capacitors to AC. Conversely, if the vehicle hagererative braking, the drive motor
controller shall convert the AC power generatethim drive motor back to DC so that the
energy can be stored in the batteries or ultraaitgpa.

Rationale for scope, definitions and applicahity

Rationale for paragraph 2 (Scope)

33. This gtr applies to hydrogen storage systemgnfanominal working pressures
(NWP) of 70 MPa or less, with an associated maxinfweting pressure of 125 per cent of
the nominal working pressure. Systems with NWP aw@Q@ MPa include storage systems
currently expected to be of commercial interestviehicle applications. In the future, if
there is interest in qualifying systems to highemmmal working pressures, the test
procedures for qualification will be re-examined.

34.  This gtr applies to fuel storage systems sécattached within a vehicle for usage
throughout the service life of the vehicle. It dowd apply to storage systems intended to
be exchanged in vehicle fuelling. This gtr does aymply to vehicles with storage systems
using chemical bonding of hydrogen; it applies tehiecles with storage by physical
containment of gaseous or liquid hydrogen.

35. The hydrogen fuelling infrastructure establdsipgior to 2010 applies to fuelling of
vehicles up to 70 MPa NWP. This gtr does not addthe requirements for the fuelling
station or the fuelling station/vehicle interface.

36.  This gtr provides requirements for fuel systatagrity in vehicle crash conditions,
but does not specify vehicle crash conditions. €mting Parties to the 1998 Agreement
are expected to execute crash conditions as spe@ifitheir national regulations

11
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Rationale for paragraphs 3.16. and 3.17. (Defitions of Service Life and Date of
Removal from Service)

37. These definitions pertain to qualification loé tompressed hydrogen storage system
for on-road service. The service life is the maximtime period for which service (usage)
is qualified and/or authorized. This document pdeei qualification criteria for liquid and
compressed hydrogen storage systems having a edifeiof 15 years or less (para. 5.1.).
The service life is specified by the manufacturer.

38. The date of removal from service is the caleniddée (month and year) specified for
removal from service. The date of removal from Ee&rvmay be set by a regulatory
authority. It is expected to be the date of reldas¢he manufacturer for initial usage plus
the service life.

Rationale for paragraph 4 (Applicability of requirements)

39. The performance requirements in paragraph éread the design qualification for
on-road service. Additional requirements in Annear@ applicable for Contracting Parties
with Type Approval systems that address the confgrmof mass production to units
qualified to the requirements of paragraph 5. Thal @f harmonizing requirements as
embodied in the gtrs provides the opportunity teellep vehicles that can be deployed
throughout Contracting Parties to achieve unifoymaf compliance and resulting
economies of scale; therefore, type approval requéints beyond those specified in Annex
7 of the text of the Regulation are not expected.

40. It is expected that all Contracting Partied vatognize vehicles that meet the full
requirements of this gtr as suitable for on-roadvise within their jurisdictions.
Contracting Parties with type approval systems meapire, in addition, compliance with
their requirements for conformity of production, tevdal qualification and hydrogen
embrittlement.

41. ltis also understood that any individual Caating Party may also elect to develop
different requirements for additional vehicles toalify for on-road service within its
jurisdiction. For example:

(@  This gtr requires the use of hydrogen gasrm tiesting of compressed gas
storage (paragraph 6.2.5.). An individual ContragtParty might elect to qualify vehicles
for on-road service using either hydrogen or aith@stest gas in fire testing. In that case,
those vehicles qualified using air could be quadififor on-road service within the
jurisdiction of that individual Contracting Party.

(b)  Vehicles qualified for on-road service usinggugements of this gtr
including 11,000 hydraulic pressure cycles in peaph 5.1.2. testing would be recognized
as suitable for on-road service in all Contractifeyties. An individual Contracting Party
might elect to qualify additional vehicles for sieeswithin its individual jurisdiction using
5,500 or 7,500 pressure cycles for compressed bedretorage (para. 5.1.2.).

Rationale for paragraph 5 (Performance requirenents and scope)

Compressed hydrogen storage system test requinents and safety needs

42.  The containment of the hydrogen within the cosaped hydrogen storage system is
essential to successfully isolate the hydrogen ftbm surroundings and down-stream
systems. The storage system is defined to incliiddosure surfaces that provide primary

containment of high-pressure hydrogen storage.dEfiaition provides for future advances

in design, materials and constructions that areetegl to provide improvements in weight,

volume, conformability and other attributes.
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43. Performance test requirements for all compressed hydrogen storage systems in on-
road vehicle service are specified in paragraph Btie performance-based requirements
address documented on-road stress factors and susagessure robust qualification for
vehicle service. The qualification tests were depetl to demonstrate capability to perform
critical functions throughout service including Hireg/defuelling, parking under extreme
conditions, and performance in fires without conmpising the safe containment of the
hydrogen within the storage system. These critgujaly to qualification of storage systems
for use in new vehicle production.

44. Conformity of Production with storage systems subjected to formal design
gualification testing: Manufacturers shall ensure that all productiontsurmeet the
requirements of performance verification testing @aragraph 5.1.2. In addition,
manufacturers are expected to monitor the reltgbitiurability and residual strength of
representative production units throughout serkifee

45.  Organization of requirements. paragraph 5.1. design qualification requiremdots
on-road service include:

5.1.1. Verification Tests for Baseline Metrics

5.1.2. Verification Test (Hydraulic) for PerformanbDurability

5.1.3. Verification Test (Hydrogen Gas) for Expelct@n-Road Performance
5.1.4. Verification Test for Service-Terminatingrfdéemance

46. Paragraph 5.1.1. establishes metrics used enrémainder of the performance
verification tests and in production quality comtré®aras. 5.1.2. and 5.1.3. are the
qualification tests that verify that the system qasrform basic functions of fuelling,

defuelling and parking under extreme on-road camwkt without leak or rupture through-

out the specified service life. Paragraph 5.1.4vigies confirmation that the system
performs safely under the service-terminating ctowliof fire.

47. Comparable stringency with current national regulations for on-road $sgvhas
beenaddressed for EU regulations in an EU-sponsored eltion of comparable
stringency (C. Visvikis (TRL CPR1187, 2011) "Hydrogn-Powered Vehicles: A
Comparison of the European legislation and the Draf ENECE Global Technical
Regulation"). It concludes: "Overall, the work showed that there are fundamental
differences between the European legislation and ¢hdraft global technical regulation.
There are insufficient tests or real-world data todetermine, with certainty, which is
more stringent. There are aspects of a hydrogen st@ge system and its installation
that are regulated in Europe, but are not includedin the draft global technical
regulation. However, the performance requirementsn the global regulation appear,
on balance, to be more stringent than those in thEuropean legislation." The reports
adds: ,"...,the penetration test is a potentially gnificant omission from the draft
global technical regulation. Hydrogen containers mg be unlikely to experience
gunfire during their service, but there could be inplications for security ... vandalism
or terrorism."

Comparable stringency with current national regulaions for on-road service was
assured through examination of the technical basifor requirements of individual
contracting parties with respect to on-road safetyand subsequent recognition that the
relevant expected safety objective is achieved blgd GTR requirement. Two examples
are noteworthy.

(@)  First example: some national regulations haveequired that compressed
storage be subjected to 45,000 full-fill hydrauliccycles without rupture if no
intervening leak occurs.

13



ECE/TRANS/WP.29/GRSP/2012/12

14

(b) Second example: an overriding requirement for nitial burst pressure
(>2.2 for carbon-fiber composite containers and >3. for glass-fiber composite
containers) has been used previously in some plackes lower pressure CNG vessels.
The basis for this type of burst pressure requiremat for new (unused) vessels was
examined. A credible quantitative, data-driven bas for historical requirements linked
to demands of on-road service was not identified.nktead, modern engineering
methods of identifying stressful conditions of sefice from decades of experience with
real-world usage and designing qualification testt replicate and compound extremes
of those conditions were used to force systems terdonstrate capability to function
and survive a lifetime’s exposure. However, a riskactor that could be identified as not
already addressed by other test requirements and fowhich a burst pressure test
would be relevant was the demonstration of capabtly to resist burst from over-
pressurization by a fueling station through-out sevice life. The more stringent test
condition applies to vessels at the "end-of-life" s simulated by extreme test
conditions) rather than new (unused) vessels. Theiwe, a residual (end-of-life)
requirement of exposure (without burst) to 180 percent NWP for 4 minutes was
adopted based on the demonstrated equivalence ofettprobability for failure after 4
min at 180per cent NWP to failure after 10 hours atLl50 per cent NWP (based on time
to failure data for "worst-case" glass composite sands). Maximum fueling station
over-pressurization is taken as 150per cent NWP. eriments on highly insulated
vessels have shown cool down from compressive hegtilasting on the order of 10
hours. An additional requirement corresponding to ninimum burst pressure of 200
per cent NWP for new, unused vessels has been undmnsideration as a screen for
minimum new vessel capability with potential to comlete the durability test sequence
requiring burst pressure above 180 per cent NWP caidering < + 10 per cent
variability in new vessel strength. The historicalminimum, 225 per cent NWP has
been adopted in this document as a conservative piholder without a quantitative
data-driven basis but instead using previous histgrin some Contracting Parties with
the expectation that additional consideration and dta/analyses will be available to
support the 225 per cent NWP value or for reconsidation of the minimum new vessel
burst requirement.

48.  The requirement of paragraph 5.1.1.2. (basdtitial pressure cycle life) 22,000
cycles. The22,000full-fill cycles correspond to well over 7 milliomehicles kilometres
travelled in lifetime service (at 350-500 km trdedl per full-fuelling). Since the expected
lifetime service is far less than 1 million km, treguirement fo22000pressure cycles was
judged to provide substantial margin above extrevoest-case vehicle service. Second,
there are various provisions in national standaodassure sufficient strength to survive
exposures to static (parking) and cyclic (fuellipg@ssure exposures with residual strength.
The capability to survive individual static and by@ressure exposures has generally been
evaluated by tests that are the equivalent of paphg 5.1.2.4., 5.1.2.5. and 5.1.2.6., but
with each performed on a separate new containerovrriding requirement for initial
burst pressure (>2.2 for carbon-fibre compositeta@ioers and >3.3 for glass-fibre
composite containers) was commonly used to indyremtcount for un-replicated factors
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(@)

such as the compounding of individually appliecestes and chemical/physical impacts
and ability to survive over-pressurizations in fug. The gtr requirements, however,
provide for direct accounting for these factorshwekplicit replication of the compounding
of stresses and chemical/physical impacts and pressurizations. Unlike conditions for
other gaseous fuels, specifications for hydrogeellihg provide safeguards to limit
potential over-pressurizations to extremes remitan container testing. In addition, the gtr
requirements assure residual strength for endi@fdixtreme over-pressurization with
retained stability sufficient to assure capabitityresist burst at pressures near (within 20
per cent) of new container capability. All of th& gequirements are explicitly derived
using published data that clearly and quantitagilieks the test criteria to specified aspects
of safe on-road performance. Thus, criteria prangdndirect inference of safe performance
through-out service life and at end-of-life werelaged with criteria providing direct
verification of capability for safe performanceeaid-of-life under compounded worst-case
exposure conditions; hence, the result is addéugsincy in assurance in capability for safe
performance throughout service life. Examples @j (nclude the gtr requirement for
pressure cycle testing with hydrogen gas at extrem@eratures (para. 5.1.3.2.) rather than
ambient temperature only, permeation testing witdrbgen gas at extreme temperature
and at replicated end-of-life (para. 5.1.3.3.), -efwtife residual strength (para. 5.1.2.7.)
after compounded exposure to multiple stress fac{para. 5.1.2.), and localized and
engulfing fire testing (para. 5.1.4.).

49. The following sections (paras 5.1.1. to 5.1.dpecify the rationale for the
performance requirements established in para. fbrlthe integrity of the compressed
hydrogen storage system.

Rationale for paragraph 5.1.1. verification tsts for baseline metrics

50. Verification Tests for Baseline Metrics haveregal uses: (i) verify that systems
presented for design qualification (the qualifioatbatch) are consistent in their properties
and are consistent with manufacturer’s recordgfoduction quality control; (ii) establish
the median initial burst pressure, which is used ferformance verification testing
(paras. 5.1.2. and 5.1.3.) and can be used foruptimesh quality control (i.e. to assure
conformity of production with properties of the djtieation batch), and (iii) verify that
requirements are met for the minimum burst presancenumber of pressure cycles before
leak.

51. The baseline initial burst pressure requiremeliffer from the "end-of-life" burst
pressure requirements that conclude the test segsién paragraphs 5.1.2. and 5.1.3. The
baseline burst pressure pertains to a new, unusethiner and the "end-of-life" burst
pressure pertains to a container that has complateseries of performance tests
(paragraphs 5.1.2. or 5.1.3.) that replicate camtitof worst-case usage and environmental
exposure in a full service life. Since fatigue avclates over usage and exposure
conditions, it is expected that the "end-of-lifairst pressure (i.e. burst strength) could be
lower than that of a new and unexposed container.

Rationale for paragraph 5.1.1.1. baseline initial burst pressure

52. Paragraph 5.1.1.1. establishes the midpoititlirourst pressure, B and verifies
that initial burst pressures of systems in the ifjoation batch are within the range BE
10 per cent. BRis used as a reference point in performance vatifin (paras. 5.1.2.8. and
5.1.3.5.) and verification of consistency withie tualification batch.

15
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(i)

Paragraph B .5.1.1.1. verifies that BPO is greatethan or equal to 225 per cent NWP,
a value tentatively selected without data-driven deévation but instead based on
h|stor|cal usage and applied here as a placeholdemth the expectat|on that alower

anaIyS|s WI|| be avallable for recon3|derat|on of hle topic in Phase 2 of the
development of this GTR. For example, a 200 per ceminimum initial burst pressure
requirement can be supported by the data-driven pdormance-linked justification
that a greater-than 180 per cent NWP end-of-servicéurst requirement (linked to
capability to survive the maximum fueling station wer-pressurization) combined with
a 20 per cent lifetime decline (maximum allowed) fsm median initial burst strength is
equivalent to a requirement for a median initial bust strength of 225 per cent NWP,
which corresponds to a minimum burst strength of 20per cent NWP for the
maximum allowed 10per cent variability in initial strength. The interval between
Phase | and Phase Il provides opportunity for develpment of new data or analysis
pertaining to a 225 per cent NWP (or another per ag NWP) minimum prior to
resolution of the topic in Phase 2.

53. In addition to being a performance requiremént expected that satisfaction of
this requirement will provide assurance to theirtigsfacility of container stability before
the qualification testing specified in paras. 5.1521.3. and 5.1.4. is undertaken.

Rationale for paragraph 5.1.1.2. Baseline Initial Pressure Cycle Life

54.  The requirement specifies that three (3) rangaelected new containers are to be
hydraulically pressure cycled to 125 per cent NWihout rupture for [22,000] cycles or

until leak occurs. Leak may not occur within a sfied number of pressure cycles (number
of Cycles). The specification of number of Cycleghim the range 5,500 — 11,000 is the
responsibility of individual Contracting Partieshat is, the number of pressure cycles in
which no leakage may occur, number of Cycles, cabaareater than 11,000, and it could
be set by the Contracting Party at a lower numlgémbt lower than 5,500 cycles for 15
years service life. The rationale for the numenedles used in this specification follows:

Rationale for "Leak Before Burst" Aspect of Baseline Pressure Cycle Life Requirements

55. The Baseline Pressure Cycle Life requiremedeggned to provide an initial check
for resistance to rupture due to the pressure mydluring on-road service. The Baseline
Pressure Cycle test requires either (i) the ocooa®f leakage (that is designed to result in
vehicle shut down and subsequent repair or rema¥athe container from service
(para. 5.2.1.4.3.)) before the occurrence of ruptar (ii) the capability to sustain [22,000]
full-fill hydraulic pressure cycles without ruptuoe leakage.

56. Regardless of the container failure mode, teiguirement provides sufficient
protection for safe container use over the lifetlod vehicle. The minimum distance
travelled prior to a container leaking would dep&mda number of factors including the
number of cycles chosen by the Contracting Party e fill mileage for the vehicle.
Regardless, the minimum design of 5500 cycles befsak and using only 200 miles per
fill provides over 1 million miles before the coimear would fail by leakage. Worst case
scenario would be failure by rupture in which cdbe container shall be capable of
withstanding [22,000] cycles. For vehicles with rioah on-road driving range of 480 km
(300 miles) per full fuelling, [22,000] full fill ycles corresponds to over 10 million km (6
million miles), which is beyond a realistic extremeon-road vehicle lifetime range (see
discussion in para.5.1.1.2.2. below). Hence, eittercontainer demonstrates the capability



ECE/TRANS/WP.29/GRSP/2012/12

to avoid failure (leak or rupture) from exposuretiie pressure cycling in on-road service,
or leakage occurs before rupture and thereby pteveantinued service that could
potentially lead to rupture.

57. A greater number of pressure cycles, [22,080}equired for demonstration of
resistance to rupture (in the absence of intergeliak) compared to the number of cycles
required for demonstration of resistance to leadtwieen 5500 and 11,000) because the
higher severity of a rupture event suggests thatptfobability of that event per pressure
cycle should be lower than the probability of thed severe leak event. Risk = (probability
of event) x (severity of event).

(Note: cycling to a higher pressure than 125 per centA\aduld elicit failure in less testing
time, however, that could elicit failure modes tbatild not occur in real world service.)

Rationale for number of Cycles, Number of Hydraulic Pressure Cyclesin Qualification
Testing: number of Cycles Greater Than or Equal to 5500 and Less Than or Equal to
11000

58. The number of hydraulic test pressure cyclesoidbe specified by individual

Contracting Parties primarily because of differenae the expected worst-case lifetime
vehicle range (distance driven during vehicle servife) and worst-case fuelling frequency
in different jurisdictions. The differences in thaticipated maximum number of fuellings
are primarily associated with high usage commertaai applications, which can be
subjected to very different operating constraimtgdifferent regulatory jurisdictions. For
example:

(@) Vehicle Fleet Odometer Data (including taxiSjerra Research Report No.
SR2004-09-04 for the California Air Resource Bo&2004) reported on vehicle lifetime
distance travelled by scrapped California vehiclebjch all showed lifetime distances
travelled below 560,000 km (350,000 miles). Basedhese figures and 320 - 480 km (200
- 300 miles) driven per full fuelling, the maximumumber of lifetime empty-to-full
fuellings can be estimated as 1,200 — 1,800.

(b)  Vehicle Fleet Odometer Data (including taxiSjansport Canada reported
that required emissions testing in British Columiianada, in 2009 showed the 5 most
extreme usage vehicles had odometer readings iBG6@®00 — 1,000,000 km (500,000 —
600,000 miles) range. Using the reported model yeareach of these vehicles, this
corresponds to less than 300 full fuellings perryea less than 1 full fuelling per day.
Based on these figures and 320 - 480 km (200 -r8id&s) driven per full fuelling, the
maximum number of empty-to-full fuellings can bémeated as 1650 - 3100.

(c) Taxi Usage (Shifts/Day and Days/Week) Data: Nasv York City (NYC)
Taxicab Fact Book (Schaller Consulting, 2006) répextreme usage of 320 km (200 mi)
in a shift and a maximum service life of 5 yearssé than 10 per cent of vehicles remain in
service as long as 5 years. The average mileaggeperis 72,000 for vehicles operating 2
shifts per day and 7 days per week. There is nordeof any vehicle remaining in high
usage through-out the full 5 year service life. ldoar, if a vehicle were projected to have
fuelled as often as 1.5 — 2 times per day and v hemained in service for the maximum
5-year New York City (NYC) taxi service life, theaximum number of fuellings during
the taxi service life would be 2,750 — 3,600.

(d)  Taxi Usage (Shifts/Day and Days/Week) Data:n$pmrt Canada reported a
survey of taxis operating in Toronto and Ottawat tttowed common high usage of 20
hours per day, 7 days per week with daily drivingtahces of 540 — 720 km (335 — 450
mi). Vehicle odometer readings were not reportadthe extreme worst-case, it might be
projected that if a vehicle could remain at thighhievel of usage for 7 years (the maximum
reported taxi service life); then a maximum extredrving distance of 1,400,000 —

17
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(b)

(i)

1,900,000 km (870,000 — 1,200,000 mi) is projecBaked on 320 - 480 km (200 - 300 mi)
driven per full fuelling, the projected full-usad&-year number of full fuellings could be
2,900 — 6,000. Consistent with these extreme ugagjections, the minimum number of
full pressure hydraulic qualification test cycles hydrogen storage systems is set at 5500.
The upper limit on the number of full-fill pressuycles is set at 11,000, which
corresponds to a vehicle that remains in the higlya service of 2 full fuellings per day for
an entire service life of 15 years (expected lifetivehicle mileage of 3.5 — 5.3 million km
(2.2 — 3.3 million miles)).

59. In establishing number of Cycles, it was redogph that practical designs of some
storage system designs (such as composite wrapnsysvith metal liner interiors) might

not qualify for service at 70 MPa NWP if number ofcles is greater than 5,500. In
establishing [...] Cycles, it was recognized thamuimber of Cycles is specified at 5,500,
some Contracting Parties may require usage contréd assure actual fuellings do not
exceed number of cycles.

Rationale for paragraph 5.1.2. Verification Test for On-Road Performance Durability
(Hydraulic Sequential Tests)

60. The verification test for on-road performanceadbility ensures the system is fully
capable of avoiding rupture under extreme conditiofi usage that include extensive
fuelling frequency (perhaps associated with reptaa® of drive train components),
physical damage and harsh environmental conditidimese durability tests focus on
structural resistance to rupture. The additiont#ndion to rupture resistance under harsh
external conditions is provided because (i) theesgv of consequences from rupture is
high, and (ii) rupture is not mitigated by secondfactors (leaks are mitigated by onboard
leak detection linked to countermeasures). Sinesettextreme conditions are focused on
structural stress and fatigue, they are conductgdtahlically — which allows more
repetitions of stress exposure in a practicaltiest.

Assumptions used in developing paragraph 5.1.2 test protocol.

61. These assumption Include:

(@) Extended and severe service worst-case =ntiéetif most stressful empty-to-
full (125 per cent NWP at 85°C, 80 per cent at €)0fuellings under
extended & severe usage; 10 service-station owssprization events

(b)  Sequential performance of tests replicatesoagtexperience where a single
container is subject to multiple extremes of déf@rexposure conditions — it
is not realistic to expect that a container couhlly encounter one type of
exposure through the life of the vehicle.

(c)  Severe usage: Exposure to physical impacts

0] Drop impact (para. 5.1.2.2.) — the risk is paify an aftermarket risk
during vehicle repair where a new storage systemanmlder system
removed during vehicle service, is dropped fromoek flift during
handling. The test procedure requires drops froversé angles from
a maximum utility forklift height. The test is dgsied to demonstrate
that containers have the capability to survive espntative pre-
installation drop impacts.

(i)  Surface damage (para. 5.1.2.3.) — cuts charatic of wear from
mounting straps that can cause severe abrasiamigtive coatings
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(d)

(e)

()

(@)

(i)  On-road impacts that degrade exterior strugtustrength and/or
penetrate protective coatings (e.g. flying stoneh(para. 5.1.2.3.) —
simulated by pendulum impact.

Severe usage: exposure to chemicals in theoad-environment (para.
5.1.2.4)

0] Fluids include fluids used on vehicles (batteagid and washer
fluid), chemicals used on or near roadways (fedilinitrates and
lye), and fluids used in fuelling stations (methlaarad gasoline).

(ii) The primary historical cause of rupture of higressure vehicle
containers (CNG containers), other than fire angsjgal damage,
has been stress corrosion rupture — rupture oocurdfter a
combination of exposure to corrosive chemicals gnedsurization.

(iii) Stress corrosion rupture of on-road glass-posite wrapped
containers exposed to battery acid was replicatethé proposed
test protocol; other chemicals were added to thepsotocol once
the generic risk of chemical exposure was recoghize

(iv) Penetration of coatings from impacts and exgeon-road wear can
degrade the function of protective coatings — reed as a
contributing risk factor for stress corrosion criagk (rupture);
capability to manage that risk is therefore reqliire

Extreme number of fuellings/defuellings

Rationale for number of cycles greater than 5,50@ less than
11,000 is provided in paras. 58-59 section (&®i)b of the
preamble.

Extreme pressure conditions for fuelling/detfung cycles (para. 5.1.2.4.)

0] Fuelling station over-pressurization constrain®y fuelling station
requirements to less than or equal to 150 per BBNP. (This
requirement for fuelling stations shall be estadddi within local
codes and/or regulations for fuelling stations.)

(ii) Field data on the frequency of failures of higressure fuelling
stations involving activation of pressure reliefntols is not
available. Experience with CNG vehicles suggesermressure by
fuelling stations has not contributed significaigkrfor container
rupture.

(iii) Assurance of capability to sustain multiplecoirrences of over-

pressurization due to fuelling station failure isoyided by the
requirement to demonstrate absence of leak in pOsexes to 150
per cent NWP fuelling followed by long-term lealedr parking and
subsequent fuelling/de-fuelling.

Extreme environmental conditions for fuellingftlelling cycles
(para.5.1.2.6.)

Weather records show temperatures less than oil &mud0 °C occur in

countries north of the 45th parallel; temperatur&® °C occur in desert
areas of lower latitude countries; each with frespyeof sustained extreme
temperature ~5 per cent in areas with verifiablevegoment records.
[Actual data shows ~5 per cent of days have a mininblemperature less
than -30 °C. Therefore sustained exposure to hess 430 °C is less than 5
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(h)

per cent of vehicle life since a daily minimum st meached for a full 24 hr
period] Data record examples (Environment Canadd -2®00):

0] www.climate.weatheroffice.ec.gc.ca/climate_natsfresults_e
.htmI?Province=ONTpercent20&StationName=&SearchFgle
ocateBy=Province&Proximity=25&ProximityFrom=City&&tion
Number=&IDType=MSC&CityName=&ParkName=&LatitudeDe
grees=&LatitudeMinutes=&L ongitudeDegrees=&Longitdlaut
es=&NormalsClass=A&SelNormals=&Stnld=4157&

(ii) www.climate.weatheroffice.ec.gc.ca/climate_mads/results
_e.html?Province=YT per cent20 per
cent20&StationName=&SearchType=&LocateBy=Province®f
imity=25&ProximityFrom=City&StationNumber=&IDType=I14
C&CityName=&ParkName=&L atitudeDegrees=&LatitudeMiau
s=&LongitudeDegrees=&LongitudeMinutes=&NormalsClaas
&SelNormals=&Stnld=1617&

Extended and severe usage:

High temperature full-fill parking up to 25 yeamBrélonged Exposure to
High Pressure) (para. 5.1.2.5) To avoid a perfooaaest lasting for 25
years, a time-accelerated performance test usimgeased pressure
developed using experimental material data on otlyreised metals and
composites, and selecting the worst-case for stgssire susceptibility,
which is glass fibre reinforced composite. Use abdratory data to
establish the equivalence of testing for stressurepat 100 per cent NWP
for 25 years and testing at 125 per cent NWP fod0l@ours (equal
probability of failure from stress rupture) is deksed in SAE Technical
Paper 2009-01-0012 (Sloane, "Rationale for Perfao®dased Validation
Testing of Compressed Hydrogen Storage," 2009)otabry data on high
pressure container composite strands — documemtatibme-to-rupture as
a function of static stress without exposure toasives — is summarized in
Aerospace Corp Report No. ATR-92(2743)-1 (1991) aederences
therein.

0] No formal data is available on parking duratiper vehicle at
different fill conditions. Examples of expected dgmy full fill
occurrences include vehicles maintained by ownersear full fill
conditions, abandoned vehicles and collectors'clehi Therefore,
25 years at full fill is taken as the test requiesin

(i)  The testing is performed at +85 °C becauseescnomposites exhibit
a temperature-dependent fatigue rate (potentiadlgoeiated with
resin oxidation) (J. Composite Materials 11, 79 7@Y. A
temperature of +85°C is selected as the maximurtengial
exposure because under-hood maximum temperatures82fC
have been measured within a dark-coloured vehiatkgu outside
on asphalt in direct sunlight in 50 °C ambient dtods. Also, a
compressed gas container, painted black, with mergon the box
of a black pickup truck in direct sunlight in 49 f@d maximum /
average measured container skin surface tempesanfre87 °C
(189 °F) / 70 °C (159 °F).

(i)  On-road experience with CNG containers — thdrave not been
reports of any on-road stress rupture without enpo$o corrosives
(stress corrosion cracking) or design anomaly (heogp tensioned
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for liner compression without autofrettage). Paapir5.1.2. testing
that includes chemical exposure test and 1,000shofusstatic full
pressure exposure simulates these failure condition

® Residual proof pressure (para. 5.1.2.7.)

® Fuelling station over-pressurization constrainey fuelling station
requirements to less than or equal to 150 per &&MP. (This
requirement for fuelling stations shall be estadddi within local
codes/regulations for fuelling stations).

(i)  Laboratory data on static stress rupture useddefine equivalent
probability of stress rupture of composite straafter 4 minutes at
180 per cent NWP as after 10 hours at 150 perM&/® as the worst
case (SAE Technical Report 2009-01-0012). Fuelktgtions are
expected to provide over-pressure protection ufbtper cent NWP.

(i)  Testing at "end-of-life" provides assuranee dustain fuelling station
failure throughout service.

0] Residual strength burst (para. 5.1.2.8.)

Requirement for a less than 20 per cent declituist pressure after 1000-hr
static pressure exposure is linked (in the Soc#tAutomotive Engineers
(SAE) Technical Report 2009-01-0012) to assurameg tequirement has
allowance for:10 per cent manufacturing variability in assuraof25 years
of rupture resistance at 100 per cent NWP.

(k)  Rationale for not including a boss torque tesuirement:

Note that damage to containers caused by mainteramors is not included
because maintenance errors, such as applying éxedesque to the boss,
are addressed by maintenance training procedurgstcarts and fail safe
designs. Similarly, damage to containers causechdlicious and intentional
tampering is not included.

Rationale for paragraph 5.1.3. Verification Tet for Expected On-Road Performance
(Pneumatic Sequential Tests)

62. The verification test for expected on-road penfance requires the demonstration of
capability to perform essential safety functionslemworst-case conditions of expected
exposures. "Expected" exposures (for a typical alehiinclude the fuel (hydrogen),
environmental conditions (such as often encountéeetperature extremes), and normal
usage conditions (such as expected vehicle lifetramege, driving range per full fill,
fuelling conditions and frequency, and parking).pBsted service requires sequential
exposure to parking and fuelling stresses sincevetlicles encounter both uses and the
capability to survive their cumulative impact iqjuéred for the safe performance of all
vehicles in expected service.

63. Pneumatic testing with hydrogen gas providessstfactors associated with rapid
and simultaneous interior pressure and temperatunegs and infusion of hydrogen into
materials; therefore, pneumatic testing is focusadthe container interior and strongly
linked to the initiation of leakage. Failure by kege is marginally mitigated by secondary
protection — monitoring and vehicle shut down whenranted (below a conservative level
of flammability risk in a garage), which is expett® result in very timely repair before
leakage can develop further since the vehiclellbut of service.

