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ABSTRACT

The development of an infrastructure for the future hydrogen economy will require the simultaneous
development of a set of codes and standards. As part of the U.S. Department of Energy Hydrogen,
Fud Cedlls & Infrastructure Technologies Program, Sandia National Laboratories is developing the
technical basis for assessing the safety of hydrogen-based systems for use in the
devel opment/modification of relevant codes and standards. This work includes experimentation and
modeling to understand the fluid mechanics and dispersion of hydrogen for different release
scenarios, including investigations of hydrogen combustion and subsequent heat transfer from
hydrogen flames. The resulting technical information is incorporated into engineering models that are
used for assessment of different hydrogen release scenarios and for input into quantitative risk
assessments (QRA) of hydrogen facilities. The QRASs are used to identify and quantify scenarios for
the unintended release of hydrogen and to identify the significant risk contributors at diferent types of
hydrogen facilities. The results of the QRAS are one input into a risk-informed codes and standards
development process that can aso include other considerations by the code and standard devel opers.
This paper describes an application of QRA methods to help establish one key code requirement: the
minimum separation distances between a hydrogen refueling station and other facilities and the public
a large. An example application of the risk-informed approach has been performed to illustrate its
utility and to identify key parameters that can influence the resulting selection of separation distances.
Important parameters that were identified include the selected consegquence measures and risk criteria,
facility operating parameters (e.g., pressure and volume), and the availability of mitigation features
(e.g., automatic leak detection and isolation). The results also indicate the sensitivity of the results to
key modeling assumptions and the component leakage rates used in the QRA models.

1.0 SEPARATION DISTANCES

Separation or safety distancesareused to protect the public and other facilities from the consequences
of potential accidents related to the operation of a facility. Separation distances are aso used to
reduce the potential that a minor accident at one portion of a facility propagates to another part of the
facility thus increasing the resulting consegquences. Specified separation distances may not provide
protection against all potential accidents but they generally should addresslikely eventsinitiated by a
hazard located on the facility and by external hazards (e.g., earthquakes, automobiles) some of which
can occur outside the boundary of the facility (e.g., afire at an adjacent building). The latter case
implies that separation distances can be two-way measures that protect adjacent structures from the
hazards of the facility and aso protect the facility against the hazards from adjoining facilities.

Separation distances for hydrogen facilities are provided in the International Code Councils (ICC)
International Fire Code (IFC) [1] and two documents from the National Fire Protection Association
(NFPA): NFPA 55 [2] and NFPA 52 [3]. Separation distances are also specified in governmental
regulations such as those specfied by the Occupationa Safety and Health Administration (OSHA)
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[4]. The separation distances currently defined in the theses codesand regulations vary according to
the target that can be exposed to accident phenomenon. Typica targets include members o the
public, adjacent facilities, onsite structures, other flammable or combustible materia, air intake
openings, and ignition sources. The separation distances can vary from one code or standard to
another in addition to how they are specified. For example, both the IFC and NFPA 52 present single
values, while the NFPA 55 (and OSHA) provides separation distance as a function of the total
hydrogen volume. NFPA 52 also provides separation distances for the dispensing area of a refueling
station. Whether the parameters currently being used to differentiate separation distances in these
codes are adequate for future hydrogen refueling stations and other hydrogen facilities is an issue that
is being addressed by the standards and code development organizations (SDOs). For example,
higher gas storage and dispensing pressures than contemplated during the creation of the current
codes are being considered for hydrogen refueling stations (gas storage cylinders with pressures of 70
MPa or greater are being incorporated into facility designs). A conseguence of these higher pressures
isthat the required separation distances may be significantly greater than currently specified.

