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2 | Background: LaChance et al. and Gaseous Hydrogen

Options for determination of setback distances

> Consequence-based — “worst case scenario”

1.0E-05
o Risk-based — “meet this risk metric” f Seosinglek :
o Risk-informed — “setbacks based on scenario identified from risk analysis” &
%" 1.0E-06
. . o F Cummulative frequency
Steps of risk-informed process o of accidents requiring
o this separation distance
o (44 S 2 5
Assume a representatlve system E 10807 |
. . . = F
° Analysis risk of entire system o .. )
. . . Risk / Separation 1
o Quantitative risk assessment (QRA) Criteria |  Distance \_:
. 1.0E-08
> Lots of individual choices for Task Group feedback - e _— S
o Identity scenario(s) of highest risk Separation Distance (m)
o Combination of likelihood and consequence Figure 2-7. Risk-informed approach for establishing safety distances. ‘

Ultimately, NFPA 2 Storage Task Group and Technical
Committee will decide on acceptability and scenario choice
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LaChance et al. Sandia National Laboratories Report SAND2009-0874, March 2009



3 | Task Group Prior Work: HAZOP and ldentified Scenarios

Described in Appendix Section 1.8 of NFPA 2 2020 Edition

Assumed a representative system from CGA P-28

> OSHA Process Safety Management and EPA Risk Management Plan Guidance Document for Bulk Liquid
Hydrogen Systems

Task group analyzed 102 node deviations from HAZOP and made a risk-ranking
o Likelihood classification of level 1 (expected to occur 1/yt) to level 6 (less than 1/10,000yrs)

o Hazard severity classification of level 1 (public fatality) to 4 (no injury or system damage)

Based on “expert elicitation” and discussion within task group
Resulted in 9 identified scenarios of concern

Stated next steps are to use Sandia COLDPLUME and NETFLOW to model consequences



+ I Plan: Quantitative Risk-Informed Scenario Identification

Estimate likelthood of scenarios of concern
° Estimate leak frequencies for liquid hydrogen system components

> Combine component leak frequencies to determine frequency of scenario

Estimate consequence severity of scenarios of concern

o Hstimate gas concentration dispersion and jet flame using ColdPlume
o Hstimate liquid pooling using CFD
° Estimate harm/fatality using models in HyRAM

Task Group selects specific scenarios of concern

Use physics models to determine setback distance based on harm from that release scenario

Estimate Calculate |dentify Basis Calculate

Likelihood Consequence Scenario Setbacks




s | Leak Frequency Estimation Methodology

Basic Model Form . .
(with large uncertainties) Model update using Bayeman methods

o Start with high uncertainty

Generic Hydrocarbon

Model > Use generic hydrocarbon leak frequencies
to refine the uncertainty (1.e. improve the
Generic Hydrocarbon High Uncertainty model)
Leak Frequencies o Use LNG-specific leak frequencies to

turther refine the uncertainty

Final model informed by generic and

Generic Hydrocarbon Lower Uncertainty LNG data
Model (with high quality data) o If data is sparse, the model will predict a

wide range of leak frequencies

LNG Model o If data is numerous and of high quality,
the model will predict a narrower range
of leak frequencies

LNG Leak Frequencies




LNG Leak Frequency Data Sources

HSE (UK) Offshore Data (1992-2015) Compressors, Condensers, Cylinders, Filters,
Flanges, Hoses, Pipes, Pumps, Valves

COVO Study (Netherlands, 1982) from Spouge (2005) Pipes

HSE (UK) Failure Rate and Event Data for Use Within Compressors, Pipes
Risk Assessments (2017)’

OGP Risk Assessment Data Directory - Process Release = Compressors, Cylinders, Flanges, Pipes,
Frequencies? Valves

' Based on chlorine pipework, augmented with other sources
2 May have duplication of HSE offshore data

DOT/PHMSA - Statistical Review and Gap Analysis of Condensers, Cylinders, Flanges, Hoses,
LNG Failure Rate Table Joints, Pipes, Valves

FERC/OGP as duplicated in Hongjun (2017)’ Hoses, Pipes, Valves

' May include duplication of OGP generic hydrocarbon data
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Compressor Leak Size (normalized flow area)
Leak Size | 5t Median | 95th
0.0001 1.6E-03 | 5.0E-03 | 2.2E-02
0.001 5.7E-04 | 4.1E-03 | 3.0E-02
0.01 4.9E-04 | 3.3E-0O1 2.1E-02
0.1 9.0E-05 | 2.5E-03 | 7.2E-02
1 6.4E-06 | 1.9E-03 | 7.2E-01

Annual Frequency

Preliminary LNG Leak Frequency Results
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Pipe Leak Size (normalized flow area)
Leak Size | 5t Median | 95th
0.0001 1.0E-06 | 2.3E-05 1.2E-03
0.001 5.0E-07 | 1.2E-05 4.2E-04
0.01 3.0E-07 | 6.0E-06 1.3E-04
0.1 0.0 2.8E-06 1.7E-04
1 0.0 1.3E-06 1.3E-04

Underlying model is log-

linear
Uncertainty 1s high

The median is the best
measure of central tendency

Generic hydrocarbon data is
over-represented

Use of both generic and
LNG data may result in more
spread

o If sufficient LNG data

existed, the generic
hydrocarbon data would not

be used
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Leak Frequency Estimation Next Steps

Refine ILNG data selection
> Remove non-LNG-specific data

o Add additional sources if available

Refine data weighting and leak size assumptions
Compare LNG-based leak frequencies to CNG and GH2

Incorporate LH2 data
> Need input! See next slide...