Data used in developing para. 5.1.3. test protmohlide:
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(b)
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Proof pressure test (paragraph 5.1.3.1.) —in@yproduction of pressure
containers includes a verifying, or proof, pressteet at the point of
production, which is 150 per cent NWP as industacpce, i.e. 20 per cent
above the maximum service pressure.

Leak-free fuelling performance (para. 5.1.3.2.)

(i)

(ii)

Expected environmental conditions — weather ords show
temperatures less than or equal to -40 °C occweoumntries north of
the 45-th parallel; temperatures ~50 °C occur isedeareas of lower
latitude countries; each with frequency of sustdinextreme
temperature ~5 per cent in areas with verifiableegoment records.
[Actual data shows ~5 per cent of days have a mimntemperature
below -30 °C. Therefore sustained exposure to beRBO°C is less
than 5 per cent of vehicle life since a daily minimis not reached
for a full 24 hr period] Data record examples (Eamiment Canada
1971-2000):

a. http://www.climate.weatheroffice.ec.gc.ca/climat
normals/results_e.html?Province=ONTper
cent20&StationName=&SearchType=&LocateBy=Province&P
roximity=25&ProximityFrom=City&StationNumber=&IDTyp
e=MSC&CityName=&ParkName=&LatitudeDegrees=&Latitu
deMinutes=&LongitudeDegrees=&LongitudeMinutes=&Norm
alsClass=A&SelNormals=&Stnld=4157&

b. http://www.climate.weatheroffice.ec.gc.ca/climat
normals/results_e.html?Province=YTper cent20per
cent20&StationName=&SearchType=&LocateBy=Province&P
roximity=25&ProximityFrom=City&StationNumber=&IDTyp
e=MSC&CityName=&ParkName=&LatitudeDegrees=&Latitu
deMinutes=&LongitudeDegrees=&LongitudeMinutes=&Norm
alsClass=A&SelNormals=&Stnld=1617&

Number of fuelling/defuelling cycles

a. The number of full fuellings required to demoatst capability
for leak-free performance in expected service kenato be
500.

i. Expected vehicle lifetime range is taken to &®,200
km (155,000 mi)

Vehicle Age Va. Average Odometer
Passenger Cars

Vaicle Age

+ Roadside Mean
«— Smog Check data w—CARE Pilot Scrappage Program, avg)

Source: Sierra Research Report No. SR2004-09-04, titled
"Review of the August 2004 Proposed CARB Regulatitm
Control Greenhouse Gas Emissions from Motor Vehidiost
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Effectiveness for the Vehicle Owner or Operatond dated 22
September 2004.

ii. Expected vehicle range per full fuelling is ¢akto be
greater than or equal to 500 km (300 mi) (based on
2006-2007 market data of high volume passenger
vehicle manufacturers in Europe, Japan and North
America).

iii. 500 cycles = 250,000 miles/500 miles-per-cycie
155,000 miles/300 miles-per-cycle

iv. Some vehicles may have shorter driving rangasfill
fuelling, and may achieve more than 500 full fuegdb if
no partial fuellings occur in the vehicle life.
Demonstrated capability to perform without lealsh0
full fuellings is intended to establish fundamental
suitability for on-road service leakage is subjéct
secondary mitigation by detection and vehicle shut-
down before safety risk develops.

V. Since the stress of full fuellings exceeds thress of
partial fuellings, the design verification test yides a
significant margin of additional robustness for
demonstration of leak-free fuelling/de-fuelling
capability.

Qualification requirement of 500 pneumatic poesscycles is
conservative when considering failure experience:

i. On-road experience: 70 MPa hydrogen storageeByst
have developed leaks in o-ring sealings duringfbrie
(less than 50 full fuellings) on-road service of
demonstration prototype vehicles.

ii. On-road experience: 70 MPa hydrogen storagtesys
have developed temporary (subsequently resealing)
leaks during brief (less than 50 full fuellings)-mad
service of demonstration prototype vehicles.

iii. On-road experience: mechanical failures of CNG
vehicle storage associated with gas intrusion into
wrap/liner and interlaminate interfaces have dgwetb
after brief on-road service (less than 50 full fingis).

iv. On-road experience: failure of CNG vehicle atger due
to interior charge build-up and liner damage corona
discharge is not a failure mode because statiogehiar
carried into containers on particulate fuel impastand
ISO 14687-2 (and SAE J2719) fuel requirements limit
particulates in hydrogen fuel — also, fuel cell pow
systems are not tolerant of particulate impuritesl
such impurities are expected to cause vehicleg toub
of service if inappropriate fuel is dispensed.

V. Test experience: mechanical failures of vehsttrage
systems associated with gas intrusion into wragylin

23
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(iif)

(i)

(ii)

Vi.

and interlaminate interfaces develop in ~50 full
fuellings.

Test experience: 70MPa hydrogen storage systhats
passed Natural Gas Vehicle (NGV2) test requirements
have failed during the test conditions of para.®.in
failure modes that would be expected to occur in on
road service. The Powertech report (McDougal, M.,
"SAE J2579 Validation Testing Program Powertech
Final Report", National Renewable Energy Laboratory
Report No. SR-5600-49867
(www.nrel.gov/docs/fyl1losti/49867.pdf) cites  two
failures of systems with containers that have dedli
for service: metal-lined composite container vakak
and in-container solenoid leak, polymer-lined cosifo
container leak due to liner failure. The polymereli
composite container failure by leakage was on a
container that was qualified té&\merican National
Standard Association and Canadian Standards
Association (ANSI/CSA) NGV2 modified for
hydrogen. The metal-lined composite failure of the
container valve was on a valve qualified to EIHP
revl2b. Report conclusion: "The test sequencesAiB S
TIR J2579 have shown that containers with no known
failures in service either met the requirementsthaf
tests, or fail for reasons that are understood ared
representative of future service conditions"

Fuelling conditions

a.

C.

SAE J2601 establishes fuelling protocol — 3 r@aus fastest
empty-to-full fuelling (comparable to typical gais@ fuelling;
existing in installed state-of-art hydrogen fudllirstations);
fuel temperature for 70 MPa fast fuelling is ~ <40

Expected maximum thermal shock conditions areafeystem
equilibrated at an environmental temperature of G0

subjected to -40 °C fuel, and for a system equtiddl at -
40 °C subjected to indoor private fuelling at apqmuately

+20 °C.

Fuelling stresses are interspersed with parkiregses.
(c) Leak-free Parking at full fill (para. 5.1.3.3)

Leak and permeation are risk factors for fi@zérds for parking in
confined spaces such as garages.

The leak/permeation limit is characterized Ky many possible
combinations of vehicle and garages, and the as®akitest
conditions. The leak/permeation limit is defined testrict the
hydrogen concentration from reaching 25 per cerit by volume
with worst credible conditions of a tight, very h¢B5 °C) garage
having a low air exchange rate (0.03 volumetric eaichanges per
hour). The conservative 25 per cent LFL limit isneentionally
adopted to accommodate concentration inhomogeseimta for
hydrogen dispersion behaviour, garage and vehigdenasios,
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(iii)

(iv)

v)

(Vi)

including garage sizes, air exchange rates anddaenpes, and the
calculation methodology are found in the followingference
prepared as part of the EC Network of ExcellenceENHySafe: P.
Adams, A. Bengaouer, B. Cariteau, V. Molkov, A.Genétsanos,
"Allowable hydrogen permeation rate from road vésg Int. Journal
of Hydrogen Energy, volume 36, issue 3, 2011 pR2Z249.

The resulting discharge limit measuredb&C and 115 per cent NWP
(full fill at 55 °C) following specified pneumatic pressure cycling of
the storage system is scalable depending on theleeddize around a
nominal value of 150 mL/min for a garage size of43@T. The
scaling factor, R = (Vwidth+1)*(Vheight+0.05)*(Vigth+1)/ 30.4,
accommodates alternative garage/vehicle combimatiorthose used
in the derivation of the rate, and accommodateslisvahicles that
could be parked in smaller garages. These—vehieleicle-level
permeation requirements are consistent with thpgwals developed
by the EU (NoE) HySafe (see above reference). Témeneation
values measured for individual storage containatesys used in a
vehicle would total to less than the vehicle limit.

For ease of compliance testing, however, the disdige
requirement has been specified in terms of storagesystem
permeatlon mstead of veh|cle IeveI (|||) permeatno An—a#emaﬁ#e

seme—systems‘l'msa#emawemeans of comphance is conS|stent with
the proposals developed by the EU NoE HySafe. is thse, the
permeation limit measured &5 °C and 115 per cent NWP is 46
mL/h/L-water-capacity of the storage systerii. the total water
capacity of the vehicle storage systentess greaterthan 330 Land
the garage sizés no smaller than 50 n, then the 46 m L/h/L-
water-capacity requirement results in a steady-sta hydrogen
concentration of no more than 1 percent. (Anupper limit per
storage system of 46 mL/h/L (per container volumpacity) x 330L
(system volume capacity) / 60min/hr = 253 mL/minr mtorage
system, which comparable to that derived from theerative
approach 150 mL/min x 50/30.4 247 mL/min (scalingctér
R=1.645) which results in a 1 per cent concentration). Tl
permeation specification has been adopted under th@&ssumption
that storage capacity ~330L is not expected for theehicles within
the scope of this gtr, so garages less than 50ntan be
accommodated.

The maximum pressure of a fully filled contairs 55 °Cis 115 per
cent NWP (equivalent state of charge to 125 pet S&NP at 85°C
and 100 per cent NWP at 15 °C).

A localized leak test is to be conducted teume that external leakage
cannot sustain a flame that could weaken mateaiads subsequently
cause loss of containment. Per Technical Report8-2160726
("Flame Quenching Limits of Hydrogen Leaks"), tlwavest flow of
H, that can support a flame is 0.028 mg/sec per farnypical
compression fitting and the lowest leak possiblemfra miniature
burner configuration is 0.005 mg/sec. Since the iahime burner
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(d)

(e)

configuration is considered a conservative "woestet, the maximum
leakage criterion is selected as 0.005 mg/sec.

(vii) Parking provides opportunity for hydrogengation of interlaminate
layers, wrap/liner interface, liner materials, jtures, o-rings, and
joinings — fuelling stresses are applied with antheut exposure to
hydrogen saturation. Hydrogen saturation is markgdpermeation
reaching steady-state rate.

(viii) By requiring qualification under the worstezlible case conditions of
raised temperature, pressure cycling and equildaratith hydrogen,
the  permeation verification removes uncertainty ubo
permeation/temperature dependence, and long teteniatation with
time and usage.

Residual proof pressure (para. 5.1.3.4.)

0] Fuelling station over-pressurization is conisteal by fuelling station
requirements to pressurize at less than 150 per N&WP. (This
requirement for fuelling stations shall be estadddi within local
codes/regulations for fuelling stations.)

(i)  Laboratory data on static stress rupture wsaduto define equivalent
probability of stress rupture of composite strandlsshowed the
rupture probability after 4 minutes at 180 per c®&WP to be
equivalent for after 10 hours at 150 per cent NWRhe worst case
(SAE Technical Report 2009-01-0012). Fuelling stagi are expected
to protect against over-pressure over 150 perN&vie.

(i) Field data on the frequency of failures ofghi pressure fuelling
stations involving activation of pressure relief ntols is not
available. The small number of 70 MPa fuelling istad currently
available does not support robust statistics.

Residual strength burst (para. 5.1.3.5.)

Requirement for less than 20 per cent declineunsthpressure after lifetime
service is designed to ensure stability of strudtaomponents responsible
for rupture resistance; it is linked (in SAE TedaaliReport 2009-01-0012)
to assurance that requirement has allowance fgpetOcent manufacturing
variability in assurance of greater than 25 yedreupture resistance at 100
per cent NWP in para. 5.1.2.5.

As regards container liners, it is suggested thattgntion should be paid
for deterioration of container liners. The containe liner could be
inspected after burst. Then, the liner and liner/ed boss interface could
be inspected for evidence of any deterioration, shcas fatigue cracking,
disbonding of plastics, deterioration of seal, or dmage from electrostatic
discharge. The record of findings should be sharewith the container
manufacturer.

It is expected that regulatory agencies and matwfars will monitor the
condition and performance of storage systems dugémgice life as practical
and appropriate to continually verify that para.l.3. performance
requirements capture on-road requirements. Thisisady is meant to
encourage manufacturers and regulatory agenciedlext additional data.



ECE/TRANS/WP.29/GRSP/2012/12

(d)

Rationale for paragraphs 5.1.4. and 6.2.5. viication test for service-terminating
performance in fire

64. Verification of performance under service-tarating conditions is designed to
prevent rupture under conditions so severe thatrdggh containment cannot be
maintained. Fire is the only service-terminatingndition accounted for in design
qualification.

65. A comprehensive examination of CNG containesarvice failures during the past
decade (SAE Technical Paper 2011-01-0251 (SchefffaClory et al., "Establishing
Localized Fire Test Methods and Progressing Sa&@ndards for FCVs and Hydrogen
Vehicles")) showed that the majority of fire incide occurred on storage systems that did
not utilize properly designed pressure relief desi§PRDs), and the remainder resulted
when PRDs did not respond to protect the contather to the lack of adequate heat
exposure on the PRDs even though the localizedviag able to degrade the container wall
and eventually cause the storage container to.bthstlocalized fire exposure has not been
addressed in previous regulations or industry stedsd The fire test method in para. 6.2.5
addresses both localized and engulfing fires.

66. The fire test conditions of para. 6.2.5. weesdd on vehicle-level tests by the
Japanese Automobile Research Institute (JARI) aBdradnufacturers. A summary of data
is found in paper SAE Technical Paper 2011-01-0R®Y.findings are as follows:

(@) About 40 per cent of the vehicle laboratonedirinvestigated resulted in
conditions that could be categorized as a localified since the data indicates that a
composite compressed gas container could havelbealty degraded before conventional
PRDs on end bosses (away from the local fire exgdsuould have activated. (Note: A
temperature of 300°C was selected as the temperathere the localized fire condition
could start as thermal gravimetric analysis (TG#gicates that container materials begin to
degrade rapidly at this temperature).

(b)  While vehicle laboratory fires often lasted @0-minutes, the period of
localized fire degradation on the storage contaitested less than 10 minutes.

(c) The average of the maximum temperature durmgglocalized fire period
was less than 570°C with peak temperatures regapproximately between 600 °C and
880 °C in some cases.

(d)  The rise in peak temperature near the end efldbalized fire period often
signaled the transition to an engulfing fire corudit

67. Based upon the above findings, the tempergitofle in para. 6.2.5. was adopted.
The selection of 600 °C as the minimum temperafarethe localized fire hold period
ensures that the average temperature and timecalided fire test exposure are consistent
with test data. Thermocouples located 25 tmd0mm from the outside surface of the test
article are used to control the heat input andiconthat the required temperature profile is
met. In order to improve the response and conbibitia of the fire during testing (as well
as reproducibility of results), the use of Liqudfietroleum Gas (LPG) and wind guards
are specified. Experience indicates the contrditglof the LPG fire will be approximately
+100°C in outdoor situations, producing peak terapees that also agree favourably with
test results.

68. The proposed localized fire test set-up is dbase preliminary work done by
Transport Canada and the National Highway Traffite§ Administration (NHTSA) in the
United States of America, but the approach was redga to allow the storage system to be
qualified by either a generic installation test ar specific vehicle installation test.
Differences between the two methods are as follows:
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(e)

(i)

(ii)

(@) The generic (non-vehicle specific) allows thedlized fire test to apply to
more than one vehicle but the mitigation deviceglisas shields) need to be permanently
affixed to the storage system and shall protecetiige system, not just the area exposed to
the localized fire. The size for the generic looadi fire test was selected to be 250mm +
50mm longitudinally with a width covering the diateeof the container.

(b)  The specific vehicle installation localizedefitest would be customized to
align with the actual fire exposure area and waulktlude protective features from the
vehicle. If the vehicle manufacturer elects to tise specific vehicle test approach, the
direction and size of the localized fire exposwaidljusted to account for vehicle features
such as openings in adjacent sheet metal for hghgeholes and pass-throughs for wires
and piping or holes formed by the melting of matsriin the path of the fire. If such
openings or holes are small, the size of the Ipedliis reduced from the generic size to
create a more challenging (and realistic) test.

Rationale for paragraphs 5.1.5 and 6.2.6 quéitation tests for storage-system
hydrogen-flow closures

69. The reliability and durability of hydrogen-floslosures is essential for the integrity
of the full storage system. The closures are pbrtgualified by their function in the
system-level performance tests (paragraph 5.1.ndufition, these closures are qualified
individually not only to assure exceptional relldpifor these moving parts, but also to
enable equivalent components to be exchanged torage system without re-qualifying
the entire storage system. Closures that isolafle piessure hydrogen from the remainder
of the fuel system and the environment include:

(@) thermally activated pressure relief device (DPRA TPRD opens and
remains open when the system is exposed to fire.

(b)  check valve. A check valve prevents reverse flothe vehicle fuelling line,
e.g. a non-return valve. Equivalent to a non-retiaine.

(c)  shut-off valve. An automatic shut-off valve Wween the storage container
and the vehicle fuel delivery system defaults ®dlvsed position when unpowered.

70. Test procedures for qualification of hydrogtawf closures within the hydrogen
storage system were developed by the InternatiOngdnization of Vehicle Manufacturers
(OICA) as outgrowths of discussions within CSA wgndups for TPRD1:2009 and
HGV3.1 (as yet unpublished), and reports to thoSé& @orkgroups testing sponsored by
US-DOE and performed at Powertech Laboratoriestdyclosure test procedures under
discussion within CSA.

Rationale for TPRD qualification requirements

71. The qualification requirements verify that thevice, once activated, will fully vent
the contents of the fuel container even at the @fithe service life when the device has
been exposed to fuelling/defuelling pressure amaptgature changes and environmental
exposures. The adequacy of flow rate for a giveplieation is verified by the hydrogen
storage system fire test requirements (para. $.1.4.

Rationale for check valve qualification requirements

72. These requirements are not intended to pretlentdesign and construction of
components (e.g. components having multiple funslidhat are not specifically prescribed
in this standard, provided that such alternativasehbeen considered in testing the
components. In considering alternative designsamstuction, the materials or methods
used shall be evaluated by the testing facilityetssure equivalent performance and
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(f)

(@)
(i)

(i)

(iii)

reasonable concepts of safety to that prescribeatiibystandard. In that case, the number of
samples and order of applicable tests shall be aflytagreed upon by the manufacturer
and the testing agency. Unless otherwise specifiddtiests shall be conducted using

hydrogen gas that complies with SAE J2719 (Inforomateport on the development of a

hydrogen quality guideline for fuel cell vehiclesy, ISO 14687-2 (Hydrogen fuel-product

specification). The total number of operationallegcshall be 11,000 (fuelling cycles) for

the check valve and 50,000 (duty cycles) for thematic shut-off valve.

73.  Fuel flow shut-off by an automatic shut-off weal mounted on a compressed
hydrogen storage container shall be fail-safe. fEnm "fail safe" refers to a device that
reverts to a safe mode or a safe complete shutdmvail reasonable failure modes.

74. The electrical tests for the automatic shutyaffve mounted on the compressed
hydrogen storage containers (para. 6.2.6.2.7.)igeoassurance of performance with: (i)
over temperature caused by an overvoltage conditimal (i) potential failure of the

insulation between the component’'s power conduetad the component casing. The
purpose of the pre-cooled hydrogen exposure test([6.2.6.2.10.) is to verify that all
components in the flow path from the receptaclegh® container that are exposed to

precooled hydrogen during fuelling can continueperate safely

Rationale for paragraph 5.1.6. labelling

75.  The purpose of minimum labelling on the hydrogtorage containers is three-fold:
(i) to document the date when the system shouldeb®ved from service, (ii) to record
information needed to trace manufacturing cond#ionevent of on-road failure, and (iii)
to document NWP to ensure installation is conststeith the vehicle fuel system and
fuelling interface. Contracting Parties may speaifiditional labelling requirements. Since
the number of pressure cycles used in qualificatioder para. 5.1.1.2. may vary between
Contracting Parties, that number shall be markedamt container.

Vehicle fuel system requirements and safety nid
In-Use Requirements

Fuelling receptacle rationale for paragraphs5.2.1.1. and 6.1.7.

76. The vehicle fuelling receptacle should be demigto ensure that the fuelling
pressure is appropriate for the vehicle fuel stersgstem. Examples of receptacle designs
can be found in ISO 17268, SAE J2600 and SAE J2&d8bel shall be affixed close to
the fuelling receptacle to inform the fueler/drikevner of the type of fuel (liquid or
gaseous hydrogen), NWP and date for removal ofagtorcontainers from service.
Contracting parties may specify additional labellrequirements.

Rationale for paragraph 5.2.1.2. overpressure protection for the low pressure System
77. The hydrogen delivery system downstream ofeasure regulator is to be protected
against overpressure due to the possible failuteeopressure regulator.

Rationale for paragraph 5.2.1.3. hydrogen discharge system

Rationale for paragraph 5.2.1.3.1. pressuief ®fstems

78. The vent line of storage system discharge systPRDs and PRDs) should be
protected by a cap to prevent blockage by intrusibmbjects such as dirt, stones, and
freezing water.
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(iv).

Rationale for paragraph 5.2.1.2. fuel celldiea exhaust systems

79. In order to ensure that the exhaust dischaxym the vehicle is non-hazardous, a
performance-based tests is designed to demonthatéhe discharge is non-ignitable. The
3 second rolling-average accommodates extremelst,aman-hazardous transients up to 8
per cent without ignition. Tests of flowing discgas have shown that flame propagation
from the ignition source readily occurs above 10qant hydrogen, but does not propagate
below 8 per cent hydrogen (SAE Technical Report 7200437, Corfu et al.,
"Development of Safety Criteria for Potentially Flmable Discharges from Hydrogen
Fuel Cell Vehicles"). By limiting the hydrogen cent of any instantaneous peak to 8 per
cent, the hazard to people near the point of digghis controlled even if an ignition source
is present. The time period of the rolling-averégeletermined to ensure that the space
around the vehicle remains non-hazardous as theogd from exhaust diffuses into the
surroundings; this is the case of an idling vehicla closed garage. In order to readily gain
acceptance for this situation by building officialsd safety experts, it should be recognized
that government/municipal building codes and irdéiomally-recognized standards such as
International Electrotechnical Commission (IEC) 89Gequire that the space be less than
25 per cent Lower Flammability Limit (LFL) (or 1 peent hydrogen) by volume. The time
limit for the rolling-average was determined by uasig an extremely high hydrogen
discharge rate that is equivalent to the input 1®@ kW fuel cell stack. The time was then
calculated for this hydrogen discharge to fill theminal space occupied by a passenger
vehicle (4.6m x 2.6m x 2.6m) to 25 per cent LFL.eThesultant time limit was
conservatively estimated to be 8 seconds for difigphverage,” demonstrating that the 3-
second rolling average used in this document is@apfate and accommodates variations
in garage and engine size. The standard ISO insttation requirement is a factor of 6-10
less than the measured value. Therefore, durinteitgprocedure according to para. 6.1.4.,
the 3-second rolling average requires a sensoronssp (90 per cent of reading) and
recording rate of less than 300 milliseconds.

Rationale for paragraph 5.2.1.4. protection against flammable conditions:

80. Single Failure Conditions. Dangerous situaticas occur if unintended leakage of
hydrogen reaches flammable concentrations.

(@) he orboard eR-containe ouldb guippitta-shut off valy
that—can—be—automatically activatedny single failure downstream of the main
hydrogen shut off valve shall not result in any legl of hydrogen concentration in air
anywhere in the passenger compartment.

(b)  Protection against the occurrence-ef-4-per-bgntolumehydrogen in air{or

greater)in the enclosed or semi-enclosed spaces withinghécle that contain unprotected
ignition sources is important.

0] Vehicles may achieve this objective by desifpr €xample, where
spaces are vented to prevent increasing hydrogereatrations).

(i)  The vehicle achieves this objective by detection dfiydrogen
concentrations in air of 2 £ 1.0 per cent or greate then the warning shall be
provided. If the hydrogen concentration exceeds 3pecent+ 1.0per cent by
volume in air in the enclosed or semi-enclosed spes of the vehicle, the main
shutoff valve shall be closed to isolate the storagystem.

[(c) Additionally, a more stringent requirementper cent hydrogen by volume
in air is applied to the passenger compartmentutdthér limit potential exposure to
combustible gases in this occupied space. As m heabove, the main hydrogen shutoff
valve(s) is to be closed when (or before) this léveeached in the passenger compartment.
This requirement can be met by locating a hydraggsor in the passenger or by utilizing
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V)

(vi)

(vii)

(viii)

other fault detection methods to shut-off the hgem supply before the passenger
compartment criteria is exceeded.]

Rationale for paragraph 5.2.1.5. fuel leakage

81. Detectable leakage is not permitted.

Rationale for paragraph 5.2.1.6. visual slgmarning system

82. A visual signal/warning system is to alert thiver when hydrogen leakage results
in concentration levels at or above 4 per centddyme within the passenger compartment,
luggage compartment, and spaces with unprotectetioiy sources within the vehicle. The
visual signal/warning system should also alertdhger in case of a malfunction of the
hydrogen detection system. Furthermore, the systhall be able to respond to either
scenario and instantly warn the driver. The shiitsidnal shall be inside the occupant
compartment in front of and in clear view of thavdr. There is no data available to
suggest that the warning function of the signal dae diminished if it is only visual. In
case of a detection system failure, the signal ingrlight should be yellow. In case of the
emergency shut-off of the valve, the signal warriglt should be red.

Lower flammability limit (LFL)

83. (Background for paragraph 3.9.): Lowest conegion of fuel in which a gas
mixture is flammable. National and internationargtard bodies (such as National Fire
Protection Association (NFPA) and IEC) recognizee4 cent hydrogen by volume in air as
the LFL (US Department of Interior, Bureau of MinBsllletin 503, 1952; Houf and
Schefer, "Predicting Radiative Heat Fluxes and HRtainility Envelopes from Unintended
Releases of Hydrogen," International Journal of idgén Energy 31, pp 136-151, 2007;
NASA RD-WSTF-0001, 1988). The LFL, which dependstlo@ temperature, pressure and
presence of dilution gases, has been assessed gmaiic test methods (e.g. American
Society for Testing (ASTM) E681-04). While the Lhalue of 4 per cent is appropriate for
evaluating flammability in general surroundings ®€hicles or inside passenger
compartments, this criterion may be overly restrictfor flowing gas situations where
ignition requires more than 4 per cent hydrogemany cases. Whether an ignition source
at a given location can ignite the leaking gas g@utapends on the flow conditions and the
type of ignition. At 4 per cent hydrogen in a stagh room-temperature mixture,
combustion can only propagate in the upward divectit approximately 8 to 10 per cent
hydrogen in the mixture, combustion can also bepagated in the downward and
horizontal directions and the mixture is readilyntustible regardless of location of
ignition source. [Coward, H.F. et al, "Limits offhmability of gases and vapors," Bureau
of Mines Bulletin 503; 1952, USA; Benz, F.J. et ‘dfnition and thermal hazards of
selected aerospace fluids", RD-WSTF-0001, NASA 3ohnSpace Center White Sands
Test Facility, Las Cruces, NM, USA, October 1988&uf] W.G. et al, "Predicting radiative
heat fluxes and flammability envelopes from unidiesh releases of hydrogen,",
International Journal of Hydrogen Energy, 32 pp13a; 2007]

Recommended features for design of a hydrogen fuel system

84. As any performance-based technical regulatiamaot include testing requirements
for every possible scenario, this section is tosfgh® manufacturers a list of items that they
should consider during the design of hydrogen ifiuglbystems with the intention to reduce
hydrogen leaks and provide a safe product:

€) The hydrogen fuel system should function irmfe @ind proper manner and
be designed to minimize the potential for hydro¢gaks, (e.g. minimize
line connections to the extent possible).
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(b)
(i)

(b) The hydrogen fuel system should reliably witimgt the chemical,
electrical, mechanical and thermal service condéithat may be found
during normal vehicle operation.

(c) The materials used should be compatible witegas or liquid hydrogen,
as appropriate.

(d) The hydrogen fuel system should be installedhsthat it is protected
against damage under normal operating conditions.

(e) Rigid fuel lines should be secured such thay thhall not be subjected to
critical vibration or other stresses.

)] The hydrogen fuel system should protect agamsess flow in the event of
a failure downstream.

(9) No component of the hydrogen fuel system, idiclg any protective
materials that form part of such components, shquigject beyond the
outline of the vehicle or protective structure.

Post crash requirements

Rationale for paragraph 5.2.2.1. post crash test leakage limit

85. Allowable post-crash leakage in Federal Motehi¢le Safety Standard (FMVSS)
301 (for the United States of America) and Regalatilos. 94 and 95 are within 6 per cent
of each other for the 60 minute period after thashr Since the values are quite similar, the
value in Regulation No. 94 of 30g/min was selecésda basis for the calculations to
establish the post-crash allowable hydrogen leakaghis gtr.

86. The criterion for post-crash hydrogen leakagédsed on allowing an equivalent
release of combustion energy as permitted by gasoalehicles. Using a lower heating
value of 120 MJ/kg for hydrogen and 42.7 MJ/kg éasoline based on the US DOE
Transportation Data Book, the equivalent allowdbékage of hydrogen can be determined
as follows:

. . 42.™MJ/kg .
=30g/mingasolindeakagex—————=10.7g/min hydrogenleakage
W, =30g g g 120MJ/kg e ydrog g

For vehicles with either compressed hydrogen stosygtems or liquefied hydrogen
storage systems. The total allowable loss of hyeinog therefore 642g for the 60
minute period following the crash.

87. The allowable hydrogen flow leakage can als@Xmessed in volumetric terms at
normal temperature (0°C) and pressure as follows:

10.7g/min

o= X 22.4INL/mol=118NL/min
2(1.007943/mol

for vehicles with either compressed or liquid hygkn storage.

88. As confirmation of the hydrogen leak rate, JARInducted ignition tests of

hydrogen leaks ranging from 131 NL/min up to 10Q0rihin under a vehicle and inside the
engine compartment. Results showed that, whileid iwise can be expected from ignition
of the hydrogen, the sound pressure level and fieatwere not enough (even at a
1000 NL/min leak rate) to damage the under flo@aanof the vehicle, release the vehicle
hood, or injure a person standing 1 m from theale(ISAE Technical Paper 2007-01-0428
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(i)

(iii)

(@)

(b)

"Diffusion and Ignition Behavior on the Assumpticof Hydrogen Leakage from a
Hydrogen-Fuelled Vehicle"). The container shall aamattached to the vehicle at a
minimum of one attachment point.