The development of separation distances for the new generation of hydrogen facilities can be
determined by SDOs and evaluated by facility designers in several ways. A conservative approach is
to use the worst possible accidents in terms of consequences. Such accidents may be of very low
frequency such that they would likely never occur.  Although this approach bounds separation
distances, the resulting distances are generally prohibitive. The current separation distances do not
reflect this approach. An aternaive deterministic approach that is often utilized by SDOs and
allowed under some regulations is to select accident scenarios that are more probable but do not
provide bounding consequences. In this approach, expert opinion is generally used to sdlect the
accidents used as the basis for the prescribed separation distances.  Although anecdotal experience
often forms the basis for the selection of the accidents, the frequency of accidents can also be used as
a selection criterion.

Figure 1 provides an example of deterministic separation distances based on one possible
consequence d a hydrogen leakage event: the radiant heat flux from an ignited hydrogen jet. The
figure shows the separation distances required to limit the exposure of a person to aradiant heat flux
of 1.6 kw/m?which is generally accepted as a level that will not result in harm to an individual even
for long exposures (this heat flux level is currently specified in the IFC [1] asa “no harm” criterion
for designing hydrogen vent systems). The separation distances were caculated using a Sandia
developed modd for predicting the radiant heat fluxes and flammability envelopes from high pressure
releases of hydrogen [5]. The caculated values are conservative since they assume freeforming jet
fires that are not affected by the ground or structures and are orientated towards the target (jet fires
that are orientated upwards result in separation distances that are roughly half the distance shown in
Figure 1). Asindicated in Figure 1, the required separation distances are significantly affected by the
pressure of the hydrogen gas and the leak diameter. These insights suggests the gas storage pressure
is an important parameter that should be considered when specifying separation distances and that the
selection of a specified lesk Sze and orientation iscritical in det ermining the separation distances.

The separation distances shown in Figure 1 are generaly larger than those currently specified in the
ICC and NFPA codes and standards even for low pressure systems and small leak diameters. One
way to reduce consequence-based separation distances is to use a higher consequence level that
introduces the potentia for injuring the public or damaging structures. Thisisillustrated in Figure 2
which shows the separation distancesthat would be required for different radiant heat flux levels and
hydrogen gas pressures. The separation distances were evaluated for a specified leak diameter of 2.38
mm and only consequences related to hydrogen jets are included in this plot (the potentia
consequences from other possible accidents such as vapor cloud explosions were not examined in this
study but must also be considered when determining separation distances).
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Figure 1 Separation distances required for an exposure to aradiant heat flux of 1.6 KW/m” generated
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Figure 2 Separation distances required for a jet fire from a 2.38 mm diameter leak using different
conseguence parameters.

Although a variety of radiant heat flux levels and associated injury or damage levels are quoted in the
liteature [6,7,8], the levels that were used in this study were limited to those currently listed in the
IFC [1] as criteria for designing hydrogen vent systems. the 1.6 kW/m? level discussed previously, a
20 second exposure to 4.7 kW/m? which would result in second degree burns, and an extended
exposure to 25 KW/m? for an extended period which would damage structures and components (short
exposures to this heat flux level would aso result in third degree burns that could lead to a fatality).
A radiant heat flux of 4.5 to 5 kW/m? is also specified in regulations in several countries including the
United States [9] and in NFPA 59A [10] as an acceptable radiation hazard level for public exposure to
hydrocarbon fires. Also, it should be noted that the separation distances evaluated for a 25 kW/m?
heat flux are approximately the same as those for the visible flame length of a hydrogen jet (also
shown in Figure 2). Thus, the selection of this heat flux level aso provides an indication of the



separation distances that would be required for protection of personnel and structures from direct
flame contact.

Figure 2 also illustrates the separation distances required for hydrogen concentrations ranging from
2% to 8%. The distances corresponding to the lower flammability limit (LFL) of hydrogen (4%) are
included in this study since a delayed ignition of a hydrogen jet can injure people within the radius
bounded by the LFL. The distances for a 2% hydrogen concentration (i.e., half of the LFL) are dso
provided since it results in a “no harm” distance that is being used in the IFC [1] as a criterion for
designing hydrogen venting systems. The 6%, and 8% concentration contours are provided to reflect
the uncertainty in the experimenta literature on the ignitable concentration of hydrogen in non
quiescent flows [5]. The hydrogen concentration in an un-ignited hydrogen jet can be used as abasis
to establish the separation distance from a hydrogen storage area to the public, ignition sources, and
ventilation intakes.

