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ABSTRACT

This report is a qualitative assessment of the public and worker risk involved with the operation of
a liquefied natural gas (LNG) vehicle refueling facility. This study includes facility maintenance and
operations, tanker truck deliveries, and end-use vehicle fueling; it does not treat the risks of LNG vehicles
on roadways. Accident initiating events are identified by using a Master Logic Diagram, a Failure Modes
and Effects Analysis, and historical operating experiences. The event trees were drawn to depict possible
sequences of mitigating events following the initiating events. The phenomenology of LNG and other
vehicle fuels is discussed to characterize the hazard posed by LNG usage. Based on the risk modeling and
analysis, recommendations are given to improve the safety of LNG refueling stations in the areas of
procedures and training, station design, and the dissemination of “best practice” information throughout the
LNG community.




SUMMARY

This report is a qualitative assessment of the public and worker risk involved with the operation of a
liquefied natural gas (LNG) vehicle refueling facility. A cryogenic fuel for vehicles is very different from
the petroleum fuels presently in use. That is, LNG rapidly boils to a gas, it can cause cryogenic burns from
skin contact, and exposure can cause brittleness in many engineering materials. This study includes facility
maintenance and operations, tanker truck deliveries, and end-use vehicle fueling; it does not treat the risks
of LNG vehicles on roadways. The qualitative risks have been outlined in Tables 1-2 and 1-3.

The report gives a description of refueling facilities visited and identifies the technologies involved
for system familiarization. Then, accident initiating events are identified by using a Master Logic
Diagram, a Failure Modes and Effects Analysis, and historical operating experiences. The event trees were
drawn to depict possible sequences of mitigating events following the initiating events.

The phenomenology of LNG and other vehicle fuels is discussed to characterize the hazard posed
by LNG usage. Physical parameters, methane flammability, and LNG issues such as weathering, rollover
and geysering are discussed. Distinctions in phenomena between LNG peakshaving plants and refueling
stations are explained and evaluated.

Based on the risk modeling and analysis, recommendations are given in the conclusions section.
These recommendations to improve the safety of LNG refueling stations are in the areas of procedures and
training, station design (especially leak pathway analysis), and fostering the dissemination of “best
practice” information throughout the LNG community.




FOREWORD

This risk assessment cites several past incidents in the use and handling of liquefied natural gas. We
have relied on literature searches, the U.S. Department of Transportation database, and the memory of
experts in the LNG field to gather information on these incidents. If any readers of this report know of
incidents not cited and can provide information on such incidents, they are invited to contact
Dr. Steve Herring, 208-526-9497, sth@inel.gov or Lee Cadwallader, 208-526-1232, lcc@inel.gov.

Furthermore, if any readers can suggest other members of the LNG community to whom this report
should be sent, please notify us at the phone number or e-mail address listed above.
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ACRONYMS

. ACGIH American Conference of Governmental industrial Hygienists
ANS American Nuclear Society
ASME American Society of Mechanical Engineers
ATA American Trucking Association
BLEVE Boiling Liquid Expanding Vapor Explosion
"‘CAl LNG Release due to Construction Accident, lsolable
CAU LNG Release due to Construction Accident, Unisolable
CFR Code of Federal Regulations
CGA Compressed Gas Association
CNG Compressed Natural Gas
DBT Ductile Brittle Transition
DMIM Design, Manufacturing, Installation, or Maintenance
DOT Department of Transportation (federal)
ED Early Detection
EE External Event
ER Early Recovery
EUV End Use Vehicle
FCV Flow Control Valve
FMEA Failure Modes and Effects Analysis
GAO Government Accounting Office
GF '‘Guaranteed Failure'
GRI Gas Research Institute
HF Hose Failure
IE Initiating Event
LGFSTF Liquefied Gaseous Fuel Spill Test Facility
LNG Liquefied Natural Gas
LPG Liquefied Petroleum Gas (usually propane)
LR Late Recovery
MLD Master Logic Diagram
NGV Natural Gas Vehicle
oD Driveaway (operational event)
OF Filling Error (operational event)
oM Maintenance Error (operational event)
PFl Pipe Failure, Isolable
PFU Pipe Failure, Unisolable
PPE Personal Protective Equipment
PRA Probabilistic Risk Assessment
PSV Pressure Safety Valve
PT Pressure Tank
RC Release Containment (i.e. the release is contained in a secondary
RV FO Relief Valve Fails Open
, RVFTO Relief Valve Fails to Open
i SFI Seal Failure, Isolable
SFU Seal Failure, Unisolable
Si Secondary Impact Prevention
) ST Storage Tank




