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Webinar Outline

Part 1 Safety Planning
» Introduction to PNNL and GFO-19-602 Safety Activities
» Background on the Hydrogen Safety Panel
» Safety Planning
» Learnings from California HSP Reviews and Activities
» Hydrogen Safety Resources
» Center for Hydrogen Safety
» Q&A

Part 2 Hydrogen Safety Considerations
» Properties of Hydrogen
» Primary Codes and Standards

» Fundamental Safety Considerations
» Q&A

HYDROGEN
Safety Panel January 15, 2020 / 2



crcnorneest. Hydrogen Safety Resources

MNATIONAL LABORATORY

Hydrogen Safety Panel (HSP)

» ldentify Safety-Related Technical Data Gaps
» Review Safety Plans and Project Designs
» Perform Safety Evaluation Site Visits

@ Hydrogen Tools Web Portal (http://h2tools.org)

» Hydrogen Lessons Learned and Best Safety Practices
» Hydrogen Codes and Standards, Training and HyARC Tools

@ Emergency Response Training Resources

» Online Awareness Training
» Operations-Level Classroom/Hands-On Training for First Responders (FR)
» National Hydrogen and Fuel Cell Emergency Response Training Resource
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Timeline of Hydrogen Safety Resources

Classroom National
Online FR and Prop FR Hydrogen FR Training HSP Begins
HSP Training Training Tools Portal Template Reviews for
Established Available Available Available  Available California
CENTER FOR
Hydrogen
SAFETY
o O -
2003 2006 2009 2012 2015 2018 2021
I 1 I I
k Incident Best Safety Hydrogen Tools I\ HyARC moved
Database Practices IOS App to H2Tools
Released Released Deployed Portal
@ Hydrogen Safety Panel
@ Safety Knowledge Tools HSP HSP \\ HSP HSP HSP
@ First Responder Training 100 Reviews 200 Reviews 300 Reviews 400 Reviews 500 Reviews

HYDROGEN
Safety Panel January 15, 2020 / 4



Safety — The Awardees of CEC GFO-19-602 Are Required to...

» A telephone or web-based meeting with a representative of the PNNL HSP to establish a
common understanding of the Hydrogen Safety Plan and station design review process
»  Submit a preliminary and final hydrogen safety plan (after award)
* The awardee will prepare a safety plan after award and provide it to the HSP for review
* The HSP will evaluate the safety plan and provide feedback to the CEC and awardee

* The awardee incorporates comments into a final safety plan

» Include an HSP review of the project’s early design
* Prior to plan submission to the authority having jurisdiction
* Most beneficial at approximately the 30% design phase
* Caninclude design reviews, review of hazard assessments, etc.

» Include the HSP in safety related incident fact-finding

P Participate in three annual safety evaluations with the HSP

* Just before or shortly after the station becomes operational
* One evaluation may be in person

* Bolded items represent changes from safety activities in GFO-15-605
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Background on the
Hydrogen Safety Panel




Hydrogen Safety Panel: Objective and Activities

Provide
: : : Safety
The purpose of the HSP is to share the benefits of extensive Planning
experience by providing suggestions and recommendations Guidance
pertaining to the safe handling and use of hydrogen. Perform
Share - Design &
Learnings _ Safety Plan

Objective: Enable the safe and timely transition to - L
hydrogen technologies by: Ry, e

* Participating in hydrogen projects to ensure safety
is adequately considered

idi i i JEB L Perform
* Providing expertise and recommendations to Industry E et
stakeholders and assisting with identifying safety- LIS Reviews

. Learnings
related gaps, best practices and lessons learned

Participate
in Incident
Fact
Finding
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Introducing the Hydrogen Safety Panel

Experienced, Independent, Trusted Expertise

The HSP promotes safe operation, handling, and use of hydrogen

w

Fili,
a’; F
‘I, k\ i : #;b / ",, _...

» Formedin 2003 / H ’

» 17 members with 500+ years combined experience

» Hydrogen safety reviews — hydrogen fueling, auxiliary
power, backup power, CHP, portable power, and lab R&D

» White papers, reports, and guides

» Provides support on the application of hydrogen codes and

standards
» H, safety knowledge shared through the H, Tools Portal Some of the fire officials and hydrogen experts
that comprise the Hydrogen Safety Panel
(h2too|s.org) (25th meeting, 2019, New Orleans, LA)
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http://h2tools.org/

HSP Membership

Nick Barilo, Manager

Name Affiliation

Pacific Northwest National Laboratory

Richard Kallman, Chair

City of Santa Fe Springs Fire Dept. (retired)

Harold Beeson*

WHA International, Inc.

The HSP is a multidisciplinary team

Ken Boyce

UL

of engineers, code officials, safety

David Farese

Air Products and Chemicals

professionals, equipment providers,

Donald Frikken

Becht Engineering

and testing and certification experts.

Livio Gambone

Nikola Motors

The Panel provides guidance for

Aaron Harris

Air Liquide

hydrogen projects and facilities,

Chris LaFleur

Sandia National Laboratories

including design and process safety

Miguel Maes

NASA-JSC White Sands Test Facility

reviews, support/review of risk

Larry Moulthrop

Proton OnSite (retired)

analyses, onsite safety

Spencer Quong*

Toyota Motor Corporation

presentations, and training.

Gary Stottler*

GM (retired)

Tom Witte

Witte Engineered Gases

Robert Zalosh

Firexplo

* New members 2019
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Optimal HSP Project Interaction

Project Team : Hydrogen Safety Panel
I

Project
Kickoff

HSP Presentation on

Safety Guidance

: « Early Planning Beneficial Interactions

PIIDz;ngﬁ(r:]t e Preliminary Design Document and Design
S - Definitive Design Reviews, P&ID Reviews,

Conference Calls, etc.

Safety Plan Review

Learnings benefit future projects

Greatest HSP . .

) Construct Beneficial Interactions
impact for all and Commissioning Site
stakeholders Commission Visits, Conf. Calls

Safety

Operation :
Learnings
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Support for the Safe Implementation of H, Technologies

Activities that can Benefit from HSP Support

Pre-Project Early Design Early
Operation
» Safety » Safety plans g
planning reviews » Evaluate g
*a webinars » *Review project safety g
Q - » Pre-project and facility features of = )
o = outreach to early designs completed m E
o & stakeholders e T facilities 8 kD)
O % » *H, Safety risk analyses » Onsite safety 8 Q.
=0 training and development evaluations S E
LCE orlgntagpr_l 1;or » Review risk » Provide first N O
CcOde otticials analyses responder H, G_J,
» Project team > *Address AHJ safety training 9
safety planning safety al
consultations questions

* Support for AHJ and code officials can bridge the gap for inexperienced staff, facilitate faster approvals, support a greater confidence in project
safety and provide more technically justified safety features
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Impact of the HSP Since 2003

» Serves as a non-regulatory, objective, and neutral resource

» Sees the “big picture” 5 17
« Shares learnings Reviews
» ldentifies gaps
» Can help reduce costs 352
« QOver-engineering resulting in unnecessary features Projects
- Delayed approvals
+ Missed safety considerations/features P 100
» A group with diverse experience can: Presentations
- Respond with a balanced solution to questions, problems, and issues
» Aid in avoiding repeating costly mistakes among disparate project 12
proponents

Guides
» Help project proponents avoid industry-impacting incidents

- Help establish stakeholder and public confidence

HYDROGEN
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Safety
Planning




The Safety Challenge

» Safety issues must be addressed for successful hydrogen
technology acceptance and deployment

» Safety issues can be a “deal breaker”

» Hydrogen technology stakeholders may not be able to identify
and effectively address all safety issues

» Stakeholders benefit from an independent and experienced
hydrogen safety review (ISR) resource involved in early design
and safety planning activities

» Hydrogen Safety Panel feedback and learnings help individual
projects and the entire industry remove barriers and ease future
deployments
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Primary Goals

The goals of safety planning are to:
» identify hazards

» evaluate risks by considering the likelihood and severity/consequence of an incident associated with
the hazards

» minimize the risks associated with a project/facility

To achieve these goals, various hazard analysis and risk assessment techniques are used, in conjunction
with safety reviews.