The separation distances shown in Figure 2 indicates that it is possible to establish reasonable
consequence-based separation distances from jet fires (consideration of other types of accidents is
required) even for high pressure systems if some level of peasonnel injury or property damage
(represented in the figure by the higher radiant heat fluxes and hydrogen concentrations) is acceptable
and if the evaluations are based on jutifiably low leakage sizes. Anecdotal evidence of typical leak
sizes or evaluation of available data is a possible method for selecting a leak size. For example, the
Compressed Gas Association suggests in Reference 11 that typica leak sizes are less than 20% of the
flow area of the component. However, the risk associated with these selected leak sizes should be
evauated and included in the final decision process. The risk-informed process described in the next
section provides another means to determine a defensible leak size for each consequence parameter
and type of accident scenario.

2.0 RISK-INFORMED APPROACH

An dternative approach for selecting the scenarios utilized to establish separation distances for a
hydrogen facility involves the use of the estimated risk associated with the operation of the facility.
The risk from the operation of a facility is the product of the frequency and consequences of all
credible accidents and can be estimated using QRA. In this risk-informed approach the estimated
risk for the facility is compared to an acceptable risk level to provide abasis for eliminating low risk
scenarios from consideration in the determination of separation distances. A consequence of this
approach is that the established separation distances will present some residual level of risk that must
be acceptable by affected stake holders (i.e., the public, regulators, and facility operators). That level
of risk is determined by the selected consequence measures and risk threshold used in the risk
informed evauation. An additional benefit from the QRA analysis is tha key risk drivers are
identified and potential accident prevention and mitigation Strategies to them can be identified and
possibly specified as requirements in the codes and standards.

The proposed risk-informed approach utilizes the conceptua framework, shown in Figure 3, which
was developed by the European Industrial Gases Association (EIGA) [6]. In this approach, the
cumulative frequencies of different leak diameters resulting in one or more specified consequence are
evaluated against the separaion distances required to protect people equipment, or structures from a
specified level of harm. The accidenta releases can occur due to random component failures such as
pipe ruptures, overpressure events, unintentional venting, externa events such as earthquakes and
fires at adjoining structures, and human errors including those related to dispensing hydrogen and
incorrect performance of maintenance on the facility. The availability of features to mitigate
accidental releases (e.g., shutoff valves initiated by hydrogen or flame sensors) can be included in the
accident frequency evaluation. A selected risk criterion is used to establish the risk-informed
separation distances based on the selected consequence parameters. Hydrogen lesks resulting in risk
values below this criterion could be eliminated in the separation distance evaluation. In effect, this
approach can provide a basis for eliminating large leakage events which have low frequencies and



result in significant consequences that require large separation distances to protect the public,
structures, and equipment from harm.
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Figure 3. Risk-informed approach for establishing safety distances.

The use of arisk-informed approach requires a QRA that considers all credible hazards resulting from
hydrogen-related accidents. The principle hazard associated with hydrogen facilities is uncontrolled
combustion of accidentaly released hydrogen gas or liquid. Possible modes of gaseous hydrogen
combustion include jet fires, flash fires, deflagrations (unconfined vapor cloud explosions), and
detonations. For facilities with large volumes of liquid hydrogen, additional combustion concerns
include the potential for pool fires and boiling liquid expanding vapor explosions (BLEVE). Other
hydrogen-related hazards such as asphyxiation and cryogenic burns are also possible but are generaly
of secondary importance compared to hydrogen combustion. To focus the QRA on important
scenarios, deterministic evaluations can be used to show that some of these hazards physicaly can not
occur a a specified hydrogen facility or that the separation distances required to address one hazard is
bounded by another hazard.