STF
THRP
TLV
TTF

UVCE
USNRC
VA

VF

VFi
VFU

Storage Tank Failure
Tetrahydrothiophene

Threshold Limit Value

Truck Fuel Tank Failure

Tanker Truck Tank Failure
Unconfined Vapor Cloud Explosion
U.S. Nuclear Regulatory Commission
LNG Release due to Vehicular Accident
Valve Failure

Isolable Valve Failure

Unisolable Valve Failure
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Qualitative Risk Assessment for An LNG Refuelihg
Station and Review of Relevant Safety Issues

1. INTRODUCTION

1.1. Background

As part of the efforts currently under way to increase the use of natural gas in transportation
applications, technology is being developed to enable the widespread use of liquefied natural gas (LNG) as
a fuel. LNG, as a cryogenic liquid, has inherently different characteristics than the gasoline and diesel fuel
we are accustomed to using. These differences include the rapid evolution of a gas that is lighter than air at
room temperature, the potential for cryogenic burns, and changes in materials properties at low
temperatures. The safe handling and use of LNG requires training and technology development. One of
these technology development activities includes the performance of safety assessments for LNG systems.
Such assessments can assist in the identification and prioritization of potential system weak points and
associated improvements.

A failure modes and effects analysis (FMEA) has been performed for LNG-fueled trucks (ATA,
1995). This study documents a qualitative risk assessment for LNG refueling stations, part of the
necessary infrastructure for an LNG-based trucking industry.

Risk assessment is a particular type of safety analysis aimed at: a) identifying accident scenarios of
potential concern; and b) determining the probability and consequences of these scenarios (Kaplan and
Garrick 1981). In a quantitative risk assessment, scenario probabilities and consequences are quantified
and treated in a formal mathematical framework. In a qualitative risk assessment, scenarios are prioritized
based on qualitative assessments of the absolute or relative probabilities and consequences. Qualitative '
risk assessments (of which FMEA is one form) is often a useful prelude to quantitative risk assessment, as
it can identify scenarios where analysis resources should be focused. Both qualitative and quantitative risk
assessment enable the prioritization of system design and operations alternatives based on an explicit
consideration of accident likelihood and severity. ‘

1.2. Obijectives and Scope

The overall objective of this study is to generate safety lessons and insights useful to the
development of LNG refueling stations. The specific objectives of this study are threefold:

. To identify and characterize public and worker risk and safety issues associated with the
operation of LNG refueling stations for long-haul trucking

. To summarize the current state of knowledge regarding LNG safety
. To develop recommendations concerning:

- Improvements to current design and operational practices




- Areas requiring additional research and/or analysis.

The study scope is limited to activities within the boundaries of refueling stations. However, it does
include some issues generic to all LNG handling activities. It addresses issues not directly associated with
the process of refueling trucks (e.g., fuel storage, station refueling, truck maintenance). The study also
addresses current station designs and operational practices. Credit for improved practices since past
accidents (e.g., the Cleveland tank failure in 1944) is taken as appropriate. Conversely, no credit is taken
for potential future improvements in equipment or practices (¢.g. in nozzles, instrumentation, or interlocks).
Finally, it should be noted that the analysis is performed at a generic level; hazards (e.g., storms) and faults
(e.g., refueling errors) believed to be relevant to most (if not all) stations are addressed, but system-specific
detailed fanits (e.g., failure of a particular piping segment or relief valve) are not treated. This generic
approach provides common lessons and insights for the industry, but may not be detailed enough to support
detailed system improvement studies.

1.3. Summary of Technical Approach

The approach employed in this study follows the general steps of most risk assessment studies. An
example description of the risk assessment methodology can be found in ASME 1995. A detailed
description of several of LNG stations can be found in GRI (1996).

In the system definition phase, data was gathered through site visits to three separate refueling
facilities in addition to an extensive literature search. Information was collected on typical system design
and operations, past events involving LNG, and LNG phenomenology relevant to accident occurrence and
mitigation. Special attention was paid to the review of the phenomenological data (e.g., concerning LNG
flammability and dispersion) in order to see if concerns raised in an earlier report (GAO 1978) and a recent
memo reiterating these concerns (Hunt 1996) are still warranted.

