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Timeline Barriers
e Project start date: Oct. 2003 A. Safgty I?z'ata and Information: Limited Access and
Availability
e Project end date: Sept. 2018* F. Enabling National and International Markets
* Project continuation and direction Requwes. Con5|sten.t.RCS.
determined by DOE annually. K. No Consistent Codification Plan and Process for

Synchronization of R&D and Code Development
L. Usage and Access Restrictions — Parking
Structures, Tunnels and Other Usage Areas

Budget Partners

e FY17 DOE Funding: $325k Industry & research collaborators:

. Linde, First Element, PNNL, NREL, Air Liquide,
* Planned FY18 DOE Funding: 5325k Quong & Associates, 40+ organizations using
HyRAM

SDO/CDO participation:
NFPA 2, H2USA, CaFCP, FPRF
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Relevance

Objective: Develop a rigorous scientific & engineering basis for assessing
safety risk of H, systems and facilitate use of that information for revising
RCS for emerging hydrogen technologies.

Barrier from 2015 SCS MYRDD

A. Safety Data and Information: Limited
Access and Availability

F. Enabling National and International
Markets Requires Consistent RCS

K. No Consistent Codification Plan and
Process for Synchronization of R&D and
Code Development

L. Usage and Access Restrictions — Parking
Structures, Tunnels and Other Usage
Areas

h w

SNL Goal

Build validated H2 behavior physics models that
enable industry-led C&S revision and
Quantitative Risk Assessment (QRA).

Develop H,-specific QRA tools & methods which
support SCS decisions.

Apply H2-specific QRA tools & methods to
support code improvement and to enable risk-
equivalent code compliance option.

Develop scenario specific analysis of hydrogen
behavior and consequences and evaluate
mitigation features.



r| Sandia National Laboratories H, FCyarogen and Fuel cells Program

Project Approach: Coordinated activities to enable
consistent, rigorous, and accepted safety analysis

(" BehaviorR&D | ( Risk R&D (SCS 011) \ ( Application in SCS
(SCS 010)
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scientific models methods and behavior models to
to accurately predict algorithms real problems
hazards and harm for enabling in hydrogen
from liquid releases, consistent, traceable infrastructure and
flames, etc. and rigorous QRA emerging technology
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Developing methods, data, tools for H, safety
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‘Approagl:/ FY17-18 Milestones - :

Impact Areas Completion date or
status

Expanding HyRAM capabilities and essential maintenance

* Develop & integrate QRA flexibility into HyRAM On track for Sept 2017
* Licensing, distribution, bug reporting, bug fixes, testing Ongoing / as needed

e Publish HyRAM V1.1 User Guide Jan. 2018

* Incorporate ColdPlume model into HyRAM to support LH2 analysis 2019

Update Gaseous Separation Distances Based on Revised Risk Criteria

e Address public comments, recalculate for second draft of NFPA 2 Mar. 2017
* Participate in NFPA 2/55 code committee meetings On track for Jul 2018

Evaluate feasibility of using QRA, materials info for H2 storage technologies

e Literature review and gap study Aug. 2017
* Report on state-of-the-art and R&D needs Sept. 2017

Evaluation of Existing Tunnel for FCEV Safety

* Developed Heat Transfer and CFD models of Tunnel Fire Sept. 2017
* Brief AHJs in Boston and NY/NJ on risk analysis and modeling results Sept./Oct. 2017
e Published tunnel report documenting project results Oct. 2017
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rogress: Expanding HyRA flex y beyon -

hydrogen refueling stations

Goal: Develop additional QRA W Value Lnt
2 .146e-05 | Fatalties systemaear

capa bility to enable HyRAM to D€ [Faal Accidert Rate (FAR) 0.0245 | Fatalties in 10°8 person-ho. .
applied to a larger variety of H2  [Avergsindiidual isk {AIR) 655607 | Fatalties year
applications f

Risk o ¥; . . P(Release;)P(Ignition | Release; ) P(Hazard,|Ignition; N Release; )P(Harm|Hazard,)
Approach:

— Incorporate HyRAM methodology

that enables users to alter the risk

analysis for different applications

— Users will be able to edit the

parameters of the existing fault tree
(FT) or substitute their user-defined
FT results from external FT software
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I-lProgress: Expanding HyRAI\;I-aRA erxibiﬁy beyond
hydrogen refueling stations

e Progress:

Determined methodology and feasibility to customize QRA

Developed scenarios of concern to ensure that this update will meet the
needs of all new and emerging H2 technologies

Updates to software currently in development

User-defined component
¢ Default value for H2 release failure I‘ateS or entire FT
H2 ¢ Edit user-defined probability :
Release | for b relonen resuljcs cou!d be utlllz.e.d. to
provide ultimate flexibility