The primary consequences from fire hazards consist of personnel injury or facility and equipment
damage due to either radiant heat fluxes or direct contact with hydrogen flames. The possible
consequences of explosions on humans and structures or equipment include blast wave overpressure
effects, impact from fragments generated by the explosion, the collapse of buildings, and the heat
effects from resulting fire bals. The current demonstration of the suggested risk-informed approach
has been limited to the consideration of the radiant heat flux from a jet fire and the direct flame
contact that would occur from a flash fire. The parameters examined were discussed in Section 1.

Establishment of risk criteria is another key element required to utilize a risk-informed approach.
Since the primary concern is the potential for personnel injury, risk criteria can be established for all
the people exposed to the consequences of facility-related accidents which could include the public
located outside the boundaries of the facility, users of the facility, and the facility workers. Public risk
is gneraly the main focus in risk assessments. In most QRA applications, the risk levels for the
public are generally set one to two orders of magnitude less than the level for workers. Depending on
the accident consequence, the selected risk criteria could reflect acceptance levels for either injuries or
fatalities. Although the latter is generaly utilized in risk assessments, the radiant heat flux criteria
currently specified in regulations and standards for protecting the public are reflective of injuries such
asburns (i.e., 4.5 to 5 kW/m°) and thus may be deemed by SDOs to be the most appropriate level for



establishing separation distances for hydrogen facilities. However, as discussed in Section 4, the use
of personnd injury as a criterion for determining separation distances can introduce an unacceptable
risk of fatalities.

Risk criteria can be specified with regard to individuals or the society at large. Individua risk reflects
the frequency that an average person located permanently a a certain location is harmed
Characterization of the population surrounding a facility is thus not required to evaluate individua
risk. Societal risk reflects the relationship between the frequency and the number of people harmed.
Evaluation of societal risk requires determination of the population surrounding a facility. For the
application of QRA to determine the separation distances specified in codes and standards, the use of
individual risk measures may be the most appropriate since they are site independent.

Selection of individual risk criteria should be based on sound arguments and reflect the consensus of
all stakeholders. Idedlly, the risk associated with the wide spread development of hydrogen refueling
stations should not substantially increase the injury or fatality risk of an individual This concept is
not new and in fact has been utilized in several industries. A critical question is what level of risk
should be utilized in this concept? One option is to specify that the risk from hydrogen accidents be
some fraction of the total risk to individuals from all unintentioral injuries. This approach has been
adopted by the Nuclear Regulatory Commission (NRC) in their efforts to risk-inform the regulations
for nuclear power plants. In addition, severa groups have adopted this approach for hydrogen safety
applications. This includes the EIGA and the European Integrated Hydrogen Project (EIHP) [13].
The fraction of thefatality rate used by these two groups to establish arisk criterion ranges from 1%
(EIHP) to 17.5% (EIGA). Recent data [12] suggest that the individual fatality risk from unintentional
injuries in the United States is on the order of 3.8E-4/yr (the cited rate in other countries is
approximately 2E-4/yr). Thus, the fatdity risk criterion proposed by EIHP and EIGA are 2E-6/yr and
3.5E-5/yr, respectively. The selection of the fractional increase in the current individual risk values
that would be used in establishing hydrogen-related risk criteria is a critical decision that regulators
and other policy makers will have to make if this approach is utilized.