Rationale for paragraph 5.2.2.2. post-crash concentration limit in enclosed spaces

89. This test requirement has been establishednsure that hydrogen does not
accumulate in the passenger, luggage, or cargo axdments that could potentially pose a
post-crash hazard. The criteria was conservatisetyto 4 per cent hydrogen by volume as
the value represents the lowest possible level lithwcombustion can occur (and the
combustion is extremely weak at this value). Siteetest is conducted in parallel with the
post-crash leak test and therefore will extendableast 60 minutes, there is no need to
provide margin on the criteria to manage dilutiames as there is sufficient time for the
hydrogen to diffuse throughout the compartment.

Rationale for container displacement.

90. One of the crash safety regulations for vekiglgéh compressed gas fuel systems is
Canada’s Motor Vehicle Safety Standard (CMVSS) 304. characteristic provisions
include the fuel container installation requiremfemtprevention of displacement.

Electric safety requirements and safety needs

Rationale for electric safety requirements

91. A failure of a high voltage system may causékattric Shock of a (human) body.
Such a shock will may happen with any source aftatgty that causes a sufficient current
through the skin, muscles or hair. Typically, tixpression is used to denote an unwanted
exposure to electricity, hence the effects areidensd undesirable.

http://en.wikipedia.org/wiki/Electric_shock - citeote-0

92.  The minimum current a human can feel dependk@nurrent type (AC or DC) and
frequency. A person can feel at least 1 mA (rmsh\Gfat 60 Hz, while at least 5 mA for
DC. The current may, if it is high enough, caussue damage or fibrillation which leads to
cardiac arrest. 60 mA of AC (rms, 60 Hz) or 300-60® of DC can cause fibrillation.

93. A sustained electric shock from AC at 120 V, W8 is an especially dangerous
source of ventricular fibrillation because it usyalxceeds the let-go threshold, while not
delivering enough initial energy to propel the peraway from the source. However, the
potential seriousness of the shock depends on gatihisgh the body that the currents take.

94. If the voltage is less than 200 V, then the &arskin is the main contributor to the
impedance of the body in the case of a macro-stioekpassing of current between two
contact points on the skin. The characteristicshef skin are non-linear however. If the
voltage is above 450-600 V, then dielectric breakdof the skin occurs. The protection
offered by the skin is lowered by perspiration, did is accelerated if electricity causes
muscles to contract above the let-go threshold faustained period of time.

In-Use requirements

95. "In-Use Requirements" are the specificationgclvinave to be considered when the
fuel cell vehicle is engineered. These have toulléd to avoid any electric hazard to
passengers of an electric vehicle.

96. The requirements are focusing on the electriggp train operating on high voltage
as well as the high voltage components and systdrith are galvanically connected.
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97. To avoid electrical hazards it is requested thee parts (= conductive pat(s)
intended to be electrically energized in normal) @se protected against direct contact.

98. Protection against direct contact inside tteseager compartment has to be checked
by using a standardized Test Wire (IPXXD).

Standardized Test Wire

__._

99. Outside the compartment a standardized TegeFiiPXXB) has to be used to
check whether a contact with live parts is posdiilaot.
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Standardized Test Finger

100. Furthermore exposed conductive parts (= pahieh can be touched with the
standardized Test Finger and becomes electricatigrgized under isolatiorfailure
conditions) have also to be protected against éctlicontact. This means that e.g.
conductive barriers or enclosures have to be galafiy connected securely to the
electrical chassis.

101. Beside protection of direct and indirect cohigolation resistance is required for

AC (Alternating Current) and DC (Direct Current)sggms. Isolation resistance measured
against the electrical chassis is a physical dim@andescribing which maximum current

flowing through the human body is not dangerous.

102. While DC systems are less harmful to the hunfaee para. 5.4.1.) 1@@Volt are
required. AC systems have to fulfill 5@@Volt. For the DC systems an on-board isolation
resistance monitoring system is required which waire driver when the resistance is
below 100Q/Volt.

103. The isolation resistance requirements of @@olt for DC or 500Q/Volt for AC
allow maximum body currents of 10 mA and 2 mA respely.
Post-crash requirements

104. Post-Crash requirements are the specificatignish have to be fulfilled by the
vehicles after the impact. They do not describe wWay how the impact has to be
conducted. This is the responsibility of each Cacting Party. The requirements have to be
fulfilled to avoid any electric hazard to passesgarthe vehicle.

105. The requirements are focusing on the eleptriger train operating on high voltage
as well as the high voltage components and systérith are galvanically connected.

106. After the impact of the vehicle the followitiyee measures demonstrate that the
systems are safe. It means that the remainingttigligg level” of the high voltage systems
are no longer dangerous to the passengers of thelee

(@)  Absence of high Voltage
After the impact the voltage is equal or less tB&n/AC or 60 VDC
(b) Isolation Resistance

Isolation resistance measured against the electdbassis is a physical dimension
describing which maximum current is not dangerouth¢ human being.

After the impact for AC systems measured againet d@lectrical chassis the minimum
isolation resistance has to be 300/olt and for DC systems 1QQ/Volt.

The isolation resistance requirements of IDWolt for DC or 500Q/Volt for AC allow
maximum body currents of 10 mA and 2 mA respecyivel

(c)  Physical protection
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(@)

After the impact it should not be possible to toligh parts after the crash, tested with the
standardized Test Finger. Furthermore protectiosinag indirect contact has also been
fulfilled.

By decision of the Contracting Parties of the 19@8eement a fourth measure is allowed
(d)  Low Energy

After the impact the energy of the system has tbddew 2.0 Joules.

Rationale for storage and fuel system test proderes

107. Test procedures in para. 6. replicate on-raahditions for performance
requirements specified in B 5. Most test proceddmsve from test procedures specified in
historical national regulations and/or industrynstards.

Rationale for storage and fuel system integrityests

Rationale for paragraph 6.1.1. test procedure for post-crash leak test procedure for
compressed hydrogen storage systems

108. The post-crash leak test is organized asvisltlo
6.1.1.1. Test procedure when the test gas is hgdrog
6.1.1.2. Test procedure when the test gas is helium

109. The loss of fuel represents the allowableassdor the entire compressed hydrogen
storage system on the vehicle. The post-crashselean be determined by measuring the
pressure loss of the compressed storage systemactere period of at least 60 minutes
after the crash and then calculating the releat® ahydrogen based on the measured
pressure loss and the time period using the equafictate of the compressed gas in the
storage system. (See the SAE Technical Paper 208803164, "Development of the
Methodology for FCV Post-crash Fuel Leak TestingCrporated into SAE J2578 for a
complete discussion of the methodology.) In theeca$ multiple hydrogen storage
containers that are isolated from each other aftash, it may be necessary to measure
hydrogen loss individually (using the approach iargp 5.2.2.1.) and then sum the
individual values to determine the total releasbyafrogen gas from the storage system.

110. The methodology can also be expanded to dhewse of a non-flammable gas for
crash testing. Helium has been selected as ithjkirogen, has low molecular weight. In
order to determine the ratio of volumetric flowsveeen helium and hydrogen releases (and
thus establish a required relationship betweendgeir and helium leakage, we assume
that leakage from the compressed hydrogen stosagens can be described as choked flow
through an orifice where the orifice area (A) resamats the total equivalent leakage area for
the post-crash system. In this case the equatiom#ss flow is given by:

W =CxCdxAXxpxP)?

where Cd is the orifice discharge coefficient, Ahe orifice area, P are the upstream
(stagnation) fluid density and pressure, arahd C are given by

p=R,XT/M
and
C =y I( (y + 1)/2)"

where R is the universal gas constant and T, M, gndre the temperature,
molecular weight, and ratio of specific heats/(€) for the particular gas that is
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leaking. Since Cd, A, RT, and P are all constant for the situation dkdwaining
the relationship between post-crash helium and dgehr leakage, the following
equation describes the flow ratio on a mass basis.

Whiz/ Whie = Giz/ CreX (Mp2/ MHe)l/z

111. Since we can determine the volumetric floworay multiplying the mass flow ratio
by the ratio of molecular weights (M) at constanperature and pressure conditions are
the same.

V2! Ve = Giz/ Cie X (Mue/ Myp) vz

112. Based on the above relationship, it is possibl determine that the ratio of the
volumetric flow (and therefore the ratio gas corication by volume) between helium test
gas and hydrogen is approximately 75 per centifersame leak passages from the storage
system. Thus, the post-crash hydrogen leakageedetermined by

VHZ = VHe/ 0.75

where \,eis the post-crash helium leakage (NL/min).

(b) Rationalefor paragraph 6.1.2. (Test procedure for post-crash concentration test in
enclosed spaces for vehicles with compressed hydrogen storage systems)

113. The test may be conducted by measuring hydroge by measuring the
corresponding depression in oxygen content. Senamsto be located at significant
locations in the passenger, luggage, and cargo @dments. Since the test is conducted in
parallel with the post-crash leak test of the gjeraystem and therefore will extend for at
least 60 minutes, there is no need to provide margithe criteria to manage dilution zones
as there is sufficient time for the hydrogen tdudié throughout the compartment.

114. In the case where the vehicle is not crashigd ydrogen and a leak test is
conducted with compressed helium, it is necessarydfine a criteria for the helium

content that is equivalent to 4 per cent hydrogexadiume. Recognizing that the content of
hydrogen or helium in the compartment (by volunsepiioportional to the volumetric flow

of the respective releases, it is possible to deter the allowable helium content by
volume, X4, from the equation developed in paras. 104 to &08he preamble by

multiplying the hydrogen concentration criteria W75. The criteria for helium

concentration is therefore as follows:

Xue = 4 per cent kiby volume x 0.75 = 3.0 per cent by volume.

The criteria for helium concentration is theref@eper cent by volume in the
passenger, luggage, and cargo compartments ifrigh dest of a vehicle with a
compressed storage system is conducted with cosgmebelium instead of
compressed hydrogen.

115. An example of hydrogen concentration measunétogeations can be found in the
document "Examples of hydrogen concentration measent points for testing” (OICA
report to SGS-3 based on Japanese Regulation Aitathl00).

2. Rationale for paragraph 6.2. (Test proceduresof compressed hydrogen storage
systems)

116. Most test procedures for hydrogen storageesystderive from test procedures
specified in historical national regulations andifudustry standards. Key differences are
the execution of tests in sequence (as opposedstoribal execution of tests in parallel,
each on a separate new container), and slowingheffiting rate in burst testing to
correspond to in-service fuelling rates. In additibold times at burst pressure test points
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(@)

(b)

have been extended to 4 minutes. These changelesigned to reduce the sensitivity of
initial burst measurements to the fuelling rate tmdvaluate capability to sustain pressure.
An evaluation of the sufficiency and stringency refjuirements in this gtr document
compared to historical EU requirements is giveiansport Research Laboratory Project
Report RPN1742 "Hydrogen-Powered Vehicles: A Congpar of the European
Legislation and the draft UNECE global technicgjulation" by C. Visvikis.

117. Requirements for closures of the hydrogeragmisystem (TPRD, automatic shut-
off valve and check valve) have been developed 4 ¢GHGV3.1 andT PRD-1).

€) Evaluations of cycling durability at 50,000 & (para. 6.2.6.2.3.) reflect
multiple pressure pulses against check valves guftielling and multiple operations of
automatic shut-off valves between fuellings.

(b)  Vibration tests (para. 6.2.6.2.8.) were dedigtwescan frequencies from 10 to
500 Hz because several component testing faciliépsrted that there can be more than
one resonant frequency. The frequency of 17 Hz bs$stdrically in component vibration
tests was established through demonstration ofvehele traveling over a variety of road
surfaces, and it reflects the influence of engireximity. However, it is expected that the
resonant frequency could change based upon the ammp design and mounting
provisions, so to ensure the most severe condisoidentified, a sweep to 500 Hz is
required.

(c) The temperature sensitivity, Tlife = 9.1 x TadD3, specified in the
Accelerated Life Test (para. 6.2.6.1.2.) is base@®oStephens (Battelle Memorial Institute)
"Rationale for Long-Term Test Temperature for Thaltyn Activated PRDs." —at

stephens@battelle-org:gtr\Web-Reference

Optional requirements: vehicles with liquefied lydrogen storage
systems / rationale

118. Since hydrogen fuelled vehicles are in thelyeatages of development and
commercial deployment, testing and evaluation sf teethods to qualify vehicles for on-
road service has been underway in recent years.el#E liquefied hydrogen storage
systems (LHSS) have received considerably lessuatiah than have compressed gas
storage systems. At the time of the developmerthisf document, an LHSS vehicle has
been proposed by only one manufacturer, and on-vehitle experience with LHSS is
very limited. The proposed LHSS requirements is ttocument have been discussed on a
technical basis, and while they seem reasonaldg, ifave not been validated. Due to this
limited experience with LHSS vehicles, some ConingcParties have requested more time
for testing and validation. Therefore, the requieats for LHSS have been presented in
section G as optional.

Background Information for liquid hydrogen storage systems

Hydrogen gas has a low energy density per uniblume

119. To overcome this disadvantage, the liquefigdrdgen storage system (LHSS)
maintains the hydrogen at cryogenic temperaturedlinuefied state.

A typical liquefied hydrogen storage system (HSS) is shown Figure 4

120. Actual systems will differ in the type, numpeonfiguration, and arrangement of the
functional constituents. Ultimately, the boundarieks the LHSS are defined by the
interfaces which can isolate the stored liquefiadd{or gaseous) hydrogen from the
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remainder of the fuel system and the environmefit.cédmponents located within this

boundary are subject to the requirements defingtisnSection while components outside
the boundary are subject to general requirementSeiction 4. For example, the typical
LHSS shown in Figure 4 consists of the followingutatory elements:

(@) liquefied hydrogen storage container(s),
(b)  shut off devices(s),

(c)  a boil-off system,

(d)  Pressure Relief Devices (PRDs),

(e) the interconnecting piping (if any) and figgbetween the above
components.

Figure 4

Typical liquefied storage system
R R
| Boil-off System
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Liquid Hydrogen fill O—qu
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(c) During fuelling, liqguefied hydrogen flows fromthe fuelling system to the storage
container(s)

121. Hydrogen gas from the LHSS returns to then§jlistation during the fill process so
that the liquefied hydrogen can flow into liquefibgldrogen storage container(s) without
over pressurizing the system. Two shut-offs areviged on both the liquefied hydrogen fill

and hydrogen fill return line to prevent leakagéhia event of single failures.

(d) Liquefied hydrogen is stored at cryogenic coritions

122. In order to maintain the hydrogen in the litjstate, the container needs to be well
insulated, including use of a vacuum jacket thatoainds the storage container. Generally
accepted rules or standards (such as those listgara. 7.) are advised for use in the proper
design of the storage container and the vacuunejack

(e) During longer parking times of the vehicle, hetaransfer will induce a pressure rise
within the hydrogen storage container(s)

123. A boil-off system limits heat leakage indug@dssure rise in the hydrogen storage
container(s) to a pressure specified by the matufaic Hydrogen that is vented from the
LHSS may be processed or consumed in down-streatarsy. Discharges from the vehicle
resulting from over-pressure venting should be eskfd as part of allowable

leak/permeation from the overall vehicle.
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(f)

(@)

(@)

(i)

(i)

Malfunction

124. In case of malfunction of the boil-off systewacuum failure, or external fire, the
hydrogen storage container(s) are protected agawstpressure by two independent
Pressure Relief Devices (PRDs) and the vacuum f@kis protected by a vacuum jacket
pressure relief device.

When hydrogen is released to the propulsion stem, it flows from the LHSS through
the shut-off valve that is connected to the hydrogefuel delivery system

125. In the event that a fault is detected in thapplsion system or fuelling receptacle,
vehicle safety systems usually require the contashet-off valve to isolate the hydrogen
from the down-stream systems and the environment.

Rationale for liquefied hydrogen storage systemesign qualification requirements of
para 7.2.

126. The containment of the hydrogen within theudified hydrogen storage system is
essential to successfully isolating the hydrogemmfrthe surroundings and down-stream
systems. The system-level performance tests in @a2awere developed to demonstrate a
sufficient safety level against rupture of the @dmer and capability to perform critical
functions throughout service including pressureleyauring normal service, pressure
limitation under extreme conditions and faults, anéires.

127. Performance test requirements for all liquefigdrogen storage systems in on-road
vehicle service are specified in paragraph 7.2.s€heriteria apply to qualification of
storage systems for use in new vehicle production.

128. This section (specifies the rationale for pleeformance requirements established in
paragraph 7.2. for the integrity of the liquefiegilogen storage system. Manufacturers are
expected to ensure that all production units méet tequirements of performance
verification testing in paragraphs 7.2.1. to 7.2.4.

Rationale for verification tests for baselinanetrics for LHSSs paragraph 7.2.1.

129. A proof pressure test and a baseline initimbtbtest are intended to demonstrate the
structural capability of the inner container.

Rationale for proof pressure requirement in paragraphs 7.2.1.1. and 7.4.1.1.

130. By design of the container and specificatibrihe pressure limits during regular

operation and during fault management (as demdadtran paragraphs 7.4.2.2. and
7.4.2.3.), the pressure in the inner container ccoige to 110 per cent of the Maximum
Allowable Working Pressure (MAWP) during fault mgeaent by the primary pressure
relief device and no higher than 150 per cent of WIA even in "worst case" fault

management situations where the primary relief gevias failed and the secondary
pressure relief device is required to activate prmtect the system. The purpose of the
proof test to 130 per cent MAWP is to demonstratd the inner container stays below its
yield strength at that pressure.

Rationale for baseline initial burst pressure requirement paragraphs 7.2.1.2. and 7.4.1.2.

131. By design (and as demonstrated in paragrahB.3.), the pressure may rise up to
150 per cent of the Maximum Allowable Working Prges(MAWP) when the secondary
(backup) pressure relief device(s) may be requioeaictivate. The burst test is intended to
demonstrate margin against burst during this "woask" situation. The pressure test levels
of either the Maximum Allowable Working Pressure KilPa) plus 0.1 MPa multiplied by
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3.25, or the Maximum Allowable Working Pressure (WR) (in MPa) plus 0.1 MPa
multiplied by 1.5 and multiplied by Rm/Rp (where Rswltimate tensile strength and Rp is
minimum yield strength of the container materiaje common values to provide such
margin for metallic liners.

132. Additionally, the high burst test values (wheambined with proper selection of
materials demonstrate that the stress levels aeptably low such that cycle fatigue issues
are unlikely for metallic containers that have supipg design calculations. In the case of
non-metallic containers, an additional test is nexliin paragraph 7.4.1.2. to demonstrate
this capability as the calculation procedures hawé yet been standardized for these
materials.

(b) Rationale for verification for expected on-roadperformance paragraph 7.2.2.

() Rationale for boil-off requirement paragraphs 7.2.2.1. and 7.4.2.1.

133. During normal operation the boil-off managemgystem shall limit the pressure
below MAWP. The most critical condition for the boff management system is a parking
period after a refuelling to maximum filling leval a liquefied hydrogen storage system
with a limited cool-down period of a maximum of B8urs.

(i)  Rationale for hydrogen leak requirement paragraphs 7.2.2.2. and 7.4.2.2.

134. The hydrogen discharge test shall be condwledg boil-off of the liquid storage
system. Manufacturers will typically elect to reatit(or most) of the hydrogen that leaves
the container, but, in order to have a hydrogeohdigge criteria that is comparable to the
values used for Compressed Hydrogen Storage Sysiesmould count any hydrogen that
leaves the vehicle boil-off systems with other kgd if any, to determine the total
hydrogen discharge from the vehicles.

135. Having made this adjustment, the allowablertyein discharge from a vehicle with
liquefied hydrogen storage is the same as for échetvith compressed hydrogen storage.
According to the discussion in paragraphs 62 andf63ction E{c) of the preamble, the
total discharge from a vehicle with liquefied hygem may therefore be 150 mL/min for a
garage size of 30.4 In As with compressed gas, the scaling factor,
[(Vwidth+1)*(Vheight+0.05)*(Vlength+1)/ 30.4], cahe used to accommodate alternative
garage/vehicle combinations to those used in thigat®n of the rate, and accommodates
small vehicles that could be parked in smaller gesa

136. Prior to conducting this test, the primarysgtee relief device is forced to activate
so that the ability of the primary relief device te-close and meet required leakage is
confirmed.

(iii)  Rationale for vacuum loss requirement paragraph 7.2.2.3. and test procedure of paragraph
7.4.2.3.

137. In order to prove the proper function of tliegsure relief devices and compliance
with the allowed pressure limits of the liquefiegdhogen storage system as described in
section G2b) of the preamble and verified in paragraph 7.4 Xkydden vacuum loss due to
air inflow in the vacuum jacket is considered as thvorst case" failure condition. In
contrast to hydrogen inflow to the vacuum jackét,iaflow causes significantly higher
heat input to the inner container due to condemsatf air at cold surfaces and evaporation
of air at warm surfaces within the vacuum jacket.

138. The primary pressure relief device should lre-alosing type relief valve so that
hydrogen venting will cease when the effect of @tfaubsides. These valves, by globally-
accepted design standards, are allowed a totadymeicrease of 10 per cent between the
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(d)

(i)

setpoint and full activation when including alloialiolerances of the setpoint setting
itself. Since the relief valve should be set abelow the MAWP, the pressure during a
simulation of the fault that is managed by the piynpressure relief device should not
exceed 110 per cent of Maximum Allowable Working$aure (MAWP).

139. The secondary pressure relief device(s) shaatdactivate during the simulation of

a vacuum loss that is managed by the primary reiefce as their activation may cause
unnecessary instability and unnecessary wear osgbendary devices. To prove fail-safe
operation of the pressure relief devices and thopeance of the second pressure relief
device in accordance with the requirements in pagdts 7.2.2.3. and 7.4.2.3., a second test
shall be conducted with the first pressure reliefide blocked. In this case, either relief
valves or burst discs may be used, and the pressatlwed to rise to as high as 13ér
cent MAWP (in case of a valve used as secondaisf idtvice) or as high as 150 per cent
MAWP (in case of a burst disc used as secondaisf dvice) during the simulation of a
vacuum loss fault.

Rationale for paragraph 7.2.3. verification tst for service-terminating conditions.

140. In addition to vacuum degradation or vacuuss,ldire also may cause overpressure
in liguefied hydrogen storage systems and thus egraperation of the pressure relief
devices have to be proven in a bonfire test.

Rationale for verification of LHSS componentspressure relief device(s) and shut off
valves paragraph 7.2.4.

Rationale for pressure relief device qualification requirements (LHSS) paragraph 7.2.4.1.

141. The qualification requirements verify that thesign shall be such that the device(s)
will limit the pressure of the fuel container teetepecified values even at the end of the
service life when the device has been exposed wlifg/de-fuelling pressure and
temperature changes and environmental exposuresadéquacy of flow rate for a given
application is verified by the hydrogen storagetesys bonfire test and vacuum loss test
requirements (paras. 7.2.3. and 7.4.3.).

Rationale for shut-off valve qualification requirements (LHSS) paragraph 7.2.4.2.

142. These requirements are not intended to prethentdesign and construction of

components (e.g. components having multiple funslidhat are not specifically prescribed

in this standard, provided that such alternativasehbeen considered in testing the
components. In considering alternative designsamstuction, the materials or methods
used shall be evaluated by the testing facilityetssure equivalent performance and
reasonable concepts of safety to that prescribetiibystandard. In that case, the number of
samples and order of applicable tests shall be aflytagreed upon by the manufacturer
and the testing agency. Unless otherwise specifiddtiests shall be conducted using

pressurised gas such as air or nitrogen contaaihgast 10 per cent helium (see EC Reg.
406/2010 p.52 4.1.1.). The total number of openatiaycles shall be 20,000 (duty cycles)
for the automatic shut-off valves.

143. Fuel flow shut-off by an automatic shut-offiwea mounted on a liquid hydrogen
storage container shall be fail safe. The term afe" shall refer to a device’s ability to
revert to a safe mode or a safe complete shutdowallfreasonable failure modes.

144. The electrical tests for the automatic shéitrafve mounted on the liquid hydrogen
storage containers provide assurance of performastbe (i) over temperature caused by
an overvoltage condition, and (ii) potential fadurof the insulation between the
component’s power conductor and the component gasin
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Rationale for vehicle fuel system design qualdation requirements (LH2)

145. This section specifies requirements for thegrty of the hydrogen fuel delivery

system, which includes the liquid hydrogen storsggtem, piping, joints, and components
in which hydrogen is present. These requirememsraaddition to requirements specified
in paragraph 5.2., all of which apply to vehicleshviquid hydrogen storage systems with
the exception of paragraph 2.1.1. The fuelling péaele label shall designate liquid

hydrogen as the fuel type. Test procedures arengivparagraph 7.5.

Rationale for test procedures for LHSSs

146. Rationale for test procedures is included iwithationale for performance
requirements in sections &3 and GZ2b) of the preamble.

Rationale for paragraph 7.5. (Test procedure fopost-crash concentration
measurement for vehicles with liquefied hydrogen stage systems (LHSSSs))

147. As with vehicles with compressed storage systalirect measurement of hydrogen
or the corresponding depression in oxygen contepossible.

148. In the case where liquefied nitrogen is usedtiie crash, the concentration of
helium in the passenger, luggage, and cargo compats may be measured during the
helium leak test which is conducted after the craslis possible to establish a helium
concentration criteria which is equivalent to 4 pent hydrogen concentration by volume,
but the relationship needs to be adjusted for tifferdnce in temperature of the gas
between the operating LHSS and the temperaturagltine helium leak test in addition to
accounting for differences in physical propertiglse liquefied hydrogen is stored (and will
leak) at cryogenic storage temperatures (-253°C0#t), but the system is approximately
room temperature (20°C or 293K) for the leak téstthis case, the equations given in
section F{a) may used to express the ratio of helium and hyelragass flows is as:

WihdWhz = GidCriz * (M e/ M H2)1/2x (Th2! THe)l/2
and the ratio of helium and hydrogen volumetrisviioas:

Vie/ Viz = Giel Crz * (M 2/ M 1) 2™ (T e/ T 1)

where terms are as defined in A 5.2.1.1. Applyihg tolumetric flow ratio as
defined above to account for a system that opegdtesyogenic storage conditions
but is leak tested at room temperature to the remént that there be no greater
than 4 per cent by volume of hydrogen in the acueicle, yields a value of
approximately 0.8 per cent by volume of heliumbasadllowable value for the LHSS
post-crash test based on the leakage of gas freiHI$S.

Rationale for paragraph 7.5.1. post-crash leatest — liquefied hydrogen storage
systems (LHSSs)

149. The purpose of the test is to confirm that lekage from vehicles with LHSSs
following the crash test. During the crash tesg tHHSS is filled with either liquefied
hydrogen (LH2) to the maximum quantity or liquefieittogen (LN2) to the equivalence of
the maximum fill level of hydrogen by weight (whithabout 8 per cent of the maximum
liquefied hydrogen volume in the LHSS) dependingchtfluid is planned for the crash
test. The LN2 fill of about 8 per cent is requiredsimulate the fuel weight for the crash
test, and slightly more liquefied nitrogen is addedaccommodate system cooling and
venting prior to the test. Visual detection of urgutable post-crash leakage as defined in
paragraph 7.5.1.1 may be feasible if the LHSS caawibually inspected after the crash.
When using standard leak-test fluid, the bubble s& expected to be approximately
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1.5 mm in diameter. For a localized rate of 0.00§/sec (216 Nml/hr), the resultant
allowable rate of bubble generation is about 2036bbes per minute. Even if much larger
bubbles are formed, the leak should be readilyotigide. For example, the allowable
bubble rate for 6 mm bubbles would be approximaté®y bubbles per minute, thus
producing a very conservative criteria if all téntis and vulnerable parts are accessible for
post-crash inspection.

150. If the bubble test is not possible or desieedpverall leakage test may be conducted
to produce a more objective result. In this cake, leakage criteria is the same as that
developed for vehicles with compressed hydrogemag® systems. Specifically, the
allowable hydrogen leakage from the LHSS is 118m\b/or 10.7 g/min. The state of flow
leaking from the LHSS may be gaseous, liquid, awa-phase mixture of both. The
leakage is expected to be in the gaseous stategufing and shutoff valves downstream
of the container are more vulnerable to crash deanthgn the highly insulated, double-
walled LHSS container. None-the-less, the postkctasts prescribed in this document can
detect very small leak sites and thus demonsthatatceptability even if the leakage in the
liquid state. It is not necessary to address ttesipdity of a two-phase leak as the flow rate
will be less than that what can occur in the ligstiate.

151. The post-crash leak test in paragraph 7.3.1i8. conducted with pressurized
helium. Conduct of this test not only confirms thaiSS leakage is acceptable but also
allows the post-crash helium concentration testiescribed in paras. 113 to 115 section
F1(b) of the preamble to be performed at the same fithe.helium leak test is conducted
at room temperature with the LHSS pressurized Wilum to normal operating pressure.
The pressure level should be below the activati@msgure of the pressure regulators and
the PRDs. It is expected that the helium test pressan be conducted at approximately 80
per cent of the Maximum Allowable Working Press(VAWP).

Leakage of hydrogen in the liquid state of an ofegesystem is given by:
W, = Gy x AX (2 Xp X AP)Y2 Equation A.7.5.1-1

where W is the mass flow, gs the discharge coefficient, A is the area oftibke,p

is the density, and\P, is the pressure drop between the operating systedn
atmosphere. This equation is for incompressibl@d$lsuch as fluids in the liquid
state. Use of this equation is very conservativetties situation as a portion of the
fluid often flashes (that is, changes to a gasstatg) as the fluid passes through the
leakage hole, causing a reduction in density aedethre a reduction in the mass
flow.

The leakage of helium gas during the leak tesivisrgby:
Wie = C X G X A X (pre X Pu)™? Equation A.7.5.1-2

where G and A are as defined aboyeand P are the upstream (stagnation) fluid
density and pressure in the LHSS. C is given by:

C=y/((y + 1)/2)r ey Equation A.7.5.1-3
wherey is the ratio of specific heats for the helium et is leaking.

Since G and A are constants with the same values for lqiid hydrogen leaking
from the operating LHSS and helium gas during gak ltest, the ratio of helium to
liquid hydrogen leakage can be calculated by

Wie! Wi = CaeX (Pre! p1) Y2X (Pae/(2 X AP)) M2 Equation A.7.5.1-4

based on combiningquations A.7.5.1-1 and A.7.5.1-2. Equation A.7.5.1-4 can be
used to calculate the helium mass flow at the beginof the pressure test, but the
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pressure will fall during the pressure test whesettee pressure of the operating
LHSS will remain approximately constant until ddetliquid has been vented.

152. In order to accurately determine the allowabliuction in pressure during the leak
test, the change in helium flow with pressure needs accounted for. Since the density of
helium pye) varies with pressure, the mass flow of heliumimuthe pressure test will also
vary linearly with pressure as given by:

W; =R X (Whe/ P Equation A.7.5.1-5

where W and R are the helium mass flow and pressure during thespre test and
Wge and Ry are the initial values of leak test.