100% H2 Release
from Accidents and
Shutdown Failures

e Default values

e Edit component failure mode

) probabilities

for Indoor Refueling e Edit user-defined probability for H2

releases other than component leaks

Individual
Component
Leaks

0.01%
Leak FT

e Default values
e Edit number of
0.1% 1% 10% 100% components and
Leak FT Leak FT Leak FT Leak FT component probabilities
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Accomplishment: HyRAM quality review, testing,
maintenance

* On-going conversion of backend

from C# to Python 0.0018
— Ease expansion of software for § 0,079 mm Leak Size 0.0016
other applications (i.e. liquid H2 . s - fjooouR
s ° oo o =
models) 10- NS ‘n? s 3-}?‘ - 0.0012 3
. . 'é‘ 8- [ ] L ] ... .‘.. L 'Y [ ] -g
— Review QRA calculations for = 6 . :;:f'" oS %,'“' 0.0010 2
H A< o .’ o * o ¥® Fal ™) E
quality assurance = LTI Xx -;_;..: - Qoooos £
- ™ >
- . s} o & o . =
e Critical bug fixes 0 E— e
_2|_ | | | | | - o
i -5 0 5 10 15 20 25 0.0004
— Improved and clarified user Cenats (m)

interface 0.0002

— Corrected calculation issue for
large number of occupants

* Quality assurance efforts are essential for user confidence, usability
» Important step in transitioning SNL technologies, R&D to H2
industry
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Progress: Science-based gaseous separation distances
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e Goal: Update NFPA 55/2 gaseous separation distances using scientific

justification for risk criteria

Progress:

— G@Gaseous revision table was
accepted by TC 55/2 for the first
draft meeting

— Edits to the first draft have been
made to the appendix and the
tables to ensure accuracy

— HyRAM used to calculate
consequences from H2 releases

H2 Gas Bulk

2016: 10 m for 70 MPa ~ ~>¥Stem

storage
2020: 5 m for 70 MPa
storage

Exposures

Group 1
Exposures

Group 2
Exposures

Group 3
Exposures

Code
Version

2016
2019
2016
2019
2016
2019

>0.10 to
1.72
MPa

12m
5m
6m
S5m
5m

4m

HVAC

Separation Distance
>20.68
to 51.71
MPa

>1.72 to
20.68
MPa

14 m
6 m
7m
6 m
6m

5m

9m
4m
4m
3m
4m

3m

Building
Opening

>51.71
to 103.43
MPa

Risk-informed code requirements based on risk threshold revisions
enable more sites to readily accept hydrogen infrastructure
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material risk challenges

e Goal: Leverage foundational R&D
capabilities in QRA and materials to
characterize and calculate risk associated
with a key H, infrastructure gap (storage)

High

Polymer Compatibili

e Progress:
— Reviewed literature on known R&D gaps

— Identified and prioritized four areas of risk
application to hydrogen materials based on
specificity, level of anticipated resources required,

Potential Impact

Low

Low High

and potential impact to the field. Resources Required

— Determined that quantification of the behavior of
stress rupture for composite cylinders was the
area of most interest given SNL capabilities and
impact
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‘Accomplishment: Hydrogelﬁuel cell ele;ric vehicle
tunnel safety study published Oct. 2017

e Report released Oct. 2017
T download at:

eeeeeeeeeeeeeeeee

rrrrr

http://energy.sandia.gov/transportation-
energy/hydrogen/quantitative-risk-
assessment/

Hydregen Fuel Cell Electric Vehicle
unnel Safe!

Tunnel Safety Study

[err)

e Documented risk analysis
framework which identified
scenarios of concern

mmﬂmﬁ[m

e Coupled CFD and heat transfer
models to evaluate hydrogen fire
impact on steel structure and

I —— . — . explosive spalling of concrete

26 13 199 286 a2

e Details given in SCS-025 AMR
presentation

Risk analysis and modeling results will be communicated to AHJs to assist in their
decision-making.



http://energy.sandia.gov/transportation-energy/hydrogen/quantitative-risk-assessment/
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* AMR2017 comment: Liquid hydrogen should be added as quickly as possible.
— We will begin incorporating models for cryogenic hydrogen releases into HyRAM

once the validation experiments in SCS010 have been completed. We anticipate this
will occur in FY19.

e AMR2017 comment: Further broadening the focus on other public aspects of the
technology would offer an important support to safety design in other areas. For
example, a module dedicated to storage technologies would be important to answering
many questions of local regulators.