A second option isto specify that the risk associated with hydrogen refueling stations be equa to or
less than the risk associated with gasoline or compressed natura gas (CNG) stations. Unfortunately,
no published risk assessments for either gasoline or CNG refueling stations that could provide those
risk estimates have been identified. However, there is some limited data on the frequency of firesin
public gasoline stations [14] for the five-year period of 1994-1998 (no published data for CNG

stations was identified) that could be used to establish such a comparative criteria. This data indicates
that the averagefrequency of afire at a gasoline station is approximately 7.4E-2/yr. A mgority of the
reported fires were initiated by vehicle fires and only a small fraction (~4%) w e related to spills of
gasoline leading to fires or explosons. When vehicle fires are eiminated, the fire frequency is
approximately 28E-2/yr and when only spills are consdered, the average fire frequency is
approximately 3E-3/yr. The reported fires resulted in, on average, 2 deathslyr and 70 injuries/yr.

Since there were approximately 100,000 public service stations in operation during this period, the
average frequency of a fatality or injury associated with the operation of a single gasoline station are
approximately 2E-5yr and 7E-4/yr, respectively. If vehicle fires are eliminated, the average fatality
and injury frequency associated with operation of an individual gasoline station are approximately 1E-
5iyr and 3.3E-4/yr, respectively. The corresponding fatality and injury frequencies attributable to
gasoline spills are approximately 5E-6/yr and 9E-5/yr. How this data is used to establish risk criteria
is a critical decison that regulators and other policy makers will have to make if this risk-informed
approach is utilized.

3.0 EXAMPLE APPLICATION OF RISK-INFORMED APPROACH

To demonstrate te utility of the proposed risk-informed approach, a limited scope QRA was
performed for an example hydrogen refueling station with an operating pressure that is not currently
reflected by existing codes and standards. Specifically, the analysiswas performed for a medium-size
hydrogen refueling facility capable of refueling 100 cars/day at a pressure of 70 MPa.  The scope of



the analysis presented in this paper is limited to the gas storage area which is one of the focuses of the
separation distances specified in most codes and standards.

T he facility was assumed to use 51 gas cylinders (250 liters in size) arranged in three cascades for a
combined gas storage capacity of 500 kg (12.63 m®at 70 MPa). The facility design was assumed to
meet codes and standard requirements including the presence of saf ety relief valves at important
locations that release to elevated vent lines. The facility was also assumed to utilizeproperly located
hydrogen and flame detectors to isolate the discharge pipes from the gas storage areaupon detecting
either a hydrogen legk or jet flame. However, this isolation capability does not terminate leakage
from the gas cylinders and from other components upstream of the isolation valves. Gas flow check
valves were assumed present to prevent back flow from one gas cascade to another to limit the
duration of a leakage event. Intentional venting of hydrogen to reduce the duration of a detected
leakage event was aso not included in the current assessment.

Only random component failures leading to hydrogen leakage were included in this example.
L eakages initiated by human errors, or natura events, or by other mechanisms such as automobile
accidents were not included. Leakage contributions from valves, piping, gas cylinders, connections,
and instrument lines were included in the analysis. The assumed size of the piping and valves are
representative of a 70 MPasystem and vary with location and function. Thediameter of the discharge
lines from the gas cylinders to the gas inlet and outlet manifolds were assigned a diameter of 6.35 mm
and the manifolds for each cylinder cascade was assumed to have adiameter of 11.5 mm.

Figure 4 illustrates theaccident event tree that was used for evauating the hydrogen release scenarios
fromthe gas storage area T he accident sequence modeling is relatively simple since leaks in the gas
storage area can not be isolated. The accident event tree includes several phenomenological events
that influence the accident sequence and resulting consequences. Included in these phenomenol ogical
events are the size of the leak, the potential for immediate ignition, and delayed ignition. The event
tree illustrates the resulting consequences for each sequence which includes jet fires, flash fires
following delayed ignition of hydrogen (the potential for vapor cloud explosion or hydrogen
detonation was not included), and un-ignited gas rel eases.

Gas Storage Immediate Ignition| Delayed Ignition of
Cylinder Leak or of Hydrogen Jet Hydrogen
Rupture

CYLINDER-L I-IGNITION D-IGNITION # END-STATENAMES
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Figure 4. Hydrogen gas storage leakage/rupture event tree.



