B 5 
PERFORMANCE REQUIREMENTS

B5.1
COMPRESSED HYDROGEN STORAGE SYSTEM  

(…)

B5.2
LIQUEFIED HYDROGEN STORAGE SYSTEM

This Section specifies the requirements for the integrity of a liquefied hydrogen storage system.

The hydrogen storage system will be qualified to the performance test requirements specified in this Section.  All liquefied hydrogen storage systems produced for on-road vehicle service must be capable of satisfying requirements of B.5.2.

The manufacturer has to provide a confirmation of hydrogen material compatibility for the inner tank and all components in contact with hydrogen.  Furthermore, the manufacturer is obliged to specify a maximum allowable working pressure (MAWP) for the inner container.  In order to prove proper design and expected on-road performance of the storage the following tests have to be accomplished:

· Proof pressure test

· Baseline Initial Burst Pressure (hydraulic)

· Boil-off test

· Leak test

· Vacuum loss test  

· Bonfire test

The test elements within these performance requirements are summarized in Table B.5.2. 
These criteria apply to qualification of storage systems for use in new vehicle production.  It does not apply to re-qualification of any single produced system for use beyond its expected useful service or re-qualification after a potentially significant damaging event.

Table B.5.2 

Overview of Performance Qualification Test Requirements

	B.5.2.1   Verification Tests for Baseline Metrics


B 5.2.1.1   Proof pressure test

B 5.2.1.2   Baseline Initial Burst Pressure, performed on the inner tank



	B.5.2.2   Verification of Material Compatibility

Prove of hydrogen compatibility of the materials for the inner container and all components in contact with hydrogen.


	B.5.2.3  Verification for Expected On-road Performance


B.5.2.3.1   Boil-off test


B.5.2.3.2   Leak test


B.5.2.3.3   Vacuum loss test



	B.5.2.4  Verification Test for Service Terminating Performance


	
B.5.2.4.1  Bonfire Test




B.5.2.1   Verification for Baseline Metrics

B.5.2.1.1   Proof pressure test.  
A system will be pressurized to a pressure ptest ≥ 1.3 (MAWP + 0.1 MPa) in accordance with test procedure B.6.3.1.1.
The inner container and the pipe work situated between the inner tank and the outer jacket shall withstand an inner pressure test at room temperature any suitable media, according to the following requirements.

The test pressure ptest shall be defined by the manufacturer and fulfill the following requirements:
· ptest ≥ 1.3 (MAWP + 0.1 MPa)

· In case of metallic containers ptest shall be either at least equal to the maximum pressure of the inner container during fault management (as determined in B.5.2.3.3 and B.5.2.3.4) or the manufacturer shall prove by calculation that at the maximum pressure of the inner container during fault management no yield occurs.

· For other materials than metallic ptest shall be at least equal to the maximum pressure of the inner container during fault management (as determined in B.5.2.3.3 and B.5.2.3.4).
The test is passed when during at least 10 minutes after applying the proof pressure no visible deformation, no visible degradation in the container pressure and no leakage are detectable.

B.5.2.1.2   Baseline Initial Burst Pressure
The burst test shall be performed on one sample of the inner container (hydraulically pressurized), not integrated in its outer jacket and not insulated (B.6.3.1.2. test procedure).

The burst pressure shall be at least equal to the burst pressure used for the mechanical calculations.  For steel containers that is:

· either the Maximum Allowable Working Pressure (MAWP) (in MPa) plus 0.1 MPa multiplied by 3.25;

· or the Maximum Allowable Working Pressure (MAWP) (in MPa) plus 0.1 MPa multiplied by 1.5 and multiplied by Rm/Rp, where Rm means minimum ultimate tensile strength and Rp means minimum yield strength of the container material.
Annotation: For austenitic steels Rp 1,0 has to be used, for other steels Rp 0,2

B.5.2.2
   Verification for Material Compatibility

The manufacturer has to ensure to use compatible material in his application.

For definition of test procedures in order to prove the material compatibility see B.6.3.2.
B.5.2.3   Verification for Expected On-road Performance
B.5.2.3.1   Boil-off test
A container shall be fueled with liquid hydrogen to the specified maximum filling level.  Subsequently hydrogen should be extracted until half filling level and the system should be allowed to completely cool down for at least 24 hours and maximum 48 hours.  The container shall be filled to the specified maximum filling level.  The container shall pressurize until boil-off pressure is reached.  The test shall last for at least another 48 hours after boil-off started and not terminated before the pressure stabilizes.