Starting with the ideal gas law,
PV=EMx Rgx T Equation A.7.5.1-6

where Ris the test pressure, V is the volume of the LHASis mass of the LHSS,
Ry is the helium gas constant on a mass basis, andhé temperature of the LHSS.
DifferentiatingEquation 6 with time leads to

OPJot =Ry x T/ V x OM /ot Equation A.7.5.1-7

where dP/ot is the change in pressure during the helium presgest. Since the
change in mass within the LHS8My/ot) is equal to the helium mass flow during
the test period (W, Equation 5 for W, can be substituted intequation 7. After re-
arranging terms, the equation becomes

OP/ P.=Rg X T/ V X (Whe ! Pue) X 0t =(Whe / Mye) X Ot Equation A.7.5.1-8
where My is the initial mass of helium in the LHSS for hessure test.

Integrating the above differential equation resuitexpressions for the allowable
pressure at the end of the helium leak test anddhesponding allowable pressure
loss over the test period. The expressions are:

Paiiowable = Pre X €XP (-Wie / MpeX tperiocb Equation A.7.5.1-9
and
APjiowabie = Phe X (1 - €Xp (-Wie / MueX toeriod) Equation A.7.5.1-10

where ferioq is the period of the test.

153. Use of the above equations can be best dlgstrby providing an example for a
typical passenger vehicle with a 100 litre (L) voki LHSS. Per ground rule, the basic
safety parameters are established to be the santikatior the compressed hydrogen
storage System. Specifically, the period of the lesst is 60 minutes and the average H
leakage shall be equivalent to 10.7 g/min. Usirgs¢hparameters for the example yields
the following:

Post-crash test periogdi.d = 60 minutes
Allowable Liquid H, Leakage (W = 10.7 g/min = 118 NL/min of gas after flashing

Maximum Allowable Working Pressure (MAWP) = 6 atrga(ge) = 7 atm
(absolute)

Selected Helium Test PressureidFbelow Pressure Regulator Setpoints = 5.8 atm
(absolute)

Ratio of specific heat (k) for helium = 1.66
C for helium = 0.725 fronkquation A.7.5.1-3
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Helium Density at Initial Test Pressure = 0.956 g/L

Density of Liquified Hydrogen = 71.0 g/L

Liquid Hydrogen Leakage Pressure Dray]) = 5.8 atm — 1 atm = 4.8 atm
Mass Ratio of Helium to Liquid JLeakage (W/ W) = 0.0654

Allowable Initial Helium Leakage (W) = 0.70 g/min = 3.92 NL/min

Initial Mass of Helium in the LHSS for the test (M = 95.6 g fromEquation
A.75.1-6

Allowable Reduction in Helium PressurdR;owanid = 2.06 atm fromEquation
A7.5.1-10

154. The above example illustrates how the equsitican be used to determine the
reduction in helium pressure over the 60 minutes feeriod for the leak test. The
calculations were repeated over the likely rangeasftainer volume (from 50L to 500L)
and typical container pressure ratings (from 6 @t®atm gauge) in order to understand the
sensitivity of the allowable pressure drop to keargmeters. See Figure 5. Since the
allowable pressure drop are above 0.5 atm (typiclbstantially above 0.5 atm) for all
likely container sizes, it was decided to adopt#pte criterion of 0.5 atm for all containers
with a storage capacity greater than 200 litresrder to simplify the execution of the leak
test and the determination of criteria for the pagsshe test. Similarly, a criterion of 2 atm
was adopted for containers less than or equal @litf@s, and a criterion of 1 atm for
containers greater than 100 litres and less thamoal to 200 litres.

Figure 5.
Allowable pressure loss during the LHSS leak test
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155. While the methodology results in straight-fard/ test method with an objective
result from a commonly-used type of test, it shobil noted that the criterion is very
conservative in that the methodology assumes litgadkage rather than the more likely
gaseous leakage from the piping and valves dovarstref the LHSS container. For
example, the ratio of hydrogen gas leakage caretermined usingquation A.7.5.1-2 and
the resulting ratio of allowable helium gas leakémdydrogen gas leakage is a factor of
5.14 higher than that calculated assuming liqudfigdtrogen leaks.
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National provisions for material compatibility (including hydrogen
embrittlement) and Conformity of Production

Material compatibility and hydrogen embrittlement

156. The SGS subgroup recognized the importancereqhirements for material
compatibility and hydrogen embrittlement and stattee work in these items. Compliance
with material qualification requirements ensuresttimanufacturers consistently use
materials that are appropriately qualified for lpglen storage service and that meet the
design specifications of the manufacturers. Howedere to time constraint and other
policy and technical issues, agreement was nohesaduring Phase 1. Therefore, the SGS
working group recommended that Contracting Partestinue using their national
provisions on material compatibility and hydrogenbeittiement and recommended that
requirements for these topics be deferred to Phadehe gtr activity.

National requirements complimentary to gtr requrements

157. The qualification performance requirementsrggeaph 5.) provide qualification
requirements for on-road service for hydrogen gt@rsystems. The goal of harmonization
of requirements as embodied in the United Natioluh& Technical Regulations provides
the opportunity to develop vehicles that can bedae throughout Contracting Parties to
achieve uniformity of compliance, and thereby, dgpient globally. Therefore, Type
Approval requirements are not expected beyond remeénts that address conformity of
production and associated verification of matepadperties (including requirements for
material acceptability with respect to hydrogen gttiement).

Topics for the next phase in developing the gtior hydrogen-fuelled
vehicles

158. Since hydrogen fuelled vehicles and fuel tethnologies are in early stages of
development of commercial deployment, it is expedkat revisions to these requirements
may be suggested by an extended time of on-roagriexyge and technical evaluations. It is
further expected that with additional experienceadditional time for fuller technical
consideration, the requirements presented as @btiequirements in this document (LHSS
Section G of the preamble) s could be adopted agsiremments with appropriate
modifications.

Focus topics for Phase 2 are expected to include:
(@) Potential scope revision to address additivahicle classes
(b)  Potential harmonization of crash test spedifice
(c) Requirements for material compatibility and rogen embrittlement
(d)  Requirements for the fuelling receptacle

(e) Evaluation of performance-based test for l@mgatstress rupture proposed in
Phase 1

)] Consideration of research results reportedrafmmpletion of Phase 1 —
specifically research related to electrical safétydrogen storage systems, and post-crash
safety

(g) Consideration of 200 per cent NWP or lower as the mimum burst
requirement
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(@)

(h) Consider Safety guard system for the case of oltion resistance
breakdown

The following test procedure will be considereébr long-term stress rupture:

(@8 Three containers made from the new materiay. (e. composite fibre
reinforced polymer) shall be burst; the burst puess shall be withirt10 per cent of the
midpoint, BPo, of the intended application. Then,

0] Three containers shall be held at > 80 per & and at 65¢5) °C;
they shall not rupture within 100 hrs; the timaupture shall be recorded.

(i)  Three containers shall be held at > 75 pert &0 and at 65 (+5) °C;
they shall not rupture within 1000hrs; the timeupture shall be recorded.

(i)  Three containers shall be held at > 70 partdPo and at 65 (5) °C;
they shall not rupture within one year.

(iv)  The test shall be discontinued after one y&ach container that has
not ruptured within the one year test period undesga burst test, and the burst
pressure is recorded.

(b)  The container diameter shall be > 50 per cérthe diameter of intended
application and of comparable construction. Th& taay have a filling (to reduce interior
volume) if >99 per cent of the interior surfaceaaremains exposed.

(c) Containers constructed of carbon fibre compssind/or metal alloys are
excused from this test.

(d)  Containers constructed of glass fibre compssit@t have an initial burst
pressure > 330 per cent NWP are excused fromébis in which case BPmin = 330 per
cent NWP shall be applied in paragraph 5.1.1.1s¢Biae Initial Burst Pressure).

(e)  There are carbon fibre containers that usesdibse as the protective layer,
and some of these containers contribute about Zear of rise in burst pressure. In this
case, it shall be demonstrated, by calculation, #tat the pressure double the maximum
filling pressure or above can be ensured by caftwa excluding glass fibre. If it can be
demonstrated that the rise in burst pressure dtieetglass fibre protective layer is 2 per
cent or below and if the burst pressure is 2.00 NWWIP02 = 2.04 NWP or more, the said
calculation may be omitted.

® Introduction of glass fibre containers that Gan initial burst pressure of 330
per cent NWP is to be optional for each ContracBagty.

Existing Regulations, Directives, and Internatbnal Standards
Vehicle fuel system integrity

National regulations and directives

€) European Union — Regulation 79/2009 — Type-arof hydrogen-powered motor
vehicles

(b)  European Union — Regulation 406/2010 — impletimgnEC Regulation 79/2009

(c) Japan — Safety Regulation Article 17 and Attaeht 17 — Technical Standard for
Fuel Leakage in Collision

(d)  Japan — Attachment 100 — Technical StandardHaet Systems Of Motor Vehicle
Fueled By Compressed Hydrogen Gas
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(e) Canada — Motor Vehicle Safety Standard (CMVSEH).1 — Fuel System Integrity
® Canada — Motor Vehicle Safety Standard (CMV38).2 — CNG Vehicles
() Korea — Motor Vehicle Safety Standard, Artiéle — Fuel System Integrity

(h)  United States — Federal Motor Vehicle Safetgn8iard (FMVSS) No. 301 - Fuel
System Integrity.

0] United States — FMVSS No. 303 — CNG Vehicles

)] China — GB/T 24548-2009 Fuel cell electric Yécles — terminology

(k)  China -- GB/T 24549-2009 Fuel cell electric véties - safety requirements
)] China -- GB/T 24554-2009 Fuel cell engine - pfarmance - test methods

(b) National and International standards.
(@ ISO 17268 — Compressed hydrogen surface vetgflelling connection devices

(b)  1SO 23273-1 — Fuel cell road vehicles — Safgtecifications — Part 1: Vehicle
functional safety

(c) ISO 23273-2 — Fuel cell road vehicles — Safspecifications — Part 2:
Protection against hydrogen hazards for vehicleBed with compressed hydrogen

(d) 1SO 14687-2 — Hydrogen Fuel — Product Spediitca— Part 2: Proton exchange
membrane (PEM) fuel cell applications for road eéds

(e) SAE J2578 — General Fuel Cell Vehicle Safety

)] SAE J2600 — Compressed Hydrogen Surface Vekigiding Connection Devices
() SAE J2601 — Fueling Protocols for Light DutysBaus Hydrogen Surface Vehicles
(h)  SAE J2799 — Hydrogen Quality Guideline for FGell Vehicles

2. Storage system

(8 National regulations and directives:
(&) China — Regulation on Safety Supervision foe&al Equipment
(b)  China — Regulation on Safety Supervision fos @glinder

(c) Japan — JARI S001(2004) Technical Standard Gontainers of Compressed
Hydrogen Vehicle Fuel Devices

(d) Japan — JARI S002(2004) Technical StandardGomponents of Compressed
Hydrogen Vehicle Fuel Devices

(e) Japan — KHK 0128(2010) Technical Standard fom@ressed Hydrogen Vehicle
Fuel Containers with Maximum Filling Pressure uy@iPa

)] Korea — High Pressure Gas Safety Control Law
() United States — FMVSS 304 - Compressed Natbea fuel Container Integrity
(h)  European Union — Regulation 406/2010 implemmen&C Regulation 79/2009

0] China — QC/T 816-2209 Hydrogen supplying and refuéglg vehicles -
specifications
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(b)

(@)

(b)

National and International standards:

(8 CSA B51 Part 2 — High-pressure cylinders fa tin-board storage of natural gas
and hydrogen as fuels for automotive vehicles

(b) CSA NGV2-2000 — Basic Requirements for Comprdsdlatural Gas Vehicle
(NGV) Fuel Containers

(c) CSATPRD-1-2009 — Pressure Relief Devices For Compreblellogen Vehicle
Fuel Containers

(d) CSA HGV 3.1-2011 - Fuel System Component foditdgen Gas Power Vehicles
(Draft)

(e) ISO 13985:2006 — Liquid Hydrogen — Land Vehieleel Tanks

® ISO 15869:2009 — Gaseous Hydrogen and Hydrdgjends — Land Vehicle Fuel
Tanks (Technical Specification)

(@ SAE J2579 — Fuel Systems in Fuel Cell and Otthgirogen Vehicles
Electric safety

National regulations and directives:

(@ Canada — CMVSS 305—Electric Powered VehiclekectEolyte Spillage and
Electrical Shock Protection

(b) ECE — Regulation 100 - Uniform Provisions Camieg the Approval of Battery
Electric Vehicles with Regard to Specific Requiresefor the Construction and
Functional Safety

(c) Japan — Attachment 101 — Technical StandardPfotection of Occupants against
High Voltage in Fuel Cell Vehicles

(d)  Japan — Attachment 110 — Technical StandardPfotection of Occupants against
High Voltage in Electric Vehicles and Hybrid Electi/ehicles

(e) Japan — Attachment 111 — Technical StandardPfotection of Occupants against
High Voltage after Collision in Electric VehicleagHybrid Electric Vehicles

g i : | call electri el .
= i : | call electri el : . ts
n i : el . : hods

0] Korea — Motor Vehicle Safety Standard, Artid8-2 — High Voltage System

()] Korea — Motor Vehicle Safety Standard, Artidd-4 — Electrolyte Spillage and
Electric Shock Protection

)] United States — FMVSS 305 - Electric-Powerechites: Electrolyte Spillage and
Electrical Shock Protection

National and International Industry standards:

@) ISO 23273-3 — Fuel cell road vehicles — Safepecifications — Part 3:
Protection of persons against electric shock

(b) SAE J1766 — Electric and Hybrid Electric Veki@attery Systems Crash Integrity
Testing
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(c) SAE J2578 — General Fuel Cell Vehicle Safety

Benefits and Costs

159. At this time, the gtr does not attempt to difiarcosts and benefits for this first
stage. While the goal of the gtr is to enable iasesl market penetration of HFCVs, the
resulting rates and degrees of penetration are cootently known or estimatable.
Therefore, a quantitative cost-benefit analysis maspossible.

160. Some costs are anticipated from greater maekattration of HFCVs. For example,
building the infrastructure required to make HFC&¥wiable alternative to conventional
vehicles will entail significant investment coster fthe private and public sectors,
depending on the country. Especially in the earbarg of HFCV sales, individual
purchasers of HFCVs are also likely to face greatessts than purchasers of conventional
gasoline or diesel vehicles, the same goes for faatwers of new HFCVs (However,
costs incurred by HFCV purchasers and manufactwerdd essentially be voluntary, as
market choice would not be affected).

161. While some costs are expected, the contraptinies believe that the benefits of gtr
are likely to greatly outweigh costs. Widespread aBHFCVs, with the establishment of
the necessary infrastructure for fuelling, is aptted to reduce the number of gasoline and
diesel vehicles on the road, which should reducddmide consumption of fossil fuels.
Perhaps most notably, the reduction in greenhoaseagd criteria pollutant emissions
(such as N@ SO, and particulate matter) associated with the widsspuse of HFCVs is
anticipated to result in significant societal bétsedver time by alleviating climate change
and health impact costs. The gtr may also leadetcreises in fuelling costs for the
operators of HFCVs, as hydrogen production is pahy unlimited and expected to
become more cost-effective than petroleum prodoctfor conventional vehicles.
Furthermore, decreased demand for petroleum idylitee lead to energy and national
security benefits for those countries with widegprélFCV use, as reliance on foreign oil
supplies decreasésAdditionally, although not attributable to thisr,gthe gtr may create
benefits in terms of facilitating OEM compliance thviapplicable fuel economy and
greenhouse gas emission standards by promotindex wioduction and use of HFCVs.

162. The contracting parties have also not beem mbéstimate net employment impacts
of the gtr. The new market for innovative desiga &chnologies associated with HFCVs
may create significant employment benefits for éhauntries with ties to HFCV
production. On the other hand, employment losssscéted with the lower production of
conventional vehicles could offset those gains. Timgilding and retrofitting of
infrastructure needed to support hydrogen prodnctiod storage is likely to generate net
additions to the job market in the foreseeableréutu

Potential renewable sources of hydrogen inclieetmlysis, high-temperature water splitting,
thermochemical conversion of biomass, photolytid faimentative micro-organism systems and
photo-electrical systemSee http://www.hydrogen.energy.gov/production.htmk{laccessed August
24, 2011).

[--]

The renewable sources of hydrogen described itnBt®[1] are all capable of domestic production.
Natural gas, nuclear energy, and coal may be ofhvestic sources. Available from
www.hydrogen.energy.gov/production.html (last aseesAugust 24, 2011).
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Text of Regulation

1.

3.1.

3.2.

3.3.

3.4.

3.5.

3.6.

3.7.

3.8.

Purpose

This regulation specifies safety-related perforeganrequirements for
hydrogen-fuelled vehicles. The purpose of this k&ipn is to minimize

human harm that may occur as a result of fire, tbarexplosion related to
the vehicle fuel system and/or from electric shoekised by the vehicle’s
high voltage system.

Scope

This regulation applies to all hydrogen fuelled ieéds of Category 1-1 and
1-2, with a gross vehicle mass (GVM) of 4,5B6500] kilograms or less,
excluding vehicles that use blended hydrogen fuel.

[optional: restrict the scope to only carbon fiberwrapped container]

Definitions

Possible definition needed for blended hydrogen flie
For the purpose of this regulation, the followafinitions shall apply:

"Active driving possible mode" is the vehicle mode when application of
pressure to the accelerator pedal (or activatioaroequivalent control) or
release of the brake system causes the electriemptnain to move the
vehicle.

"Automatic disconnect" is a device that, when triggered, conductively
separates the electrical energy sources from the akethe high voltage
circuit of the electrical power train.

'‘Burst-disc" is the non-reclosing operating part of a pressathief device
which, when installed in the device, is designedbtiost at a predetermined
pressure to permit the discharge of compressedbgdr:

"Check valve" is a non-return valve that prevents reverse flowhe vehicle
fuel line.

"Concentration of hydrogen" is the percentage of the hydrogen moles (or
molecules) within the mixture of hydrogen and &rquyivalent to the partial
volume of hydrogen gas).

"Container" (for hydrogen storage) is the component withie thydrogen
storage system that stores the primary volume dfdgen fuel.

"Conductive connection” is the connection using contactors to an external
power supply when the rechargeable energy storggtera (RESS) is
charged.

"Coupling system" for charging the rechargeable energy storage system
(RESS) is the electrical circuit used for chargihg RESS from an external
electric power supply including the vehicle inlet.
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3.9.

3.10.

3.11.
3.12.

3.13.

3.14.

3.15.

3.16.

3.17.

3.18.

3.19.

3.20.

3.21.

3.22.

3.23.

3.24.

3.25.

3.26.

'Date of removal from service" is the date (month and year) specified for
removal from service.

'‘Date of manufacture" (of a compressed hydrogen container) is the date
(month and year) of the proof pressure test canigdiuring manufacture.

'Direct contact” indicates the contact of persons with high voltiage parts.

'Enclosed or semi-enclosed spaces’ indicates the special volumes within the
vehicle (or the vehicle outline across openingsjt tare external to the
hydrogen system (storage system, fuel cell systearfizel flow management
system) and its housings (if any) where hydrogery mecumulate (and
thereby pose a hazard), as it may occur in theepgss compartment,
luggage compartment, cargo compartment and spatar tie hood.

'Enclosure” is the part enclosing the internal units and pimg protection
against any direct contact.

'Electric energy conversion system” is a system (e.g. fuel cell) that generates
and provides electrical power for vehicle proputsio

'Electric power train” is the electrical circuit which may includes thaction
motor(s), and may also include the RESS, the ébtattpower conversion
system, the electronic converters, the tractiononsotthe associated wiring
harness and connectors and the coupling systeah&rging the RESS.

‘Electrical chassis' is a set of conductive parts electrically linkedjdther,
whose electrical potential is taken as reference.

'Electrical circuit" is an assembly of connected high voltage livespuat is
designed to be electrically energized in normakatien.

'Electrical isolation" is the electrical resistance between a vehicléh hig
voltage bus source and any vehicle conductive tstreic

'Electrical protection barrier” is the part providing protection against direct
contact with live parts from any direction of acees

‘Electronic converter” is a device capable of controlling and/or conveyti
electric power for propulsion.

'Exhaust point of discharge" is the geometric centre of the area where fuel
cell purged gas is discharged from the vehicle.

'Exposed conductive part” is the conductive part that can be touched under
the provisions of the IPXXB protection degree aretdimes electrically
energized under isolation failure conditions. Tihidudes parts under a cover
that can be removed without using tools.

‘External electric power supply" is an alternating current (AC) or direct
current (DC) that provides electric power outsifiéhe vehicle.

'Fuel cell system” is a system containing the fuel cell stack(s), aircpssing
system, fuel flow control system, exhaust systehgrmal management
system and water management system.

'Fuelling receptacle" is the equipment to which a fuelling station nezzl
attaches to the vehicle and through which fuetasgferred to the vehicle.
The fuelling receptacle is used as an alternatiefuelling port.

'High voltage" is the classification of an electric component iocigt, if its
maximum working voltage is greater than 60 V args ldhan or equal to 1500
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3.27.

3.28.

3.29.

3.30.
3.31.

3.32.

3.33.

3.34.

3.35.

3.36.

3.37.

3.38.

3.39.

3.40.

V of direct current (DC), or greater than 30 V dess than or equal to 1000
V of alternating current (AC).

'High Voltage Bus' is the electrical circuit, including the couplisgstem,
for charging the RESS that operates on high voltage

'Hydrogen-fuelled vehicle" indicates any motor vehicle that uses compressed
gaseous or liquefied hydrogen as a fuel to prapelviehicle, including fuel
cell and internal combustion engine vehicles.

'Hydrogen storage system" indicates a pressurized container, pressure relief
devices (PRDs) and shut off device that isolatestbeed hydrogen from the
remainder of the fuel system and the environment.

‘Indirect contact” is the contact of persons with exposed condugtares.

'Live parts' is the conductive part intended to be electricalhergized in
normal use.

'‘Luggage compartment” is the space in the vehicle for luggage
accommodation, bounded by the roof, hood, floate sivalls, as well as by
the electrical barrier and enclosure provided faotgcting the power train
from direct contact with live parts, being sepadafeom the passenger
compartment by the front bulkhead or the rear besich

‘Liquefied hydrogen storage system" indicates liquefied hydrogen storage
container(s) pressure relief devices (PRDs), sffudavice, a boil-off system

and the interconnection piping (if any) and fitsndgpetween the above
components.

‘Lower flammability limit (LFL)" is the lowest concentration of fuel at which
a gaseous fuel mixture is flammable at normal teatpee and pressure.

The lower flammability limit for hydrogen gas inr&s 4 per cent by volume

(para. 82 of th@reamble).

'Maximum allowable working pressure (MAWP)" is the highest gauge
pressure to which a pressure container or storggtera is permitted to
operate under normal operating conditions.

'‘Maximum fuelling pressure (MFP)" is the maximum pressure applied to
compressed system during fuelling. The maximumlifwglpressure is 125
per cent of the Nominal Working Pressure.

‘Nominal working pressure (NWP)" is the gauge pressure that characterizes
typical operation of a system. For compressed lgeliagas containers, NWP
is the settled pressure of compressed gas in fudlifed container or storage
system at a uniform temperature of 15 °C.

'On-board isolation resistance monitoring system’ is the device that
monitors isolation resistance between the high agalt buses and the
electrical chassis.

'Open type traction battery" is a type of battery requiring liquid and
generating hydrogen gas that is released intotthesphere.

'Passenger compartment (for electric safety assessment)" is the space for
occupant accommodation, bounded by the roof, fleile walls, doors,
outside glazing, front bulkhead and rear bulkhead rear gate -, as well as
by the electrical barriers and enclosures proviftedprotecting the power
train from direct contact with live parts.
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3.41.

3.42.

3.43.

3.44.

3.45.

3.46.

3.47.

3.48.

3.49.

3.50.

3.51.

3.52.

3.53.

3.54.

3.55.

'Pressure relief device (PRD)" is a device that, when activated under
specified performance conditions, is used to relehgdrogen from a
pressurized system and thereby prevent failureegystem.

'Pressure relief valve' is a pressure relief device that opens at a preset
pressure level and can re-close.

'Protection IPXXB" indicates protection from contact with high vgigalive
parts provided by either an electrical barrier meaclosure; it is tested using
a Jointed Test Finger (IPXXB), as described in gaxph 6.3.3.

'Protection IPXXD" indicates protection from contact with high vgjéalive
parts provided by either an electrical barrier mreaclosure and tested using
a Test Wire (IPXXD), as described in paragraph3®.3.

'Rechargeable energy storage system (RESS)" is the rechargeable energy
storage system that provides electric energy featatal propulsion.

'Rupture andburst” both mean to come apart suddenly and violentlgakr
open or fly into pieces due to the force of intéprassure.

'Service disconnect” is the device for deactivation of an electricaicait
when conducting checks and services of the RES5céll stack, etc.

'Service life" (of a compressed hydrogen container) indicategithe frame
during which service (usage) is authorized.

'Shut-off valve' is a valve between the storage container andéhile fuel
system that can be automatically activated; thisevalefaults to "closed"
position when not connected to a power source.

'Single failure" is a failure caused by a single event, includiny a
consequential failures resulting from this failure.

'Solid insulator" is the insulating coating of wiring harnesses ed in
order to cover and prevent the high voltage livegpfiom any direct contact.
This includes covers for insulating the high voltdiye parts of connectors
and varnish or paint for the purpose of insulation.

"Thermally-activated pressure relief device (TPRD)" is a non- reclosing PRD
that is activated by temperature to open and relbggrogen gas.

"Type approval" indicates a certification of a recognised bodytistathat
prototype or pre-production samples of a specifibisle, vehicle system or
vehicle system component meet the relevant spdgiieformance standards,
and that the final production versions also compbkyJong as conformity of
production is confirmed.

'Vehicle fuel system" is an assembly of components used to store orysupp
hydrogen fuel to a fuel cell (FC) or internal coration engine (ICE).

'‘Working voltage" is the highest value of an electrical circuit agk root

mean square (rms), specified by the manufacturerdetermined by
measurement, which may occur between any condugéivts in open circuit
conditions or under normal operating conditionthHé electrical circuit is
divided by galvanic isolation, the working voltaigedefined for each divided
circuit, respectively.
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4. Applicability of Requirements

4.1. The requirements of paragraph 5. (using testlitions and procedures in
paragraph 6.) apply to all compressed hydrogenefi@ehicles.

4.2. Each contracting party under the UN 1998 Agret shall maintain its
existing national crash tests (frontal, side, @ad rollover) and use the limit
values of section paragraph 5.2.2. for compliance.

4.3. The requirements of paragraph 5.3. apply kdadrogen-fuelled vehicles
using high voltage.

5. Performance Requirements

5.1. Compressed hydrogen storage system

This section specifies the requirements for thegrty of the compressed
hydrogen storage system. The hydrogen storagemsystasists of the high
pressure storage container and primary closureceevor openings into the
high pressure storage container. Figure 1 showyp&al compressed
hydrogen storage system consisting of a pressudeathiner, three closure
devices and their fittings. The closure devicesuide:

(@) athermally-activated pressure relief deviceRD);
(b)  acheck valve that prevents reverse flow tdfithéne; and

(c) an automatic shut-off valve that can close tevent flow from the
container to the fuel cell or ICE engine. Any sbfft-valve, and
TPRD that form the primary closure of flow from tlsorage
container shall be mounted directly on or withirckeaontainer. At
least one component with a check valve functiorll 4b& mounted
directly on or within each container.

Figure 1.
Typical Compressed Hydrogen Storage System

Storage
Container

All new compressed hydrogen storage systems pradiareon-road vehicle service shall
have a NWP of 70 MPa or less and a service lifd®fyears or less, and be capable of
satisfying the requirements of paragraph 5.1.

The hydrogen storage system shall meet the perfooentest requirements specified in this
paragraph. The qualification requirements for omdreervice are:
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5.1.1. Verification Tests for Baseline Metrics

5.1.2. Verification Test for Performance Durability

5.1.3. Verification Test for Expected On-Road Systerformance

5.1.4. Verification Test for Service TerminatingsB&m Performance in Fire
5.1.5. Verification Test for Durability of ClosuRerformance

The test elements within these performance req@intésnare summarized in Table 1. The
corresponding test procedures are specified ingpaph 6.

Table 1
Overview of Performance Qualification Test Requirenents
1.1.1. Verification Tests for Baseline Performanc#letrics

1.1.1.1. Basdline Initial Burst Pressure
1.1.1.2. Baseline Initial Pressure Cycle Life

1.1.2. Verification Test for Performance Durability (sequential hydraulic tests)
1.1.2.1. Proof Pressure Test

1.1.2.2. Drop (Impact) Test

1.1.2.3. Surface damage

1.1.2.4. Chemical Exposure and Ambient Temperd&uessure Cycling Tests
1.1.2.5. High Temperature Static Pressure Test

1.1.2.6. Extreme Temperature Pressure Cycling

1.1.2.7. Residual Proof Pressure Test

1.1.2.8. Residual Strength Burst Test

1.1.3. Verification Test for Expected On-road Perfanance (sequential pneumatic
tests)

1.1.3.1. Proof Pressure Test

1.1.3.2. Ambient and Extreme Temperature Gas Pre€3ycling Test (pneumatic)
1.1.3.3. Extreme Temperature Static Gas Pressale/Permeation Test (pneumatic)
1.1.3.4. Residual Proof Pressure Test

1.1.3.5. Residual Strength Burst Test (Hydraulic)

1.1.4. Verification Test for Service Terminating P6ormance in Fire

1.1.5. Verification Test for Closure Durability

5.1.1. Verification Tests for Baseline Metrics

5.1.1.1. Baseline Initial Burst Pressure
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51.1.2.

5.1.2.

Figure 2

Three (3) new containers randomly selected from dbsign qualification
batch of at least 10 containers, are hydrauligadgssurized until burst (para.
6.2.2.1. test procedure). The manufacturer shafiplyu documentation
(measurements and statistical analyses) that edtatiie midpoint burst
pressure of new storage containers, BPO.

All containers tested shall have a burst presusiittan £10 per cent of BPO
and greater than or equal to a minimum BPmiB2% per cent NWP

[In addition, [Contracting Parties may require] containers having glass-
fiber composite as a primary constituent to have aminimum burst
pressure greater than 330 percent NWP.]

Baseline Initial Pressure Cycle Life (PCL)

Three (3) new containers randomly selected from dbsign qualification
batch are hydraulically pressure cycled at+B){C to 125 per cent NWP
without rupture for22,000cycles or until a leak occurs (para. 6.2.2.2. test
procedure). Leakage shall not occur within a nundfeCycles, where the
number of Cycles is set individually by each Coctireg Party at 5,500,
7,500 or 11,000 cycles for a 15-year service life.

Verification Tests for Performance DurabiliHydraulic sequential tests)

If all three PCL measurements made in para. 21dte greater than 11,000
cycles, or if they are all withist 25 per cent of each other, then only one (1)
container is tested in para. 5.1.2. Otherwise £tlf8} containers are tested in
para. 5.1.2.