— There are many areas where additional modules and data could enhance the RCS and

adding flexibility to the QRA portion of HyRAM will allow for analyses to be
conducted for more applications.

* AMR2017 comment: The only suggestion is even more outreach, such as articles
published in a variety of trade journals, to increase awareness and use of the models.
This may facilitate obtaining further data, support, and partners.

— We are beginning to explore these possibilities with the new CRADA collaborations
with industry.
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international engagement

13

CRADA
(Signed)

CRADA
(Signed)

CRADA
(Signed)

CRADA
(Signed)

CRADA
(Not Yet Signed)

CRADA
(Not Yet Signed)

Code Committee
Members

Collaborator

Collaborator

Linde Group, Industrial gas supplier

First Element Fuel, Station
Developer

Frontier Energy (Manager of the
California Fuel Cell Partnership)

Fire Protection Research
Foundation (NFPA)

Air Liquide, Industrial gas supplier

Quong & Associates, Industry
consultants

NFPA 2, 55

Pacific Northwest National
Laboratory

National Renewable Energy
Laboratory

In-kind support, data exchange for QRA tool,
PBD activities, LH2 laboratory

In-kind support, data exchange for QRA tool,
PBD activities

Develop industry stakeholders in support of
LH2 Behavior Characterization

Lead stakeholder oversight panel and enable
link to NFPA code process

Research on LH2 releases and QRA

Research on GH2 releases in maintenance
facilities

Separation distances task group, enclosures
task group, and permitting task group.

Hydrogen tools portal, Hydrogen Safety
Panel, hydrogen mitigations forum

Technical exchanges on QRA, safety codes
and standards committees and task groups
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" Collaborations & Tech Transfer: HyRAMﬂ'a'c?ive users
span stakeholder groups, applications, countries

Users by Country e 115 users who have obtained free
63 license keys in FY18

— 57 renewal keys, 58 new users

USA
France
Japan e 18
China —— s 18

21

UK s 14 .
Canada  me—13 e Users include:
South Korea m— 11
Norway e 9 — US labs & regulators: SNL, NREL, PNNL, NASA;
ltaly  mm—G Hawaii Natural Energy Institute
Greece mmm 4
Swiézelrl_and — g — @Gas suppliers: Air Liquide, Linde, Shell, Indian Qil
elgium =
Australia wem 3 — Universities: UQTR (CA), UNAM (Mx), YNU (JP),
il WSU, Sheffield (UK) Ulster (UK), DTU (DK), CAU
Finlland -3 (KOR), HU (KOR), UHM, HSN (NO)
ran mm 2
Indonesia wm 2 — Int’l labs & regulators: PSI (CH), NMRI (JP), KGS
Mse;;g - ; (KOR); RIVM (NL), Bureau Veritas Marine (FR);
Saudi Arabia = 2 IPMO, VTT (FIN)
Venezuela = 1 .
Sweden m 1 — Manufacturers: H2Logic; Plug Power, Inc.;
Russia m 1 PowerTech Labs; Kawasaki, Michelin
Netherlands = 1
ol EU = 1 — Consulting: Arcola Energy, AVT, CNL, Zero Carbon
alaysia m
Lo 1 Energy Solutions, Witte Engineered Gases;
l'S':::‘I : 1 FonCSl; Lilleaker Consulting AS; HNTB
Corporation; Jacobs Technology; IntelliSIMS,
0 10 20 30 40 50 60 70

Fp2Fire, Neodyme; The IET
14
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" Remaining challenges & barriers - =

e Science-based Code Improvements

— Incorporate validated physics models for hydrogen behaviors, including:
liquid/cryogenic release behavior; deflagration (unconfined) and
detonation models, flow/flame surface interactions, barrier walls,
ignition, etc.

— Generate data/probabilities for hydrogen system component failures,
leak frequencies, detection effectiveness, etc. based on operating
experience or other information

— Develop uncertainty & sensitivity analysis capabilities for HyRAM

e Hydrogen Tunnel Safety

— Acceptance by local AHJ may be on a case-by-case basis since each
tunnel is unique
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Qroposeﬁfuture wo:k N - —

e Rest of FY18:

— Incorporate QRA flexibility into HyRAM and distribute as HyRAM 2.0
— Support development of a PBD/alternative means for a First Element
station

— Publish the report on materials risk challenges
e FY19:
— Refine characterization of LH2 releases with validated cold plume release
and identify full scale modeling needs to provide sound scientific basis for
revised bulk LH2 separation distances in NFPA 2/55.