Supporting data are required to quantify the event tree shown in Figure 4. The data required includes
component leakage frequencies and phenomenologica event probabilities (e.g., hydrogen ignition
probabilities). Hydrogen-specific data is difficult to obtain and thus data from other sources
[6,15,16,17] was reviewed and representative values were selected. The component leakage
frequencies utilized in the QRA are shown in Table 1. All of these values were assigned relatively
large uncertainty bands to reflect that they do not include hydrogen-specific information.

Table 1. Hydrogen component leskage frequencies.

Mean Component L eakage Frequency

Component Smal Lesk Large Lesk Rupture
Vessel 1E-4/yr 1E-Syr 1E-6/yr
Pipe 3E-6/m-yr 3E-7/m-yr 3E-8m-yr
Refueling Hose 0.1/yr 1E-2/yr 1E-3/yr
Pump 3E-3lyr 3E-4lyr 3E-5lyr
Compressor 3E-2/yr 3E-3ir 3E-4lyr
Electrolyser 1E-4lyr 1E-Siyr 1E-6lyr
V aporizer 1E-3lyr 3E-4lyr 5E-5lyr
Vave 1E-3lyr 1E-Alyr 1E-5lyr
Pipe Joints and 3E-2/yr AE-3lyr 5E-4fyr
Unions
Flange 3E-4fyr 3E-5Slyr NA
Filter 3E-3lyr 3E-4diyr 3E-5lyr
Instrument Line 1E-3lyr 3E-4dlyr 5E-5lyr

Asindicated in Table 1, the size of a component lesk reflected in available data sources is generdly
specified in quditative terms. To utilize the risk-informed approach for establishing safety distances
discussed in Section 2, it is hecessary to establish the leak frequency for components as a function of
leak size. Some guidance in this area is provided by Cox, Lees, and Ang [15] who suggest equating
the size of a component rupture to the pipe flow area (A), alarge lesk to 0.1A, and a small legk to
0.01A. In addition, a recent review by Spouge [17] of actual leakage data for offshore process pipes
indicates that leakage datais an inverse function of the leak diameter (i.e., f(leak>d) =d™. For most
offshore components, the Spouge analysis indicates that m ranges from 1.1 to 1.42. Based on both of
these inputs, a set of discrete leakage frequencies was generated by treating the leakage frequency as a
function of the inverse of the leak diameter (i.e., m = 1) and anchoring the distribution by equating the
component large leak frequency provided in Table 1 to a lesk diameter of 1 mm. Thus, small leaks
are equivaent to a 0.1 mm diameter leak and ruptures are assumed to be equivaent to a 10 mm
diameter leak which is approximately the diameter of the manifold pipe assumed in the example
analysis. The resulting distributions for components used in this study are shown in Table 2. Note
that each frequency represents the frequency of exceeding the specified leakage diameter (i.e.,
f(leak>d) and that the use of m = 1 may be conservative based on the offshore component data.

The phenomenological event probabilities used in this study are shown in Table 3. These values were
taken from the available literature and are aso highly uncertain.  As with the leakage frequencies, the
potential for hydrogen detection and ignition were distributed as a function of the leak diameter.

The QRA anaysis also required the evaluation of the consequences for each hydrogen release
scenario. As indicated previously, the consequences considered in this example QRA were limited to
exposure to radiant heat fluxes and flash fires. A Sandia computer model developed by Houf and
Scheffer [5] for predicting the behavior of jet flames and hydrogen concentrations was used to
determine the resulting consequences for the hydrogen leakage events. The leak orientation was
assumed to be directly a the target which results in the longest required separation distances.

Examples of the results from this moddl were presented previoudy in Figures 1 and 2.



Table 2. Component |eakage frequency-size distributions.