Safety planning should be an integral part of the design and operation of a system. Safety approvals
should not be after thoughts or final hurdles to be overcome before a system can become
operational.
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Guidance for Effective Safety Plans

The project safety planning process is meant to:

» help identify and avoid potential hydrogen-related
incidents

» generate an effective safety plan that will serve as a
guide for the safe conduct of all project work
A safety plan should:

» use a graded approach based on level of risk and
complexity

» cover all operational work being conducted with
emphasis on the aspects involving hydrogen and
hazardous materials handling

N OROGE Safety Planning for Hydrogen and Fuel Cell Projects is available download at
Safety Panel

@ :

IYDROGEN

Safei;r Panel

Safety Planning
for

Hydrogen and
Fuel Cell Projects

January 2020
PNNL-25279-3
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https://h2tools.org/sites/default/files/Safety_Planning_for_Hydrogen_and_Fuel_Cell_Projects.pdf

Safety Plan Basics and Template

Safety Plan Template

Element The Safety Plan Should Describe

The following critical safety plan elements help ensure that safety is Pesiphr o Bk e s, e oo

of the facility, pertinent processes or systems, partner
organizations, and the anticipated quantity of stored/used =

integrated into projects and demonstrations: hycrogen |

Organizational Policies and * Application of safety-related policies and procedures to the
Procedures work being performed

« Project leadership responsible for safety approvals

> I nvo Ive a I I p a rt i e S a n d Sta ke h 0 I d e rs Hydrogen and Fuel Cell » How previous organizational experience with hydrogen, fuel

Experience cell and related work is applied to this project

ed

Identification of Safety + The ISV methodology applied to this project, such as hd
Vulnerabilities (ISV) FMEA, What If, HAZOP, Checklist, Fault Tree, Event Tree, sty

Ea rly | nvo Ive ment Of Safety ex pe rt | se Prebabilistic Risk Assessment, or other method

* Who leads and stewards the use of the ISV

methodology
« Significant accident scenarios

>
> CO m pI ia n Ce Wit h Cod es a n d Sta n d a rd S + Significant vulnerabilities associated with the scenarios i(s)
>

» Safety critical equipment made

+ Storage and handling of hazardous materials and

. tation,
related topics fards,

A knowledgeable emergency response team - igiion souros,exposion azarcs

o materials interactions

o possible leakage and accumulation sitial

M . Sy:j:::ﬁlnd“ng ostems »
UTILIZE THE TEMPLATE!

o supply, storage, and distribution systems
o wvolumes, pressures, estimated use rates
* Additional Documentation provided (see section below)

The Safety Plan Template is included in the document “Safety i edueton " Vineabites o oo
. . . Codes and Standards . Governing codes, standards, and regulations applicable
Planning for Hydrogen and Fuel Cell Projects” and intended to help . Mo o nlucing o schica bass o

Procedures » Procedures applicable for the location and performance of

project teams verify that their safety plan addresses all the i ot —

* Operating steps that need to be written for the particular
project: critical variables, their acceptable ranges, and

necessary elements. However, template elements should not be rspoes o devatons o thom

1 | J -

considered an exhaustive list of safety considerations for all projects. Satety Plan Approve LR s e

HYDROGEN
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Focusing on the Hazards

Potential hazards in any work, process or system should be
identified, analyzed and eliminated or mitigated as part of sound

W

safety planning. In general, a good safety plan identifies: NFPA@
— immediate (primary) failure modes NFPA 2 requires a hazard analysis to be
— secondary failure modes that may come about as a result of conducted on every hydrogen fueling
other failures sy_stem msta.llatlon by a quallf_led_
engineer(s) with proven expertise in
. . . . . hydrogen fueling systems, installations,
For effective safety planning, an attempt is made to identify all and hazard analysis techniques.

conceivable failures, from catastrophic failures to benign collateral
failures. Identification and discussion of perceived benign failures
may lead to the identification of more serious potential failures.

HYDROGEN
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Identification of Safety Vulnerabilities (ISV)

Assessment of the potential hazards associated with work at any scale from laboratory to operations begins
with the identification of an appropriate assessment technique. The ISV is the formal means by which
potential safety issues associated with laboratory or process steps, materials, equipment, operations,
facilities and personnel are identified. The plan should describe:

» The ISV method that is used for this project

» Who leads and stewards the use and results of the ISV process

» Significant accident scenarios identified (e.g. higher consequence, higher frequency)
» Significant vulnerabilities (risks) identified

» Safety critical equipment

HYDROGEN
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Common ISV Methods

Common methods employed by those involved in systems safety today include,

but are not limited to:
. . The Hydrogen Safety Panel would
* Hazard and operability studies (HAZOPs) k0 [ (0 556 (0 GUESHES

* Failure modes effects and criticality analysis (FMECA) answered in the Safety Plan:

e Preliminary hazards analysis (PHA) e  What hazard associated with this

, . . )
e Fault tree analysis (FTA) project is most likely to occur:

* What hazard associated with this
project has the potential to result

Standard designs that have been analyzed by recognized methodology need not in the worst consequence?
be studied each and every time such an installation occurs. Rather, site-specific
elements that are unique to the installation should be reviewed in concert with
the analysis performed on the standard system to ensure that the standard
design has not been altered in a way that would negatively affect the hazard
analysis. (NFPA 2)

Awardees desiring to use previous project ISVs should provide information from those documents to the HSP for this submission
along with site specific considerations. Additionally, whenever a change to a standard design occurs, the ISV should be revisited.

HYDROGEN
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Codes and Standards

Compliance with applicable codes and standards is essential for ensuring public confidence in commercial projects,
particularly for those deploying new technologies.

Codes and standards describe requirements that are developed
with safety as the primary concern. Relevant codes and standards

include:

Hydrogen Technologies
Code

* NFPA 2, Hydrogen Technologies Code, 2016 Edition
* NFPA 70, National Electrical Code®

e ASME B31.3, Process Piping; or B31.12, Hydrogen Piping and
Pipelines

e ASME Boiler and Pressure Vessel Code (BPV)

* International Fire and Building Codes

NOTE: Where strict code compliance for a specific design, installation, and/or operation cannot be achieved, a sound
technical basis for the proposed alternative safety approach should be formally agreed upon by all the relevant parties,
including stakeholders and building and fire code officials.

HYDROGEN
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Additional Important Safety Considerations

» Management of Change (MOC) - The safety plan should describe the method that will be used to review
proposed changes to materials, technology, equipment, procedures, personnel and facility operation for
their effect on safety vulnerabilities. Also, the MOC procedure should also identify the project team
members that will approve changes.

» Compatibility of Materials - Materials of construction, including materials used in piping, valves and
seals, must be carefully selected to account for their deterioration when exposed to hydrogen at the
intended operating conditions. How has the project validated the performance of materials that may be
exposed to hydrogen?

HYDROGEN
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Other Relevant Questions...

e Who are the authorities having jurisdiction, and to
what degree have they been involved in the design
and installation of equipment for this project?

e Was there any special permitting and/or certification
that was required?

e What third-party reviews or certifications of any
components, sub-systems, systems or products been
considered and performed? What did this cover and
what didn’t it cover?

HYDROGEN
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Additional Documentation

To give the reviewers the best opportunity to judge the quality of the safety plan, the submittal should include, but not be limited to,
the following additional documentation, as applicable:
Minimum Required Desired if Available
Flow diagram showing equipment Flow diagram showing components including equipment, and safety related devices such as
block valves, instruments and relief devices.

Preliminary functional description for Design or functional description for each component in the diagram
equipment shown in the flow

diagram
Preliminary layout Layout of the system including as applicable:
- Site plan showing distances to property lines and other separation distances
- Vehicle access to/from the equipment (including delivery vehicle)
- Hydrogen vent system considerations, including the number of vent stacks, and
pressure/flow design of each stack
- Electrical classification and ignition source control
- Ventilation requirements for any enclosed spaces
Same as Desired if Available Critical safety and shutdown table identifying shutdown events described in the ISV or risk
reduction plan, including automatic and manual shutdowns, loss of electricity, and fail-safe
features.

HYDROGEN
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Working with First Responders

Preplanning
» Project teams and and facility owners should work with local
first responders to assist in their preplanning activities. This
should include a tour of the hydrogen facilities with focused
attention on safety features and emergency shutoffs.

Training
» Training of emergency response personnel should be a high
priority to ensure that these personnel understand how to N . |
properly respond to a hydrogen incident. P ) e L
» A variety of resources are available to assist with this :
training.

Equipment
» A hydrogen fire is often difficult to detect without a thermal
imaging camera or flame detector. Ensure that the local first
responders have one available for their use.

HYDROGEN
Safety Panel January 15, 2020 / 25



Safety Plan Template

Element The Safety Plan Should Describe

° °
Did | mention Use the Template?! e ooy oo
e o of the facility, pertinent processes or systems, partner

organizations, and the anticipated quantity of stored/used

hydrogen
.