Determine scenario leak frequencies by combining component leak frequencies

H2 release
from 0.01%
leak size

Component 1
0.01% leak

Compressor Cylinder 0.01% o Instruments
0.01% leak leak VaIE0:013 tedk 0.01% leak

Joints 0.01% leak | | Hoses 0.01% leak Pipes 0.01% leak | | Filters 0.01% leak | |Flange 0.01% leak

Component 2
0.01% leak




9 | Examples of LH2 Data That Could be Used L B

Can be

Leak count data for each component /, estimated from
(% flow area) years) Record Diameter Diameter years) pressure dr op,
0.01% 7 77595 100 mm 0.5 mm leak/flame

0.1% 3 77595 2 100 mm 1 mm 0.75 extent, ...

1% 2 77595 3 100 mm 5 mm 2

10% 1 77595 :

100% 1 77595
Leak frequency data K The best data will be LH2-specific and: \

, ° have frequencies or counts for all five leak sizes or
Leak Size Annual dentite b leak bins should b
S—— identify how your leak size bins should be mapped

to our leak size bins,

(% flow area)

001% ol ° include estimates for the very small leaks,

tile (ie=ts ° be estimated over a large number of component-
1% 1.2E-03 years, and

10% 4.3E-04 ° include descriptions of the components and

identification of any atypical components

100% 8.3E-04 k J




0 I Consequence Modeling — Cryogenic Vapor with ColdPlume

Used for scenarios like vent stack or other releases where cold gaseous hydrogen is released

Validated for small (lab-scale) releases

° Currently being validated for larger outdoor releases

Easy to run on normal computer (reduced-order model, not CFD)

o Many different scenarios and sensitivity analyses can be run
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11 I Consequence Modeling — Liquid Pooling with CFD

Computational fluid dynamics model under development for liquid hydrogen pooling
o Takes both liquid and gaseous hydrogen into account

Used for scenarios like liquid transfer line break where actual liquid hydrogen 1s released

Computationally expensive

> New scenarios could take weeks to complete

Compare ColdPlume results to CFD results

o If ColdPlume inputs can be set to ensure conservatism, could use ColdPlume for pooling scenarios also

(I T T volume fractin of hydrogen (%)
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Pu et al. IJHE 44 (2019) 22368-22379
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Other Risk Inputs

Detection/Isolation Credit

° Should any be assumed?

Leak
Detected

Leak Isolated

Ignition Probability
o Method from Tchouvelev

Harm Criteria/Fatality Probit
> Many possibilities available

o Different levels of conservatism, may vary based on scenario

Do be discussed later...

A. V. Tchouveley, International Energy Agency Hydrogen Implementing Agreement Task 19, 2006

| Immediate
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Summary

Liquid Setback Calculation Plan

o Hstimate leak frequencies
° Need LH2 data

° Calculate release consequences
° ColdPlume, CFD, harm

o Identify basis scenario

° Based on results of risk analysis

o (Calculate ILH2 setback distances

Ultimately Task Group and Technical

Committee decide on code requirements

Leak frequency estimation in progress

° Leak frequencies using LNG under refinement
> Need LH2 data

Consequence modeling in progress
> ColdPlume analysis started
o CFD analysis begun, but takes longer

> Looking into whether ColdPlume can be used




Questions?

_’————————___—_——_-—_
Thank you!
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16 | HAZOP Scenarios and Modeling Notes
NFPA 2 2020 Table I.8(c)

HAZOP Number and Description

Modeling notes

Separation Distance Driver

High flow gaseous hydrogen from trailer vent stack due
to venting excess pressure after LH2 transfer

Estimate of up to 50 kg cold gaseous hydrogen released

Normal flow from trailer vent stack due to venting
excess pressure after LH2 transfer

Estimate of up to 50 kg cold gaseous hydrogen released

High flow-Line rupture valve or component failure

Assumption is that it will dump onto the ground. Do not

Modeling results will be used
to calculate separation

of a pipe orifice). Netflow and cold plume could model this.
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2 x 1.6 currently have a model for pooling or evaporation from pools

-] c & 3 .: . o .

=28 during transfer process Need liquid pool and evaporation model. distance from Air intakes and
oty Overhead Utilities because
£ . . . . Worst case venting scenario. Ambient temperature will be hot, |this is highest frequency

c © \ ’

3 o 1.4 High temperature caused by Sxtaral e Wil canse mgh PRD will blowdown longer with more hydrogen. PRDs designed | release and release point is
= flow venting through tank vent stack . b

@ to vent for external fire. closest proximity to these

E Reverse Flow during transfer process caused by human ASSUMPLIoN i that ik.will dump enta the groung. Dengt SXPOSHIES

o 1.8 error and pressure ?nismana gment y currently have a model for pooling or evaporation from pools.

o P g Need liquid pool and evaporation model.