A hydrogen storage container shall not leak dutireggfollowing sequence of
tests, which are applied in series to a singleesysand which are illustrated
in Figure 2. At least one system randomly selectemn the design
qualification batch shall be tested to demonstitageperformance capability.
Specifics of applicable test procedures for therbgdn storage system are
provided in para. 6.2.3.

Verification Test for Performance Durability (hydra ulic)

BPy —»
(e burst
180%NWP
N (4 min)
chemical B

o expogure <+—150%NWP
a P \fy[+—125%NWP
@ g +— 80%NWP
0 :
o 5

o ® » time

= O

2l dg %_"dH_J

7] 9 e T

3 60%#Cycles 1000 hr

o K 15c25¢c 10 +85C 20%#Cycles

% 48 hr cycles +85C, 95%RH

° 15-25C 20%#Cycles

— -40C

—
Residual
Strength
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5.1.2.1.

5.1.2.2.

5.1.2.3.

5.1.2.4.

5.1.25.

5.1.2.6.

5.1.2.7.

5.1.2.8.

5.1.3.

Proof Pressure Test. A storage contamprassurized to 150 per cent NWP
and held for 30 sec (para. 6.2.3.1. test procedérestorage container that
has undergone a proof pressure test in manufaisteseempt from this test.

Drop (Impact) Test. The storage contamdropped at several impact angles
(para. 6.2.3.2. test procedure).

Surface Damage Test. The storage contarsibjected to surface damage
(para. 6.2.3.3. test procedure).

Chemical Exposure and Ambient-TemperaRnessure Cycling Test. The
storage container is exposed to chemicals fourtiéron-road environment
and pressure cycled to 125 per cent NWP at 28)°C for 60 per cent
number of Cycles pressure cycles (para. 6.2.3@hemical exposure is
discontinued before the last 10 cycles, which apedocted to 150 per
cent NWP.

High Temperature Static Pressure Test.sttiage container is pressurized
to 125 per cent NWP at 85°C for 1,000 hr (para.3652 test procedure).

Extreme Temperature Pressure Cycling. §tbeage container is pressure
cycled at -40°C to 80 per cent NWP for 20 per caemhber of Cycles and at
+85°C and 95 per cent relative humidity to 125 qgaart NWP for 20 per cent
number of Cycles (para. 6.2.2.2.).

Hydraulic Residual Pressure Test. Theagtbrontainer is pressurized to 180
per cent NWP and held 4 minutes without burst (p&&.3.1. test
procedure).

Residual Burst Strength Test. The stoxag#ainer undergoes a hydraulic
burst test to verify that the burst pressure-idiwiait least 8020 per cent of
the baseline initial burst pressufi@Py) determined in para. 5.1.1.1. (para.
6.2.2.1. test procedure).

Verification Test for Expected On-road Perfance (Pneumatic sequential
tests)

A hydrogen storage system shall not leak duringftflewing sequence of
tests, which are illustrated in Figure 3. Speciti€sipplicable test procedures
for the hydrogen storage system are provided iagraph 6.
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Figure 3.

Verification Test for Expected On-Road Performancgpneumatic/hydraulic)

y

Pressure >

BP, |¢--

COAANRE S E115%NwWP
] ----------------- + T 80%NWP

180%NWP
4 min

«—125%NWP

»time

Proof Pressure

a H_J
+55°C +55°C

5% cy -40C*
5%cy +50C°
40%cy 15-25C°

5% cy +50C
5% cy -40C
40%cy 15-25C

Leak / Permeation
>30 hrs

Leak / Permeation
>30 hrs

a Fuel/defuel cycles @-80 with initial system equilibration @ -4Q, 5 cycles with +2%C fuel; 5 cycles with <-3%C fuel
b Fueldefuel cycles @+8G with initial system equilibration @+3GQ, 5 cycles with <-3%C fuel
¢ Fueldefuel cycles @15-26 with service (maintenance) defuelrate, 50 cycles

5.1.3.1.

5.1.3.2.

5.1.3.8.

Proof Pressure Test: A system is pressiiri@a 150 per cent NWRr 30

secondgparagraph 6.2.3.1.).

Ambient and Extreme Temperature Gas Pre€3ycling Test. The system is
pressure cycled using hydrogen gas for 500 cygasagraph 6.2.4.1. test
procedure).

(@) The pressure cycles are divided into two grolfef of the cycles
(250) are performed before exposure to static pres@para. 5.1.3.3.)
and the remaining half of the cycles (250) are qreréd after the
initial exposure to static pressure (para. 5.1)3&% illustrated in
Figure 3.

(b)  In each group of pressure cycling, 25 cyclesperformed to 125 per
cent NWP at +50 °C and 95 per cent relative humiditen 25 cycles
to 80 per cent NWP at -40°C, and the remaining @@fes to 125 per
cent NWP at 20°#5) C.

(c)  The hydrogen gas fuel temperature is -40 °C.

(d)  During the first group of 250 pressure cycldise cycles are
performed after temperature equilibration of thetesn at 50°C and
95 per cent relative humidity; five cycles are peried after
equilibration at -40C; and five cycles are performed with fuel having
a temperature of +Z85)°C after equilibration at - 4.

(e)  Fifty pressure cycles are performed using dud#ing rate greater
than or equal to the maintenance de-fuelling rate.

Extreme Temperature Static Pressure Leakiation Test. The system is
held at 115 per cent NWP and 55°C with hydrogen wa# steady-state
permeation or 30 hours, whichever is longer (paua4.2. test procedure).
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(@) The test is performed after each group of 2BBumatic pressure
cycles in paragraph 5.1.3.2.

(b)

(c) Alternatively The maximum allowable hydrogen discharge from the

compressed hydrogen storage system—with—atotadrvestpacity—of
less-than-330lis 46mL/h/L water capacity of the storage system.

(d) If the measured permeation rate is greater @95 mg/sec (3.6
cc/min), a localized leak test is performed to easno point of
localized external leakage is greater than 0.005@eg(3.6 cc/min)
(para. 6.2.4.3. test procedure).

5.1.3.4. Residual Proof Pressure Test (hydradlieg. storage container is pressurized
to 180 per cent NWP and held 4 minutes without tb(para. 6.2.3.1. test
procedure).

5.1.3.5. Residual Strength Burst Test (hydraulld)e storage container undergoes a

hydraulic burst to verify that the burst pressiugeanithin 20 per cent of the
baseline burst pressure determined in para. 5.1(pdra. 6.2.2.1. test
procedure).

5.1.4. Verification Test for Service Terminating®emance in Fire

This section describes the fire test with comprddsydrogen as the test gas.
Containers tested with hydrogen gas shall be aedepy all Contracting
Parties. However, Contracting Parties under the3 1 §reement may choose
to use compressed air as an alternative test gascefuification of a
container for use only within their countries ogims.

A hydrogen storage system is pressurized to NW& exposed to fire
(para. 6.2.5.1. test procedure). A temperatureratetil pressure relief device
shall release the contained gases in a controllather without rupture.

5.1.5. Verification Test for Performance DurabilifyPrimary Closures

Manufacturers shall maintain records that confthat closures that isolate
the high pressure hydrogen storage system (the T®R&heck valve(s) and
shut-off valve(s) shown in Figure 1) meet the regmients described in the
remainder of this Section.

The entire storage system does not have to baalfigd (para. 5.1.) if these
closure components (components in Figure 1 exciuthia storage container)
are exchanged for equivalent closure componentsngacomparable

function, fittings, materials, strength and dimemsi, and qualified for

performance using the same qualification testshasotiginal components.
However, a change in TPRD hardware, its positiomstallation or venting

lines requires re-qualification with fire testingcarding to para. 5.1.4.

5.1.5.1. TPRD Qualification Requirements

Design qualification testing shall be conducted fimished pressure relief
devices which are representative of normal prodacfrhe TPRD shall meet
the following performance qualification requiremznt
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5.1.5.2.

5.1.6.

5.2.

5.2.1.

(@) Pressure Cycling Test (para. 6.2.6.1.1.)

(c)  Accelerated Life Test (para. 6.2.6.1.2.)

(d)  Temperature Cycling Test (para. 6.2.6.1.3.)
(e)  Salt Corrosion Resistance Test (para. 6.2.9.1.
4] Vehicle Environment Test (para. 6.2.6.1.5.)
(g)  Stress Corrosion Cracking Test (para. 6.266.1.
(h)  Drop and Vibration Test (para. 6.2.6.1.7.)

0] Leak Test (para. 6.2.6.1.8.)

0] Bench Top Activation Test (para. 6.2.6.1.9.)
(k)  Flow Rate Test (para. 6.2.6.1.10.)

Check Valve and Automatic Shut-Off Valvealification on Requirements

Design qualification testing shall be conductedfiaished check valves and
shut-off valves which are representative of norpadduction. The valve
units shall meet the following performance quadifion requirements:

(@) Hydrostatic Strength Test (para. 6.2.6.2.1.)

(b) Leak Test (para. 6.2.6.2.2.)

(c)  Extreme Temperature Pressure Cycling Test(aR.6.2.3.)
(d)  Salt Corrosion Resistance Test (para. 6.21§.2.

(e)  Vehicle Environment Test (para. 6.2.6.2.5.)

4] Atmospheric Exposure Test (para. 6.2.6.2.6.)

(g)  Electrical Tests (para. 6.2.6.2.7.)

(h)  Vibration Test (para. 6.2.6.2.8.)

0] Stress Corrosion Cracking Test (para. 6.29%)2.

0] Pre-Cooled Hydrogen Exposure Test (para. 2216.)
Labelling

A label shall be permanently affixed on each ciomtawith at least the
following information: Name of the Manufacturer, rié¢ Number, Date of
Manufacture, NWP, Type of Fuel, and Date of Remdrah Service. Each
container shall also be marked with the numberyofes used in the testing
programme as per para. 5.1.1.2. Any label affixedthte container in
compliance with this section shall remain in plasel be legible for the
duration of the manufacturer's recommended sefificdor the container.

Date of removal from service shall not be morentha years after the date of
manufacture.

Vehicle fuel system

This section specifies requirements for the intggaf the hydrogen fuel
delivery system, which includes the hydrogen steragstem, piping, joints,
and components in which hydrogen is present.

In-Use Fuel System Integrity:
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5.2.1.1.
5.2.1.1.1.

5.2.1.1.2.

52.1.1.3.

5.2.1.1.4.

5.2.1.2.

5.2.1.3.

5.2.1.3.1.

5.2.1.3.2.

Fuelling Receptacle Requirements

A compressed hydrogen fuelling receptabhll prevent reverse flow to the
atmosphere. Test procedure is visual inspection.

Fuelling receptacle label A label sHadl provided close to the fuelling
receptacle; for instance inside a refilling hatahowing the following
information: fuel type, NWP, date of removal froendce of containers.

The fuelling receptacle shall be mourdadthe vehicle to ensure positive
locking of the fuelling nozzle. The receptacle sha¢ protected from
tampering and the ingress of dirt and water (egtalled in a compartment
which can be locked). Test procedure is by visaspéction.

The fuelling receptacle shall not be med within the external energy
absorbing elements of the vehicle (e.g. bumper)sdradl not be installed in
the passenger compartment, luggage compartmenbted places where
hydrogen gas could accumulate and where ventilasiorot sufficient. Test
procedure is by visual inspection.

Over-pressure Protection for the Low RnessSystem (test procedure
para. 6.1.6.)

The hydrogen system downstream of a pressureateguhall be protected
against overpressure due to the possible failutbeopressure regulator. The
set pressure of the overpressure protection dewiak be lower than or equal
to the maximum allowable working pressure for tipprapriate section of

the hydrogen system.

Hydrogen Discharge Systems

Pressure Relief Systems (test procquhanagraph 6.1.6.)

(@)

(b)

[(c)

Storage system TPRDsThe outlet of the vent line, if present, for
hydrogen gas discharge from TPRD(s) of the stosgéem shall be
protected by a cap.

Storage systemlPRDs. The hydrogen gas discharge from TPRD(s)
of the storage system shall not be directed:

0] into enclosed or semi-enclosed spaces;
(i) into or towards any vehicle wheel housing;
(i)  towards hydrogen gas containers;

(iv) forward from the vehicle, or horizontally (@dlel to road)
from the back or sides of the vehicle.

Other pressure relief devices (such as a bdist) may be used
outside the hydrogen storage systenThe hydrogen gas discharge
from other pressure relief devices shall not beaed:

0] towards exposed electrical terminals, exposeddctecal
switches or other ignition sources;

(i)  into or towards the vehicle passenger or cargmpartments;
(i) into or towards any vehicle wheel housing:

(iv) towards hydrogen gas containers.]

Vehicle Exhaust System
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5.2.1.4.
52.14.1.

5.2.14.2.

5.2.1.43.

5.2.15.

5.2.1.6.

5.2.2.
5.2.2.1.

64

At the vehicle exhaust system’s point of dischardbe hydrogen
concentration level shall:

(@) not exceed 4 per cent average by volume dumgmoving three-
second time interval during normal operation inatgdstart-up and
shutdown;

(b)  and not exceed 8 per cent at any time (patad Btest procedure).
Protection against Flammable Conditiomsgl8 Failure Conditions

Hydrogen leakage and/or permeation ftmrhydrogen storage system shall
not directly vent into the passenger, luggage, asg@ compartments, or to
any enclosed or semi-enclosed spaces within thdcleelthat contains
unprotected ignition sources.

Any single failure downstream of the miaydrogen shut off valve shall not
result inany level ofa hydrogen concentration in the-airgrealtemt[2-per
centl-by—velumeanywhere in the passenger compartment accordirigsto
procedure para. 6.123.

If, during operation, a single failuresults in a hydrogen concentration
exceeding2+1.0 per cent by volume in air in the enclosed or senulosed
spaces of the vehicle, then a warning shall beigealv(para. 5.2.1.6.). If the
hydrogen concentration excee8tsl.0 per cent by volume in the air in the
enclosed or semi-enclosed spaces of the vehidantin shutoff valve shall
be closed to isolate the storage system. (Seerestdure, para. 6.1.3.).

Fuel System Leakage

The hydrogen fuelling line and the hydrogen sy¢t&ndownstream of the
main shut off valve(s) shall not leak. Compliant@lsbe verified at NWP
(para. 6.1.5. test procedure).

Tell-tale Signal Warning to Driver

The warning shall be given by a visual signal @plhy text with the
following properties:

(@) Visible to the driver while in the driver's dgsated seating position
with the driver's seat belt fastened.

(b)  Yellow in colour if the detection system malftions and shall be red
in compliance with section para. 5.2.1.4.3.

(c)  When illuminated, shall be visible to the drivender both daylight
and night time driving conditions.

(d) Remains illuminated —while—the—causehen 2+1.0 per cent
concentration or detection malfunction) exists #maignition locking
system is in the "On" ("Run") position or the prtgion system is
activated.

(e) -Bxinguishes-atthe-nextpropulsion-systemt stmleonly-ifthe-cause
for-alerting-the-driver-has-been-corrected.

Post-crash fuel system integrity

Fuel Leakage Limit: the volumetric flow loydrogen gas leakage shall not
exceed an average of 118 NL per minute for 60 remuatfter the crash (in
para. 6.1.1. test procedures).
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5.2.2.2.

5.2.2.3.

5.3.
5.3.1.
5.3.1.1.

5.3.1.2.
53.1.2.1.

5.3.1.2.2.

5.3.1.2.2.1.

5.3.1.2.2.2.

5.3.1.2.2.3.

Concentration Limit in Enclosed Spacesdidgen gas leakage shall not
result in a hydrogen concentration in the air greéttan3+1.0 per cent] by
volume in the passenger, luggage and cargo comeatsnfpara. 6.1.2. test
procedures)The requirement is satisfied if it is confirmed tha the shut-
off valve of the storage system has closed withinsgeconds of the crash
and no leakage from the storage system.

Container Displacement. The storage coatgs) shall remain attached to the
vehicle at a minimum of one attachment point.

Electrical safety
Electrical Safety requirements - in-use
General

Paragraph 5.3.1. applies to the electric powemtiai fuel cell vehicles
equipped with one or more traction motor(s) opetdtg electric power and
not permanently connected to the grid, as well laairthigh voltage
components and systems which are conductively atedeto the high
voltage bus of the electric power train.

Requirements for protection against elestrock
Protection against electric shock

These electrical safety requirements apply to higitage buses under
conditions where they are not connected to extehigh voltage power
supplies.

Protection against direct contact

The protection against direct contact with live tpashall comply with
paragraphs 5.3.1.2.2.1. and 5.3.1.2.2.2. Theseqtimbs (solid insulator,
electrical protection barrier, enclosure, etc.) lishaot be opened,
disassembled or removed without the use of tools.

For protection of live parts inside thassenger compartment or luggage
compartment, the protection degree IPXXD shall tviged.

For protection of live parts in are#fser than the passenger compartment or
luggage compartment, the protection degree IPXXd| e satisfied.

Connectors
Connectors (including vehicle inlet) are deemecthéget this requirement if;

(@) they comply with paragraphs 5.3.1.2.2.1. and.1R.2.2. when
separated without the use of tools or

(b)  they are located underneath the floor and esgiged with a locking
mechanism or

(c) they are provided with a locking mechanism atider components
shall be removed with the use of tools in ordersaparate the
connector or

(d) the voltage of the live parts becomes equéletow DC 60V or equal
or below AC 30V (rms) within 1 second after the wgector is
separated
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5.3.1.2.2.4. Service disconnect

For a service disconnect which can be openedssksabled or removed
without tools, it is acceptable if protection degit@XXB is satisfied when it
is opened, disassembled or removed without tools.

5.3.1.2.2.5. Marking

5.3.1.2.2.5.1. The symbol shown in Figure 4 shaflesr on or near the RESS. The symbol
background shall be yellow, the bordering and thevashall be black.

Figure 4
Marking of high voltage equipment

5.3.1.2.2.5.2. The symbol shall be visible on esuttes and electrical protection barriers,
which, when removed, expose live parts of high agst circuits. This
provision is optional to any connectors for hightage buses. This provision
shall not apply to any of the following cases

(&)  where electrical protection barriers or endleswcannot be physically
accessed, opened, or removed; unless other vetociponents are
removed with the use of tools.

(b)  where electrical protection barriers or enctesu are located
underneath the vehicle floor

5.3.1.2.2.5.3Cables for high voltage buses which are not locaigin enclosures shall be
identified by having an outer covering with theaal orange.

5.3.1.2.3. Protection against indirect contact

5.3.1.2.3.1. -Iselation-Resistance-Meonitorii@r protection against electric shock which
could arise from indirect contact, the exposed cetide parts, such as the
conductive electrical protection barrier and enates shall be conductively
connected and secured to the electrical chasdiseMttrical wire or ground
cable, by welding, or by connection using bolt,. b that no dangerous
potentials are produced.

5.3.1.2.3.2. The resistance between all exposeduntine parts and the electrical chassis
shall be lower than 0.1 ohm when there is currémi fof at least 0.2
amperes. Demonstrated by using one of the testeduwes described in
para. 6.3.4.

This requirement is satisfied if the galvanic cection has been established
by welding. In case of doubts a measurement skathéde.

5.3.1.2.3.3. In the case of motor vehicles whiah @nnected to the grounded external
electric power supply through the conductive cotinaec a device to enable
the conductive connection of the electrical chassithe earth ground shall
be provided. If AC high voltage buses and DC higiitage buses are
galvanically connected, isolation resistance betwike high voltage bus and
the electrical chassis shall have a minimum valte&@0 Q/volt of the
working voltage.
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5.3.1.2.4.
5.3.1.2.4.1.

5.3.1.2.4.2.

[5.3.1.2.4.3.

5.3.1.2.4.4.

The device shall enable connection to the eartbumgt before exterior
voltage is applied to the vehicle and retain thenection until after the
exterior voltage is removed from the vehicle.

Compliance to this requirement may be demonstratdter by using the
connector specified by the car manufacturer, orabglysis (e.g. visual
inspection, drawings etc.).

Isolation resistano@nitoring system

In fuel cell vehicles, DC high voltdgeses shall have an on-board isolation
resistance monitoring system together with a warim the driver if the
isolation resistance drops below the minimum resirvalue of 100
ohms/volt. The function of the on-board isolatiogsistance monitoring
system shall be confirmed as described in para2.6.3

The isolation resistance between the high voltageof the coupling system
for charging the RESS, which is not energized inditions other than that
during the charging of the RESS, and the electritalssis need not to be
monitored.

Electric power train consisting of aggpe Direct Current or Alternating
Current buses

If AC high voltage buses and DC high voltage buses conductively

isolated from each other, isolation resistance betwthe high voltage bus
and the electrical chassis shall have a minimumevaf 100 ohms/volt of the
working voltage for DC buses, and a minimum valti&@0 ohms/volt of the

working voltage for AC buses.

The measurement shall be conducted according to f&8.1.
Electric power train consisting ofambined DC- and AC-buses

If AC high voltage buses and DC high voltage buseare galvanically
connected, isolation resistance between the high ltage bus and the
electrical chassis shall have a minimum value of B0Q/volt of the
working voltage.

However, if all AC high voltage buses are protecteby one of the two
following measures, isolation resistance betweenehigh voltage bus and
the electrical chassis shall have a minimum valuef 400 ohms/volt of the
working voltage.

(@) double or more layers of solid insulators, elégcal protection
barriers or enclosures that meet the requirement inparagraph
5.3.1.2.3. independently, for example wiring harnes

(b)  mechanically robust protections that have suffiient durability
over vehicle service life such as motor housings,leetronic
converter cases or connectors.]

Isolation resistance requirement f@ toupling system for charging the
RESS.

For the vehicle inlet intended to be conductivedyigected to the grounded
external AC power supply and the electrical circiliait is conductively
connected to the vehicle inlet during charging fRESS, the isolation
resistance between the high voltage bus and tltrield chassis shall be at
least 1M ohms when the charger coupler is discaedecDuring the
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5.3.1.3.

5.3.2.
5.3.2.1.

5.3.2.2.

5.3.2.2.1.

5.3.2.2.2.

measurement, the RESS may be disconnected. Theuragant shall be
conducted according to para. 6.3.1.

Functional safety

At least a momentary indication shall be givethi® driver when the vehicle
is in "active driving possible mode".

However, this provision does not apply under cthods where an internal
combustion engine provides directly or indirecthe tvehicle’s propulsion
power upon start up.

When leaving the vehicle, the driver shall be infed by a signal (e.g.
optical or audible signal) if the vehicle is sfitl the active driving possible
mode.

If the on-board RESS can be externally chargetiicle movement by its
own propulsion system shall be impossible as longha connector of the
external electric power supply is physically corteddo the vehicle inlet.

This requirement shall be demonstrated by usiegctinnector specified by
the car manufacturer.

The state of the drive direction control unit $tha&l identified to the driver.
Electric safety requirements — post-crash
General

Fuel cell vehicles equipped with electric poweainr shall meet the

requirements of paragraphs 5.3.2.2. to 5.3.2.4s Thn be met by a separate
impact test provided that the electrical componeatdsnot influence the

occupant protection performance of the vehicle ypelefined in the impact

regulation. In case of this condition the requiraeteeof paras. 5.3.2.2. to

5.3.2.4. shall be checked in accordance with théhods set out in para.

6.3.5.

Protection against electric shock

After the impact at least one of the three critesjeecified in paragraphs
5.3.2.2.1.t0 5.3.2.2.3. shall be met.

If the vehicle has an automatic disconnect fungtion device(s) that
conductively divide the electric power train circduring driving condition,

at least one of the following criteria shall appdythe disconnected circuit or
to each divided circuit individually after the dismect function is activated.
However criteria defined in para. 5.3.2.2.2. stmalt apply if more than a
single potential of a part of the high voltage limisiot protected under the
conditions of protection IPXXB.

In the case that the test is performed under timeliton that part(s) of the
high voltage system are not energized, the prateaainst electric shock
shall be proved by either para. 5.3.2.2.2. or para.2.2.3. for the relevant
part(s).

Absence of high voltage

The voltages Vb, V1 and V2 of the high voltage Isuskall be equal or less
than 30 VAC or 60 VDC within 60 seconds after thact as specified in
para. 6.3.5. and para. 6.3.5.2.2.

Isolation resistance
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5.3.2.2.2.1.

5.3.2.2.2.2.

[5.3.2.2.3.

5.3.2.3.

5.3.2.4.

The criteria specified in the paragraphs 5.3.212.and 5.3.2.2.2.2. below
shall be met.

The measurement shall be conducted in accordaribepaiagraph 6.3.5.2.3.
of paragraph 6.3.5.

Electrical power train consisting @parate DC- and AC-buses

If the AC high voltage buses and the DC high vatagses are conductively
isolated from each other, isolation resistance betwthe high voltage bus
and the electrical chassis (Ri, as defined in papy 6.3.5.2.3. of 6.3.5.)
shall have a minimum value of 1@volt of the working voltage for DC
buses, and a minimum value of 5Qvolt of the working voltage for AC
buses.

Electrical power train consisting ofrbined DC- and AC-buses

If the AC high voltage buses and the DC high vatagses are conductively
connected they shall meet one of the following neguents:

(@) isolation resistance between the high voltage &nd the electrical
chassis (Ri, as defined in paragraph 6.3.5.2.%.356.) shall have a
minimum value of 50@/volt of the working voltage.

(b) isolation resistance between the high voltage &nd the electrical
chassis (Ri, as defined in paragraph 6.3.5.2.%.356.) shall have a
minimum value of 10@/volt of the working voltage and the AC bus
meets the physical protection as described in 3aBa2.2.3.

(c) isolation resistance between the high voltage &nd the electrical
chassis (Ri, as defined in paragraph 6.3.5.2.%.356.) shall have a
minimum value of 10@/volt of the working voltage and the AC bus
meets the absence of high voltage as describearin 5.3.2.2.1.

Physical protection

For protection against direct contact with high votage live parts, the
protection IPXXB shall be provided.

In addition, for protection against electric shockwhich could arise from
indirect contact, the resistance between all expodeonductive parts and
electrical chassis shall be lower than 0.1 ohm whehere is current flow
of at least 0.2 amperes.

This requirement is satisfied if the galvanic conngtion has been
established by welding. In case of doubts a measunent shall be made.]

Electrolyte spillage

In the period from the impact until 30 minutes aft@ electrolyte from the
RESS shall spill into the passenger compartmentanchore than 7 per cent
of electrolyte shall spill from the RESS outside gassenger compartment.

The manufacturer shall demonstrate compliance icor@ance with
paragraph 6.3.5.2.6. of 6.3.5.

RESS retention

RESS located inside the passenger compartmentreiadlin in the location
in which they are installed and RESS componentl straain inside RESS
boundaries.
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6.1.
6.1.1.

6.1.1.1.

No part of any RESS that is located outside thesgrager compartment for
electric safety assessment shall enter the passeng®gartment during or
after the impact test.

The manufacturer shall demonstrate compliance icor@ance with
paragraph 6.3.5.2.7. of 6.3.5.

Test Conditions and Procedures

Compliance Tests for Fuel System Integrity
Post-Crash Compressed Hydrogen StoragerBystak Test

The crash tests used to evaluate post-crash hydrtepkage are those
already applied in the jurisdictions of each coctirgy party.

Prior to conducting the crash test, instrumentaigsanstalled in the hydrogen
storage system to perform the required pressure #amdperature
measurements if the standard vehicle does notdgireave instrumentation
with the required accuracy.

The storage system is then purged, if necessatpwiog manufacturer
directions to remove impurities from the contaibefore filling the storage
system with compressed hydrogen or helium gas.eSihe storage system
pressure varies with temperature, the targetegrilsure is a function of the
temperature. The target pressure shall be detedmiien the following
equation:

Prarge= NWP X (273 + T) / 288

where NWP is the Nominal Working Pressure (MPa),isl the ambient
temperature to which the storage system is expeotsditle, and Rgeis the
targeted fill pressure after the temperature settle

The container is filled to a minimum of 95 per caftthe targeted fill
pressure and allowed to settle (stabilize) priczdnducting the crash test.

The main stop valve and shut-off valves for hydrogms, located in the
downstream hydrogen gas piping, are kept open iratedy prior to the
impact.

Post-crash leak test — compressed hydragerage system filled with
compressed hydrogen

The hydrogen gas pressurg, (R1IPa), and temperature, {C), is measured
immediately before the impact and then at a tinteriral, At (min), after the
impact. The time intervalit, starts when the vehicle comes to rest after the
impact and continues for at least 60 minutes. Tihee tinterval, At, is
increased if necessary in order to accommodate ureragent accuracy for a
storage system with a large volume operating upOfdPa; in that caseit

can be calculated from the following equation:

At = VeussX NWP /1000 x ((0.027 x NWP +4) xR 0.21) -1.7 X R

where R= P,/ NWP, R is the pressure range of the pressure sensor (MPa)
NWP is the Nominal Working Pressure (MPakuys is the volume of the
compressed hydrogen storage system (L),Zdrid the time internal (min). If
the calculated value dft is less than 60 minuteAt is set to 60 minutes.
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The initial mass of hydrogen in the storage systamn be calculated as
follows:

P, = Pyx 288/ (273 + )
po. = —0.0027 x (R)?+ 0.75 x B + 0.5789
Mo =po X Vchss

Correspondingly, the final mass of hydrogen ingterage system, Mat the
end of the time internalpt, can be calculated as follows:

P’ =P;x 288/ (273 +7)
pf =—0.0027 x (P)?+ 0.75 x P + 0.5789
Mt =pf' X Vchss

where Ris the measured final pressure (MPa) at the erideofime interval,
and T is the measured final temperature (°C).

The average hydrogen flow rate over the time imtefthat shall be less than
the criteria in B 5.2.2.1.) is therefore

Vi = (M-My) / At X 22.41 / 2.016 X (Rget/P)

where \, is the average volumetric flow rate (NL/min) ovélre time
interval and the term (B /P;) is used to compensate for differences
between the measured initial pressuggaRd the targeted fill pressurg R

Post-Crash Leak Test — Compressed hydregmage system filled with
compressed helium

The helium gas pressureg fMPa), and temperature, T°C), are measured
immediately before the impact and then at a predéted time interval after
the impact. The time intervaht, starts when the vehicle comes to rest after
the impact and continues for at least 60 minutes.

The time intervalAt, shall be increased if necessary in order to mocodate
measurement accuracy for a storage system wittge {olume operating up
to 70MPa; in that cas@t can be calculated from the following equation:

At = VepssX NWP /1000 x ((-0.028 x NWP +5.5) xR 0.3) — 2.6 xR

where R= P,/ NWP, R is the pressure range of the pressure sensor (MPa)
NWP is the Nominal Working Pressure (MPaknYs is the volume of the
compressed storage system (L), ads the time internal (min). If the value

of At is less than 60 minuteAt is set to 60 minutes.

The initial mass of hydrogen in the storage systeaalculated as follows:
Py =P,x 288/ (273 + )

po’ = —0.0043 x (P)?+ 1.53 x B’ + 1.49

Mo =po’ X Vchss

The final mass of hydrogen in the storage systerth@tend of the time
internal,At, is calculated as follows:

P’ =P;x 288/ (273 +7)
pf =—0.0043 x (P)?+ 1.53 x P + 1.49
M =pf X Vchss
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6.1.2.

where Ris the measured final pressure (MPa) at the erideofime interval,
and T is the measured final temperature (C).

