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Typical Hydrogen Refueling Station - HRS

H2 Storage



Typical Gaseous Hydrogen Installations
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Typical Hydrogen Storage Pack Configurations

78 vessels – 700 BAR

2,520 Kg H2 Storage

Designed to meet local Code e.g. seismic / wind loads etc
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Vertical Stackable Storage Possible



Pressure Vessels Classifications / Types
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Type I - Manufacturing
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Type I - Manufacturing
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Type II - Manufacturing

8



ASME Type I – H2 Refueling Stations with 3-Zone Cascade Module

500 , 700 and 1,034 BAR

Typical H2 Vessels Sizes and Capacities
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Addition of a 700 BAR middle zone between 500 BAR and 1,034 BAR zones introduces system improvements:

• Allows cascading of more vehicles before compressor starts.

• Reduces min-max pressure range (stress intensity) within a cycle, increasing fatigue life of the pressure vessel.

Cycles without 700 BAR Vessel (1,034 Bar – brown line) Cycles with 700 BAR Vessel (blue line)

Demonstrated Benefit of Intermediate Zone With Cascading
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Typical H2 Vessels Sizes and Capacities

ASME Type I – other H2 applications

ASME Type II / Composite 
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Div.2 S-N Curve

Are Design Codes prepared for the H2-based economy?

ASME Code
Wall Thickness 

Design Rule
Safety Factor Specific Rules for H2? Fatigue Rules?

Mandatory material 
test in H2?

Division 1 Formula 3 App. 22(thicker) No No No

Division 2 Formula 2.4 No S-N Curves - Air No

Division 3
Formula or Elastic-

Plastic
Diameter ratio / 

thick shell theory
Yes - KD-10

Fracture Mechanics 
- FAD

Yes

Div.3 FAD
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Are Design Codes prepared for the H2-based economy?

USA, Canada, Europe, Japan, ISO

MATHRYCE D2.6 Sep-2015
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• First in the world. Product innovation achieved through NDE 
and surface finish techniques + material processing 

• Life is not limited to 20 years. Life extension possible

• Demonstrated ability to detect small initial flaw sizes = longer life

• Fully meets the unique requirements of ASME Section VIII Division 
3 and Article KD 10 for H2 storage

Inside surface condition is 
critical to achieve detection of 
smaller notches / longer life.
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H2 Storage Vessel - ASME Div.3 

Type I - 15,000 psi Monobloc Design



No evidence of transition to stage III for Kmax

up to 40 MPa m1/2 in SA-372 Gr J steels

Measured KJH values for SA 372 J in 103 MPa 

H2 is > 40 MPa m1/2 requirement 

Fatigue crack growth rate of SA-372 Gr. J steel 

in gaseous hydrogen 103 MPa
SANDIA2018_8867PE

Fracture Resistance (KJH) as a function of tensile 

strength (Su) for different pressure vessel steels
PVP2019-93907

Code Material Requirements

(Test material in H2 environment at high pressure)
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Fatigue Crack Growth Rate Hydrogen x Air

Hydrogen accelerates fatigue crack growth rates by 1.5 to 2 orders of 

magnitude relative to crack growth rates in air environment.

Fatigue Crack Growth Rate for low 

Strength Pipeline Steels
Sandia SAND2017-8212 PE

Fatigue crack growth rate relationships for SA-372 

GR. J steel in 100 MPa hydrogen gas
PVP2013-97455 

16



Fracture Mechanics

Stages of Fatigue Crack Growth

Sandia SCS005

Typical fatigue crack growth behavior in metals:

Sigmoidal or “S”-shaped curve contains three distinct regions 
with low, intermediate and high ΔK levels

T.L. Anderson 4th Ed.



Fracture Mechanics

Stages of Fatigue Crack Growth
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Stage III



Fracture Mechanics

ASME Div.3 approach to establish cycle life

ASME DIV.3 Life Estimation
PVP2013-97455

Sample calculation – Inside surface crack

Inside surface crack
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Finite Element Analysis - Model

20

Plug Vessel
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Monotonic True Stress -True Strain Curve

True Stress / True strain curve generated for material modeling in cyclic service,

considering strain hardening and large displacement theory

Cyclic Curve Generation
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Finite Element Analysis - Model

Model Type = Axisymmetric or 3D depending on the analysis type

Mesh is refined to capture local plastic strain that may occur in 

areas of high stress concentration such as thread roots

22



Finite Element Analysis - Results

Output from FEA used for:

- Elastic-Plastic Analysis

- Demonstrate protection against local failure (limit strain damage)

- Ratcheting evaluation (progressive incremental inelastic 

deformation or strain)

- Cyclic stress / Fracture mechanics

- Global loading (to check for external loads / events such as 

seismic, wind etc) 
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Thank You

Questions?

Info@fibatech.com
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