— Develop GUIs & source code for cold-plume model based on experimental
results

e Any proposed future work is subject to change based on funding levels
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" Tech nolg.éy transfer activities - -

e Technology transfer Ji“w: “ o bosn —
strategies are tied to the — S :m«wﬁ"‘«e““‘ T e R S,
accessibility of HyRAM QRA —— .”";.. -
tool kit to other users (AHJs, | = | = =
station designers, etc.) to |y

e Free HYRAM download at
http://hyram.sandia.gov

analyze station risks or
consequences-only ‘

HYDROGEN RISK ASSESSMENT MODELS

1 H«l!llh

=5 0 5 10 15 20 25 30 35
x (m)

Current release is version 1.1.1.1249
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-gummary - e -_— ——

e Three-pronged R&D approach: two R&D activities (SCS011, 010) feeding C&S
development (SCS025)

— Provide science & engineering basis for assessing safety (risk) of H2 systems and
facilitate use of that information in RCS and permitting

— Coordinated activities ensures: Accelerated transfer of R&D results into codes
and standards; R&D focused on high-impact stakeholder problems

* Reducing barriers related to limited availability and access to safety data for
RCS revision

* Technical Accomplishments: Quality assurance and GUI improvements to
HyRAM; Identification of gaps in materials risk R&D; Updated gaseous
separation distances in NFPA 55/2; H, FCEV tunnel safety study

e Future Work: Improvements to HyRAM QRA calculations for added flexibility;
performance based design for real world H, refueling station; develop and
test cold plume model for LH2 releases
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Technical Back-Up Slides

19
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The art and science of QRA

gtgr;l: 1. Set analysis goals
(Risk User-specific — Each analyst can
TJIZ':) establish own analysis goals,
2. System & hazard defines own system
description \\
o= \\ ! User-neutral All analysts |
Dispenser y el Col 3. Cause analysis ==--ee____> % apply established science |
FEE & engineering basis !
TR o | ,,/ I (encoded in HyRAM) :
/
B i 4. Consequence analysis /

failures

5._'Communicate
Results

20
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I-kHyRAM: Making hydrogen ;;’ety scienc: accessible
through integrated tools

First-of-its-kind integration platform for state-of-the-art hydrogen
safety models & data - built to put the R&D into the hands of industry
safety experts

Core functionality: R g— -

e Quantitative risk assessment (QRA) | [Eeemem——
methodology .

e Frequency & probability data for hydrogen | === SREE
component failures g [

e Fast-running models of hydrogen gas and ":_ =

flame behaviors
Key features:
* GUI & Mathematics Middleware |
* Documented approach, models, algorithms ‘ - e T
* Flexible and expandable framework; Free download at

supported by active R&D

IIIII

http://hyram.sandia.gov
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qllajor eﬁments of I:I‘yRAIVm'are - ——
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QRA Methodology

_________________ —
: A i 4 Analysis Scope
e Risk metrics calculations: FAR, PLL, AIR |( S i rarea |
e Scenario models & frequency | ‘“"‘“;‘“‘““ — |
et Tire .
° Release frequency | System Description o l
e Harm models &3&2%’{“??&'?&”&?33!5& |
. credited in the analy ss Y |
Fl adiati
Generic freq. & prob. data |— oiamede, I
o, . oo, ® Dt e S amm region at exl
e Ignition probabilities I( Detine reeme stestote targexlocation |
. analyz
e Component leak frequencies (9 types) | l - Y |
ame contact .
. f - Calculate size of femeor and duration for each target
PhySICS mOdEIS | Calculatemel‘re;.lmgf:elm m::ofﬂ:fﬂabler:];; |
. | for each relsass size taking nto l
e Properties of Hydrogen SCEN /e et and e v |
e Unignited releases: Orifice flow; Notional | ¥ AT Querpressureharm |
nozzles; Gas jet/plume; Accumulation in | Release charadterstics e o romavepresrc e
enclosures | selense for exchsie | | |
e Ignited releases: Jet flames w/ and w/o | v |
buoyancy; overpressures in enclosures || scenario probability :
. . Cadlc:flatethepr?;bi;;vcﬁgtfiﬁ - Total risk _ |
Mathematics Middleware || o o e peancecgn CaUSIETora (3 LSng ctalharm for 31 trges g cenr o
and ignition mitigations probability for all scenarios |
e Unit Conversion System — ]
e Math.NET Numerics e s
DOCU mentatiOn Engage with decision makers
. Compare total risk to analysis criteria, run sensitivity analysis, identify risk drivers, etc. to
e Algorithm report (SAND2015-10216) acress specific questions, define C&S requirements, demonstrate compiance, etc.
e User guide (DRAFT/ / SAND2015-7380 R) 4 Free download via web
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Input: Release conditions and enclosure configuration