In the model construction phase, event trees (ANS 1980) were constructed to represent possible
scenarios following an initial fault (an "initiating event"). The event tree "top events," whose successes and
failures define the different possible scenarios, are based on the generic safety functions defined in Siu et al
1995. The initiating events were identified using a variety of methods, including master logic diagrams,
FMEA, review of past studies, and review of past events. The initiating events were grouped to keep the
analysis tractable; grouping was performed based on considerations of accident magnitude and
recoverability. The full set of initiating events considered is shown in Table 1-1. (Note that these initiators
are defined in terms of LNG releases instead of the root causes of the releases.)

In the model analysis phase, accident scenarios leading to onsite ignition or offsite release were
identified using the event trees constructed in the previous phase. Qualitative arguments concerning the
likelihood of failure events and pairwise comparison of scenarios were then employed to identify the
scenarios likely to dominate the risk from a given initiating event. Additional qualitative arguments based
largely on accident phenomenology, event timing, and magnitude were then made to prioritize these
potentially dominant scenarios.




1.4. Summary of Resulits

- The key results of this study are as follows.

° Sixteen potentially risk significant scenarios leading to an onsite fire or explosion and eight
potentially risk significant scenarios leading to a large offsite release have been identified (see
Tables 1-2 and 1-3). A number of differences in the operational practices and siting of the
three facilities visited can affect the likelihood and consequences of these scenarios and need
to be addressed (see below).

° Of the four safety issues raised in the Hunt memo, available data shows that two, the
possibility of unconfined vapor cloud fires/explosions and the adverse effects of direct
exposure to LNG vapor, are credible and of potential concern in this study. Additional study
is needed to determine the quantitative risk significance of these issues. The other two issues,
structural failure due to LNG exposure and the physical effects of a rapid phase transition of
LNG in water, appear to be of lesser concem to the refueling station.

Table 1-1. Initiating events treated in analysis.

Description Identifier

LNG release due to construction accident, isolable CAI
LNG release due to construction accident, unisolable CAU
LNG release due to external event EE
Hose failure HF

- Driveaway oD
Filling error OF
LNG release due to maintenance error OM
Pipe failure, isolable PFI
Pipe failure, unisolable ’ PFU
Seal failure, isolable SFI
Seal failure, unisolable SFU
Storage tank failure STF
Truck fuel tank failure TTF
Tanker truck tank failure TIT
LNG release due to vehicular accident VA

Valve failure




Table 1-2. Potentially dominant scenarios. large LNG release onsite.

Event Scenario Description

CAlI Isolable release due to construction accident, guaranteed failure of early recovery efforts,
ignition, failure of late recovery efforts

CAU Unisolable release due to construction accident, guaranteed failure of early and late recovery
efforts, ignition

EE Release due to external event, failure of early detection, guaranteed failure of early and late
recovery efforts, ignition

0D - Driveaway, failure of early recovery efforts, ignition, failure of late recovery efforts

OF Release due to error during tank filling process, failure of early recovery efforts, ignition,
failure of late recovery efforts

OM Release during maintenance due to error, failure of early recovery efforts, ignition, failure of
late recovery efforts

OM Release during maintenance due to error, failure of early detection, guaranteed failure of early
recovery efforts, ignition, failure of late recovery

SFI Isolable seal failure, failure of early detection, guaranteed failure of early recovery efforts,
ignition, failure of late recovery efforts

SFU Unisolable seal failure, guaranteed failure of early and late recovery efforts, ignition

STF Storage tank failure, guaranteed failure of early and late recovery efforts, ignition

TTF Truck fuel tank failure, guaranteed failure of early and late recovery efforts, ignition

TIT Tanker truck tank failure, guaranteed failure of early and late recovery efforts, ignition

VA Release due to vehicular accident, guaranteed failure of early and late recovery efforts, ignition

VFI Isolable valve failure, failure of early recovery efforts, ignition, failure of late recovery efforts

VFI Isolable valve failure, failure of early detection, guaranteed failure of early recovery efforts,
ignition, failure of late recovery efforts .

VFU Unisolable valve failure, guaranteed failure of early and late recovery efforts, ignition




Table 1-3. Potentially dominant scenarios: large LNG release offsite.