The average helium flow rate over the time inteisaherefore
Ve = (M-M) / At x 22.41 1 4.003 X (# Piarge)

where Ve is the average volumetric flow rate (NL/min) owvdlre time
interval and the termJPPqeiiS Used to compensate for differences between
the measured initial pressure,XBnd the targeted fill pressurg.(R).

Conversion of the average volumetric flow of helitorthe average hydrogen
flow is done with the following expression:

VHZ = VHe/ 0.75

where \{;, is the corresponding average volumetric flow of rogdn(that
shall be less than the criteria in B 5.2.2.1. tespa

Post-Crash Concentration Test for Encl&mates

The measurements are recorded in the crash testetiaduates potential
hydrogen (or helium) leakage (test procedure afal.).

Sensors are selected to measure either the buitd-tine hydrogen or helium
gas or the reduction in oxygen (due to displacenwtir by leaking
hydrogen/helium).

Sensors are calibrated to traceable referencasstore an accuracy ab per
cent at the targeted criteria of 4 per cent hydnoge 3 per cent helium by
volume in air, and a full scale measurement cajpalaif at least 25 per cent
above the target criteria. The sensor shall beldapd a 90 per cent response
to a full scale change in concentration within &6ands.

Prior to the crash impact, the sensors are lodatede passenger, luggage,
and cargo compartments of the vehicle as follows:

(@) At a distance within 250 mm of the headlineoabthe driver's seat
or near the top centre the passenger compartment.

(b) At a distance within 250 mm of the floor in ffitcof the rear (or rear
most) seat in the passenger compartment.

(c) At a distance within 100 mm of the top of luggaand cargo
compartments within the vehicthat are not directly affected by the
particular crash impact to be conducted.

The sensors are securely mounted on the vehicletste or seats and
protected for the planned crash test from debiisbag exhaust gas and
projectiles. The measurements following the cragle aecorded by
instruments located within the vehicle or by renmoé@msmission.

The vehicle may be located either outdoors in aa arotected from the
wind and possible solar effects or indoors in acephat is large enough or
ventilated to prevent the build-up of hydrogen torenthan 10 per cent of the
targeted criteria in the passenger, luggage, argbe@mpartments.

Post-crash data collection in enclosed spaces corgsewhen the vehicle
comes to a rest. Data from the sensors are cdllettéeast every 5 seconds
and continue for a period of 60 minutes after #wmt.tA first-order lag (time
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6.1.3.

6.1.3.1.

6.1.3.1.1.
6.1.3.1.1.1

6.1.3.1.1.2.

6.1.3.1.2.
6.1.3.1.2.1.

6.1.3.1.2.2.

6.1.3.2.

6.1.3.2.1.
6.1.3.2.1.1.
6.1.3.2.1.2.

6.1.3.2.1.3.

constant) up to a maximum of 5 seconds may be egbpdi the measurements
to provide "smoothing" and filter the effects ofisppus data points.

The filtered readings from each sensor shall bevb¢he targeted criteria of
3+1.0 per cent for hydrogen an&t+1.0 per cent for helium at all times
throughout the 60 minutes post-crash test period.

Compliance Test for Single Failure Condisio
Either test procedure of para. 6.1.3.1. or pafa3&. shall be executed:
Test Procedure for Vehicle Equipped witldtdgen Gas Leakage Detectors

Test Condition

Test vehicle. The propulsion systertheftest vehicle is started, warmed up
to its normal operating temperature, and left ojigaor the test duration. If
the vehicle is not a fuel cell vehicle, it is wahep and kept idling. If the
test vehicle has a system to stop idling automifiticameasures are taken so
as to prevent the engine from stopping.

Test gas. Two mixtures of air and bgdn gas2+1.0 per cent concentration
(or less) of hydrogen in the air to verify functiohthe warning, an@+1.0
per cent concentration (or less) of hydrogen inatingo verify function of the
shut-down. The proper concentrations are selecteded on the
recommendation (or the detector specification)Heyrhanufacturer.

Test method

Preparation for the test. The tespislucted without any influence of wind.

(@) A test gas induction hose is attached to thdrdgen gas leakage
detector.

(b)  The hydrogen leak detector is enclosed witlhnaecto make gas stay
around hydrogen leak detector.
Execution of the test
(@) Testgas is blown to the hydrogen gas leaketgctbr.

(b)  Proper function of the warning system is canéd when tested with
the gas to verify function of the warning.

(c)  The main shut-off valve is confirmed to be eldsvhen tested with
the gas to verify function of the shut-down. Foraewle, the
monitoring of the electric power to the shut-offweaor of the sound
of the shut-off valve activation may be used tofronthe operation
of the main shut-off valve of the hydrogen supply.

-AlternativeTest Procedure for integrity of enclosed space$ @detection
systems.

Preparation:
The test is conducted without anyrfice of wind.

Special attention is paid to the ¢éesronment as during the test flammable
mixtures of hydrogen and air may occur.

Prior to the test the vehicle is prepato allow remotely controllable
hydrogen releases from the hydrogen system. Thédeyrocation and flow
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6.1.3.2.1.4.

6.1.3.2.2.
6.1.3.2.2.1.
6.1.3.1.2.2.

6.1.3.2.2.3.
6.1.3.2.2.4.

6.1.3.2.2.5.

6.1.4.
6.1.4.1.

6.1.4.2.

6.1.4.3.

6.1.4.4.

6.1.4.5.

6.1.5.

capacity of the release points downstream of thia imgdrogen shutoff valve
are defined by the vehicle manufacturer taking woease leakage scenarios
into account. As a minimum, the total flow of ahnotely controlled releases
shall be adequate to trigger demonstration of titeraatic "warning" and
hydrogen shut-off functions.

For the purpose of the test, hydragmtentration detectors are installed in
enclosed or semi enclosed volumes on the vehicleravihydrogen can
accumulate from the simulated hydrogen releasespam. 6.1.3.2.1.3.).

Procedure:
Vehicle doors, windows and other cewee closed.

The propulsion system is startedwatbto warm up to its normal operating
temperature and left operating at idle for the diesation.

A leak is simulated using the remot&mllable function.

The hydrogen concentration is meastwetinuously until the concentration
does not rise for 3 minute¥hen testing for compliance with B.5.2.1.4.3,
the simulated leak is then increased using the teeroontrollable function
until the main hydrogen shutoff valve is closed ahd tell-tale warning
signal is activated. The monitoring of the elecpr@wer to the shut-off valve
or of the sound of the shut-off valve activationyniee used to confirm the
operation of the main shut-off valve of the hydnogepply.

When testing for compliance with B.5.2.1.4.3the test is successfully
completed if the tell-tale warning and shut-off ¢tion are executed at (or
below) the levels specified in paragraph-5-2-1-4r15.2.1.4.3.; otherwise,
the test is failed and the system is not qualifedrehicle service.

Compliance Test for the Vehicle Exhaust&wys

The power system of the test vehicle (éugl cell stack or engine) is
warmed up to its normal operating temperature.

The measuring device is warmed up bef@® to its normal operating
temperature.

The measuring section of the measuringcdas placed on the centre line of
the exhaust gas flow within 100 mm from the exhaast outlet external to
the vehicle.

The exhaust hydrogen concentration isimootisly measured during the
following steps:

(@) The power system is shut down

(b)  Upon completion of the shut-down process, tlwsvgr system is
immediately started.

(c) After a lapse of one minute, the power systamrturned off and
measurement continues until the power system stwtidorocedure
is completed.

The measurement device shall have a nerasuat response time of less than
300 milliseconds.

Compliance Test for Fuel Line Leakage
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6.1.5.1.

6.1.5.2.

6.1.5.3.
6.1.5.4.

6.1.5.5.

6.1.6.

6.2.
6.2.1.

6.2.2.

6.2.2.1.

6.2.2.2.

The power system of the test vehicle (éugl cell stack or engine) is
warmed up and operating at its normal operatingptgature with the
operating pressure applied to fuel lines.

Hydrogen leakage is evaluated at access#ytions of the fuel lines from
the high-pressure section to the fuel cell staaktife engine), using a gas
detector or leak detecting liquid, such as soaptiswl.

Hydrogen leak detection is performed prilpat joints

When a gas leak detector is used, detectiperformed by operating the
leak detector for at least 10 seconds at locatamzlose to fuel lines as
possible.

When a leak detecting liquid is used, bgdn gas leak detection is
performed immediately after applying the liquid. dddition, visual checks
are performed a few minutes after the applicatibhqaid in order to check

for bubbles caused by trace leaks.

Installation verification
The system is visually inspected for compliance.
Test Procedures for Compressed Hydrogendiora

Test procedures for qualification requireteenf compressed hydrogen
storage are organized as follows:

Section 6.2.2 is the Test Procedures for Baselineefformance Metrics
(requirement of para. 5.1.1.)

Section 6.2.3 is the Test Procedures for Performaa Durability
(requirement of para. 5.1.2.)

Section 6.2.4 is the Test Procedures for Expectéh-Road Performance
(requirement of para. 5.1.3.)

Section 6.2.5 is the Test Procedures for Service efminating
Performance in Fire (requirement of para. 5.1.4.)

Section 6.2.6 is the Test Procedures for Primary IGsures with the
Hydrogen Storage System (requirement of para. 5.16

Test Procedures for Baseline PerformanceriddePart (requirement of
para. 5.1.1.)

Burst Test (Hydraulic). The burst testasducted at 286)°C using a non-
corrosive fluid. The rate of pressurization is I#san or equal to 1.4 MPa/s
for pressures higher than 150 per cent of the nalmworking pressure. If the
rate exceeds 0.35 MPa/s at pressures higher tharp&5cent NWP, then
either the container is placed in series betweenptiessure source and the
pressure measurement device, or the time at thesyme above a target burst
pressure exceeds 5 seconds. The burst pressutge afontainer shall be
recorded.

Pressure Cycling Test (Hydraulic). The ieperformed in accordance with
the following procedure:

(@)  The container is filled with a non-corrosivaid.

(b)  The container and fluid are stabilized at thecified temperature and
relative humidity at the start of testing; the eomiment, fuelling fluid
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6.2.3.
6.2.3.1.

6.2.3.2.

Figure 5

and container skin are maintained at the spectéatperature for the
duration of the testing. The container temperatneg vary from the
environmental temperature during testing.

(c)  The container is pressure cycled betweefl? MPa and the target
pressure at a rate not exceeding 10 cycles pertenfouthe specified
number of cycles.

(d) The temperature of the hydraulic fluid withitnet container is
maintained and monitored at the specified tempegatu

Test Procedures for Performance Dural{iigrt paragraph 5.1.2.)

Proof Pressure Test. The system is pliessusmoothly and continually with
a non-corrosive hydraulic fluid until the targestt@ressure level is reached
and then held for the specified time: nt

Drop (Impact) Test (Unpressurizetile storage containes drop tested at
ambient temperature without internal pressurizatorattached valves. The
surface onto which the containers are dropped $&lealk smooth, horizontal
concrete pad or other flooring type with equivaleatdness.

(@) The orientation of the container being droppedper requirement
B.5.1.2.2) is determined as follows: One or more didional
container(s) shall be dropped in each of the orieations described
below. The drop orientations may be executed with aingle
container or as many as four containers may be usedo
accomplish the four drop orientations.

0] Dropped once from a horizontal position with thettbm
1.8 m above the surface onto which it is dropped.

(i) Dropped once ontthe end of the container from a vertical
position with the ported end downward with a potential
energy of not less than 488J, with the height efldwer end
no greater than 1.8 m.

(iii) Dropped once onto the end of the containerfrom a
vertical position with the ported end upward with a
potential energy of not less than 488 J, with thedight of
the lower end no greater than 1.8 m. If the contaier is
symmetrical (identical ported ends), this drop orietation
is not required

(iv) Dropped once at a 45° andie®m the vertical orientation
with a ported end downward with its centre of gravity 1.8 m
above the ground. However, if the bottom is closethe
ground than 0.6 m, the drop angle shall be changged
maintain a minimum height of 0.6 m and a centrgmivity
of 1.8 m above the ground.

The four droporientations are illustrated below.
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I >0.6m

* center of gravity

No attempt shall be made to prevent the bouncingontainers, but the
containers may be prevented from falling over dyrine vertical drop test
described in b) above.

If more than one container is used to execute allhtee drop
specifications, then those containers shall underg@ressure cycling
according to B 6.2.2.2. until either leakage or [22,000] cycleghaut
leakage have occurred. Leakage shall not occurirwitimber of Cycles
(5,500, 7,500 or 11,000).

The orientation of the container being dropped per regirement

B.5.1.2.2. new—container-that-will-undergo—further—testing-specified—in
paragraph-5-1-2shall be identified as follows:

(@) If a single container was subjected to all four drp orientations,
then the container being dropped per requirement B.1.2.2 shall
be dropped in all four orientations.

(b) If more than one container is used to executehé four drop
orientations, and if all containers reach [22,000] cycles withou
leakage, then therientation of the container being dropped per
requirement B.5.1.2.2 is the 45 orientation (iv), and that
container shall thenundergo further testing as specified in paragraph
5.1.2.
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(c) If more than one container is used to executehé¢ four drop
orientations and if any container does not reach [22,000] cycles
without leakage, then the new container shall tgested to the drop
orientation(s) that resulted in the lowest number of cyclefetikage

and then will undergo further testing as specifredaragraph 5.1.2

6.2.3.3. Surface Damage Test (Unpressurized). €heproceeds in the following
sequence:

(&)  Surface Flaw Generation: Two longitudinal sasare made on the
bottom outer surface of the unpressurized horizattaiage container
along the cylindrical zone close to but not in #iulder area. The
first cut is at least 1.25 mm deep and 25 mm lanwatd the valve
end of the container. The second cut is at lea& m deep and
200 mm long toward the end of the container oppdki valve.

(b)  Pendulum Impacts: The upper section of the Zootal storage
container is divided into five distinct (not ovesfaing) areas 100 mm
in diameter each (see Figure 6). After 12 hoursgnmditioning at —
40 °C in an environmental chamber, the centre cheaf the five
areas sustains the impact of a pendulum having ranpgt with
equilateral faces and square base, the summitdgeséeing rounded
to a radius of 3 mm. The centre of impact of thedaum coincides
with the centre of gravity of the pyramid. The ageof the pendulum
at the moment of impact with each of the five mdrlkeeas on the
container is 30 J. The container is secured inepthaing pendulum
impacts and not under pressure.

N,

Figure 6
Side view of tank

“Side” View of Tank

6.2.3.4. Chemical Exposure and Ambient TemperaRuressure Cycling Test. Each
of the 5 areas of the unpressurized container pdittoned by pendulum
impact (paragraph 6.4.2.5.2.) is exposed to ofizw@folutions:

(@) 19 per cent (by volume) sulphuric acid in wdbattery acid),
(b) 25 per cent (by weight) sodium hydroxide inevat

(c) 5 per cent (by volume) methanol in gasolinalid@$ in fuelling
stations),

(d) 28 per cent (by weight) ammonium nitrate in evafurea solution),
and

(e) 50 per cent (by volume) methyl alcohol in waemdshield washer
fluid).
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6.2.3.5.

6.2.4.

6.2.4.1.

6.2.4.2.

6.2.4.3.

The test container is oriented with the fluid esype@ areas on top. A pad of
glass wool approximately 0.5 mm thick and 100 mrdiameter is placed on

each of the five preconditioned areas. A sufficiemtount of the test fluid is

applied to the glass wool sufficient to ensure thatpad is wetted across its
surface and through its thickness for the duratiotie test.

The exposure of the container with the glass vieahaintained for 48 hrs
with the container held at 125 per cent NWP (apipfigdraulically) and 20 °
(x5)C before the container is subjected to furtesting.

Pressure cycling is performed to the specifiedaapressures according to
paragraph 6.2.2.2. at 2K)°C for the specified numbers of cycles. The glass
wool pads are removed and the container surfacensed with water the
final 10 cycles to specified final target pressare conducted.

Static Pressure Test (Hydraulic). Theagfersystem is pressurized to the
target pressure in a temperature-controlled chanities temperature of the
chamber and the non-corrosive fuelling fluid ischat the target temperature
within £5°C for the specified duration.

Test Procedures for Expected On-Road Peafocen(para. 5.1.3.)

(Pneumatic test procedures are provided; Hydratlest elements are
described in para. 6.3.2)

Gas Pressure Cycling Test (Pneumaticthétonset of testing, the storage
system is stabilized at the specified temperatgiative humidity and fuel
level for at least 24 hrs. The specified tempesatamd relative humidity is
maintained within the test environment throughdwat temainder of the test.
(When required in the test specification, the systemperature is stabilized
at the external environmental temperature betweesspre cycles.) The
storage system is pressure cycled between less 2fd) MPa and the
specified maximum pressurel(MPa). If system controls that are active in
vehicle service prevent the pressure from droppiejow a specified
pressure, the test cycles shall not go below thatified pressure. The fill
rate is controlled to a constant 3-minute pressamep rate, but with the fuel
flow not to exceed 60 g/s; the temperature of tyardgen fuel dispensed to
the container is controlled to the specified terapge. The defuelling rate is
controlled to greater than or equal to the intendekicle’s maximum fuel-
demand rate. The specified number of pressure sysleconducted. If
devices and/or controls are used in the intendbitleeapplication to prevent
an extreme internal temperature, the test may bedwated with these
devices and/or controls (or equivalent measures).

Gas Permeation Test (Pneumatic). A stosagtem is fully filled with
hydrogen gas (full fill density equivalent to 10@rpcent NWP at 15 °C is
113 per cent NWP at 55 °C) and held at 55 °C ieadesl container. The total
steady-state discharge rate due to leakage andeptom from the storage
system is measured.

Localized Gas Leak Test (Pneumatic). Abbribest may be used to fulfil this
requirement. The following procedure is used whendecicting the bubble
test:

(@) The exhaust of the shutoff valve (and otheerimdl connections to
hydrogen systems) shall be capped for this testh@sest is focused
at external leakage).
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6.2.5.
6.2.5.1.

6.2.5.1.1.

6.2.5.1.2.

At the discretion of the tester, the test artitiay be immersed in the
leak-test fluid or leak-test fluid applied to thest article when resting
in open air. Bubbles can vary greatly in size, aej@g on conditions.
The tester estimates the gas leakage based onziéhearsd rate of
bubble formation.

(b) Note: For a localized rate of 0.005 mg/sec (8lBL/min), the
resultant allowable rate of bubble generation isual2,030 bubbles
per minute for a typical bubble size of 1.5 mm iandeter. Even if
much larger bubbles are formed, the leak shoulcehdily detectable.
For an unusually large bubble size of 6 mm in di@mdhe allowable
bubble rate would be approximately 32 bubbles peuta.

Test Procedures for Service TerminatingdPerdnce in Fire (para. 5.1.4.)
Fire Test (pneumatic)

The hydrogen container assembly consists of thmpcessed hydrogen
storage system with additional relevant featumdyding the venting system
(such as the vent line and vent line covering) ang shielding affixed
directly to the container (such as thermal wrapghef container(s) and/or
coverings/barriers over the TPRD(s)).

Either one of the following two methods are useddentify the position of
the system over the initial (localized) fire source

Method I: Qualification for a GenericofiNSpecific) Vehicle Installation

If a vehicle installation configuration is not sifeed (and the qualification of

the system is not limited to a specific vehicletafiation configuration) then

the localized fire exposure area is the area onetstearticle farthest from the
TPRD(s). The test article, as specified above, ordludes thermal shielding
or other mitigation devices affixed directly to tbentainer that are used in all
vehicle applications. Venting system(s) (such aswant line and vent line
covering) and/or coverings/barriers over the TPRIX® included in the

container assembly if they are anticipated for useny application. If a

system is tested without representative componeetissting of that system
is required if a vehicle application specifies thee of these type of
components.

Method 2: Qualification for a SpecifieNicle Installation

If a specific vehicle installation configuratiorns ispecified and the
qualification of the system is limited to that sifiecvehicle installation
configuration, then the test setup may also inclotier vehicle components
in addition to the hydrogen storage system. Thetgcle components (such
as shielding or barriers, which are permanenthachiéd to the vehicle’'s
structure by means of welding or bolts and notxaffito the storage system)
shall be included in the test setup in the vehisttalled configuration
relative to the hydrogen storage system. This ipedlfire test is conducted
on the worst case localized fire exposure areasdam the four fire
orientations: fires originating from the directionf the passenger
compartment, cargo/luggage compartment, wheel wallground-pooled
gasoline.

The container may be subjected to engulfing firtheut any shielding
components, as described in paragraph 6.2.5.2.
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The following test requirements apply whether Methl or 2 (above) is
used:

(@)  The container assembly is filled with compresisgdrogen gas at 100
per cent of NWP. The container assembly is postiohorizontally
approximately 100 mm above the fire source. (Natg:stated in
para. 5.1.4., contracting parties under the 199&&gent may choose
to use compressed air as an alternative test gaftfication of the
container for use in their countries or regions.)

Localized Portion of the Fire Test

(b)  The localized fire exposure area is locatedhmntest article furthest
from the TPRD(s). If Method 2 is selected and marerable areas
are identified for a specific vehicle installatioonfiguration, the more
vulnerable area that is furthest from the TPRD{g)asitioned directly
over the initial fire source.

(c) The fire source consists of LPG burners coméiguto produce a
uniform minimum temperature on the test article soead with a
minimum 5 thermocouples covering the length oftdst article up to
1.65 m maximum (at least 2 thermocouples within ldwlized fire
area, and at least 3 thermocouples equally spawgch@ more than
0.5 m apart in the remaining area) located 25 mfh®mm from the
outside surface of the test article along its ltudjhal axis. At the
option of the manufacturer or testing facility, &uaohal
thermocouples may be located at TPRD sensing poimemy other
locations for optional diagnostic purposes.

(d)  Wind shields are applied to ensure uniform ingat

(e) The fire source initiates within a 250 ma®0 mm longitudinal
expanse positioned under the localized exposura afethe test
article. The width of the fire source encompaséesentire diameter
(width) of the storage system. If Method 2 is stdd¢the length and
width shall be reduced, if necessary, to accountvéhicle-specific
features.

)] As shown in Figure 7 the temperature of therttecouples in the
localized fire area has increased continuousliyt teast 600C within
3 minutes of ignition, and a temperature of at tle@80 °C is
maintained for the next 5 minutes. The temperatarthe localized
fire area shall not exceed 900 °C during this geridompliance to the
thermal requirements begins 1 minute after entetiiegperiod with
minimum and maximum limits and is based on a 1-teinwlling
average of each thermocouple in the region of @ster(Note: The
temperature outside the region of the initial Soarce is not specified
during these initial 8 minutes from the time ofitgm.)

[The below profiles for fire time are being consield by SGS group:

Figure 7
Temperature profile of fire test
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Figure 8
Sequence of fire test
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Engulfing Portion of the Fire Test

Within the next 2-minute interval, the temperataleng the entire surface of
the test article shall be increased to at least ®@&nd the fire source is
extended to produce a uniform temperature alongtiiee length up to 1.65
meters and the entire width of the test articleg(éfing fire). The minimum
temperature is held at 800°C, and the maximum teatpe shall not exceed
1100°C. Compliance to thermal requirements begins luteimfter entering
the period with constant minimum and maximum lingited is based on a 1-
minute rolling average of each thermocouple.

The test article is held at temperature (engulfiing condition) until the
system vents through the TPRD and the pressure tfalless than 1 MPa.
The venting shall be continuous (without interrap)i and the storage
system shall not rupture. An additional releaseubh leakage (not including
release through the TPRD) that results in a flantle length greater than 0.5
m beyond the perimeter of the applied flame shatllatcur.

Documenting Results of the Fire Test

The arrangement of the fire is recorded in sudfitidetail to ensure the rate
of heat input to the test article is reproducifilee results include the elapsed
time from ignition of the fire to the start of vamy through the TPRD(s), and
the maximum pressure and time of evacuation uriilessure of less than 1
MPa is reached. Thermocouple temperatures and inentpressure are
recorded at intervals of every 10 sec or less dutie test. Any failure to
maintain specified minimum temperature requireméated on the 1-minute
rolling averages invalidates the test result. Aajufe to maintain specified
maximum temperature requirements based on the (tenilling averages
invalidates the test result only if the test aetifdiled during the test.

6.2.5.2. Engulfing fire test:

The test unit is the compressed hydrogen stonggfers. The storage system
is filled with compressed hydrogen gas at 100 et &NWP. The container
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6.2.6.

6.2.6.1.

6.2.6.1.1.

6.2.6.1.2.

is positioned horizontally with the container baott@pproximately 100 mm
above the fire source. Metallic shielding is usedptevent direct flame
impingement on container valves, fittings, and/a@sgure relief devices. The
metallic shielding is not in direct contact withetlspecified fire protection
system (pressure relief devices or container valve)

A uniform fire source of 1.65 m (65 in) length pides direct flame
impingement on the container surface across iiseetibmeter. The test shall
continue until the container fully vents (until tleentainer pressure falls
below 0.7MPa (100 psi)). Any failure or inconsistgrof the fire source
during a test shall invalidate the result.

Flame temperatures shall be monitored by at I¢laste thermocouples
suspended in the flame approximately 25 mm (1 @ipw the bottom of the
container. Thermocouples may be attached to stdxdscup to 25 mm (1 in)
on a side. Thermocouple temperature and the camtgressure shall be
recorded every 30 seconds during the test.

Within five minutes after the fire is ignited, amerage flame temperature of
not less than 590°C (as determined by the averhteedwo thermocouples
recording the highest temperatures over a 60 secwed/al) is attained and
maintained for the duration of the test.

If the container is less than 1.65 m in lengtle, ¢bntre of the container shall
be positioned over the centre of the fire sourcihd container is greater than
1.65m in length, then if the container is fittedtwa pressure relief device at
one end, the fire source shall commence at thesijgpend of the container.
If the container is greater than 1.65 m in lengtld & fitted with pressure

relief devices at both ends, or at more than onation along the length of

the container, the centre of the fire source dghaltentred midway between
the pressure relief devices that are separatedhbygteatest horizontal

distance.

The container shall vent through a pressure rdbefce without bursting.

Test Procedures for Primary Closures witthie Compressed Gaseous
Hydrogen Storage System (para. 5.1.5. requirement).

Compressed Hydrogen Storage TPRD Quadldit®erformance Tests

Testing is performed with hydrogen gas having gaality compliant with
ISO 14687-2/SAE J2719. All tests are performednalbiant temperature 20
(x5)°C unless otherwise specified. ThHERD qualification performance tests
are specified as follows:

Pressure Cycling Test.

Five TPRD units undergo 11,000 internal pressycdes with hydrogen gas
having gas quality compliant with 1SO 14687-2/SAE/T9. The first five
pressure cycles are between €DMPa and 150 per cent NWE(MPa); the
remaining cycles are betweent2jMPa and 125 per cent NWAHMPa).
The first 1500 pressure cycles are conducted aPRDI temperature of
+85 °C. The remaining cycles are conducted at a O’ R&mperature of
+55 °C. The maximum pressure cycling rate is teclesy per minute.
Following this test, the pressure relief devicellsimeet the requirements of
the Leak Test (B 6.2.6.1.8.), Flow Rate Test (paaply 6.2.6.1.10.) and the
Bench Top Activation Test (paragraph 6.2.6.1.9.).

Accelerated Life Test.
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6.2.6.1.3.

6.2.6.1.4.

6.2.6.1.5.

Eight TPRD units undergo testing; three at the ufeaturer's specified
activation temperature, Tact, and five at an acatdd life temperature, Tlife
= 9.1 x Tact0.503. The TPRD is placed in an ovefiquid bath with the
temperature held constant (+1 °C). The hydrogenpgessure on the TPRD
inlet is 125 per cent NWP+{MPa). The pressure supply may be located
outside the controlled temperature oven or batlthEdevice is pressured
individually or through a manifold system. If a nifaid system is used, each
pressure connection includes a check valve to ptegeessure depletion of
the system when one specimen fails. The three TPiefled at tact shall
activate in less than ten hours. The five TPRDsetkst Tlife shall not
activate in less than 500 hours.

Temperature Cycling Test

(@  Anunpressurized TPRD is placed in a liquichbatintained at -40°C
at least two hours. The TPRD is transferred to quidi bath
maintained at +85 °C within five minutes, and mainéd at that
temperature at least two hours. The TPRD is trarefeto a liquid
bath maintained at -40 °C within five minutes.

(b)  Step (@) is repeated until 15 thermal cyclesHzeen achieved.

(c)  With the TPRD conditioned for a minimum of tlours in the -40 °C
liquid bath, the internal pressure of the TPRDyisled with hydrogen
gas between < 2MPa and 80 per cent NWP for 10@sywehile the
liquid bath is maintained at — 40 °C.

(d)  Following the thermal and pressure cycling, THRRD shall meet the
requirements of the Leak Test (para. 6.2.6.1.&Jept that the Leak
Test and Flow Rate Test (para. 6.2.6.1.10.) arelwtted at - 40°C,
and the Bench Top Activation Test (para. 6.2.6)1.9.

Salt Corrosion Resistance Test

Two TPRD units are tested. Any non-permanent bui#gs are removed.
Each TPRD unit is installed in a test fixture incaalance with the
manufacturer's recommended procedure so that etteexposure is
consistent with realistic installation. Each umitpressurized to 125 per cent
of the service pressure and exposed for 150 houwaissalt spray (fog) test as
specified in ASTM B117 (Standard Practice for OgiagaSalt Spray (Fog)
Apparatus) except that in the test of one unit,pHeof the salt solution shall
be adjusted to 4.0 £ 0.2 by the addition of sulghacid and nitric acid in a
2:1 ratio, and in the test of the other unit, theqdf the salt solution shall be
adjusted to 10.0 £ 0.2 by the addition of sodiurdrbyide.

If the component is expected to operate in vehistelerbody service
conditions, then it is exposed for 500 hours to ghk spray (fog) test. The
temperature within the fog chamber is maintaine@&85°C). Following
these tests, each pressure relief device shall theetequirements of the
Leak Test (para. 6.2.6.1.8.), Flow Rate Test (péra.6.1.10.) and Bench
Top Activation Test (para. 6.2.6.1.9.).

Vehicle Environment Test

Resistance to degradation by external exposurautomotive fluids is
determined by the following test, by comparablelighied data or by known
properties (e.g. 300 series stainless steel). Thkeisidn about the

85



ECE/TRANS/WP.29/GRSP/2012/12

86

6.2.6.1.6.

6.2.6.1.7.

applicability of test data and known propertiesatsthe discretion of the
testing authority.

(@) The inlet and outlet connections of the TPR® @nnected or capped
in accordance with the manufacturers installatinstructions. The
external surfaces of the TPRD are exposed for 2dshat 20 £5) °C
to each of the following fluids:

0] Sulphuric acid - 19 per cent solution by volumevater;
(i)  Sodium hydroxide - 25 per cent solution by gldiin water
(i)  Ammonium nitrate - 28 per cent by weight irater; and

(iv)  Windshield washer fluid (50 per cent by volunmethyl
alcohol and water).