Organizational Policies and « Application of safety-related policies and procedures to the
Procedures work being performed

* Project leadership responsible for safety approvals

. Hydrogen and Fuel Cell + How previous organizational experience with hydrogen, fuel
Th e S a fe ty g u | d a n C e Experience cell and related work is applied to this project

Identification of Safety +« The ISV methodology applied to this project, such as

M Vulnerabilities (ISV) FMEA, What If, HAZOP, Checklist, Fault Tree, Event Tree,
document includes a Eebekaate Fak tomeos o oy g
s+ Who leads and stewards the use of the ISV

template to help the meiodolog

* Significant accident scenarios
+ Significant vulnerabilities associated with the scenarios

p rOj e Ct te a m Ve rify t h at + Safety critical equipment

« Storage and handling of hazardous materials and

their safety plan addresses oed opics

o ignition sources, explosion hazards
. = materials interactions

t h e I m pO rta nt e I e m e nts . o possible leakage and accumulation

o detection
+ Hydrogen handling systems

o supply, storage, and distribution systems

o volumes, pressures, estimated use rates
* Additional Documentation provided (see section below)

P I e a Se u S e t h e te m p I ate ! Risk Reduction Plan * Prevention and mitigation measures for significant

vulnerabilities

Codes and Standards + Governing codes, standards, and regulations applicable
to the project
+ Alternate metheds including their technical basis
Procedures + Procedures applicable for the location and performance of
the work

« Operating steps that need to be written for the particular
project: critical variables, their acceptable ranges, and
responses to deviations from them

HYDROGEN
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Learnings from California
HSP Reviews and Activities




HSP Activities for CA H2 Fueling Stations

» California hydrogen fueling station
applicant safety plan reviews (GFO-15-605)

» March 2017 HSP visit to 7 California
locations




2015 GFO for Light-duty H, Fueling Stations

Contracted by the California Energy Commission (CEC) to support the
construction of new hydrogen fueling stations through the following
services

» Provided guidance for preparing safety plans

» Participated in pre-award safety consultation for applicants

» Reviewed safety plans submitted by 12 applicants to California’s B2
GFO-15-605 2

» Provided comments to the CEC in support of award decisions | .

» Additional support to be provided until funded stations have been Te o0
complete for three years T
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Safety Plan Reviews of GFO-15-605 Applications

Safety Resources and Reviews

SAFETY PLANNING RESOURCES

= Safety Planning for Hydrogen and Fuel Cell Projects - Latest Version .
e Safety Planning for Hydrogen and Fuel Cell Projects - March 2016 -

S afety o) lans for 12 a pp lications were reviewed - Safety-Planning for the-2014-2016-H-Prize-Competition pdf -

« Safety Planning Guidance for Hydrogen and Fuel Cell Projects - April 2010 (DOE projects) -

\4

s Hydrogen Safety Checklist /-

SAFETY PANEL REVIEWS

\4

Up to 35 locations per application
» Safety plans, narrative documents and site information womye o IR

revi ewe d Everfuel Hydrogen Fueling Station :‘:f?wp'a" GFO-15-605 ggfsmh“ Download -
::‘L;‘I;dsxt Hydrogen Hydrogen Fueling ::E:,PIM GFO-15-605 2;::“3“ Downlbad B
» Review report provided for each applicant (can be viewed et yrogen oo St T oomes | oo

Review 2016

at https://h2tools.org/hsp/reviews - screenshot on right) T PoueiCrenlgh pdrogenFueln ST s g DTSN oo

Station Review

. . ITM PoweriLinde Hydrogen Fueling Station 22 e Plan GFO-15.605 | December Download

» The reviews and process were evaluated for potential . ool L .
Jensen Hydrogen Fueling Station B GFO-15605 o Download -
I e a r n I n g S Hydrogen-XT Hydrogen Fueling Station ::ff:et:rlan GFD-15-605 g:::mhu Download &

Safety Plan December

» The safety planning guidance document will be updated to i et b A o M el B

Safety Plan December

FirstElement Hydrogen Fueling Station GFD-15-605 Download A

M H H Review 2016
benefit future station projects — =
HTEC Hydrogen Fueling Station s GFO-15-605 2018 Download L.
Air Products Hydrogen Fueling Station ::"fxwalan GFD-15-605 gg:;'“h" Download -
StratosFuel Hydrogen Fueling Station ::aplm GFD-15-605 ggf:m" Download ~
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https://h2tools.org/hsp/reviews

Technical Learnings from GFO-15-605 Reviews

» Itis unclear how equipment siting from property
lines will be made to conform with NFPA 2
requirements

» It is unclear how courtyards provided with four walls
will be made to conform with NFPA 2 requirements

» Certification of unlisted equipment needs to be
verified against all applicable standards and
requirements

» Itis unclear how the performance and reliability of
control equipment for safety systems is validated

HYDROGEN
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Process Learnings from GFO-15-605 Reviews

» Detailed project-specific information is needed to perform a thorough

evaluation HSP learnings here

- Timing of the review (application stage) may have affected the availability are reflected in the

of important information -
new approach for
- Utilizing the HSP for review at a later stage, perhaps early in the definitive GFO-19-602
design process, could result in a more impactful review and confidence in
the project team’s safety approach _

» The project safety plan should cover all project partners and project
phases (design, commissioning, operation and maintenance)

HYDROGEN
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March 2017 California Stakeholder Meetings

» Meetings were held at 7 California locations to discuss fueling
station deployments

» Attendance included:
» hydrogen fueling station builders
« code officials

« other state officials and stakeholders

» Goal — discuss safety issues and lessons learned from recent station
deployments

» Resulted in over 100 pages of notes which were subsequently
reviewed, categorized and binned

» Results were assembled into learnings and further reviewed by the
entire HSP

HYDROGEN
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Feedback and Learnings from CA Meetings

ltems were organized into topical areas

» Separation distances

\4

Certification

\4

Emergency shutdown
systems

Permitting

Training

NFPA 2 considerations
Public

>
>
>
>
>

Miscellaneous

HYDROGEN
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Separation Distances

» Comparisons between hydrogen and other fuels need to be
correct, especially when considering separation distances

» Some code officials (incorrectly) felt strongly that installing
hydrogen tanks underground would fully address separation
distances issues, including the future need for liquid
hydrogen

HYDROGEN
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Certification

» The lack of listed hydrogen equipment may result in an

increase in facility costs (third-party certification is cel Hizzsji;
needed for each new station) | ' il
o Amperage: 100A
» Hydrogen equipment having non-US listing/certifications Fregleney

Phase:

! Temperature Code:

may not be accepted by AHJs in the US

Ambient Temperature: 0°C to 40°C

=} 201
Manufacture Date: August 2015

CLASS 1, DIVISION 2
GROUP B

c €c-:59@ II 2 G Ex d Ilc T4 Gb Intertek ' ' L;\;?S:IITEZARD LPE585873
mim [ .SEiim T T .Emi"m T * T Tsrr:l! . T '. SUBTITUTION OF COMPONENTS
rking fior eI

“Typical ATEX and IECEx Marking [*ATEX only]

TABILITY FOR
E vrﬁp-a'mh “Erpio *Equipment pet Clas {T1-TE] MAY IMPAIR Stljjll\HSION 2
= AEHTSIC it
.'!'Jllnr'r.lr*m*I Protection Category Exm's-_r.--l Ll s group E’Jhpu'\ﬂﬂ CLASS 1,
wileaifiad *Equipenent TRRCRN rn:lprhnn
Bocky Hiambs E.'?i-m L

Typical CE ATEX Label

HYDROGEN
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Emergency Shutdown Systems (ESD)

» Projects should utilize control equipment for safety functions
that has a high reliability and performance capabilities
consistent with its intended use

» Station operators experience with false alarms of the flame
detectors suggest that more reliable triple-IR detectors may
be a better option

» There were variations between sites on how system alarms
and shutdown functions operated, which could cause
confusion for first responders

HYDROGEN
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Permitting

» Required prescriptive safety features should not be solely
credited for establishing equivalent safety of unmet
requirements

» Code officials may not be aware of the sources of
independent information available to help them with their
review

» Most code officials on their first hydrogen project did not
reach out to their more experienced counterparts in other
jurisdictions

- Code officials that reviewed station designs were

overwhelmingly supportive of allowing others to reach out to
them for advice and support

» Permit applications should be comprised of succinct and
accurate information to facilitate the code official’s review

HYDROGEN
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Training

» There appears to be a lack of first responder (FR)
training for new station locations

» Expand FR training beyond jurisdictions having a
station

» Training for first responders and code officials
should be in "fire-related language”

» Code official training before the design review
stage may be beneficial

» Attendees will receive maximum value if they are
involved in or affected by a hydrogen project

HYDROGEN
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Miscellaneous Observations and Learnings

» The sequence of operations (functions and shutdowns) for normal and off-normal events wasn't
communicated well between station providers and operators/owners/first responders

» Safety information should be made available at an obvious location at the facility to assist in
emergency response and for training first responders

» Code officials highlighted the benefits of NFPA 2 annex material

HYDROGEN
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Hydrogen Safety Resources




@ HydrogenTools Lessons

Learned

Best
Significant hydrogen safety resources in one location Practices

» Supports implementation of the practices and
procedures that will ensure safety in the

handling and use of hydrogen in a variety of glale H, Tools Analysis
.. graphic Resource
fuel cell applications. Database Portal Tools

» Brings together and enhances the utility of a
variety of tools and web-based content on
safety of hydrogen and fuel cell technologies

. o Compati-
» Informs those tasked with designing, bility of

. . A Materials
approving or using systems and facilities, as

well as those responding to incidents. Coces

and
Standards

URL: h2tools.org

HYDROGEN
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H2tools.org/bestpractices... Sharing Experience, Applying Best Practices

E———

» Introduction to Hydrogen @ HyorosenTools

* So you want to know something about hydrogen?
» Hydrogen Properties
* Hydrogen compared with other fuels