Initiati
Event Scenario Description

EE Release due to external event, failure of early detection, guaranteed failure of early and late
recovery efforts, failure of containment

OD Driveaway, failure of early recovery efforts, failure of late recovery efforts, failure of
containment

OF Release due to error during tank filling process, failure of early recovery efforts, failure of late
recovery efforts, failure of containment

OM Release during maintenance due to error, failure of early recovery efforts, failure of late
recovery efforts, failure of containment

STF Storage tank failure, guaranteed failure of early and late recovery efforts, failure of
containment

TTIT Tanker truck tank failure, guaranteed failure of early and late recovery efforts, failure of
containment

VA Release due to vehicular accident, guaranteed failure of early and late recovery efforts, failure
of containment

VFU Unisolable valve failure, guaranteed failure of early and late recovery efforts, failure of

containment

The recommendations stemming from this study concerning refueling station design and operational
practices are as follows.

Improvements should be made in procedures and training with respect to operational practices
(e.g., tank venting, use of grounding wires, use of personal protective equipment), improper
responses to alarms, and the performance of maintenance.

Station designs should account for: a) the possibility of LNG leakage along unexpected
pathways (e.g., past seals) to enclosed spaces; and b) the possibility of complete LNG
inventory losses. For example, methane detectors should be provided in all enclosed spaces,
facilities should be designed to prevent the buildup of methane in enclosed spaces (assuming a
leak), and appropriately sized bund walls should completely surround the main LNG storage
tank(s).

The dissemination of best practices among stations should be strongly supported.

These recommendations are based on field observations at nine different LNG refueling stations and
on information gathered from a number of papers and reports. To ensure that these recommendations are
applicable to the range of refueling stations across the country, and to better define the degree of risk
associated with the operation of these stations, the following studies are recommended.

An in-depth review of LNG accident/event reports (case studies) should be performed to:
a) provide a stronger link between experiential data and the failure scenarios identified in the
risk assessment; and b) identify historical failure mechanisms which are less likely or no
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longer relevant, due to advances in codes and standards, construction practices, operational
practices, etc. '

e A detailed review on post-1978 experimental data relevant to predicting LNG hazards should
be performed to provide a more definitive picture of what is known concerning LNG
dispersion and ignition under realistic accident conditions. This is needed to determine the
risk significance of the two Hunt memo issues of potential concern (i.e., unconfined vapor
cloud fires/explosions and direct exposure to LNG vapor).

Additional discussion on these insights and recommendations is provided in Section 5.

1.5. Overview of Report

Section 2 of this report describes typical LNG refueling station system design and operational
characteristics, as observed during the nine site visits performed in conjunction with this study. Section 2
also discusses relevant industry experience and reports concerning LNG accidents. Section 3 discusses the
qualitative risk assessment; it presents the methods and assumptions used to obtain the resuits shown in
Tables 1-2 and 1-3. The section concludes with a summarization of station-specific features observed in
the site visits which are relevant to the risk assessment results. Section 4 summarizes currently available
information on LNG behavior under normal and accident conditions, and addresses issues identified in the
GAO study and the Hunt memo. Section 5 provides a number of concluding remarks and
recommendations. Details underlying the analysis (e.g., an FMEA for a refueling system, initiating event
models, event trees, accident scenarios) are provided in Appendices A-D.




2. SYSTEM CHARACTERISTICS

This section describes general design and operational characteristics of LNG refueling stations. This
description is based on visits to nine separate facilities. Facility 1 is a temporary, restricted access,
remotely sited refueling facility servicing a privately owned and operated fleet of buses and utility vehicles.
Both LNG and compressed natural gas (CNG) fueled vehicles are serviced. The main LNG storage tank
has a 13,000-gallon capacity. A permanent refueling station is being built nearby, but is not included in
this analysis. Facility 2 is a publicly accessible self-service refueling station, which services both LNG and
gasoline fueled vehicles. It used a 10,000 gallon parked trailer tank for the LNG at the time of our visit.
The station is located in a semi-rural site (the nearest houses are about 200 feet away). Facility 3 is a
restricted access combined LNG/CNG facility servicing a fleet of public transit vehicles. It has three
20,000-gallon storage tanks and has an urban location. Facility 4 is a permanent, restricted access.
refueling facility serving baggage-handling vehicles at an airport. Facility 5 is a restricted access LNG
facility servicing a metropolitan fleet of public transit busses. It has two 30,000-gallon storage tanks.
Facility 6 is an older, permanent, restricted access LNG facility serving small transit vehicles. Facility 7 is
a permanent, restricted-access LNG refueling facility serving shuttle busses at a major airport. Facility 8 is
a restricted access LNG refueling facility serving a fleet of refuse-hauling trucks and a few outside
customers. Facility 9 also serves a fleet of refuse-hauling trucks and is the only station having an
underground storage tank.