During the test the inner container pressure shall be monitored.  The test is passed when the pressure stabilizes below MAWP.  In particular, the pressure relief devices are not allowed to open.

The boil-off test shall be performed on a liquid hydrogen storage system equipped with all components as described in A.3.3.2.2 (Figure 4).  The test shall be performed on a system filled with liquid hydrogen to the maximum filling level and show that the boil-off system limits the pressure in the inner storage container below the maximum allowable working pressure (see B.6.3.3.1. test procedure).

B.5.2.3.2   Leak test 
After the boil-off test the system shall be kept at boil-off pressure and the total discharge rate due to leakage shall be measured.  The maximum allowable discharge from the hydrogen storage system is 150 ml/min for standard passenger vehicles.  

[The maximum allowable discharge for systems in larger vehicles is R*150 Ncc/min where R = (Vwidth+1)*(Vheight+0.5)*(Vlength+1)/30.4 and Vwidth, Vheight, Vlength are the vehicle width, height, length (m), respectively.] (see B.6.2.3.4. test procedure).
B.5.2.3.3   Vacuum loss test

A vacuum loss test shall be conducted with a completely cooled-down container (according to the procedure in B.5.2.3.1).  The container shall be filled to the specified maximum filling level and the vacuum enclosure shall be flooded with air to atmospheric pressure. The first part of the test shall be terminated when the first pressure relief device does not open any more.

The pressure of the inner container shall be monitored during the test.  The first part of test is passed when the first pressure relief device opens below or at MAWP and limits the pressure to not more than 110 per cent of the MAWP.  In particular, the secondary pressure relief device is not allowed to open.

After passing the first part the test has to be repeated subsequently to re-generation of the vacuum and cool-down of the container as described above.  The container shall be filled to the specified maximum filling level, the line downstream the first safety relieve device shall be blocked and the vacuum enclosure shall be flooded with air to atmospheric pressure.  For steel containers the second part of the test is passed when the second pressure relief relieve device does not open below 110 per cent of the set pressure of the first safety relief device and limits the pressure in the container to maximum 136 per cent of the MAWP in case a safety valve is used, or, respectively, 150 per cent of the MAWP in case a burst disk is used as second safety relief device.  For other container materials, an equivalent level of safety shall be demonstrated.
The vacuum loss test shall be performed on a liquid hydrogen storage system equipped with all components as described in A.3.3.2.2 (Figure 4). The test shall be performed on a system filled with liquid hydrogen to the maximum filling level and show that in case of a vacuum loss both pressure relief devices limit the pressure to the values specified in the test description and pass criteria described in B.6.3.3.3. 
B.5.2.4
Verification Test for Service Terminating Conditions 

At least one system must demonstrate the working of the pressure relief devices and the absence of rupture under the following service-terminating conditions.  Specifics of test procedures are provided in Section 6.3.4.
B.5.2.4.1    Bonfire Test
A hydrogen storage system will be filled to half-full liquid level and exposed to fire in accordance with test procedure 6.3.4.1.  The pressure relief device(s) will release the contained gas in a controlled manner without rupture.  

For steel containers the test is passed when the requirements relating to the pressure limits for the pressure relief devices as described in B.6.3.3.3 are fulfilled.  For other container materials, an equivalent level of safety shall be demonstrated.

B.5.3. Vehicle Fuel System 

(….)
B.6.1.  COMPLIANCE TEST FOR FUEL SYSTEM INTEGRITY

B6.1.1 Crash test for Fuel System Integrity

…

b) Liquid Hydrogen Storage:

The fuel storage container shall be filled with liquid nitrogen (LN2) to minimum the mass equivalent of the maximum quantity of LH2 that may be contained in the inner vessel and then the system shall be pressurized with a gaseous Helium up to typical operating pressure.

The main stop valve and shut-off valves, etc. for hydrogen, located in the downstream hydrogen gas piping, shall be kept open immediately prior to the impact.

After the collision, the liquid hydrogen storage system must be tight, i.e. bubble free* if using detecting spray. No uncontrolled release of the test fluid is allowed. 