RESOURCES ~ HYARC ~ FORUMS ABOUT

HOME /HESTFHACTPGES /BEST PRACTICES OVERVIEW

Best Practices Overview

VIEW EDIT UNPUBLISH MAMAGE DISPLAY DELETE DEVEL

S f t P t - Best Practices =
’ a e y ra C Ices So You Want 1o Know What is a best practice? References
Something about v o R . . . Acronyms
Safet C u It u re Hydrogen Abest practice is a technique or methodology that has reliably led to a desired result. Using best Bibliography
L4 ractices is a commitment to utilizing available knowledge and techno to achieve success.
y Hydrogen Compared with 9 ¢ togy Codes and Standards
. i /Be i ] Glossary
© Safety p | annin g Salety Culture v What is H,Tools.org/BestPractices? MFPA 2, Hydrogen Technologies
Gaoty Plared v Awealth of knowledge and experience related to sale use and handling of hydrogen exists as a result  Code, 2016 Edition
. oty Planning of an extensive history in a wide variety of industrial and aerospace seftings. Hydrogen is gaining Safety Snapshot
[ ] I n Cl d e nt p roced u re S Incident F A i ing attention worldwide as a possit_)le energy gorage madilum‘ for later conversion m' electricity
Communicaions v through fuel cells or for use as a combustion fuel. This focus has introduced many new participants to
. . research, development, demonstration, and deployment of hydrogen technologies (e.g., fuel cell
® CO m m u n | Cat | O n S Facility Design v vehicles and stationary fuel cells).
Storage & Piping v The purpose of the Hydrogen Safety Best Practices online manual is to share the benefits of
H H extensive experience by providing suggestions and recommendations pertaining to the safe handling
i v
> De S lg n a n d O p e rat I O n S Operating Pracedurea and use of hydrogen. Best Practices have been compiled from a variety of resources, many of which

Equipment Maintenance ¥ are in the public domain and can be downloaded directly from the References section. Many others

° Fa Ci | ity d es ig n CO n S i d e rat i O n S Laboratory Safsty v can be obtained via reference links found at various places within the manual.

Indoar Refueling v Best Practices are organized under a number of hierarchical categories in this online manual,

beginning with those displayed down the left-hand column. of the i lence of the

® StO ra ge a n d p i p i n g topical areas, however, individual pages are often accessible via multiple internal links. A web-based

electronic document format lends itselfl well lo this type of overlapping content.

® operating prOCEdures Website features

Please notice the tool tip feature on this website. When a word in the text appears in green font, you

[ ] Eq u i p m e nt m a i nte n a n Ce can see its delinitiendby clicking orfa,pping the v.dord. All the definitions arg compiled into a Glo_ssary
that can be 1 from the Ri es section of every page. There is also an Acronyms list and
a Bibliography that can be accessed from every page. When you click on the link to the Bibliography,
[ ] La bo rato ry S afety it will take you to the alphabetized list of references for the particular section from which you

accessed it. Please contact us if you notice any definitions, acronyms, or references that should be in
these lists but aren't.

* Indoor refueling of forklifts

HYDROGEN
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HZtOOIS.org/Iessons... Capturing the Event, Focusing on Lessons Learned

LOGIN Enter keywords

@ HydrogenTools

HOME / LESSONS LEARNED / HYDROGEN TUBE TRAILER OVERTURNS IN FIELD

RESOURCES ~ HYARC~ FORUMS ABOUT

Each safety event record contains:
» Description

Hydrogen Tube Trailer Overturns in Field

. Severity Leak ignition
» Severity (Was hydrogen released?
* A hydrogen leak occurred when hydrogen tube trailer traveling on a rural roadway left the road, overturned en its side, and resulted in a single hydrogen wbe

valve being opened or broken. The cause of the acdident is unknown, however, it appears to be unrelated to hydrogen (ie., it is likely that human driving
. .« . errors caused the accident). The hydrogen tubes contained compressed hydrogen gas at 200 bar (2,800 psi). The back end of the tube trailer containing the
Wa S t h e re I n It I O n ? high-pressure hydrogen plumbing and valves contacted the ground and resulted in the valve opening or breaking and losing all the hydrogen from one tube.

g . The tubefvalve that leaked was located on the bottom tier in the center position. The first firefighter crew to arrive at the accident scene verified that the
leakage was limited to one tube/valve and that there was no cverheating condition as verified by a thermal imaging device. The second firefighter crew
. (HAZMAT team),which was sent to recover the hydrogen remaining on the overturned tube trailer, determined that hydrogen recovery at the accident scene
S tt was not safe. The hydrogen tube trailer was lifted using lifting straps slung around the trailer near the hydrogen tube anchorage points, since the trailer did

e I n g not have any fixed lifting points. After the tube trailer was righted, it was transported to the hydrogen supplier, where the hydrogen was removed and

reclaimed. Mo injuries occurred related to the hydrogen leak.

Incident Date

Equipment e,

Setting
Hydrogen Delivery Vehicle/Tube Trailer

Characteristics (High pressure? Low temperature?) e ——

Damage and Injurles
Property Damage

Damage and Injuries

Vehicle Collision

Contributing Factors

Probable Cause(s) S

High Pressure [> 100 bar)

When Incident Discovered

Contributing Factors

Lessons Learned i
Increased structural protection is needed;
(valves, pressure-indicating devices, mani

Lessons Learned/Suggestions for Avoidance/Mitigation Steps ot groes g
Taken

vV v vy VviVvyyy
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Guidance for Safety Planning of H, Projects

HYDROGEN
@ Safety Panel

» Originally developed by the HSP for the U.S. Department of
Energy in 2005

» The document provides information on safety practices for Safety Planning

hydrogen and fuel cell projects for

: : : . . Hyd d
» The project safety planning process is meant to help identify Fue¥ é;?i?-c;gcts

risks and avoid potential hydrogen and related incidents.

» This document can aid in generating a good safety plan that
will serve as a guide for the safe conduct of all work related
to the development and operation of hydrogen and fuel cell

equipment.

September 2019
PNNL-25279-2
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Hydrogen Safety Considerations Checklist

» Intended users
* Those developing designs for hydrogen systems
* Those involved with the risk assessment of hydrogen systems.

» While fairly inclusive, it is not possible to include all
variables that need to be considered

» A hazard analysis process should include

* Personnel who are familiar with applicable codes and
standards

* Team members with expertise in the technical aspects of the
specific project

HYDROGEN
Safety Panel

Hydrogen Safety Checklist

Approach

ples of Actions.

Plan the Work

Recognize hazards and
define mitigation
measures.

=] ¥ risks such as fl ility, toxicity, i reactive ials, etc.

[l 1dentify potential hazards from adjacent facilities and nearby activities

[] address commaon failures of companents such as fitting beaks, valve failure
pasitions jopen, closed, or last], vahees leakage (through seat or externall,
instrumentation drifts or failures, control hardware and seftware filures, and
power cutages.

[ cansider uncomman fadures such as a check valve that does not check, relief
walve stuck open, black valve stuck open or closed, and piping or equipment
rupture,

[ consider exgess flow valvesfehokes to size of hydrogen leaks

[ pefine countermeasures ta protect pecale and property.

[} Follaw applicable codes and standards.

Isolate hazards

[ tare hydrogen outdoors as the preferred approach; stare anly small quantities
indoors in well ventilated aneas.
o ontal separation to prevent spreading hazards ram other
O provide harizontal i ding hazards ta,f he
systems |especially safety systems that may be disabled), structures, and
combustible materials.
[ awaid hazards caused be overhead trees, piping, pawer and cantrol wiring, ete.

Provide adequate access
and lighting

Provide adeguate access for actiaties including:
[ mperaticn, including deliveries

O maintenance

[ Emergency exit and response

Approach

les of Actions

Keep the Hydrogen in the System

Design systems to
withstand worst-case
conditions

1 pezermine masimum credible pressure considenng abnormal operation,
mistakes made by aperatars, etc., then design the system to contain or relieve
the pressure.

[ cantain: Design or select equipment, piping and instrumentation that are
capable of maximum credible pressure using materials compatible with
hydrogen service.

[ Relieve: Provide relief devices that safely vent the hydrogen 1o prevent
damaging owerpressure conditions.

[ Perfarm system pressure tests to verily integrity after initial construstion, after
maintenance, after bottle replscements, and before deliveries through transfer
cannections.

Protect systems

L] Design systems to safely contain maximum expected pressure of provide
pressure relief devioes to pratect against burst.

[ Mount vessels and bottled gas cylinders securaly.

O cansider that systems must operate and be maintained in severe weather and
may experienoe earthguakes and flood water exposures,

[ me-mobilize vehicles and carts belare delivery transiers o operation,

[ protect against vehicle or accidental impatt and vandalism.

[ Post warning signs.