During our visits at each of the stations, we agreed that the precise identity of the stations would not
be included in this report. However, we have differentiated among the stations by their location,
operational, and safety characteristics. We are free to say that Facility 1 is a temporary LNG/CNG station
at the Central Facilities Area of the INEEL.

To provide a perspective on the safety characteristics of LNG and LNG handling, this section also
discusses information on historical accidents involving LNG.

2.1. System Design

This section describes a typical LNG refueling system. Many of the details (e.g., the parameter
values) are derived from the system at Facility 1 (see Figure 2-1). Comments on variations in design are
provided as appropriate within the text.

The basic system centers around a large storage tank, approximately 13,000-gallon capacity, held at
an average pressure of 30 to 150 psig (many storage tanks operate at the 40-psig range). The LNG is
maintained at about -260°F at atmospheric pressure and about -128°F at 40 psig. The storage tank is
mounted on steel supports rather than buried underground. (Most petroleum fuel tanks are buried,
apparently to protect them from the heat of hot days, fires at the site, and vehicle collisions.) A berm or
dike (constructed of metal, concrete, or earth) several feet in height is provided around the LNG storage
tank as an impoundment area in case there is a tank leak (see 49CFR193.2149). In such a case, the berm
is intended to confine the liquid while it vaporizes, and to ensure that the vapor rises in the immediate area
of the tank. :

The storage tank is double walled with a stainless steel inner tank that withstands cryogenic
temperatures, and an outer wall of mild steel that cannot withstand cryogenic temperatures. Both the inner
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and outer vessels may use stiffening rings to give structural strength. The inner tank is supported or
suspended inside the outer vessel using low thermal conductivity materials such as stainless steel. The tank
annulus is evacuated to low pressure (on the order of 10°° Torr) to reduce convective and conductive heat
transfer from the ambient temperature outer vessel to the inner vessel. Some form of solid insulation, such
as layers of foil sheeting (multilayer insulation) or perhaps granular pearlite (older technology), is used in
the annulus to retard radiant heat transfer from the outer vessel to the inner vessel walls. The storage tank
inner vessel is protected by pressure relief valves (usually set at 110% of design pressure) and rupture disks
(usually set at 120% of design pressure) in case of overpressure. The annulus is also protected against
overpressure by a rupture disk that opens at a pressure differential of 5to 7 psig. This protection prevents
inner vessel buckling if the annulus is pressurized.

A thermally insulated pipe from the storage tank connects to a smaller volume pressure tank
(300 gallons in one facility; 500 gallons in another). The pressure tank is similar in design to the storage
tank; it has a vacuum insulation annulus and pressure relief protection. The pressure tank houses a
submerged centrifugal pump. The pump keeps the saturated LNG in the pressure tank at a high enough
pressure (e.g., under 200 psig) to fill a vehicle fuel tank, which usually operates between 110 and 180 psig.
(Note that the vehicle fuel tank relief valves at facility 1 are set at about 235 psig—vent to vehicle stack—
and 350 psig—vent to vehicle fuel tank compartment. If a high pressure pump is selected, scenarios where
the pump pressurizes the pressure tank past the setpoint of the vehicle’s first relief valve may be possible.
Generally, the pressure pumps have only a 60 to 85 psi differential pressure.) Refueling flow rates are up
to 50 gallons/minute. To refill a vehicle can require on the order of four minutes dispensing time. The
vehicle LNG tanks at Facility 1 are kept over 10% full to keep the tanks at cryogenic temperatures. Ifa
tank warms to room temperature, it is called a ‘hot tank,' and must be recooled to cryogenic temperature by
refilling with LNG; much boiled LNG is vented in this cooldown process. Fortunately the time to warm an
empty tank can be long (perhaps a day). If the refueling station also services CNG-fueled vehicles, the
boiled LNG may be routed to the compressors of the CNG fueling system instead of venting to the
atmosphere.