After the collision, in the passenger and luggage compartments a measurement of Helium concentration shall be performed. The Helium concentration shall be below 2%* Helium per Volume.
* With bubble detection spray, any leakage in the range above 0,1Pa l/s can be detected. In case of Helium used as test fluid, the corresponding detectable hydrogen leakage would be no more than 0,2 Pa l/s  in any operating condition (that is far below 1 NL per minute!).

B.6.3. TEST PROCEDURES FOR LIQUID HYDROGEN STORAGE
B.6.3.1 Verification Tests for Baseline Metrics
B.6.3.1.1 Proof pressure test
A system will be pressurized to a pressure ptest ≥ 1.3 (MAWP + 0.1 MPa) in accordance with test procedure B.6.2.2.3.
The inner container and the pipe work situated between the inner tank and the outer jacket shall withstand an inner pressure test at room temperature any suitable media, according to the following requirements.

The test pressure ptest shall be defined by the manufacturer and fulfill the following requirements:

· ptest ≥ 1.3 (MAWP + 0.1 MPa)


· In case of metallic containers ptest shall be either at least equal to the maximum pressure of the inner container during fault management (as determined in B.5.2.3.3 and B.5.2.3.4) or the manufacturer shall prove by calculation that at the maximum pressure of the inner container during fault management no yield occurs.


· For other materials than metallic ptest shall be at least equal to the maximum pressure of the inner container during fault management (as determined in B.5.2.3.3 and B.5.2.3.4).

The test shall be done according to the following procedure:
a. The test shall be done on the inner storage container and the interconnecting pipes between inner storage container and vacuum jacket before the outer jacket is mounted.  

b. The test shall be done either hydraulic with water or a glycol/water mixture or alternatively with gas.  The container shall be pressurized to test pressure ptest in an even rate according to the requirements in B.5.2.1.1 and kept at that pressure for at least 10 minutes.

c. The test shall be done at ambient temperature.  In case of using gas to pressurize the container, the pressurization shall be done in a way that the container temperature stays at or around ambient temperature.

The test is passed when during at least 10 minutes after applying the proof pressure no visible permanent deformation, no visible degradation in the container pressure and no visible leakage are detectable.
B.6.3.1.2 Baseline Initial Burst Pressure

The test shall be done according to the following procedure:
a. The test shall be done on the inner container at ambient temperature.

b. The test shall be done hydraulically with water or a water/glycol mixture.

c. The pressure shall be increased at a constant rate not exceeding 0.5 MPa/min until burst or leakage of the container occurs.

d. When the Maximum Allowable Working Pressure (MAWP) is reached there shall be a wait period of at least ten minutes at constant pressure so that the deformation of the tank shall be checked.
e. The pressure shall be recorded or written during the entire test. 

For steel inner containers the test is passed when at least one of the two passing criteria described in chapter 5.2.1.2 is fulfilled.  For inner containers made out of an aluminum alloy or other material a passing criterion shall be defined which guarantees at least the same level of safety compared to steel inner containers.

B.6.3.2 Verification of Material Compatibility

B.6.3.2.1   Steel

Depending on temperature, pressure, operational loads, stress level and other impacts many steel material show embrittlement under a hydrogen atmosphere. For austenitic steels, e.g., the affinity to embrittle under hydrogen gains with increasing pressure, decreasing Ni content and shows a maximum in a certain temperature range. Depending on the operating conditions, a chosen steel material may be compatible in one case of application while it shows embrittlement and thus is not compatible in another case of application where it may be exposed different temperature, pressure or stress levels.

The manufacturer shall be responsible for the approval all used steel materials in contact with hydrogen in the inner storage container and all components downstream the container in terms of hydrogen compatibility according to the following procedure:

a. The manufacturer shall define operational conditions for all used steel materials in contact with hydrogen in the inner storage container and all components downstream the container at least for the following parameters:


· expected temperature(s)

· expected pressure(s)

· expected stress level(s)

b. The manufacturer shall perform tensile testing in a hydrogen environment according to GS 93028-1 for all used steel materials in contact with hydrogen in the inner storage container and all components downstream the container. 