(%]

LB 1.16 Loss of containment- External impacts, consider all Vehicle crash into the tanker while it's transferring.

& ) causes Uncontrolled leak outside transfer hose with a fire.

,Cé" ,E Less af conta1.nment- relegse ff"m pipe leading fram Cold plume model could handle this scenario. Could be liquid

c S | 4.15 [tank to vaporizer or vaproizer itself caused by thermal . L .

S5 © ; . . pooling and could be impingement. Modeling results of hydrogen
o 5 cycles or ice falling from vaporizers concentration plume and

v a

'% Z Misdirected flow caused by operator error resulting in heat flux from a subsequent
S | 615 large low level release of cold gaseous hydrogen through |Need to characterize ground level behavior and the extent of fire will be used for all other
o % ) bottom drain valve of vent stack during normal tank flammable concentration. separation distance

2= venting process exposures because this is the
© . . s s

% g 2.1 High pressure- leak in inner vessel allowing hydrogen Need to model flow out of the casing vent (a big hole instead higivest. risl prieriky

® c " |into the vacuum area




17 | Example
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° YRAM 2.0 can be installed as a Windows executable and as an open-

source software, users have access to the source code

& C o @® @ https://energy.sandia.gov/transportation-energy/hyd B -« © &% | Q github - noe& = - C @ @ & GitHub, Inc. (US) | https:/github.com/sandialabs/hyram e O | @ github -> n @0 & =
~ A
Hydrogen Risk Assessment Model (HyRAM) Home / Transportation Energy / Hydrogen / Q Risk / Hydrogen Risk Model (HyRAM)
bdehrha Updated README.md with link to hyram.sandia.gov Latest commit 22d6bb2 on Jun 28
v Transportation Energy | App First commit of HyRAM open source 4 months ago
HYRAM 2019 DOE-Vehicle Technologies Office B middleware First commit of HyRAM open source 4 months ago
HYDROGEN RISK ASSESSMENT MODELS .

Cyber-Security of On-Road 8 python_contributions First commit of HyRAM open source 4 months ago

The HyRAM toolkit is the first-ever software toolkit that integrates deterministic and probabilistic models for Transportation Meeting

i R 3 _e ’ P " .gitignore First commit of HyRAM open source 4 months ago
quantifying accident scenarios, predicting physical effects, and characterizing hydrogen hazards’ impact on people and

§ < o ¢ . sisiis < Co-Evolution of Biofuels = + ’ 4 months a
structures. HyRAM incorporates generic probabilities for equipment failures and probabilistic models for heat-flux [E) COPYING.txt First commit of HyRAM open source 4 months ago
impact on humans and structures, with computationally and experi Ily validated models of hydrogen release and [E) README.md Updated README.md with link to hyram.sandia.gov 4 months ago
flame physics. Fuel Colk [E) THIRD-PARTY-LICENSES.txt First commit of HyRAM open source 4 months ago

uel IS

The initial modules can be used to quantify the likelihood and thermal consequences associated with gaseous

. README.md

hydrogen releases from user-defined hydrogen installations. Future development activities will integrate additional Hydrogen Publications

consequence models and develop user interfaces for additional audiences. When completed, the toolkit will enable < Storage

industry-, SDOs (standards development organizations)-, and CDO (code development organizations)-led quantitative .

risk assessment and performance-based engineering with state-of-the-art, validated science and engi ing models. < Materials & Components Compatibility The Hyd rogen RISk Assessment MOdeI

The HyRAM software is available under an open source license. Hydiogen Behaior This document describes the Hydrogen Risk Assessment Model ("HyRAM") application development. The application
comprises a frontend GUI written in C# and a "PyHyRAM" backend module written in Python. Additional description and

Access the source code for HyRAM via GitHub: documentation, as well as a Windows installer, can be found at http://hyram.sandia.gov/.

‘ e s | Step-by-step instructions are included for setting up a C# development environment using MS Visual Studio 2017 ("MSVS").
Similar setup instructions are provided for backend python development. In addition, basic usage of the backend as a

Hydrogen Infrastructure standalone python module is is provided.

Download the most recent build of the Windows-only installer:
Hydrogen Production

‘ DOWNLOAD HYRAM < Market Transformation

TABLE OF CONTENTS

< Predictive Simulation of Engines

Overview Documentation Contacts < Energy Storage Components and A. Repository Layout
Systems B. C# GUI Development

. B.1 Solution Layout

Overview Y
B.2 Set Up Python
Developing hydrogen codes and standards is challenging because the relevant models and information span B.3 Set Up Solution in MSVS
multiple science and engineering disciplines. The HyRAM toolkit integrates state-of-the-art models and data for B.4 Installer Project Setup
assessing hydrogen safety. HyRAM provides a common platform for stakeholders conducting quantitative risk B.5 Misc. Notes
a2 — v v

hyram.sandia.go github.com/sandialabs/hyram