Size the storage
appropriately for the
service

L] Aweid excess number of delveriesfehan ge-ouls if 1oa small,
[ Awaid unnecessary risk of a large release from an oversized system,
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Quantitative Risk Assessment Tool

& Hyram
File Help

NFPAMade |[QRAMde | Tess | [+]:|[Risk Metrics

Input

» Developed toolkit to enable integrated probabilistic and g [(Hte ek I tems of AR, PL and AR
deterministic modeling —
* Relevant H, hazards (thermal, mechanical) (G e bt i Wt i :‘?Z

* Probabilistic models (traditional QRA models) & H,-specific
component data
* H, phenomena (gas release, heat flux, overpressure) [ Sm ]

[ Risk Metrics ]

Y HYRAM

HYDROGEN RISK ASSESSMENT MODELS

» Variable Users
* High level, generic insights (e.g., for C&S developers, regulators)
* Detailed, site-specific insights (e.g., for AHJs, station designers)
» Currently, two interfaces (views):
*  “QRA mode” and “Physics mode”

* Planned “performance-based design” mode for targeted
analyses

First-of-its-kind software tool for integrating H,
consequence models w/ QRA models
Includes behavior models & data developed
through FY12

HYDROGEN
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Technical Reference for Hydrogen Compatibility of Materials

Consists of material specific chapters (as individual PDF files) =
summarizing mechanical-property data from journal @o rydrogenTools
publica tions an d technical reports HOME /TECH REF fTECHM\CAL REFERENCE FOR HYDROGEN COMPATIBILITY OF MATERIALS

RESOURCES ~ HYARC~ FORUMS ABOUT

Technical Reference for Hydrogen Compatibility of Materials

» Plain Carbon Ferritic Steels Tecnlca Rafarsnce | "R
) e

National
» Low-Alloy Ferritic Steels laboralores

Advancing Materials Testing in
Hydrogen Gas Meeting

. . . Guidance on materials selection for hydrogen service is needed to support the deployment of hydrogen as a fuel as
» H I g h _A I I oy F e r r I t I C Ste e I S Gaseaus Hydrogen Embrittlement well as the development of codes and standards for stationary hydrogen use, hydrogen vehicles, refueling stations,
of Materials in Energy Technologies and hydrogen transportation. Materials property measurement is needed on deformation, fracture and fatigue of
metals in environments relevant to this hydrogen economy infrastructure. The identification of hydrogen-affected
material properties such as strength, fracture resistance and fatigue resistance are high priorities to ensure the safe

» Austenitic Steels b,

To support the needs of the hydrogen community, Sandia Mational Laboratories is conducting an extensive review of
reports and journal publications to gather existing materials data for inclusion in the Technical Reference for

Hydrogen Compatibility of Materials. Additionally, Sandia is working internati with ¢ s to acquire

» AI u m i n u m AI I Oys newly generated data for inclusion in the Technical Reference.

SAND2012_7321.pdf is an archival report issued by Sandia National Laboratories representing the reference
information compiled as of September 2012. Individual sections of this report may be updated or added periodically
at this website.

» Copper Alloys

Enter keywords Q

Metal Type: Plain Carbon Ferritic Steels
.
' N I C ke I A I I Oys Sub Metal Type Designation Morminal Composition  Revision  Section

C-Mn Allays Fe-C-Mn 57 100

» Nonmetals

Sub Metal Type Designation Norminal Compaosition Revision Section

HYDROGEN
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H, Fueling Station Permitting Videos

Permitting Hydrogen
Fueling Stations Part
One

Permitting Hydrogen

- Fueling Stations Part Two:
~ Planning and Building
Considerations

Permitting Hydrogen
Fueling Stations Part
Three: Fire

_ " Department
Regulations

Permitting Hydrogen
! Fueling Stations Part Four:
Annual Inspections

» Gives AHJs, Project Developers, and other interested parties a quick orientation in permitting hydrogen fueling
stations.

» Provides basic background information on hydrogen technologies followed by a description of the permitting
process including an overview of key codes and standards.

» Contains interviews with code officials, emergency responders, and technical experts as well as footage of hydrogen
stations.
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Hydrogen Safety Training for Researchers/Technicians

» Objectives: Provide basic hydrogen safety training through an interactive online
CO U rse il @ v hZiabsatety.orghydrogen html

» Technical personnel handling hydrogen need basic information on pressure,
cryogenics, flammability, asphyxiation, and other risks and precautions for using

Hydrogen Fuel/Chemical Properties, Use & Handling

hYd rogen. Ongoing Leak Detection & Controls
- . . o N Ongoing Leak Detection Methods
» Six Modules are included in the course, with a quiz at the end of each module. g e
© Monitoring internal piping pressures and
. . . flow rates for leak-induced changes
* Course introduction and overview © Placing detoctors in close proximity shutottine

to piping and at highest points in
the ceiling where hydrogen may

* Basic handling precautions for hydrogen use as they relate to Hydrogen'’s physical concentrate B
and chemical properties @é’ __

* Safety issues related to pressure systems

* Safety issues related to cryogenic systems

* Overview of emergency response considerations for hydrogen incidents
* High-Level overview of the codes and standards that apply to hydrogen applications

HYDROGEN
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And Our Newest Resource... HyARC

Data Books
. * Transportation Energy Databook®
Hydrogen Analysis Resource Center « Biomass Energy Data Book
* Buildings Energy Databook
» Well-documented, reliable data for use in evaluating hydrogen- B i i e i

* NIST Chemistry WebBook

related technologies
EIA Data and Projections

» Data can serve as the basis for calculations, modeling, and other * Annual Energy Outlook#
analytical aCtiVities * International Energy Outlook

* Short Term Energy Qutlook &

1 H : * Monthly E Review =
» Data can be accessed from databases housed in the site itself as S bk

well as through links to important websites such as those
maintained by the Energy Information Administration (EIA), DOE R T
Programs, other U.S. Government Agencies, and non-government * IPHE Website:?

. * Fuelcells.org Website
websites $
* H2Stations.org Website

* Annual Energy Review

Websites

* Fuel Cell and Hydrogen Energy Association Website?
* C(California Fuel Cell Partnership Website

HYDROGEN
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First Responder Hydrogen Safety Training

» National Goal

* Support the successful implementation of hydrogen and fuel cell technologies by
providing technically accurate hydrogen safety and emergency response
information to first responders

» Integrated Activities

* Online, awareness-level training
(https://www.aiche.org/academy/courses/ela253/introduction-hydrogen-safety-
first-responders)

* Classroom and hands-on operations-level training

* National training resource (enabling trainers) (http://h2tools.org/fr/nt)

A properly trained first responder community is critical to the successful introduction of hydrogen fuel cell
applications and their transformation in how we use energy.
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National First Responder Training Resource

HYDROGEN
Emergency Response

Training Resources

gency R
Training Resources

National Hydrogen and Fuel Cells

EMERGENCY
National A propety trained fr
ydrogen fuel cell app) E e U
H d roden and Fuel 0e| Is that hydrogen and fud A TEMPLATE for TRAINING uf':::.lrng 5:‘;,
y g missions to protect lif]
training resource as a
Eme rgency Res ponse training materials are] NATIONAL HYDROGEN AND FUEL CELLS
organizations and are 3
oganzatons and are || EMERGENCY RESPONSE TRAINING H
instructor to conduct th| Slide #1: What and Why 3 §
slides. Slide #2: National Hydrogen and Fuel Cells Emergency Response Training = 3 3 & 2 E
This nationally-focused
delivery of a variety of|
for different presenta 1. Introduction and Background
comprehensive classrg
FCEV onboa rd Hyd rogen Tanks + L1 (Overview) Slide #4: Fuel Cells Overview and Benefits 4 v v
that has little kn Slide #5/6/7: Fuel Cells — Where are We Today? v
:se;ml‘l]?:g:gshaaﬁ Slhide #8. Diverse Fuel Cell Transportation Applications v
» 10,000 psi {70 MPa) composite tanks with TPRDs additional slides|
(Type Ill or Type IV tanks) 5-8 kg hydrogen per vehicle L2
. (Short Cour -
> Designed for 2x pressure, impact has an intermeq 2. Hydrogen and Fuel Cell Basics
¥ In-tank shutoff valve isolates gaseous H, when not necessarily| 2.1 Hydrogen — Where does it come from and how do we use it now?
vehicle is off or impacted dassroom ses Slide #10: Why Hydrogen? v | vV
Hycrogen Tanks minimized and d
) PER— + L3 (Full Cours{ Slide #11: Where Do We Get Hydrogen? v v
Device (PRD) materials conta Slide #12: Hydrogen Uses v v v
.. groups would d
N for purposes ints Slide #13: Hydrogen Distribution v
Feedback from presen! Slide #14: Transporting Hydrogen Today v
Cells Emergency Resp| 22 Properties of hydrogen and its safe use
updated training conte:
resource. Feedback sh| Slide #15: Hydroger ies and B v v
TPRD opens at 110° C Slide #16: Hydrogen Properties: A Comparison v v v
Slide #17: Relative Vapor Densify v
Rewision Date: September 30, 201 Slide #18: Aufo-Ignition Temperature v
Slide #19: Comparison of Flammability v o v
Slide #20: Flammability Range v
Direction of hydrogen Slide #21: Explosive Range v
drscharge on TPRD activation Slide #22: Comparison of Fuel Odorants and Toxicity v
Source: Toyota igust 18, 2017 Slide #23/24/25: Designing Safe Systems — Gaseous Hydrogen v
Slide #26: Designing Safe Systems — Liquid Hydrogen v
Revision Date: September 30, 2014 2
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CENTER FOR