Diameter PipeLesk Tank Lesk | Vavelesk Flange Instrument
of Leak Frequencies | Frequency | Fregquency Leak Linelesk
(mm) (/m-yr) (yn (fyn) Frequency Frequency
(lyr) (yn)
0.10 3.0E-06 1.00E-04 1.00E-03 3.00E-04 3.00E-03
0.18 1.7E-06 5.56E-05 5.56E-04 16704 1.67E-03
0.40 7.5E-07 2.50E-05 2.50E-04 7.50E-05 7.50E-04
1.00 3.0E-07 1.00E-05 1.00E-04 3.00E-05 3.00E-04
2.38 1.3E-07 4.20E-06 4.20E-05 1.26E-05 1.26E-04
4.23 7.1E-08 2.36E-06 2.36E-05 7.09E-06 7.09E-05
6.35 4.7E-08 1.57E-06 157E-05 4.72E-06 4.72E-05
9.52 3.2E-08 1.05E-06 1.05E-05 3.15E-06 3.15E-05
1150 2.6E-08 8.70E-07 8.70E-06 2.61E-06 2.61F-05
1350 2.2E-08 7.41E-07 741E-06 2.22E-06 2.22E-05
Table 3. Phenomenological event probabilities.
Event Mean Probability of Event
Smal lesk Large Lesk Rupture
Hydrogen detection probability 3E-4 3E-3 3E-2
Immediate hydrogen gas ignition 8E-3 5.3E2 0.23
Delayed hydrogen gas ignition 4E-3 0.27 0.12

4.0 RESULTS OF EXAMPLE ANALYSIS

The results of the QRA analysis for the gas storage area of the example facility are presented in this
section. The results focus on the separation distances required to protect the public from harm. The
frequency and conseguences for the modeled scenarios are presented in the format required to
determine risk-informed separation distances. The results identify which types of scenarios and
consequences are most important for determining separation distances for the gas storage area. In
addition, the results are used to illustrate how the QRA results combined with different risk criteria
could be used to identify separation distances.

The results for the two accident sequences modeled for the gas storage area are presented in Figures5
and 6. The results for a sequence involving spontaneous ignition leading to ajet fire (i.e., sequence 1
in Figure 4) are shown in Figure 5. Each point on the curves represents the cumulative risk from leaks
exceeding a ecific diameter and the resulting separation distance that corresponds to the selected
consequence parameter for that diameter. For these sequences, the consequence parameters are
exposure to radiant heat fluxes or direct flame contact. The separation distances required for three
different radiant heat fluxes are illustrated (the distance required for the 25 kW/m? heat flux also are
representative of the visible flame length and thus provides an indication of where direct flame
contact would occur). The risk measures (shown on the yaxis) for these three radiant heat fluxes
represent a “no harm” risk (1.6 kW/m?’), the risk of “injury” (4.7 kW/m?, and the risk of significant
“harm” leading potentially to a fatality (25 kW/m’). The unusual shape of the arve reflects the
contribution to risk due to leakage from the different components in the gas Storage area.

The results for a delayed ignition leading to a flash fire (i.e., sequence 2 in Figure 4) are illustrated in
Figure 6. The ddlayed ignition is assumed to result in a flash fire out to a distance corresponding to
the LFL of 4% that would result in arisk of significant “harm” possibly leading to death to anyone
within the resulting flame distance. The separation distances that would be required for a 2%



hydrogen concentration is also shown in the figure to illustrate the distances associated with a “no
harm” risk criteria. A comparison of the two figures indicates that both the frequencies and separation
distances for flash fire sequences are greater than for the jet fire sequences and thus the consequences
from flash fires should determine the required separation distances. The figures aso indicate that the
risk-informed separation distance can be large for gas storage areas with operating pressures of 70
MPa. Thus, some additional means of mitigating the consequences of leaks is required in order to
justify shorter separation distances for this example facility. Sandiais currently evaluating one such
mitigation feature —the use of barriers.
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Figure 5. Risk results for unisolated jet fires originating in gas storage area.
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Figure 6. Risk resultsfor unisolated flash fires originating in gas storage area.