B.6.3.2.2   Aluminum

For aluminum and aluminum alloys any effect of embrittlement under a hydrogen atmosphere has not been observed. From the viewpoint of hydrogen compatibility all known aluminum materials can be used.
Remark BMW: We suggest to overtake this section also for the CGH2 part. Based on the current knowledge, the materials listed here would not pass the criteria when being tested as defined in BMW GS 93028-1, especially when tested at a high pressure of 700 bar, see San Marchi, C., Michler, T., Nibur, K.A. and B.P. Somerday "On the physical differences between tensile testing of type 304 and 316 austenitic stainless steels with internal hydrogen and in external hydrogen". Int. J. Hydrogen Energy (2010). Based on this, the use of nearly ALL steels is somewhat design specific. Any listing of specific materials should be deleted because the decision to use a material should be left to the magnufacturer based on the results obtained from the tests specified in GS 93028-1.

B.6.3.3 Verification for Expected On-road Performance
B.6.3.3.1   Boil-off test
The test shall be done according to the following procedure:
a. For pre-conditioning the container shall be fueled with liquid hydrogen to the specified maximum filling level.  Subsequently hydrogen should be extracted until half filling level and the system should be allowed to completely cool down for at least 24 hours and maximum 48 hours.  

b. The container shall be filled to the specified maximum filling level.  

c. The container shall pressurize until boil-off pressure is reached.  

d. The test shall last for at least another 48 hours after boil-off started and not terminated before the pressure stabilizes.

The pressure of the inner container shall be recorded or written during the entire test.  The test is passed when the following requirements are fulfilled:

· The pressure shall stabilize and stay below MAWP during the whole test. 

· The pressure relief devices are not allowed to open during the whole test.
Annotation: Pressure stabilization here means that the average pressure over a sufficiently long time should not increase any more.  
B.6.3.3.2   Leak test 
The test shall be done according to the procedure described in B.6.2.3.4.

B.6.3.3.3   Vacuum loss test

The first part of the test shall be done according to the following procedure:

a. The vacuum loss test shall be conducted with a completely cooled-down container (according to the procedure in B.6.3.3.1).  

b. The container shall be filled with liquid hydrogen to the specified maximum filling level. 

c. The vacuum enclosure shall be flooded with air at an even rate to atmospheric pressure. 

d. The test shall be terminated when the first pressure relief device does not open any more.

The pressure of the inner container and the vacuum jacket shall be recorded or written during the entire test. The opening pressure of the first safety device shall be recorded or written.  The first part of test is passed when the following requirements are fulfilled:

· The first pressure relief device shall open below or at MAWP and limit the pressure to not more than 110 per cent of the MAWP.

· The first pressure relief device shall not open at pressure above MAWP.  

· The secondary pressure relief device shall not open during the entire test.

After passing the first part the test has to be repeated subsequently to re-generation of the vacuum and cool-down of the container as described above.  

e. The vacuum shall be re-generated to a value specified by the manufacturer. The time for re-generation of the vacuum shall be at least 24 hours.  The vacuum pump may stay connected until the time directly before the start of the vacuum loss.
f. The second part of the vacuum loss test shall be conducted with a completely cooled-down container (according to the procedure in B.5.2.3.1).  

g. The container shall be filled to the specified maximum filling level. 
h. The line downstream the first safety relieve device shall be blocked and the vacuum enclosure shall be flooded with air at an even rate to atmospheric pressure.  
i. The test shall be terminated when the second pressure relief device does not open any more.

The pressure of the inner container and the vacuum jacket shall be recorded or written during the entire test.  For steel containers the second part of the test is passed when the second pressure relief relieve device does not open below 110 per cent of the set pressure of the first safety relief device and limits the pressure in the container to maximum 136 per cent of the MAWP in case a safety valve is used, or, respectively, 150 per cent of the MAWP in case a burst disk is used as second safety relief device.  For other container materials, an equivalent level of safety shall be demonstrated.

B.6.3.4 Verification Test for Service Terminating Performance
B.6.3.4.1    Bonfire Test
The tested liquid hydrogen storage system shall be representative of the design and the manufacturing of the type to be homologated.  Its manufacturing shall be completely finished and it shall be mounted with all its equipment.
The first part of the test shall be done according to the following procedure:

a. The bonfire test shall be conducted with a completely cooled-down container (according to the procedure in B.6.3.3.1).
b. The tank shall have contained during the previous 24 hours a volume of liquid hydrogen at least equal to half of the water volume of the inner tank.
c. The tank shall be filled with liquid hydrogen so that the quantity of liquid hydrogen measured by the mass measurement system shall be half of the maximum allowed quantity that may be contained in the inner tank.
d. A fire shall burn 0.1 m underneath the tank. The length and the width of the fire shall exceed the plan dimensions of the container by 0.1 m. The temperature of the fire shall be at least 590 ºC. The fire shall continue to burn for the duration of the test.
e. The pressure of the tank at the beginning of the test shall be between 0 MPa and 0.01 MPa at the boiling point of hydrogen in the inner tank.
a. Once the safety device opens, the test shall continue until the blow off of thesafety device has finished. During the test the tank shall not burst and the pressure inside the inner tank shall not exceed the permissible fault range of the inner tank. In the case of steel inner tanks, the tank pressure shall not exceed 136 per cent of the Maximum Allowable Working Pressure (MAWP) of the inner tank. For other materials, an equivalent level of safety shall be applied.
The test conditions and the maximum pressure reached within the tank during the test shall be recorded in a test certificate signed by the manufacturer and the technical service.
The test is passed when the following requirements are fulfilled:
· The tank shall not burst and the pressure inside the inner tank shall not exceed the permissible fault range of the inner tank. 
· In case of steel inner tanks, the secondary pressure relief device shall limit the pressure inside the tank to 136 per cent of the Maximum Allowable Working Pressure (MAWP) of the inner tank, if a safety valve is used as second pressure relief device.
· In case of steel inner tanks, the secondary pressure relief device shall limit the pressure inside the tank to 150 per cent of the Maximum Allowable Working Pressure (MAWP) of the inner tank, if a burst disk is used outside the vacuum area as second pressure relief device.
· In case of steel inner tanks, the secondary pressure relief device shall limit the pressure inside the tank to 150 per cent of the Maximum Allowable Working Pressure plus 0.1 MPa (MAWP + 0.1 MPa) of the inner tank, if a burst disk is used inside the vacuum area as second pressure relief device.
· For other materials, an equivalent level of safety shall be demonstrated.
· The secondary pressure relief device shall not operate below 110 per cent of the set pressure of the primary pressure relief device.
B.7
ANNEXES

B.7.1  Type Approval Requirements for Compressed Hydrogen Storage
(…)

B.7.2  Type Approval Requirements for LIQUEFIED HYDROGEN STORAGE

B.7.2.1   Metallic containers
When using metallic containers and/or metallic vacuum jackets the manufacturer must either provide a calculation in order to demonstrate that the tank is designed according to current regional legislation or accepted standards for cryogenic pressure vessels (e.g. in US the ASME Boiler and Pressure Vessel Code, in Europe EN 1251-2 and EN 1252-1 and in all other countries an applicable regulation for the design of metallic pressure vessels) or define and perform suitable tests which prove the same level of safety compared to a design supported by calculation according to accepted standards. The test shall at least include:


· Pressure cycling with a number of cycles at least three times the number of possible full pressure cycles (from the lowest to highest operating pressure) for an expected on-road performance. The number of pressure cycles has to be defined by the manufacturer under consideration of operating pressure range, size of the storage and, respectively, maximum number of refuelings and maximum number of pressure cycles under extreme usage and storage conditions. Pressure cycling should be conducted between atmospheric pressure and MAWP at liquid nitrogen temperatures, e.g. by filling the container with liquid nitrogen to certain level and alternately pressurizing and depressurizing it with (pre-cooled) gaseous nitrogen or helium.

B.7.2.2   Non-Metallic containers
In the case that non-metallic materials are used for the container(s) and/or vacuum jacket(s) in addition to the mandatory tests described in chapter B.5.2 suitable tests have to be accomplished, which prove the same level of safety compared to a metallic container design supported by calculation according to accepted standards as described in 7.2.1.

B.7.2.3   Qualification Tests for Hydrogen-flow Closures

Closures that isolate the LH2 container from the low pressure part of the LHSS system (the PRD(s), the boil-off valve and the shut-off valve(s) shown in Figure 4 A.3.3.2.2. , where as high pressure is over 3,0 MPa) shall be design-qualified according to the following tests referred to in the EC Directive 79/2009 and EC Commission Directive 406/2010.
The entire storage system does not have to be re-qualified (B.5.2) if these closure components (components in Figure 4 A.3.3.2.2. excluding the storage container) are exchanged for equivalent closure components having comparable function, fittings, and dimensions, and qualified for performance using the same qualification tests as the original components.  

B.7.3
Type Approval Requirements for Fuel System Integrity
(…)