Hydrogen

SAFETY
Connecting a Global Community

January 15, 2020



Hydr gen

ecting a Global Community

Safely Fueling Our Future...
by building and enabling a global community

A global, neutral and nonprofit

resource

The Global Home of Chemical Engineers
Supports and promotes the safe o R FOTTEE
handling and use of hydrogen across 50,162 565 1,409 7,570

industrial and consumer applications
In the energy fransition

' 1,122 oo
Provides assurance that groups of |

experts have a common . |
communication platform with a

global scope to ensure safety

information, guidance and expertise

Is available to all stakeholders
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CENTER FOR

Hydrogw

ecting a Global Community

Membership Benefits

H

Project/facility support Ouvutreach

- Design Reviews ~ Stakeholders

- Hazard Analysis Support ~ Code Officials

~ Facility/Site Reviews - Communities
Networking

- Hy Safety Conferences
~ Collaborative Teaming

Training & Education Incident Response Resource

~ First Responders = Timely Information on Incidents
~ Researchers - Facts Sheets

- Technicians - Resource Guides
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Hydrsgen
SAFETY
Connecting a Global Community

MEMBERS EXECUTIVE BOARD

[QDECHEMA £, sceu PLUG @ AIChE =
ndBiecnoogie o \9.’ ChemclEngners, pan POWER L& O @ AirLiquide hys afe

A@ﬁ'e' Hys“T FirstElement @
M

@aAirLiquide @ @ Nk bl P D
W STRATEGIC PARTNERS

PROTIUM
ALakar -
AR /. CI ydrogen
mpucm @ TOYOTA DCHINESQ CounCil

CCCCCCCCCCCCCCCCCCCCCC

Pacific Northwest
?“Cm NATIONAL LABORATORY

nel &

NATIONAL RENEWABLE ENERGY LABORATORY Sandia w MMNGMMW'EE
Tl i, | ©
)’ nfrastructure aboratories WASHINGTON STATE _i,. U.5. DEPARTMENT OF
Hydrogen South Africa -[JNIV-ERSITY 9 1‘-.;: 7) EN E RGY
O I M - Energy Efficiency &
PfOWER n at I O n al g rl d Renewable Energy
INNOVATIONS S””l me

TRANSIT AGBENEY
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Considerations...

» The Hydrogen Safety Panel’s Role
* The HSP serves as an asset for an awardee’s “continuous and priority attention to safety”

* Learnings from individual projects benefit the broader safety knowledge base for hydrogen and
fuel cell technologies

» Lessons Learned

* Awardees are asked to share lessons learned based on incidents, near-misses or other learnings
during the conduct of this work that can be shared more broadly

» Questions/Comments

* Awardees may request assistance from or provide input to the safety review team/Hydrogen
Safety Panel on any safety-related topic
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Questions
and
Discussion




For additional information...

CONTACT:

Nick Barilo, P.E.
Hydrogen Safety Program Manager

Pacific Northwest National Laboratory
(509) 371-7894
nick.barilo@pnnl.gov

Parteagen Too o o
e et e e o
0 s e P e ot S RN P B g e P s e £

OR VISIT: L Ee——

http://h2tools.org

for more Hydrogen Safety related
news and the latest resources
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Hydrogen Properties and Behavior

» Gas at ambient conditions
= Rises and disperses rapidly (14x lighter than air)

= Flammable range 4-75% in air
» Liquid at -423°F (-253°C) —a cryogen

= LH, stored at 50 psi in vacuum insulated tanks

= No liquid phase in compressed gas H2 storage

» Energy content comparison :

Molecular Hydrogen Model:
= 1kg of Hydrogen ~ 1 gallon gasoline 2 protons (H+) sharing 2 electrons (e-)

= 33.3 kWh/kg hydrogen vs 32.8 kWh/gal gasoline
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Additional Properties of Hydrogen

» Description
* Colorless, odorless, tasteless

» General Properties I Potential Hazards
* Flammable - e Combustion
* Non-irritating, nontoxic, asphyxiant e Pressure hazards
* Non-corrosive * Low temperature
* Lightest gas, buoyant, can escape earth’s gravity  Hydrogen-induced material
embrittlement
» Physical Properties * Exposure and health
* GH, density @ NTP 0.0838 kg/m3 (1/15t air)
* GH, specific gravity 0.0696 (Air = 1.0)
* Viscosity 33.64 x 103 kg/m hr (1/2 air)
* Diffusivity 1.697 m?/hr (4x NG in air)

*  Thermal Conductivity 0.157 kcal/m hr K (7 x air)
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Hydrogen Properties: A Comparison

H

HYDROGEN
Safety Panel

Property Hydrogen Natural Gas Gasoline
Color No No Yes

Toxicity None Some High

Odor Odorless Mercaptan Yes
Buoyancy 14X 2X 3.75X
Relative to Air Lighter Lighter Heavier
Energy 2.8X ~1.2X

by Weight > Gasoline > Gasoline 43 MJ/kg
Energy 4X 1.5X

by Volume < Gasoline < Gasoline 120 MJ/Gallon

Source: California Fuel Cell Partnership
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Flammable Range and Vapor Density

o 80 — 75.0%
[
o
E 60 —
=
o
>
« 40 _
©
é 29 ---optimal combustion conditions
" 20 — 0°
8 0 15.0% 10.1%
0\0.
0 _]
Hydrogen Natural Gas Propane Gasoline Vapor
= 5= Hydrogen’s low vapor density results in
< 4— the gas being very buoyant compared to
S other fuels and vapors.
QO 37
.2
E 2
&’ - U
0 —

Hydrogen Natural Gas Propane Gasoline Vapor
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Standards




Design Consideration: Codes & Standards

v

International Fire Code (IFC) - addresses hydrogen applications

v

International Building Code (IBC) - general construction rer——

Code

requirements

International Fuel Gas Code (IFGC)

NFPA 2 Hydrogen Technologies Code

NFPA 55 Compressed Gases and Cryogenic Fluids Code
NFPA 70 National Electrical Code

vvyvyyvyy

ASME B31.12 Hydrogen Pipelines and Piping Code - hydrogen
piping design
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Important IFC Code References

» |FC Section 2309 — Hydrogen Motor Fuel-Dispensing and
Generation Facilities

» |FC Chapter 50 — Hazardous Materials - General Provisions
» |FC Chapter 53 — Compressed Gases

» IFC Chapter 58 — Flammable Gases and Flammable Cryogenic
Fluids

» International Fuel Gas Code (IFGC) Chapter 7 — Gaseous
Hydrogen Systems

Significant changes in the 2015 IFC

“Compressed hydrogen for use as a vehicular fuel shall also comply with Chapters 23 and 58 of this code, the International
Fuel Gas Code and NFPA 2.”

(IFC 5301.1)

"Hydrogen motor fuel-dispensing stations and repair garages and their associated above-ground hydrogen storage
systems shall also be designed, constructed and maintained in accordance with Chapter 23 and NFPA 2.” (IFC 5801.1)
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The Need for a National Hydrogen Code

With the increased interest in hydrogen being used as a fuel source, the National Fire Protection
Association was petitioned to develop an all-encompassing document that establishes the
necessary requirements for hydrogen technologies.

» Origin and development of the NFPA 2, Hydrogen Technologies Code _
* Technical committee formed in 2006 o
* Focus is to address all aspects of hydrogen storage, use, and handling

* Draws from existing NFPA codes and standards (extracts from NFPA 52, 55 and 853)
(NFPA 52 hydrogen requirements removed and transferred to NFPA 2)

* ldentifies and fills technical gaps for a complete functional set of requirements
* Developed for code users and enforcers

* Structured so that it works seamlessly with building and fire codes

In the course of this presentation, any comment as to the “meaning” of any part of any NFPA code or standard is only the opinion of the presenter and is NOT to be
relied upon as either accurate or official. Only the NFPA may issue a formal interpretation of its codes and standards.
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NFPA 2 Scope

NFPA 2 applies to the use of gaseous and liquefied hydrogen in

» Storage

* Transfer

e Production
e Use

Fundamental requirements are provided for:

* Storage

* Piping

e Installation
* Handling

e @Generation

NFPA 2 does not cover

Fundamental _
Chapters

Use Specific
Chapters

* Onboard vehicle or mobile equipment components or systems
* Mixtures of gaseous hydrogen and other gases with a hydrogen

concentration <95% by volume

HYDROGEN
Safety Panel

Document Title, Hydrogen Technologies Code

Chapter 1, Administration

Chapter 2, Referenced Publications

Chapter 3, Definitions

Chapter 4, General Fire Safety Requirements

Chapter 5, Performance-Based Option

Chapter 6, General Hydrogen Requirements

Chapter 7, Gaseous Hydrogen

Chapter 8, Liquefied Hydrogen

Chapter 9, Reserved

Chapter 10, GH2 Vehicle Fueling Facilities

Chapter 11, LH2 Fueling Facilities

Chapter 12, Hydrogen Fuel Cell Power Systems

Chapter 13, Hydrogen Generation Systems

Chapter 14, Combustion Applications

Chapter 15, Special Atmosphere Applications

Chapter 16, Laboratory Operations

Chapter 17, Parking Garages

Chapter 18, Road Tunnels

Chapter 19, Repair Garages

Annex A

Annexes B-M
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Hydrogen Safety Basics

Hydrogen safety, like all flammable gas safety,
relies on five key considerations:

» Recognize and eliminate hazards or define
mitigation measures

» Ensure system integrity

» Provide proper ventilation to prevent
accumulation (manage discharges)

» Ensure that leaks are detected and isolated
» Train personnel

Fuel cell backup power connected to a data center
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General Indoor Safety Considerations

Safety considerations for the indoor storage or use of bulk gaseous hydrogen include:

» Buildings should be constructed of noncombustible materials.