Pneumatic or solenoid operated flow control valves are used between the storage and pressure tanks.
From the pressure tank, valves control flow to the vehicle fill line. There is also a reverse flow check valve
in this section of piping to stop any flow from the vehicle tank to the pressure tank. The flexible metal fuel
transfer hose has a special nozzle fitting with a two-handle positive locking clamp and a pintle-operated
flapper valve so that the fill line must be connected to a vehicle before LNG can flow past the valve and
into the vehicle fuel fill line. The vehicle fill line also has an anti-reverse flow valve. Operators can use a
small diameter vent line to purge gas from the vehicle fuel tank ullage (the space above the liquid). This
process reduces the tank pressure and can speed up the refueling process. The vented natural gas is routed
up the small stack that protrudes on the top of the vehicle.

From the pressure tank, a pipe routes a small portion of LNG to a vaporizer that boils the LNG to
saturated vapor conditions in a finned vaporizer attachment which uses heat from the ambient air. This
type of vaporizer is called an ambient vaporizer. The boiled natural gas is returned to the ullage of the
station’s storage tank to maintain its pressure as the liquid level in the tank lowers during vehicle fueling
operations.

Other valves are used for filling the storage tank, for isolating tank instrumentation, for taking LNG
samples (to test for composition and purity), and for pressure relief protection of any pipe that could suffer
LNG tock in.' ("Lock in' is a term that means the trapping of a cryogen in an enclosed volume such as a
pipe section between two closed valves. If the liquid boils without pressure relief, the trapped volume of
LNG will increase in pressure up to 9000 psig in warming from —260°F to +70°F.)

g




wesdelq uonvuIWNLSU pue m:_&m waskg Juipenyy opdurexsy “1-g 2ndiy

L&)
£01°A0d
s § 9904-ASd
v301-ASd
YA
awi-ASd &0 : vouA
?M = LS—L s
' . ) .— gios-id

HL

OlA O
CA O 810k-1d

os_.s._WT
oA

\. ™ 0L

@ l U
oA e’ o101-384
03 . . _—\_ 48A . :

0O >J
"o TX.lll_

aro-ABd L 50
=.> U
w_ veor-id | oo

-4

20V-AD4

qgzol-id

TE-;
V20I-ASd 101104 vios-ad

W-A8d

viol uo._mm VioI-ASd

ai01-35d 9101-ASd ¢




2.2. Station Operations

2.2.1. Station Refueling

Since none of the facilities visited have natural gas liquefaction facilities onsite, replenishing the
LNG inventory in the storage tank is accomplished by deliveries from a tank truck. The rate of delivery
naturally depends on the station usage. For the facilities visited, the delivery rates vary from once per day
to once a month. The transfer process nominally proceeds as shown in Figure 2-1, which is based on
discussions with Facility 1 personnel and a review of station design diagrams.

At Facility 1, the tank truck uses a flexible hose for the bottom fill operation, the liquid hose
connected at connector FC-4. Valve V-25 must be opened. (Note that an alternative is to top fill the
storage tank through connector FC-1.) The tank truck centrifugal pump is used to pump LNG into the
system. The tank truck pressure is on the order of 40 psig, so pumping is needed to pressurize the LNG to
system pressures. The transfer generally is performed using 4-inch diameter lines that can provide flow in
the 400 to 500 gpm range. Fuel transfer is metered when leaving the tank truck.

With proper flow velocity, there is adequate mixing of the new liquid emerging from the bottom
sparger with the existing liquid in the storage tank, so LNG stratification by temperature (i.c., rollover)
concerns are avoided. As the liquid level increases, the storage tank gas pressure increases and vapor
collapse occurs.

Depending on the facility, fuel delivery is performed by the delivery truck driver or by a dedicated
facility refueling technician. In either case, the fueler is supposed to wear personal protective equipment
(PPE) consisting of cryogenic gloves, shield glasses/face shields, and, perhaps, a rubber apron. Remotely
operated emergency shut off valves are provided to stop flow in case of a hose breach or loss of hose seal.
Tank trucks are bonded to dissipate static electric charge buildup when fluid flows. A bonding wire to the
system and a grounding wire to the earth may be provided to ensure proper dissipation of static electricity
for the fuel transfer.

2.2.2. End User Vehicle Refueling

End use vehicle refueling requires both filling the fuel tank with liquid and venting of the tank ullage,
as in station tank filling. Depending on the facility, refueling can be performed by the vehicle driver or by a
dedicated technician. At Facility Number 2 (a self-service station), the nominal procedure is as follows:

The driver pulls his or her vehicle up next to the LNG island, turns off the engine, sets the
parking brake, and gets out. The driver then authorizes the refueling at a keycard reader about 8 feet
from the pump, dons personal protective equipment (gloves, safety glasses, apron), opens the fuel
door on the vehicle, attaches the grounding wire, removes the nozzle from the pump and attaches it to
the fill connection, and then stands back to wait while refucling occurs.