The results in Figures 5 and 6 can be used to illustrate the interacion between different risk criteria
and consequence parameters on the selected separation distances. Superimposed on both figures are a
set of example risk criteria that are consistent with the risk data from gasoline stations presented in
Section 2 a criteria of 1E-5/yr for consequences resulting in significant harm to individuals that may
lead to death (e.g., flash fire sequences and jet fires resulting in high radiant heat fluxes), a criteria of



1E-4/yr for consequences resulting in less serious injuries (e.g., a radiant heat flux level of 4.7
kW/m?), and a criteria of 1E-3/yr for consequences that do not result in harm to an individua (e.q.,
2% hydrogen concentration and 1.6 kW/m?. For the jet fire sequences, the sequence frequencies are
below the “no harm” criteriaindicating that a short separation distance based on that criteria could be
possible. The use of the “injury” and “harm” criteria suggests risk-informed leak sizes that provide
separation distances of approximately 20 m and 35 m, respectively for the example facility. The leak
diameters that result in these separation distances are 5 mm and 10 mm, respectively. The selection of
any distance less than those determined by the “harm” criteria would potentially introduce residual
risk from larger leaks that would violate the “harm” criteria. Similar results are illustrated for the
flash fire scenarios. The “no harm” separation distance is approximately 25 m for aleak diameter of 2
mm and the “harm” separation distance is approximately 75 m for aleak diameter of 10 mm. These
results indicate that dthough it may be desirable to use “no harm” or “injury” consequence measures
(e.g., 1.6 or 4.7 kW/m?) to determine separation distances, their use with arelatively high “no harm”
and “injury” risk criteria may result in arisk of significant “harm” that violates an accepted “harm”
criteria. Thus, it may be required to use a consequence level and a risk criterion that reflects
significant injury or death from hydrogen leaks in the risk-informed determination of separation
distances.

In the example above, the risk-informed lesk diameter, based on a “harm” risk criteria of 1E-5/yr,
would be 10 mm and the separation distance 75 m. For comparison, a consequence based separation
distance was calculated using 20% of the gas cylinder outlet manifold (d = 11.5 mm) flow area. The
equivalent leak diameter is5.1 mm and the required separation distance is approximately 37 m which
are less than the risk-informed values. The risk of “harm” for this separation distance taken from
Figure 6 is approximately 1E-4/yr which is an order of magnitude greater than the risk criteria. Thus,
use of the consequence-based separation distance would result in a level of risk substantially greater
than the acceptance criteria.

5.0 SUMMARY

A risk-informed approach for selecting the accident scenarios utilized to establish separation distances
specified in codes and standards for hydrogen facilities has been proposed. In this approach, the
cumulative risk from dl accidenta releases of hydrogen resulting in one or more specified
consequences are evaluated against the separation distances required to protect people, equipment, or
structures from a specified level of harm. The estimated risk for the facility is calculated using QRA
methods, models, and data, and compared to an acceptable risk level to provide a basis for eliminating
low risk scenarios involving large leak diameters from consideration in the determination of
separation distances. An additional benefit from the QRA anayss is that key risk drivers are
identified and potentia accident prevention and mitigation strategies can be identified and possibly
specified as requirements in the codes and standards.

An example application of the risk-informed approach has been performed to illustrate its utility and
to identify key parameters that can influence the resulting selection of separation distances. Important
parameters that were identified include the selected consequence measures and risk criteria, facility
opeating parameters (e.g., pressure and volume), and the availability of mitigation features (e.g.,
automatic leak detection and isolation). The results also indicate the sensitivity of the results to key
modeling assumptions (e.g., leak orientation and duration) and the component leakage rates used in
the QRA models. These insights are being used to generate a set of separation distances for use by
SDOs in arisk-informed process to establish or modify hydrogen related codes and standards.
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