» Mechanical ventilation systems should have inlets low to the ground and exhausts at the highest point of the room in
the exterior wall or roof. Consideration should be given to provide venting for both normal conditions and emergency

situations.
» Hydrogen sensors should be installed at the exhaust within the enclosure.
» Automatic shutoff that activates if a leak or fire is detected in the facility that is being supplied with hydrogen.
» Ignition sources in storage areas should be avoided.
» Classified electrical equipment should be used in close proximity to storage systems.
» Gaseous hydrogen system components should be electrically bonded and grounded.

Hydrogen cylinders and storage tanks should be stored outside at a safe distance from structures, ventilation intakes,
and vehicle routes. This applies even while in use. Best practices call for compressed hydrogen bottles supplying a
manifold to be located outside, with welded lines to connect to indoor equipment.

Safety Panel
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Ventilation

» Proper ventilation can reduce the likelihood of a flammable mixture of hydrogen
forming in an enclosure following a release or leak.

* At a minimum, ventilation rates should be sufficient to dilute a potential
hydrogen leak to 25% of the lower flammability limit (LFL) for all operations and
credible accident scenarios.

» Passive ventilation features such as roof or eave vents can prevent the buildup of
hydrogen in the event of a leak or discharge, but passive ventilation works best for
outdoor installations.

* In designing passive ventilation, ceiling and roof configurations should be
thoroughly evaluated to ensure that a hydrogen leak will be able to dissipate
safely. Inlet openings should be located at floor level in exterior walls, and
outlet openings should be located at the highest point of the room in exterior
walls or the roof.

Safety Panel
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Active Ventilation

» If passive ventilation is insufficient, active (mechanical, forced) ventilation can be used to prevent the accumulation
of flammable mixtures.

* Equipment used in active ventilation systems (e.g., fan motors, actuators for vents and valves) should have the
applicable electrical classification and be approved for hydrogen use.

* If active ventilation systems are relied upon to mitigate gas accumulation hazards, procedures and operational
practices should ensure that the system is operational at all times when hydrogen is present or could be
accidentally released.

* Hydrogen equipment and systems should be shut down if there is an outage or loss of the ventilation system if
LFL quantities of hydrogen could accumulate due to the loss of ventilation. If the hazard is substantial, an
automatic shutdown feature may be appropriate.

» Ventilation (passive or active) should be at a rate not less than 1 scf/min/ft? (0.3048 Nm3/min/m?) of floor area over
the area of storage or use.

Be aware that no practical indoor ventilation features can quickly disperse hydrogen from a massive release
by a pressurized vessel, pipe rupture, or blowdown.
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Leak Detection

Hydrogen leak detection systems may be required by the AHJ or may be installed as a means
for enhancing safety of the operation. Leak detection can be achieved by:

* Providing hydrogen (or flammable gas) detectors in a room or enclosure, or

* By monitoring the internal piping pressures and/or flow rates for changes that would
suggest a leak is present in the system.

* Other methods include providing detectors in close proximity to the exterior piping or
locating hydrogen piping within another pipe and monitoring the annulus for leaks.

Regardless of the method used, leak detection systems should, at a minimum, incorporate
automatic shutoff of the hydrogen source (and startup of a properly-configured active
ventilation system, if present) when hydrogen is detected. For systems designed to monitor
hydrogen concentrations in rooms or areas, the leak detection system should also warn
personnel with visual and audible warnings when the environment is becoming unsafe.
Remote notification should also be considered.
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Leak Detection Design and Performance

Goals for an area hydrogen leak detection system include:

Provide for automatic shut-off and isolation of hydrogen sources
Shut down process equipment to a safe mode

Control active ventilation

Activate audible and visual alarms

Specific performance considerations:

Detection sensitivity of +/-0.25% by volume of hydrogen in air
Response time of 1 second at a concentration of 1% by volume
The design of a leak detection system must ensure that any leaking hydrogen would pass by the detector.

The sensitivity of the detector to other gases and vapors should be considered in the selection of the detector and should be
explained to personnel.

A good practice is to set the detectors to alarm at 1% hydrogen by volume in air, which is 25% of the lower flammability limit (LFL). If
automatic shutdown is incorporated into the system, manual reset should be required to restart the system.

Portable gas detectors are valuable for local leak detection. Portable detectors should be used for entry or re-entry into rooms in
which an alarm has occurred to ensure that the hydrogen has dissipated.

Maintenance and recalibration of leak detectors should be performed every 3-6 months and recorded in facility records or
manufacturer's instructions.

HYDROGEN
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Checking for Leaks

Hydrogen burns with a pale blue flame that is nearly invisible in
daylight. Hydrogen flames also emit low radiant heat, so a person
may not feel heat until they are very close to the flame. Best
practices include the following:

e A portable flame detector (e.g., thermal imaging camera) should
be used if possible

e Otherwise, listen for venting hydrogen and watch for thermal
waves that signal the presence of a flame

Hydrogen flame Propane flame

e Use a combustible probe (e.g., broom)

* Always allow enough time for troubleshooting/debugging a
monitoring system before it's used

 Where multiple gases are co-located, always respond in a manner
. . .y Hydrogen and Propane Flames in Daylight
to investigate/ mitigate the most hazardous gas (Photo courtesy of HAMMER)
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A Lesson Learned on Hydrogen Leaks

Hydrogen Explosion and Iron Dust Flash Fires in Powdered Metals Plant

e Operators in a powdered metals production facility heard a hissing noise near one of the plant furnaces
and determined that it was a gas leak in the trench below the furnaces. The trench carried hydrogen,
nitrogen, and cooling water runoff pipes as well as a vent pipe for the furnaces.

 Maintenance personnel presumed that the leak was nonflammable nitrogen because there had recently
been a nitrogen piping leak elsewhere in the plant. Using the plant's overhead crane, they removed
some of the heavy trench covers. They determined that the leak was in an area that the crane could not
reach, so they brought in a forklift with a chain to remove the trench covers in that area.

e Eyewitnesses stated that as the first trench cover was wrenched from its position by the forklift, friction
created sparks followed immediately by a powerful explosion. Several days after the explosion, Chemical
Safety Board (CSB) investigators observed a large hole (~3x7 inches) in a corroded section of hydrogen
vent piping inside the trench.

HYDROGEN
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Flame Detection

Hydrogen flames are almost invisible to humans, so thermal and optical
sensors are used to detect burning hydrogen.
e To cover a large area or volume, many thermal detectors are needed and should be
located at or near the site of a potential fire.

e Optical sensors for detecting hydrogen flames can operate in the ultraviolet or
infrared spectral region.

Flame detectors should be installed in certain applications (e.g., NFPA 2
requires them near hydrogen dispensers in hydrogen fueling stations).
Detectors should provide a rapid and reliable indication of the existence of a
hydrogen flame. The system should also:

Loyt A
Photo courtesy of HAMMER

* Provide for automatic shut-off and isolation of hydrogen
sources

e Shut down the system to a safe mode

e Control active ventilation

e Activate audible and visual alarms

e Control access to areas with high concentrations of hydrogen or active fires

HYDROGEN
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Electrical Equipment

Specific considerations:

Fans for active ventilation systems should be provided with a rotating element of nonferrous or spark-resistant
construction.

* Equipment or devices should be designed for use in hydrogen service.

The gaseous hydrogen system should be electrically bonded and grounded.
* Equipment not conforming to NEC requirements must be located outside the area classified as hazardous.

Example of Electrical Equipment Requirements — Hydrogen Fueling Stations (NFPA 2, Table 10.4.6.1)

Location Division or Zone Extent of Classified Area
Outdoor dispenser enclosure — exterior and interior 2 Up to 5 ft (1.5 m) from dispenser
Indoor dispenser enclosure — exterior and interior 2 15 ft (4.6 m) from the point of transfer in accordance
with 10.4.1.1
Outdoor discharge from relief valves or vents 1 5 ft (1.5 m) from source
Outdoor discharge from relief valves or vents 2 15 ft (4.6 m) from source

—_

Discharge from relief valves within 15 degrees of the
line of discharge

15 ft (4.6 m) from source

* All equipment shall be rated for Group B applications (NFPA 70-500.6).