floor ceiling area

Variable Value Lnit
h@m 101325 Pa v Vent 1
Ambient Temperaturs 288.15 Kiehvin v area — |
H2 Tank Pressure 70 MFa « ||discharge coefficient
H2 Tank Temperature 2878 Kelvin w
H2 Tank Volume 0.00363 CubicMeter v A
Leak Diameter 0 Centmeter | enclosure height
Discharge Coefficient-Orifice 0.61
Discharge Coefficient-Release 1 Vent 1 he_ . :
Release Area M6 SgMeters v distance..from release tg wall
Release Height 0.2495 Meter v ! Vent 2 ]
Enclosure Height 272 Meter - ! r—cross-sectional arca
Fioor/Celing Area 1672216 Salleters ¥ N L e b discharge coefficient
Distance from Release to Wal 21255 Meter W
Vert 1 Cross-Sectional Area 0.090792027688.. | SqMeters v ) - Vent 2 height
Vent 1 Vert Height from Roor 242 Meter v Release height .
Vent 2 Cross-Sectional Area 0.00762 SgMeters v Release angle — :
) elease
Vent 2 Height from Floor 0.044 Meter w . .
- - Discharge coefficient-release _/ Tank
Vent Volumetric Flow Rate 0 CubicMeters... | Release area H, Pressure
Angle of Release (0=Horz.} 0 Degrees v Orifice H, Temperatl.].re
Leak diameter Volume

Discharge coefficient-orifice

Output: Overpressure (ignited) &  Height of accumulated layer (unignited)

100 . [ _ layer _ com‘blned] Maximum pressure (Pal: B EBNUA | — X"*l [ — Height of flammable layer |
Time this occumed (seconds): 30 0.07 ¥ ¥ 28
Time Pressure Depth Concentration 26 .
80 1 2.089E+004 26226002 2z
2 2 B70E-+004 047903418 39746002 =
= 3 4 44BF+004 0154935446 4 TH1E002 24 =§r
S 6ol | 4 4 957E+004 0.61057559 5.331E-002 =
‘o 5 540964004 066450535 5.707E-002 223
2 [ 5.84TE+004 0.71242342 5.979E-002 ;:n"
u‘é_ wl | 7 £.210E+004 0.75545507 6.181E-002 2.0 g
g 8 6.528E+004 0.79417555 £.332E-002 %
] 6.849E+004 0.82938139 6.447E-002 188
1] 7 105E+004 086156604 65356002 ]
ZOM 1 11 7.365E+004 0.85092434 BADTE-D02 16 3
12 7 595E+004 0.91810608 6.651E-002
k] 7.788E+004 0.94312791 £.688E-002
0 . L L L . 14 7.982E-+004 0.96641626 6.714E-002 391'4
0 5 o 5 20 2 30 15 8.155E+004 0.98800216 £.733E002 Time [s]
23 Ignition Delay Time [s] = ocar o  roncein P
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H2 »  Default value for H2 release
| o Edit user-defined
Release probability for H2 release

FTs for component
leak rates for
0.01%, 0.1%, 1%, o\ TEm
10% & 100%

A /n\n- 1% Leak FT 100% Le
Vakve 0.01%
Ipak

Jo o
4 AN N
Joints 0.01% Hoses0.01% Pipes 0.01% lea Filters 0.01% Flange 0.01% !Cempvﬂeml 'IICampvﬂeﬂt? 'I
leak o ’ e lpaikc \ 0.01% leak \ 0.01% leak
~ / ~ /
e e

» Default values

» Edit component failure
made probabilities

+ Edit user-defined
probability for H2 releases
beyond component leaks

100% M2
Heleasa fram
Accidents and
Shutdown
Fallures

Compressar
0.01% leak

Instrumants ove
0.01% leak P
during fueling
induces
rugture

Coupling Fallure
o Close

Owefbressure
durife feling

Pressure Felief
Valve Fail to
Open

FTs for accident
scenarios or
shutdown
failures

24
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" Quantitative risk assessmeMRA) prcMS
opportunity to accelerate development of & add
rigor to RCS

e Code developers (e.g., NFPA, I1SO) requiring increasingly rigorous
and defensible technical basis for codes

e |ncreasing use of QRA within RCS over the last decade:

— SFPE guidance issued in 2006; NFPA in 2007: “Guidance Document for
Incorporating Risk Concepts into NFPA Codes and Standards”

e 3 main uses of QRA within RCS:

1. Create arisk-informed requirement (e.g., QRA, models for safety
distances)

Allow risk-equivalent code compliance (e.g., performance-based design),

Develop risk-based codes & regulation (e.g., Dutch RIVM approach to
regulation)
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