The fluids are replenished as needed to ensur@letenexposure for
the duration of the test. A distinct test is penied with each of the
fluids. One component may be used for exposurd tf ¢he fluids in
sequence.

(b)  After exposure to each fluid, the componentvised off and rinsed
with water and examined. The component shall natvskigns of
mechanical degradation that could impair the fumctiof the
component such as cracking, softening, or swell@@smetic changes
such as pitting or staining are not failures.

(c) At the conclusion of all exposures, the unigbgall comply with the
requirements of the Leak Test (para. 6.2.6.1.89wFRate Test
(para. 6.2.6.1.10.) and Bench Top Activation tpatd. 6.2.6.1.9.).

Stress Corrosion Cracking Test.

For TPRDs containing components made of a coppsedalloy (e.g. brass),
one TPRD unit is tested. The TPRD is disassemlalitdopper-based alloy
components are degreased and then the TPRD issmellesl before it is
continuously exposed for ten days to a moist ameraimi mixture
maintained in a glass chamber having a glass cover.

Aqueous ammonia having a specific gravity of 0i®4maintained at the
bottom of the glass chamber below the sample anaentration of at least
20 ml per litre of chamber volume. The sample isifianed 35£5) mm
above the aqueous ammonia solution and supportexh imert tray. The
moist ammonia-air mixture is maintained at atmosighgressure at
+35° ¢5)C. Copper-based alloy components shall not eift@Ecking or
delaminating due to this test.

Drop and Vibration Test

(@) Six TPRD units are dropped from a height of 2amambient
temperature onto a smooth concrete surface. Eanpleas allowed
to bounce on the concrete surface after the initiglact. One unit is
dropped in six orientations (opposing direction8 afrthogonal axes).
If each of the six dropped samples does not shaiblei exterior
damage that indicates that the part is unsuitableuke, it shall
proceed to step (b).

(b)  Each of the six TPRD units dropped in stepafa) one additional unit
not subjected to a drop are mounted in a testrixin accordance
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6.2.6.1.8.

6.2.6.1.9.

6.2.6.1.10.

with manufacturer’s installation instructions anthrated 30 minutes
along each of the three orthogonal axes at the swstre resonant
frequency for each axis. The most severe resomaquéncies are
determined using an acceleration of 1.5 g and swgefwrough a

sinusoidal frequency range of 10-te-58®Hz within 10 minutes. The
resonance frequency is identified by a pronouncecrease in

vibration amplitude. If the resonance frequencyas found in this

range, the test shall be conducted at 500 Hz. wollp this test, each
sample shall not show visible exterior damage ihdicates that the
part is unsuitable for use. It shall subsequenthenthe requirements
of the Leak Test (para. 6.2.6.1.8.), Flow Rate Tpata. 6.2.6.1.10.)
and Bench Top Activation Test (para. 6.2.6.1.9.).

Leak Test

The TPRD unit is held at 125 per cent NWP withroggn gas for one hour
at ambient temperature before leakage is measAmdiracy, response time
and calibration of the measurement method are dented. The total
hydrogen leak rate shall be less than 216 Nml/hr.

Bench Top Activation Test

Two new TPRD units are tested without being subptdo other design
qualification tests in order to establish a baseltme for activation.
Additional pre-tested units (pre-tested according paras. 6.2.6.1.1.,
6.2.6.1.3., 6.2.6.1.4., 6.2.6.1.5. or 6.2.6.1. hjlargo bench top activation
testing as specified in other tests in para. 612.6.

(@) The test setup consists of either an oven onredy which is capable
of controlling air temperature and flow to achi@@0 (+ 10)°C in the
air surrounding the TPRD. The TPRD unit is not esgubdirectly to
flame. The TPRD unit is mounted in a fixture acdogdto the
manufacturer’s installation instructions; the testbfiguration is to be
documented.

(b) A thermocouple is placed in the oven or chimteymonitor the
temperature. The temperature remains within the@able range for
two minutes prior to running the test.

(c)  The pressurized TPRD unit is inserted into dkien or chimney, and
the time for the device to activate is recordedorPo insertion into
the oven or chimney, one new (not pre-tested) TP®RiX is
pressurized to no more than 25 per cent NWP (thagqsted); TPRD
units are pressurized to no more than 25 per cé#iPNand one new
(not pre-tested) TPRD unit is pressurized to 100cpat NWP.

(d)  TPRD units previously subjected to other téstpara. 6.2.6.1. shall
activate within a period no more than two minutesger than the
baseline activation time of the new TPRD unit tvas pressurized to
up to 25 per cent NWP.

(e)  The difference in the activation time of theotWPRD units that had
not undergone previous testing shall be no mone Zhminutes.

Flow Rate Test

(@) Eight TPRD units are tested for flow capacitiie eight units consist
of three new TPRD units and one TRPD unit from eaththe
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6.2.6.2.

6.2.6.2.1.

6.2.6.2.2.

following previous tests: paras. 6.2.6.1.1., 623, 6.2.6.1.4.,
6.2.6.1.5. and 6.2.6.1.7.

(b) Each TPRD unit is activated according to pa#a&.6.1.9. After
activation and without cleaning, removal of pads,reconditioning,
each TPRD unit is subjected to flow test using bgeén, air or an
inert gas.

(c) Flow rate testing is conducted with a gas ipletssure of 2 (+ 0.5)
MPa. The outlet is at ambient pressure. The irdetperature and
pressure are recorded.

(d)  Flow rate is measured with accuracy within pe& cent. The lowest
measured value of the eight pressure relief devitedl not be less
than 90 per cent of the highest flow value.

(e) Flow rate is recorded as the lowest measurddevaf the eight
pressure relief devices tested in NL per minute°Oand 1
atmosphere) corrected for hydrogen.

Compressed Hydrogen Storage Qualificalerformance Tests for Check
Valve and Automatic Shut-Off Valve

Testing shall be performed with hydrogen gas lgas quality compliant
with ISO 14687-2/SAE J2719. All tests are performatl ambient
temperature 2046)°C unless otherwise specified. The check valvd an
automatic shut-off valve qualification performantests are specified as
follows:

Hydrostatic Strength Test

The outlet opening in components is plugged angevaeats or internal
blocks are made to assume the open position. Ohéuasted without being
subjected to other design qualification tests ideorto establish a baseline
burst pressure, other units are tested as spedifieslbsequent tests of
para. 6.2.6.2.

(@) A hydrostatic pressure of 250 per cent NWPpjsliad to the inlet of
the component for three minutes. The componentxam@ed to
ensure that rupture has not occurred.

(b)  The hydrostatic pressure is then increased witea of less than or
equal to 1.4 MPa/sec until component failure. Thelrbstatic
pressure at failure is recorded. The failure pressaf previously
tested units shall be no less than 80 per certieofdilure pressure of
the baseline, unless the hydrostatic pressure dgcd80 per cent
NWP.

Leak Test

One unit is tested at ambient temperature withaind subjected to other
design qualification tests. Three temperature regiare specified:

(@) Ambient temperature: condition the unit at£5)(°C; test at 5 per
cent NWP and 150 per cent NWP

(b)  High temperature: condition the unit at +85 f&t at 5 per cent NWP
and 150 per cent NWP

(c) Low temperature: condition the unit at -40 €5t at 5 per cent NWP
and 100 per cent NWP. Additional units undergo leéegting as
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specified in other tests in para. 6.2.6.2. witmtmirupted exposure to
the temperatures specified in those tests.

The outlet opening is plugged with the appropriai@ing connection and
pressurized hydrogen is applied to the inlet. Aspécified test temperatures,
the unit is conditioned for one minute by immersion a temperature
controlled fluid (or equivalent method). If no bukb are observed for the
specified time period, the sample passes thelfdstibbles are detected, the
leak rate is measured by an appropriate method. Ig&le rate shall not
exceed 216 Nml/hr of hydrogen gas.

6.2.6.2.3. Extreme Temperature Continuous Valvdifyd est:

(@)  The total number of operational cycles is 50,0Dhe valve unit are
installed in a test fixture corresponding to the nofacturer’s
specifications for installation. The operation ohet unit is
continuously repeated using hydrogen gas at atli§pe pressures.

An operational cycle shall be defined as follows:

0] A check valve is connected to a test fixtured garessure is
applied in six pulses to the check valve inlet witie outlet
closed. The pressure is then vented from the chalsle inlet.
The pressure is lowered on the check valve outlde s
to < 60 per cent NWP prior to the next cycle.

(i) An automatic shut-off valve is connected tdeat fixture and
pressure is applied continuously to the both thet mnd outlet
sides.

An operational cycle consists of one full operatiom reset within an
appropriate period as determined by the testingage

(b) Testing is performed on a unit stabilized ate thollowing
temperatures:

0] Ambient Temperature Cycling. The unit undergoesrational
(open/closed) cycles at 125 per cent NWP througpedOcent
of the total cycles with the part stabilized at(28) °C. At the
completion of the ambient temperature operatioyales, the
unit shall comply with the ambient temperature |e@lst
specified in para. 6.2.6.2.2.

(i)  High Temperature Cycling. The unit then undezg
operational cycles at 125 per cent NWP through rocpet of
the total operational cycles with the part stabifizat +85 °C.
At the completion of the +850C cycles, the unitlshamply
with the high temperature (+85 °C) leak test spedifin
paragraph 6.2.6.2.2.

(i) Low Temperature Cycling. The unit then undeeg
operational cycles at 100 per cent NWP through rocpet of
the total cycles with the part stabilized at -40 ‘& the
completion of the -40 °C operational cycles, that wghall
comply with the low temperature (-40 °C) leak tesécified in
paragraph 6.2.6.2.2.

(c) Check valve Chatter Flow Test. Following 11,Qffferational cycles
and leak tests, the check valve is subjected tol0s of chatter
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6.2.6.2.4.

6.2.6.2.5.

6.2.6.2.6.

flow at a flow rate that causes the most chattalvérflutter). At the
completion of the test the check valve shall conwith the ambient
temperature leak test (para. 6.2.6.2.2.) and thength test (para.
6.2.6.2.1.).

Salt Corrosion Resistance Test

Components having all surfaces in contact withrbgdn composed of AISI
series 300 Austenitic stainless steels are exenopt torrosion resistance
testing. Materials used in valve units are subpbdtethis test except where
the applicant submits declarations of results aftstecarried out on the
material provided by the manufacturer.

The component is supported in its normally insthlposition and exposed
for 150 hours to a salt spray (fog) test as spatifn ASTM B117 (Standard
Practice for Operating Salt Spray (Fog) Apparati§}the component is
expected to operate in vehicle underbody serviceditons, it is
subsequently exposed for 500 hours to the saltysifeg) test. The
temperature within the fog chamber is maintained@at-35 °C). The saline
solution consists of 5 per cent sodium chloride &ddper cent distilled
water, by weight. Immediately after the corrosiestt the sample is rinsed
and gently cleaned of salt deposits, examined fstiodion, and then shall
comply with the requirements of the ambient tempeealeak test (para.
6.2.6.2.2.) and the Hydrostatic Strength Test (paa6.2.1.).

Vehicle Environment Test

Resistance to degradation by exposure to automdtiids is determined by
the following test, by comparable published datlhyknown properties (e.g.
300 series stainless steel). The decision abouapipdicability of test data
and known properties is at the discretion of tisting authority.

(@) The inlet and outlet connections of the valwit are connected or
capped in accordance with the manufacturers iasi@adi instructions.
The external surfaces of the valve unit are expdse&4 hours at 20
(£5) °C to each of the following fluids:

0] Sulphuric acid -19 per cent solution by volumevater;
(i)  Sodium hydroxide - 25 per cent solution by gldiin water
(i)  Ammonium nitrate — 28 per cent by weight irater; and

(iv)  Windshield washer fluid (50 per cent by volunmethyl
alcohol and water).

The fluids are replenished as needed to ensure letargxposure for
the duration of the test. A distinct test is penied with each of the
fluids. One component may be used for exposurd tf ¢he fluids in
seqguence.

(b)  After exposure to each chemical, the componenviped off and
rinsed with water.

(c) At the conclusion of all exposures, the unigball comply with the
requirements of the ambient temperature leakagdper. 6.2.6.2.2.)
and Hydrostatic Strength Test (para. 6.2.6.2.1.).

Atmospheric Exposure Test
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6.2.6.2.7.

6.2.6.2.8.

6.2.6.2.9.

The atmospheric exposure test applies to qualificabf check valves; it
does not apply to qualification of automatic shfftvalves.

(@)  All non-metallic materials that provide a fusintaining seal, and that
are exposed to the atmosphere, for which a satisfadeclaration of
properties is not submitted by the applicant, shatl crack or show
visible evidence of deterioration after exposurexggen for 96 hours
at 70°C at 2 MPa in accordance with ASTM D572 (8tad Test
Method for Rubber- Deterioration by Heat and Oxygen

(b)  All elastomers shall demonstrate resistanceztune by one or more
of the following:

® Specification of elastomer compounds with elshied
resistance to ozone.

(i)  Component testing in accordance with ISO 1431ASTM
D1149, or equivalent test methods.

Electrical Tests

The electrical tests apply to qualification of tagomatic shut-off valve; they
do not apply to qualification of check valves.

(@) Abnormal Voltage Test. The solenoid valve iaracted to a variable
DC voltage source. The solenoid valve is operassfdbliows:

® An equilibrium (steady state temperature) h@destablished
for one hour at 1.5 times the rated voltage.

(i)  The voltage is increased to two times the dateltage or 60
volts, whichever is less, and held for one minute.

(i) Any failure shall not result in external leaffe, open valve or a
similar unsafe condition.

The minimum opening voltage at NWP and room tempegashall be
less than or equal to 9 V for a 12 V system and tkan or equal to
18 V for a 24 V system.

(b)  Insulation Resistance Test. 1,000 V D.C. isliagmetween the power
conductor and the component casing for at least saends. The
minimum allowable resistance for that compone24i8 k2.

Vibration Test

The valve unit is pressurized to its 100 per ¢dWP with hydrogen, sealed
at both ends, and vibrated for 30 minutes alondy edi¢he three orthogonal
axes at the most severe resonant frequencies. Tds severe resonant
frequencies are determined by acceleration of lwbtly a sweep time of 10
minutes within a sinusoidal frequency range of ©0580 40Hz If the
resonance frequency is not found in this rangetéleis conducted at-500
40Hz. Following this test, each sample shall not shosible exterior
damage that indicates that the performance of dineipcompromised. At the
completion of the test, the unit shall comply witte requirements of the
ambient temperature leak test specified in pata6e.2.

Stress Corrosion Cracking Test

For the valve units containing components madeaiffper-based alloy (e.g.
brass), one valve unit is tested. The valve undigmssembled, all copper-
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6.2.6.10.

6.3.
6.3.1.
6.3.1.1.

6.3.1.2.

6.3.1.2.1.
6.3.1.2.1.1.

based alloy components are degreased and themlthe unit is reassembled
before it is continuously exposed for ten days toaist ammonia-air mixture
maintained in a glass chamber having a glass cover.

Aqueous ammonia having a specific gravity of 0.94maintained at the
bottom of the glass chamber below the sample amnaentration of at least
20 ml per litre of chamber volume. The sample isifianed 35¢5) mm
above the aqueous ammonia solution and supporteth imert tray. The
moist ammonia-air mixture is maintained at atmosighgressure at
+35@5) °C. Copper-based alloy components shall nothéxlasracking or
delaminating due to this test.

Pre-Cooled Hydrogen Exposure Test

The valve unit is subjected to pre-cooled hydrogas at -40 °C at a flow rate
of 30 g/s at external temperature of 20(x5) °C dominimum of three

minutes. The unit is de-pressurized and re-pressdirafter a two minute
hold period. This test is repeated ten times. Th& procedure is then
repeated for an additional ten cycles, excepttthathold period is increased
to 15 minutes. The unit shall then comply with ttegjuirements of the
ambient temperature leak test specified in pata6e.2.

Test Procedures for Electrical Safety (para.)
Isolation Resistance Measurement Method
General

The isolation resistance for each high voltage dfufe vehicle is measured
or shall be determined by calculating the measuntweues of each part or
component unit of a high voltage bus (hereinafééerred to as the "divided
measurement").

Measurement Method

The isolation resistance measurement is condudigd selecting an
appropriate measurement method from among thosel lis para. 6.3.1.2.1.
to 6.3.1.2.2., depending on the electrical charfghe live parts or the
isolation resistance.

The range of the electrical circuit to be measusedlarified in advance,
using electrical circuit diagrams.

Moreover, modifications necessary for measuring iolation resistance
may be carried out, such as removal of the covarder to reach the live
parts, drawing of measurement lines and changefiware.

In cases where the measured values are not stableo the operation of the
on-board isolation resistance monitoring systensessary modifications for
conducting the measurement may be carried outdppstg the operation of
the device concerned or by removing it. Furthermevben the device is
removed, a set of drawings will be used to prow the isolation resistance
between the live parts and the electrical chassimins unchanged.

Utmost care shall be exercised to avoid shoruti@nd electric shock since
this confirmation might require direct operatiorigte high-voltage circuit.

Measurement method using DC voltage fsffmehicle sources

Measurement instrument
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An isolation resistance test instrument capableamblying a DC voltage
higher than the working voltage of the high voltégs is used.

6.3.1.2.1.2. Measurement method

An insulator resistance test instrument is coretdietween the live parts
and the electrical chassis. The isolation resigtdasubsequently measured
by applying a DC voltage at least half of the wagkivoltage of the high
voltage bus.

If the system has several voltage ranges (e.qusecof boost converter) in
conductive connected circuit and some of the cormptsncannot withstand
the working voltage of the entire circuit, the eidn resistance between
those components and the electrical chassis candasured separately by
applying their own working voltage with those compats disconnected.

6.3.1.2.2. Measurement method using the vehiclets RESS as DC voltage source
6.3.1.2.2.1. Test vehicle conditions

The high voltage-bus is energized by the vehiaei® RESS and/or energy
conversion system and the voltage level of the RE®S8/or energy
conversion system throughout the test shall beaattlthe nominal operating
voltage as specified by the vehicle manufacturer.

6.3.1.2.2.2. Measurement instrument

The voltmeter used in this test shall measure RBDes and has an internal
resistance of at least 10

6.3.1.2.2.3. Measurement method
6.3.1.2.2.3.1. First step

The voltage is measured as shown in Figure 1 hadhigh voltage Bus
voltage (Vb) is recorded. Vb shall be equal to oeager than the nominal
operating voltage of the RESS and/or energy coieisystem as specified
by the vehicle manufacturer.
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Figure 9
Measurement of Vb, V1, V2

Electrical Chassis

Energy Conversion I
_ System Assembly V2

High Voltage Bus l

RESS Assembly

Energy

Traction System

Conversio

Electrical Chassis

6.3.1.2.2.3.2. Second step

The voltage (V1) between the negative side of tigh koltage bus and the

electrical chassis is measured and recorded (geeer).

6.3.1.2.2.3.3. Third step

The voltage (V2) between the positive side of tightvoltage bus and the

electrical chassis is measured and recorded (geeer).

6.3.1.2.2.3.4. Fourth step

If V1 is greater than or equal to V2, a standardvkm resistance (Ro) is
inserted between the negative side of the highageltbus and the electrical
chassis. With Ro installed, the voltage (V1') betwehe negative side of the

high voltage bus and the electrical chassis is oredssee Figure 2).

The electrical isolation (Ri) is calculated accagito the following formula:

Ri = Ro*(Vb/V1’ — Vb/V1) or Ri = Ro*Vb*(1/V1’ — 1/\1)

The resulting Ri, which is the electrical isolatimsistance value (if2), is

divided by the working voltage of the high voltames in volt (V):

Ri Q /V =RiQ/ Working voltage (V)
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Figure 10
Measurement of V1~

Electrical Chassis

Energy Conversion
_ System Assembly RESS Assembly

High Voltage Bus | I

Ener : ;
% ! Traction System | I

Electrical Chassis

If V2 is greater than V1, a standard known resistaifRo) is inserted
between the positive side of the high voltage g the electrical chassis.
With Ro installed, the voltage (V2') between thesipwe side of the high
voltage bus and the electrical chassis is measyf&ee Figure 10). The
electrical isolation (Ri) is calculated accordimgthe formula shown below.
This electrical isolation value (in ohms) is divilby the nominal operating
voltage of the high voltage bus (in volts). Thectideal isolation (Ri) is

calculated according to the following formula:

Ri = RO*(Vb/V2' — Vb/V2) or Ri = Ro*Vb*(1/V2' — 1)\2)

The resulting Ri, which is the electrical isolatimsistance value (if2), is
divided by the working voltage of the high voltames in volts (V).

RiQ/V =RiQ/ Working voltage
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Figure 11

Measurement of V2

Electrical Chassis

Energy Conversion ] R,
System Assembly RESS Assembly

| /Energy _
Conversio : Traction System . RESS

: V2 | -

| High Voltage Bus ! |

Electrical Chassis

6.3.1.2.2.3.5. Fifth step

6.3.2.

6.3.3.

6.3.3.1.

6.3.3.2.

The electrical isolation value Ri (in ohms) divided the working voltage of
the high voltage bus (in volts) results in the asimn resistance (in
ohms/volt).

(Note 1: The standard known resistance Ro (in ohms) isvéthee of the minimum
required isolation resistance (in ohms/V) multigliey the working voltage of the
vehicle plus/minus 20 per cent (in volts). Ro is remjuired to be precisely this value
since the equations are valid for any Ro; howeveRoavalue in this range should
provide good resolution for the voltage measuremgnt

Confirmation Method for Functions of On-bdbatsolation Resistance
Monitoring System

The function of the on-board isolation resistancenitoring system is
confirmed by the following method or a method eqléwt to it.

A resistor is inserted that does not cause thatisol resistance between the
terminal being monitored and the electrical chagsisdrop below the
minimum required isolation resistance value. Thanivey signal shall be
activated.

Protection against direct contacts of Ramtder Voltage
Access probes

Access probes to verify the protection of persayerest access to live parts
are given in table 2.

Test conditions
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6.3.3.3.

The access probe is pushed against any openintie afnclosure with the

force specified in table 1. If it partly or fullyepetrates, it is placed in every
possible position, but in no case shall the stap fally penetrate through the
opening.

Internal electrical protection barriers are consdepart of the enclosure.

A low-voltage supply (of not less than 40 V and matre than 50 V) in series
with a suitable lamp is connected, if necessarjywéen the probe and live
parts inside the electrical protection barrier iclesure.

The signal-circuit method is also applied to theving live parts of high
voltage equipment.

Internal moving parts may be operated slowly, whbi®is possible.
Acceptance conditions
The access probe does not touch live parts.

If this requirement is verified by a signal circbigtween the probe and live
parts, the lamp shall not light.

In the case of the test for IPXXB, the jointed tiisger may penetrate to its
80 mm length, but the stop face (diameter 50 mn®xrin) shall not pass
through the opening. Starting from the straightitis both joints of the test
finger are successively bent through an angle abu@i0 degree with respect
to the axis of the adjoining section of the fingard are placed in every
possible position.

In case of the tests for IPXXD, the access probg penetrate to its full
length, but the stop face shall not fully penettateugh the opening.
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Table 2
Access probes for the tests for protection of pergs against access to hazardous parts
First = Addit. Access probe Test force
numeral letter (Dimensions in mm)
2 B Jointed test finger
Stop face
I (@ 50 x 20)
&
&
SgeFig] T[TTmTTmrTespmeges l(——'jl[—— = = 10 N+10%
for full
dimensions /
Jointed test finger
(Metal)
Insulating material « 0 —
4,5,6 | D Test wire 1.0 mm diameter, 100 mm long
w
Sphere 35+0.2 3 ]
— Approx. 100, 10002 —
=] } ]
N TR : —| IN+10%
& Handle Rigid test wire I |
(Insulating material) (Metal)  Edges free
Stop face from burrs
(Insulating material)

98




ECE/TRANS/WP.29/GRSP/2012/12

Figure 12
Jointed Test Fingers
@75
Handl [Chl | r:?jl i
andle -
- -+
[ — ] [ l —
= |
T -0 | [
G : ~=Insulating !
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, }
| I
| I
| I
| |
| I
| I
| I
| I
1 L =
: I i
| I
| |
7T | 1
Stop face - : :
o
o i f
) | Chamfer =
Joints < -t le@2 all edges - D =
1 > L =
D L1 1T F
AA 5 ff 2
3\ L]y = g |
B\u/B |= =y v v v
=y = /.’
Rzl Ofiﬁ ) P ] R4=006_~ !
cylindrical i
3 spherical ;

Section A-A o
! H
B g
Section B-B

Material: metal, except where otherwise specified
Linear dimensions in millimetres

Tolerances on dimensions without specific tolerance
on angles, 0/10'

on linear dimensions:

up to 25 mm: 0/-0.05

over 25 mm=0.2

Both joints shall permit movement in the same plané the same direction through
an angle of 90° with a 0 to +10° tolerance.

6.3.4. Test Method for Measuring Electric Resis¢éanc
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Test method using a resistance tester.

The resistance tester is connected to the measwyoigts (typically,
electrical chassis and electro conductive encldslegtrical protection
barrier) and the resistance is measured usingstaese tester that meets the
specification that follows.

Resistance tester: Measurement current at leagt 0.2
Resolution 0.012 or less

The resistance R shall be less than 0.1 ohm.

Test method using D.C. power supply, voltmeter amineter.

Example of the test method using D.C. power supgitmeter and ammeter
is shown below.

Figure 13
Connection to Barrier/Enclosure
|
A —————> .
D.C. 1 \A/ —> Barrier/Enclosure
Power Vv R
Supply 1+ — » Electrical Chassis

Connection tc
Electrical Chassis

Test Procedure

The D.C. power supply, voltmeter and ammeter amneoted to the measuring points
(Typically, electrical chassis and electro conduecgnclosure/electrical protection barrier).

The voltage of the D.C. power supply is adjustedhsd the current flow becomes more
than 0.2 A.

The current "I " and the voltage "V " are measured.

The resistance "R
R=V/I

is calculated according to tHellowing formula:

The resistance R shall be less than 0.1.0hm
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Note:

If lead wires are used for voltage and current meament, each lead wire shall be independently
connected to the electrical protection barrier/este/electrical chassis. Terminal can be common
for voltage measurement and current measurement.

Barrier/Enclosure/

Electrical chassis 47 Lead Wires

Lead wires shall be independent for current
measurement and voltage measurement. Terming|
can be common.

— Bolt
Terminal
6.3.5. Test Conditions and Test Procedure regguifdost Crash
6.3.5.1. Test Conditions

6.3.5.1.1. General
The test conditions specified in paragraphs 61250 6.3.5.1.4. are used.

Where a range is specified, the vehicle shall apable of meeting the
requirements at all points within the range.

6.3.5.1.2. Electrical power train adjustment

6.3.5.1.2.1. The RESS may be at any state of chaugieh allows the normal operation
of the power train as recommended by the manufactur

6.3.5.1.2.2. The electrical power train shall bergized with or without the operation of
the original electrical energy sources (e.g. engi@eerator, RESS or electric
energy conversion system), however:

6.3.5.1.2.2.1. It is permissible to perform thet t@&h all or parts of the electrical power
train not being energized insofar as there is rgatige influence on the test
result. For parts of the electrical power train eoergized, the protection
against electric shock shall be proved by eitheysmal protection or
isolation resistance and appropriate additional@vie.

6.3.5.1.2.2.2. If the power train is not energiaed an automatic disconnect is provided, it
is permissible to perform the test with the autamatisconnect being
triggered. In this case it shall be demonstrated the automatic disconnect
would have operated during the impact test. Thiduthes the automatic
activation signal as well as the conductive sepmratonsidering the
conditions as seen during the impact.

6.3.5.1.3. -tisatiwedto-medifyContracting parties may allow modifications tothe
fuel system so that an appropriate amount of fael be used to run the

engine or the electrical energy conversion system.
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6.3.5.1.4.

6.3.5.2.

6.3.5.2.1.

6.3.5.2.2.

The vehicle conditions other than spetiin paras. 6.3.5.1.1 t0 6.3.5.1.3. are
in the crash test protocols of the contractingipsut

Test Procedures for the protection ofabeupants of vehicles operating on
electrical power from high voltage and electrolgpaéllage

This section describes test procedures to denadastompliance with the
electrical safety requirements of para. 5.3.2.

Before the vehicle impact test conducted, the Wigltage bus voltage (Vb)
(see figure 1) is measured and recorded to confirat it is within the
operating voltage of the vehicle as specified eytbhicle manufacturer.

Test setup and equipment

If a high voltage disconnect function is used, measents are taken from
both sides of the device performing the disconfigattion.

However, if the high voltage disconnect is intégoathe RESS or the energy
conversion system and the high-voltage bus of tESR or the energy
conversion system is protected according to primedPXXB following the
impact test, measurements may only be taken bettieetdevice performing
the disconnect function and electrical loads.

The voltmeter used in this test measures DC vatunes have an internal
resistance of at least 10

The following instructions may be udegbitage is measured.

After the impact test, determine the high voltdgs voltages (Vb, V1, V2)
(see figure 14).

The voltage measurement is made not earlier thaacbnds, but not later
than 60 seconds after the impact.

This procedure is not applicable if the test isfqmened under the condition
where the electric power train is not energized.
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Figure 14
Measurement of Vb, V1, V2

Energy Conversion I
System Assembly V2

................. —. High Voltage Bus l S

RESS Assembly

i Traction System Vb | RESS |

V1

Electrical Chassis

6.3.5.2.3. Isolation resistance
See para. 6.3.1.2 "Measurement method"

All measurements for calculating voltage(s) aretlcal isolation are made
after a minimum of 5 seconds after the impact.

For example, megohmmeter or oscilloscope measuntsnage an appropriate
alternative to the procedure described above forasoméng isolation

resistance. In this case it may be necessary tatidate the on-board
isolation resistance monitoring system.

[6.3.5.2.4. Physical Protection

Following the vehicle crash test, any parts surding the high voltage
components are opened, disassembled or removeduwithe use of tools.
All remaining surrounding parts shall be considepadt of the physical
protection.

The Jointed Test Finger described in para. 6i8.Biserted into any gaps or
openings of the physical protection with a testéoof 10 N + 10 per cent for
electrical safety assessment. If partial or fulhgteation into the physical
protection by the Jointed Test Finger occurs, thietdd Test Finger shall be
placed in every position as specified below.

Starting from the straight position, both jointstbe test finger are rotated
progressively through an angle of up to 90 degvatisrespect to the axis of
the adjoining section of the finger and are plaiceglvery possible position.

Internal electrical protection barriers are coaséd part of the enclosure
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6.3.5.2.5.

6.3.5.2.6.

6.3.5.2.7.