HYDROGEN
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The Certification Challenge

The scarcity of listed hydrogen equipment places an extraordinary burden on code officials to ensure (approve) that
products include the appropriate inherent or automatic safety measures.

Certification presents significant challenges. PP
l-l P
= Few systems or equipment that are listed, labeled or certified ‘e‘!,:
__mme” ™ NRTL/C
= Significant costs since the technology and products are still rapidly changing and Intertek

each new iteration would require recertification

Development of a Certification Guide

The Hydrogen Safety Panel has developed a guide to assist code officials, designers,
owners, evaluators and others with the application of certification requirements
pertinent to the design and/or installation of hydrogen equipment as regulated by the
model codes. The scope of the Guideline is limited to those requirements where the
terms approved, certified, listed and/or labeled are used.

The Guide is available at: https://h2tools.org/hsp/certification-guide
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Outdoor Separations IO o0, 700, easo0n

Pipe Internal Diameter (in.) 0.75 0.29 0.28

Exposure Group 1
a) Lotlines

* Hyd rogen Cyllnders and Storage b) Air intakes (HVAC, compressors, Other) 16 ft 20 ft 13 ft 16 ft
tanks ShOUId be Stored Outside at a c) Operable openings in buildings and Structures

) d) Ignition sources such as open flames and welding
safe distance from structures,

. . . . Exposure Group 2
ventilation inta keS, and vehicle a) Exposed persons other than those servicing the system 16 ft 20 ft 10 ft 13 ft
routes. b) Parked cars

Exposure Group 3
a) Buildings of non-combustible non-fire-rated

* A bulk hydrogen compressed gas .
H b) Buildings of combustible construction
SyStem IS an assem b Iy Of c¢) Flammable gas storage systems above or below ground
equipment that ConSiStS Of, but iS d) :f:jl:jous materials storage systems above or below
not limited tO, sto rage co ntainers) e) Helgc\l/y timber, coal, or other slow-burning combustible
solids
pressure regulators, pressure relief f) Ordinary combustibles, including fast-burning solids T e .
. . such as ordinary lumber, excelsior, paper, or
d EV|CES, com p ressorS, Man |f0|d$, combustible waste and vegetation other than that
. e . . found in maintained landscaped areas
d nd plplngl Wlth d Storage Ca paCIty g) Unopenable openings in building and structures
h) Encroachment by overhead utilities (horizontal distance
Of more tha n 5’000 SCf ( 141 ' 6 N m 3) from the vertical plane Below the nearest overhead
Of comp ressed hyd rogen gas a nd electrical wire of building service)
. i)  Piping containing other hazardous materials
that terminates at the source valve. j) Flammable gas metering and regulating stations such as

natural gas or propane.
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Selection of Materials

e Materials of construction, including materials used in piping, valves Preferred
and seals, must be carefully selected to account for their * Generally acceptable
deterioration when exposed to hydrogen at the intended operating materials include austenitic
o stainless steels, copper, and
e The mechanical properties of metals, including steels, aluminum and AvOId
aluminum alloys, titanium and titanium alloys, and nickel and nickel « Nickel and most nickel
alloys are detrimentally affected by hydrogen. alloys should not be used
; I hvd lead britt| i since they are subject to
e Exposure of metals to hydrogen can lead to embrittlement, cracking severe hydrogen
and/or significant losses in tensile strength, ductility, and fracture embrittlement.
toughness. This can result in premature failure in load-carrying _
components. Gray, ductile, and malleable

cast irons should generally
e Additionally, hydrogen diffuses through many materials, particularly not be used for hydrogen

service.

nonmetals, due to its small molecular size.

See http://www.h2tools.org/tech-ref/technical-reference-for-hydrogen-compatibility-of-materials for additional guidance
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A Lesson Learned on Material Selection

A pressure relief device (PRD) valve failed on a high-pressure storage tube at a hydrogen fueling station, causing the
release of hydrogen gas. The gas ignited at the exit of the vent pipe.

Nozzle subassembly \

Al

B

e The root cause of the incident was a
failed pressure relief valve...

e An extensive metallurgical analysis of
the failed valve concluded that
improper material selection and
deviations from valve production

Approximate fracture plane )
processes led to the valve failure.

The good news... There were no injuries and very little property damage. The corrugated roof on an adjacent canopy
over a fueling dispenser was slightly singed by the escaping hydrogen flame, causing minimal damage.

HYDROGEN
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Piping Layout and Design

Hydrogen piping systems should be designed in accordance with the Vent Lines

applicable codes and standards and to: Vent lines for hydrogen (including pressure
relief lines and boil-off from cryogenic
systems) should be vented to a safe outside
location. The vent should be designed to

* Minimize leaks through the use of welded joints where possible
* Piping should not be concealed and arranged to ensure that personnel will be

able to easily reach joints and fittings (to check for leaks). prevent moisture or ice from accumulating in
* Prevent or reduce the chance of personal injury (i.e., contact with cold the line. The vent system should:
surfaces, head impact, tripping hazards, etc.) * be leak tight

e avoid air intrusion or be designed to
handle the possibility of an explosion
inside the piping

* Minimize stresses (structural and thermal) in piping components and
connected equipment

* Provide proper sizes and settings of pressure relief devices « be unobstructed and protected from the

* Include properly labeled shutoff valves at safe locations weather

. . . . . » safely release the unused hydrogen
Flow restrictors, such as orifice meters, in the supply line are an effective above the facility roof or at a remote

means of limiting the supply flow rate and controlling leakage rate. location

* be designed to carry the excess flow of
the venting gas or liquid

Piping should be labeled to indicate content, flow direction, and design
and test pressures.
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Working with First Responders

Preplanning
* Facility owners and first responders should work together to
perform preplanning activities. This should include a tour of
the hydrogen facilities with focused attention on safety
features and emergency shutoffs.

Training .
* Training of emergency response personnel should be a high | [ ' ‘___iinmmlmlm“
priority to ensure that these personnel understand how to L b
properly respond to a hydrogen incident.
* A variety of resources are available to assist with this training.

Equipment
* A hydrogen fire is often difficult to detect without a thermal =
imaging camera or flame detector. First responders should Photo: Volpentest HAMMER Federal Training Center
have one available for their use.

@ B Code and Standards: IFC 5003.9.1
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Safety Considerations for Liquid Hydrogen

This presentation was primarily focused on gaseous hydrogen systems and equipment.
Cryogenic liquid hydrogen storage and supply systems offer additional hazards. General
safety considerations for the use of cryogenic liquid are listed below.

» Due to its extremely low boiling point, liquid hydrogen can cause serious frostbite and
hypothermia.

» Ice formation on vents and valves could cause them to malfunction.

» Condensed air could result in oxygen enrichment and explosive conditions near a liquid
hydrogen storage system.

» Accidental air leakage into a liquid hydrogen storage vessel (e.g., from inadequate
purging) will result in
the introduction of moisture. The water will form ice, which may plug lines or cause
instruments to malfunction.

» Continuous evaporation generates gaseous hydrogen and an increase in pressure inside A liquid hydrogen release will look

a liquid hydrogen storage vessel if not properly released. similar to this liquid nitrogen release
L. . . (Photo courtesy of Scott Stookey)
» If a liquid hydrogen leak or spill occurs, a hydrogen cloud could flow horizontally for

some distance or even downward, depending on the terrain and weather conditions.

HYDROGEN Codes and Standards: IFC Chapter 58, NFPA 2 Chapter 8
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Concluding Thoughts

» Safe practices in the production, storage, distribution and use of hydrogen are essential for deployment of hydrogen
and fuel cell technologies. A significant incident involving a hydrogen project could negatively impact the public's
perception of hydrogen systems as viable, safe, and clean alternatives to conventional energy systems.

» Hydrogen CAN be used safely. However, because hydrogen’s use as a fuel is still a relatively new endeavor, the
proper methods of handling, storage, transport and use are often not well understood across the various
communities either participating in or impacted by its demonstration and deployment. Those working with hydrogen
and fuel cell technologies should utilize the online resources discussed in this presentation to become familiar with
the technology.

» The IFC, IFCG and NFPA 2 provide fundamental requirements for the use of hydrogen and fuel cell technologies.
Online resources are available to help code officials and project proponents better understand and apply the
necessary safe practices for the successful deployment of this technology.

» The Hydrogen Safety Panel, Center for Hydrogen Safety and Hydrogen Tools Portal (http://h2tools.org) are available
to help project participants to understand and apply safe practices.
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For additional information...

CONTACT:

Nick Barilo, P.E.
Hydrogen Safety Program Manager

Pacific Northwest National Laboratory
(509) 371-7894
nick.barilo@pnnl.gov
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OR VISIT: L Ee——

http://h2tools.org

for more Hydrogen Safety related
news and the latest resources
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