If appropriate, a low-voltage supply (of not lebart 40 V and not more than
50 V) in series with a suitable lamp is connectetivieen the Jointed Test
Finger and high voltage live parts inside the eleat protection barrier or
enclosure

Acceptance conditions

The requirements of para. 5.3.2.2.3. are met & Jbinted Test Finger
described in para. 6.3.3. is unable to contact hatage live parts.

If necessary a mirror or a fibrescope may be usexdtder to inspect whether
the Jointed Test Finger touches the high voltagesu

If this requirement is verified by a signal circbietween the Jointed Test
Finger and high voltage live parts, the lamp shatllight.

Electrolyte spillage

Appropriate coating shall be applied, if necesstythe physical protection
in order to confirm any electrolyte leakage frore tRESS after the impact
test.

Unless the manufacturer provides the means teerdiftiate among the
leakage of different liquids, all liquid leakagecsnsidered as an electrolyte.

RESS retention

Compliance shall be determined by visual inspactio

7. Vehicles with a liquid hydrogen storage systelfLHSSs)

7.1.

7.2.

LHSS optional requirements

As described in para. 7 of the preamble, individDahtracting Parties may
elect to adopt the gtr with or without the LHSSuiegments in para. 7.

Para. 7. is organized as follows:

Para. 7.2. LHSS design qualification requirements
Para. 7.3. LHSS fuel system integrity

Para. 7.4. Test procedures for LHSS design qaatitin
Para. 7.5. Test procedures for LHSS fuel systeagiity
LHSS design qualification requirements

This Section specifies the requirements for theegrity of a liquefied
hydrogen storage system.

The hydrogen storage system qualifies for theqoerénce test requirements
specified in this Section. All liquefied hydrogeiermge systems produced for
on-road vehicle service shall be capable of satigfyequirements of para.
7.2.

The manufacturer shall specify a maximum allowabderking pressure
(MAWRP) for the inner container.

The test elements within these performance req@ntsnare summarized in
Table 3.
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Table 3

These criteria apply to qualification of storagstems for use in new vehicle
production. They do not apply to re-qualificatioh any single produced
system for use beyond its expected useful serviae-gualification after a
potentially significant damaging event.

Overview of Performance Qualification Requirements

Para. 7.2.1. Verification of Baseline Metrics

7.2.1.1. Proof pressure

7.2.1.2. Baseline initial burst pressure, perfairrn the inner container

7.2.1.3. Baseline Pressure cycle life

Para. 7.2.2. Verification of Expected On-road Perfomance
Para. 7.2.2.1. Boil-off
Para. 7.2.2.2. Leak
Para. 7.2.2.3. Vacuum loss

Para. 7.2.3. Verification for Service Terminating Rrformance: Bonfire

Para. 7.2.4. Verification of Components

7.2.1. Verification of Baseline Metrics

7.2.1.1.

7.2.1.2.

7.2.1.3.

Proof pressure

A system is pressurized to a pressure pte$t3 (MAWP + 0.1 MPa) in
accordance with test procedure para. 7.4.1.1. withvisible deformation,
degradation of container pressure, or detectablabe.

Baseline Initial Burst Pressure

The burst test is performed per the test procedumgara. 7.4.1.2. on one
sample of the inner container that is not integtateits outer jacket and not
insulated.

The burst pressure shall be at least equal tdtinst pressure used for the
mechanical calculations. For steel containersitheither:

(@) the Maximum Allowable Working Pressure (MAWR) MPa) plus
0.1 MPa multiplied by 3.25;

or

(b)  the Maximum Allowable Working Pressure (MAWR) MPa) plus
0.1 MPa multiplied by 1.5 and multiplied by Rm/Ryhere Rm is the
minimum ultimate tensile strength of the containsaterial and Rp
(minimum yield strength) is 1.0 for austenitic $¢e@nd Rp is 0.2 for
other steels.

Baseline Pressure Cycle Life
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7.2.2.

7.2.2.1.

7.2.2.2.

7.2.2.3.

7.2.3.

7.2.4.
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When using metallic containers and/or metallic waou jackets, the

manufacturer shall either provide a calculatioroider to demonstrate that
the container is designed according to currenoredilegislation or accepted
standards (e.g. in US the ASME Boiler and Pres¥assel Code, in Europe
EN 1251-1 and EN 1251-2 and in all other countaiespplicable regulation
for the design of metallic pressure containersyjafine and perform suitable
tests (including para. 7.4.1.3.) that prove theeséamel of safety compared to
a design supported by calculation according to fstecestandards.

For non-metallic containers and/or vacuum jackeits, addition to
para. 7.4.1.3. testing, suitable tests shall bégded by the manufacturer to
prove the same level of safety compared to a netalhtainer.

Verification for Expected On-road Performanc
Boil-off

The boil-off test is performed on a liquid hydrogstorage system equipped
with all components as described in para. 7.1.2hefpreamble (Figure 4).
The test is performed on a system filled with lajinydrogen per the test
procedure in para. 7.4.2.1. and shall demonstitzeé the boil-off system

limits the pressure in the inner storage contateebelow the maximum

allowable working pressure.

Leak

After the boil-off test in para. 7.2.2.1., the t&ym is kept at boil-off pressure
and the total discharge rate due to leakage slealnbasured per the test
procedure in para. 7.4.2.2.. The maximum allowatikcharge from the
hydrogen storage system is R*150 NmL/min where
R = (Vwidth+1)*(Vheight+0.5)*(Vlength+1)/30.4 and Width, Vheight,
Vlength are the vehicle width, height, length (nespectively.]

Vacuum loss

The vacuum loss test is performed on a liquid bgdn storage system
equipped with all components as described in parh2. of the preamble
(Figure 7.1.2. of the preamble). The test is pentd on a system filled with
liquid hydrogen per the test procedure in para.2734 and shall demonstrate
that both primary and secondary pressure reliefcédsimit the pressure to
the values specified in para. 7.4.2.3. in casewmacpressure is lost.

Verification of Service-Terminating Condig Bonfire

At least one system shall demonstrate the workihghe pressure relief
devices and the absence of rupture under the follpwervice-terminating
conditions. Specifics of test procedures are pexbith para. 7.4.3.

A hydrogen storage system is filled to half-futjuid level and exposed to
fire in accordance with test procedure para. 7.4Be pressure relief
device(s) shall release the contained gas in aratd manner without
rupture.

For steel containers the test is passed whenetipgirements relating to the
pressure limits for the pressure relief deviceslescribed in para. 7.4.3. are
fulfilled. For other container materials, an eqléve level of safety shall be
demonstrated.

Verification of Components
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7.2.4.1.

7.2.4.2.

7.2.5.

7.3.

The entire storage system does not have to beiakfigd (para. 7.2.) if

container shut-off devices and pressure relief@es/{icomponents in Figure
4 of the preamble excluding the storage contaireeg exchanged for
equivalent components having comparable functittmds, and dimensions,
and qualified for performance using the same qgualibn (paras. 7.2.4.1.
and 7.2.4.2.) as the original components.

Pressure Relief Devices Qualification Reguents

Design qualification testing shall be conducted fimished pressure relief
devices which are representative of normal productiThe pressure relief
devices shall meet the following performance gigifon requirements:

(@) Pressure Test (para. 7.4.4.1. test procedure)

(b)  External leakage Test (para. 7.4.4.2. testquture)

(c)  Operational Test (para. 7.4.4.4. test procedu

(d)  Corrosion Resistance Test (para. 7.4.4.4ptesedure)
(e)  Temperature cycle Test (para. 7.4.4.8. testquiure)
Shut-off Valves Qualification Requirements

Design qualification testing shall be conductedinished shut-off valves (in
Figure 4 of the preamble named shut-off deviceschvlare representative
for normal production. The valve shall meet thelolwing performance
qualification requirements:

(@) Pressure Test (para. 7.4.4.1. test procedure)

(b)  External leakage Test (para. 7.4.4.2. testqutore)

(c)  Endurance Test (para. 7.4.4.3. test procedure)

(d)  Corrosion Resistance Test (para. 7.4.4.5ptestedure)
(e) Resistance to dry-heat Test (para. 7.4.4.6ptesedure)
)] Ozone ageing Test (para. 7.4.4.7. test proadur

() Temperature cycle Test (para. 7.4.4.8. testquiore)

(h)  Flex Line Cycle Test (para. 7.4.4.9. test pdure)
Labelling

A label shall be permanently affixed on each ciomtawith at least the
following information: Name of the Manufacturer, rié¢ Number, Date of
Manufacture, MAWP, Type of Fuel. Any label affixéd the container in
compliance with this section shall remain in plaCentracting parties may
specify additional labelling requirements.

LHSS Fuel System Integrity

This section specifies requirements for the intggof the hydrogen fuel
delivery system, which includes the liquid hydrogd#arage system, piping,
joints, and components in which hydrogen is presBmese requirements are
in addition to requirements specified in para. ,5&l of which apply to
vehicles with liquid hydrogen storage systems witle exception of
para. 5.2.1.1. The fuelling receptacle label stieflignate liquid hydrogen as
the fuel type. Test procedures are given in pafa. 7
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7.3.1.

7.3.2.

7.4.
7.4.1.

7.4.1.1.

7.4.1.2.

Flammable materials used in the vehiclel ffeaprotected from liquefied air
that may condense on elements of the fuel system.

The insulation of the components shall pmedEuefaction of the air in
contact with the outer surfaces, unless a systegroigded for collecting and
vaporizing the liquefied air. The materials of t@mponents nearby shall be
compatible with an atmosphere enriched with oxygen.

Test Procedures for LHSS Design Qualification
Verification Tests for Baseline Metrics
Proof pressure test

The inner container and the pipe work situatedveeh the inner container
and the outer jacket shall withstand an inner pmesstest at room
temperature according to the following requirements

The test pressureep is defined by the manufacturer and shall fulfie th
following requirements:

Prest> 1.3 (MAWP+ 0.1 MPa)

@) For metallic containers, eithegpis equal to or greater than the
maximum pressure of the inner container duringtfandinagement (as
determined in para. 7.4.2.3.) or the manufacturevgs by calculation
that at the maximum pressure of the inner contathéning fault
management no yield occurs.

(b)  For non-metallic containers,.§ is equal to or greater than the
maximum pressure of the inner container duringtfandinagement (as
determined in para. 7.4.2.3.).

The test is conducted according to the followinggedure:

(@) The test is conducted on the inner storage agmert and the
interconnecting pipes between inner storage coetaamd vacuum
jacket before the outer jacket is mounted.

(b)  The test is either conducted hydraulically withter or a glycol/water
mixture, or alternatively with gas. The containgmpressurized to test
pressure gy at an even rate and kept at that pressure fozast 110
minutes.

(c) The test is done at ambient temperature. Incte® of using gas to
pressurize the container, the pressurization idora way that the
container temperature stays at or around ambiemideature.

The test is passed successfully if, during the fis minutes after applying
the proof pressure, no visiblpermanent deformation, no Vvisible
degradation in the container pressure and no eiséislkage are detectable.

Baseline Initial Burst Pressure
The test is conducted according to the followinggedure:
(&)  Thetestis conducted on the inner containandiient temperature.

(b)  The test is conducted hydraulically with watar a water/glycol
mixture.
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7.4.1.3.

7.4.2.

7.4.2.1.

(c) The pressure is increased at a constant rait,erceeding 0.5
MPa/min until burst or leakage of the containerursc

(d)  When the Maximum Allowable Working Pressure (WR) is
reached there is a wait period of at least ten tagat constant
pressure, during which time the deformation of tatainer can be
checked.

(e)  The pressure is recorded or written duringethifre test.

For steel inner containers, the test is passedessfidly if at least one of the
two passing criteria described in para. 5.2.1.2.fulilled. For inner
containers made out of an aluminium alloy or otheaterial, a passing
criterion shall be defined which guarantees attlé@s same level of safety
compared to steel inner containers.

Baseline Pressure Cycle Life

Containers and/or vacuum jackets are pressure ccywith a number of

cycles at least three times the number of possilbleoressure cycles (from
the lowest to highest operating pressure) for ampeeted on-road
performance. The number of pressure cycles is eéfty the manufacturer
under consideration of operating pressure range of the storage and,
respectively, maximum number of refuellings and mmam number of

pressure cycles under extreme usage and storagéions. Pressure cycling
is conducted between atmospheric pressure and MAWRjuid nitrogen

temperatures, e.g. by filling the container wituid nitrogen to certain level
and alternately pressurizing and depressurizingitht (pre-cooled) gaseous
nitrogen or helium.

Verification for Expected On-road Performman
Boil-offtest

The test is conducted according to the followinggadure:

(a) For pre-conditioning, the container is fuelleith liquid hydrogen to
the specified maximum filling level. Hydrogen is bsequently
extracted until it meets half filling level, andetlsystem is allowed to
completely cool down for at least 24 hours and aimam of 48
hours.

(b)  The container is filled to the specified maximfilling level.
(c)  The container is pressurized until boil-off ggare is reached.

(d)  The test lasts for at least another 48 houes &bil-off started and is
not terminated before the pressure stabilizes sBrestabilization has
occurred when the average pressure does not iecoas a two hour
period.

The pressure of the inner container is recordedrdten during the entire
test. The test is passed successfully if the faligwrequirements are
fulfilled:

(@)  The pressure stabilizes and stays below MAWihdihe whole test.

(b)  The pressure relief devices are not allowedgen during the whole
test.
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The pressure of the inner container shall be regbmr written during the
entire test. The test is passed when the followgéogiirements are fulfilled:

(@) The pressure shall stabilize and stay below MPAWring the whole
test.

(b)  The pressure relief devices are not allowedgen during the whole

test.
7.4.2.2. Leak test
The test shall is conducted according to the prameddescribed in
para. 7.4.4.2.
7.4.2.3. Vacuum lostest

The first part of the test is conducted accordmthe following procedure:

(@) The vacuum loss test is conducted with a cotalyleooled-down
container (according to the procedure in para2714.

(b)  The container is filled with liquid hydrogen tthe specified
maximum filling level.

(c) The vacuum enclosure is flooded with air at ewren rate to
atmospheric pressure.

(d)  The test is terminated when the first pressalief device does not
open any more.

The pressure of the inner container and the vacjaoket is recorded or
written during the entire test. The opening pressfrthe first safety device
is recorded or written. The first part of test iasped if the following
requirements are fulfilled:

(@)  The first pressure relief device opens belowtdlAWP and limit the
pressure to not more than 110 per cent of the MAWP.

(b)  The first pressure relief device does not opgnpressure above
MAWP.

(c)  The secondary pressure relief device does peh @uring the entire
test.

After passing the first part, the test shall beesgpd subsequently to re-
generation of the vacuum and cool-down of the doataas described above.

(@) The vacuum is re-generated to a value spedifjethe manufacturer.
The vacuum shall be maintained at least 24 houre.vEcuum pump
may stay connected until the time directly befone start of the
vacuum loss.

(b) The second part of the vacuum loss test is woed with a
completely cooled-down container (according to fitecedure in
para. 7.4.2.1.).

(c)  The container is filled to the specified maximfilling level.

(d)  The line downstream the first safety relief idevis blocked and the
vacuum enclosure is flooded with air at an ever tatatmospheric
pressure.
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7.4.3.

(e) The test is terminated when the second presslieé device does not
open any more.

The pressure of the inner container and the vacjaoket is recorded or
written during the entire test. For steel contasrtbe second part of the test is
passed if the second pressure relief device doespem below 110 per cent
of the set pressure of the first safety relief devand limits the pressure in
the container to a maximum 136 per cent of the MAW#® safety valve is
used, or, 150 per cent of the MAWP if a burst dislused as the second
safety relief device. For other container mateyials equivalent level of
safety shall be demonstrated.

Verification Test for Service-Terminatingr®rmance Due to Fire

The tested liquid hydrogen storage system shalrdpgesentative of the
design and the manufacturing of the type to be hogaded. Its
manufacturing shall be completely finished andhilsbe mounted with all
its equipment.

The first part of the test is conductaccording to the following procedure:

(@) The bonfire test is conducted with a completelyoled-down
container (according to the procedure in para2714.

(b)  The container contained during the previoush2drs a volume of
liquid hydrogen at least equal to half of the watelume of the inner
container.

(c)  The container is filled with liquid hydrogen $eat the quantity of
liquid hydrogen measured by the mass measuremstrmsyis half of
the maximum allowed quantity that may be contaimedhe inner
container.

(d)  Afire burns 0.1 m underneath the containee TEngth and the width
of the fire exceed the plan dimensions of the daetaby 0.1 m. The
temperature of the fire is at least 590 °C. The $§hall continue to
burn for the duration of the test.

(e)  The pressure of the container at the beginafrthe test is between 0
MPa and 0.01 MPa at the boiling point of hydrogenthe inner
container.

)] The test shall continue until the storage puesslecreases to or below
the pressure at the beginning of the test, orradterely in case the
first PRD is a re-closing type, the test shall cwn¢ until the safety
device has opened for a second time.

() The test conditions and the maximum pressueehed within the
container during the test are recorded in a tesificate signed by the
manufacturer and the technical service.

The test is passed if the following requiremenésfalfilled:

(@) The secondary pressure relief device is notaipd below 110 per
cent of the set pressure of the primary presslief cevice.

(b) The container shall not burst and the pressoside the inner
container shall not exceed the permissible fautigeaof the inner
container.

The permissible fault range for steel containeasifollows:
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7.4.4.

7.4.4.1.

7.4.4.2.

(@) If a safety valve is used as secondary preseelief device, the
pressure inside the container does not exceed #B6cgnt of the
Maximum Allowable Working Pressure (MAWP) of the nar
container.

(b)  If a burst disk is used outside the vacuum aeaecondary pressure
relief device, the pressure inside the containdmigted to 150 per
cent of the Maximum Allowable Working Pressure (M&RWof the
inner container.

(c) If a burst disk is used inside the vacuum a&a&econdary pressure
relief device, the pressure inside the containdmisted to 150 per
cent of the Maximum Allowable Working Pressure plid MPa
(MAWP + 0.1 MPa) of the inner container.

For other materials, an equivalent level of sag#tgll be demonstrated.
Component Verification Tests

Testing shall be performed with hydrogen gas hagag quality compliant
with ISO 14687-2/SAE J2719. All tests shall be parfed at ambient
temperature 2@6)°C unless otherwise specified. TR@RD qualification
performance tests are specified as follows:

Pressure Test

A hydrogen containing component shall withstand haitt any visible
evidence of leak or deformation a test pressur&5ff per cent Maximum
Allowable Working Pressure (MAWP) with the outletbthe high pressure
part plugged. The pressure shall subsequentlydreased from 150 per cent
to 300 per cent Maximum Allowable Working PressyMAWP). The
component shall not show any visible evidence pfute or cracks.

The pressure supply system shall be equipped wijtbsitive shut-off valve
and a pressure gauge having a pressure range ¢éssothan 150 per cent
and no more than 200 per cent of the test prestheegccuracy of the gauge
shall be 1 per cent of the pressure range.

For components requiring a leakage test, thisstesl be performed prior to
the pressure test.

External leakage Test

A component shall be free from leakage through stefmody seals or other
joints, and shall not show evidence of porositycasting when tested as
described in para. 7.4.4.3.3. at any gas pressateekn zero and its
Maximum Allowable Working Pressure (MAWP).

The test shall be performed on the same equipmenhe following
conditions:

(@) at ambient temperature;

(b) at the minimum operating temperature or at itiguitrogen
temperature after sufficient conditioning time htsttemperature to
ensure thermal stability;

(c) at the maximum operating temperature afterigafft conditioning
time at this temperature to ensure thermal stgbilit
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7.4.4.3.
7.4.43.1.

7.4.43.2.

7.4.4.3.3.

7.4.43.4.

7.4.4.3.5.

7.4.4.3.6.

7.4.4.4.

7.4.4.5.

During this test, the equipment under test shaltdenected to a source of
gas pressure. A positive shut-off valve and a presgauge having a
pressure range of not less than 150 per cent antar@ than 200 per cent of
the test pressure shall be installed in the pressupply piping; the accuracy
of the gauge shall be 1 per cent of the pressurgeraThe pressure gauge
shall be installed between the positive shut-offf#aand the sample under
test.

Throughout the test, the sample shall be testedefitage, with a surface
active agent without formation of bubbles or meaduwith a leakage rate
less than 216 Nml/hour.

Endurance Test

A component shall be capable of confogrb the applicable leakage test
requirements of paras. 7.4.4.2. and 7.4.4.9., &kémg subjected to 20000
operation cycles.

The appropriate tests for external lgakand seat leakage, as described in
paras. 7.4.4.2. and 7.4.4.9. shall be carried mumediately following the
endurance test.

The shut-off valve shall be securelynemted to a pressurized source of dry
air or nitrogen and subjected to 20000 operatiariesy A cycle shall consist
of one opening and one closing of the componertimi period of not less
than 10 £ 2 seconds.

The component shall be operated thra@per cent of the number of
specified cycles at ambient temperature and aWth@/P of the component.
During the off cycle the downstream pressure of tia fixture shall be
allowed to decay to 50 per cent of the MAWP of¢benponent.

The component shall be operated thr@ugér cent of the total cycles at the
maximum material temperature (-40°C to +85 °C) eraftsufficient
conditioning time at this temperature to ensurerrtta stability and at
MAWP. The component shall comply with paras. 72..4nd 7.4.4.9. at the
appropriate  maximum material temperature (-40 °C +H86 °C) at the
completion of the high temperature cycles.

The component shall be operated thr@ugér cent of the total cycles at the
minimum material temperature (-40 °C to +85 °C) Imatt less than the
temperature of liquid nitrogen after sufficient diioning time at this
temperature to ensure thermal stability and atMA&VP of the component.
The component shall comply with paras. 7.4.4.2. and.4.9. at the
appropriate  minimum material temperature (-40 °C #85 °C) at the
completion of the low temperature cycles.

Operational Test

The operational test shall be carried out in atance with EN 13648-1 or
EN 13648 2. The specific requirements of the stethdee applicable.

Corrosion Resistance Test

Metallic hydrogen components shall comply with kb&kage tests referred to
paras. 7.4.4.2. and 7.4.4.9. after being submttiet¥4 hours salt spray test
according to 1ISO 9227 with all connections closed.

A copper or brass hydrogen containing componeatl slomply with the
leakage tests referred to paras. 7.4.4.2. and.9.4dd after being submitted
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7.4.4.6.

7.4.4.7.

7.4.4.8.

7.4.4.9.

7.5.
7.5.1.

to 24 hours immersion in ammonia according to 1S@67 with all
connections closed.

Resistance to dry-heat Test

The test shall be carried out in compliance wit® IE88. The test piece shall
be exposed to air at a temperature equal to theinmax operating

temperature for 168 hours. The change in tensitngth shall not exceed
+25 per cent. The change in ultimate elongation Ishat exceed the

following values:

maximum increase 10 per cent,
maximum decrease 30 per cent.
Ozone ageing Test

The test shall be in compliance with 1ISO 1431-he Test piece, which shall
be stressed to 20 per cent elongation, shall besexbto air at +40 °C with
an ozone concentration of 50 parts per hundredomitduring 120 hours.

No cracking of the test piece is allowed.
Temperature cycle Test

A non-metallic part containing hydrogen shall cdynwith the leakage tests
referred to in paras. 7.4.4.2. and 7.4.4.9. aféenirty been submitted to a 96
hours temperature cycle from the minimum operatemgperature up to the
maximum operating temperature with a cycle timeladd minutes, under
Maximum Allowable Working Pressure (MAWP).

Flex Line Cycle Test

Any flexible fuel line shall be capable of confang to the applicable
leakage test requirements referred to in para4.2.4.after being subjected to
6,000 pressure cycles.

The pressure shall change from atmospheric presturthe Maximum
Allowable Working Pressure (MAWP) of the containethin less than five
seconds, and after a time of at least five secowstiall decrease to
atmospheric pressure within less than five seconds.

The appropriate test for external leakage, asnetldo in para. 7.4.4.2., shall
be carried out immediately following the endurates.

Test Procedures for LHSS Fuel System
Post-Crash Leak Test — Liquid Hydrogen Sfera

Prior to the vehicle crash test, the followingpsteare taken to prepare the
Liquefied Hydrogen Storage System (LHSS):

€) If the vehicle does not already have the foifmacapabilities as part
of the standard vehicle, and tests in para. 6drd to be performed;
the following shall be installed before the test:

0] LHSS Pressure Sensor. The pressure sensor tshadl a full
scale of reading of at least 150 per cent of MAiPaccuracy
of at least 1 per cent of full scale, and capableading values
of at least 10 kPa.

(i) LHSS Temperature Sensor. The temperature sesisall be
capable of measuring cryogenic temperatures exgpdméore
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7.5.1.1.

crash. The sensor is located on an outlet, asawpossible to
the container.

(i)  Fill and drain ports. The ability to add angmove both
liquefied and gaseous contents of the LHSS befack adter
the crash test shall be provided.

(b)  The LHSS is purged with at least 5 volumesitsbgen gas.

(c) The LHSS is filled with nitrogen to the equigate of the maximum
fill level of hydrogen by weight.

(d)  After fill, the (nitrogen) gas vent is to beoskd, and the container
allowed to equilibrate.

(e)  The leak-tightness of the LHSS is confirmed.

After the LHSS pressure and temperature sensoicatiedthat the system has
cooled and equilibrated, the vehicle shall be @dsher state or regional
regulation. Following the crash, there shall bevisible leak of cold nitrogen
gas or liquid for a period of at least 1 hour aftex crash. Additionally, the
operability of the pressure controls or PressurkeRBevices (PRDs) shall
be proven to ensure that the LHSS is protectechaghurst after the crash. If
the LHSS vacuum has not been compromised by thsd critrogen gas may
be added to the LHSS via the fill / drain port bptiessure controls and/or
PRDs are activated. In the case of re-closing pressontrols or PRDs,
activation and re-closing for at least 2 cycledidiw demonstrated. Exhaust
from the venting of the pressure controls or théPRhall not be vented to
the passenger, luggage, or cargo compartmentsgdiln@se post-crash tests.

Following confirmation that the pressure controti/am safety relief valves
are still functional, a leak test shall be conddcten the LHSS using the
procedures in either para. 6.1.1.1. or para. 1.1.

Either test procedure para. 7.5.1.1. or the altere test procedure
para. 7.5.1.2. (consisting of paras. 7.5.1.2.1. ah#.1.2.2.) may be
undertaken to satisfy test procedure para. 7.5.1.

Post-Crash Leak Test for the Liquefied idgén Storage Systems (LHSSs)

The following test would replace both the leak tapara. 7.5.1.2.1. and gas
concentration measurements as defined in para.l.Z.3. Following
confirmation that the pressure control and/or gafefief valves are still
functional; the leak tightness of the LHSS may beven by detecting all
possible leaking parts with a sniff sensor of abcated Helium leak test
device used in sniff modus. The test can be peddras an alternative if the
following pre-conditions are fulfilled:

€) No possible leaking part shall be below thaitignitrogen level on
the storage container

(b)  All possible leaking parts are pressurized withium gas when the
LHSS is pressurized.

(c) Required covers and/or body panels and partdbeaemoved to gain
access to all potential leak sites.

Prior to the test the manufacturer shall providestaof all possible leaking
parts of the LHSS. Possible leaking parts are:

(@)  Any connectors between pipes and between pipéshe container
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(b)  Any welding of pipes and components downstréa@ncontainer
(c) Valves

(d)  Flexible lines

(e) Sensors

Prior to the leak test overpressure in the LHSSukhde released to
atmospheric pressure and afterwards the LHSS shmuldressurized with
helium to at least the operating pressure but beltbw the normal pressure
control setting (so the pressure regulators do awtivate during the test
period). The test is passed if the total leakageuwnn (i.e. the sum of all
detected leakage points) is less than 216 Nml/hr.

Alternative Post-Crash Tests for Liquetibdirogen Storage Systems

Both tests of paras. 7.5.1.2.1. and 7.5.1.2.2.carelucted under the test
procedure of para. 7.5.1.2.

Alternative Post-Crash Leak Test for thquefied Hydrogen Storage
Systems

Following confirmation that the pressure controtl@r safety relief valves

are still functional, the following test may be docted to measure the post-
crash leakage. The concentration test in paral.8.5hall be conducted in

parallel for the 60 minute test period if the hyglea concentration has not
already been directly measured following the veharhsh.

The container shall be vented to atmospheric presand the liquefied
contents of the container shall be removed andtmtainer shall be heated
up to ambient temperature. The heat-up could be,demy. by purging the
container sufficient times with warm nitrogen orcri@asing the vacuum
pressure.

If the pressure control set point is less tharp80 cent of the MAWP, the
pressure control shall be disabled so that it de®sactivate and vent gas
during the leak test.

The container shall then be purged with heliuneibiyer:
(@) flowing at least 5 volumes through the containe
or

(b)  pressurizing and de-pressurizing the contather LHSS at least 5
times.

The LHSS shall then be filled with helium to 80 pent of the MAWP of the

container or to within 10 per cent of the primamslief valve setting,

whichever results in the lower pressure, and hetdafperiod of 60 minutes.
The measured pressure loss over the 60 minut@eesid shall be less than
less than or equal to the following criterion basedthe liquid capacity of
the LHSS:

(@) 2 atm allowable loss for 100L systems or less;

(b) 1 atm allowable loss for systems greater th@@Lland less than or
equal to 200L; and

(c) 0.5 atm allowable for systems greater than 200L

Post-Crash Enclosed Spaces Test
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The measurements shall be recorded in the crasthtgsevaluates potential
liquid hydrogen leakage in test procedure para.l128.. if the LHSS
contains hydrogen for the crash test or duringhbbBum leak test in test
procedure para. 6.1.2.

Select sensors to measure the build-up of hydragehelium (depending
which gas is contained within the Liquefied Hydrong8torage Systems
(LHSSs) for the crash test. Sensors may measulereiineasure the
hydrogen/helium content of the atmosphere withia tompartments or
measure the reduction in oxygen (due to displacémérair by leaking
hydrogen/helium).

The sensors shall be calibrated to traceableaefes, have an accuracy of 5
per cent of reading at the targeted criteria oed gent hydrogen (for a test
with liquefied hydrogen) or 0.8 per cent heliummlume in the air (for a
test at room temperature with helium), and a fudhle measurement
capability of at least 25 per cent above the tacgédria. The sensor shall be
capable of a 90 per cent response to a full scladenge in concentration
within 10 seconds.

The installation in vehicles with LHSSs shall mté&t same requirements as
for vehicles with compressed hydrogen storage Byst@ para. 6.1.2. Data
from the sensors shall be collected at least évesgconds and continue for a
period of 60 minutes after the vehicle comes tes if post-crash hydrogen
is being measured or after the initiation of thdiume leak test if helium
build-up is being measured. Up to a 5 second liverage may be applied
to the measurements to provide "smoothing" aneérfiéiffects of spurious
data points. The rolling average of each sensolt bkabelow the targeted
criteria of 4 per cent hydrogen (for a test withukfied hydrogen) or 0.8 per
cent helium by volume in the air (for a test atmotemperature with helium)
at all times throughout the 60 minute post-crashperiod.

117