As part of the automatic refueling process, the Facility 2 system uses a single refueling hose to
alternately vent and fill the vehicle fuel tank. It has a 30 to 45 second cycling time before starting to
vent or fuel. In addition, the system automatically vents the nozzle and hose before and after use, so
that no LNG is present during attachment and disattachment of the nozzle. The system will also -
automatically try to cool down a warm tank; that is, it will cycle through a vent, fill, vent pattern.
The system will go through this cycle three times before it automatically turns off. Sometimes the
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system interprets the pressure spike when LNG enters a warm tank as an indication that the tank is
full and thus a tank may not fill all the way. In such a situation, to finish refueling, the driver has to
use the keycard to reauthorize fueling.

Upon completion of refueling, the driver detaches the nozzle and grounding wire, replaces
these within the fuel pump barriers, closes the fuel door, takes off the PPE, gets in the vehicle, and
drives away.

This same basic process is also used at Facilities 1 and 3, although there are some differences due to
a) system design differences (e.g., Facility 1 does not require automatic venting); and b) the use of trained
fueling technicians at Facility 3. The technicians typically work in shifts and are supervised. As compared
with drivers who refisel their own vehicles, they might be expected to better adhere to procedures and safety
regulations and avoid short-cuts (because of the nature of their training and supervision). We noted
deviations from this expectation during sample site visits (e.g., involving the use of grounding wires).

Some safety-relevant variances from the nominal procedure observed by or related to the authors
during this study’s site visits are as follows:*

. Engines left running during refueling

. Parking brakes not set

. Lack of PPE use

. Lack of grounding wire use

. Manual operation of fuel tank vent valve to cool off the fuel tank and speed up refueling

e  Failure to remove hose followed by driveaway. Note that hose breakaway sections are a
routine component at the stations visited. These devices limited the amount of LNG lost in the
driveaway events.

Regarding the use of grounding wires, it is not clear that these are necessary for safe operation of the
system. (Some industry professionals question whether there is any risk since they have not seen static
electricity buildup or arcing for non-grounded systems.) However, situations where grounding wires are
administratively required but ignored by users may reflect a poor general attitude towards safety.

Manual operation of the fuel tank vent valve was observed at one of the facilities visited. This was
done by drivers to avoid having to wait for the system to automatically cycle or to avoid having to
reauthorize fueling (a lengthy process). No formal instructions or even encouragement had been given on
the use of vent valves; the process had been spread by word of mouth. As a result, misuse occurred. Some
drivers used the vent valve to excess just to make sure the system would pot cycle to venting. Considerable
quantities of LNG (condensed vapor clouds several feet in diameter) were observed coming out of the truck
vent pipes. Some drivers used the vent valve at the wrong time resulting in no effect and no change in

a. The variances on this list are not necessarily common occurrences; however, they have been observed by this study's authors
or by station personnel interviewed by the authors.
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system performance. They used it because they had heard it shortened refueling times, but they really did
not understand what they were doing.

Driveaway events in which the vehicle is driven away with the fill line still connected and which are
relatively common events at conventional fueling stations, have not yet been observed at Facility Numbers
1 or 2. They have been observed at Facility Number 3. The hose is provided with a coupling designed to
break if a driveaway occurs. Isolation valves are also provided to prevent significant fuel loss from the
station or from the vehicle. Events involving vehicle driveaway with the grounding wire still attached have
been observed at Facility Number 2. These have resulted in essentially no damage to the grounding wire -
clamp or the vehicle.

2.2.3. Other Activities

The variety of non-refueling activities taking place at the refueling station depends on the roles
played by the station. For example, Facility Number 1 is essentially dedicated to LNG/CNG vehicle
refueling; other vehicle activities (e.g., vehicle maintenance) occur well away from the refueling island. At
Facility 2, the LNG station is co-located with a gasoline station/convenience store. However, the
convenience store personnel do not operate the LNG station. The maintenance shop is located about five
miles from the station. Facility Number 3 is a full service LNG/CNG refueling facility; the maintenance
shops are onsite.

Maintenance of the station systems depends on the expertise and commitment of the station
personnel. Station personnel were unaware of written procedures, checklists, or worksheets for operations
or maintenance. Preventative activities can involve regular walkdowns of the system and regular
examination of system parameters monitored by the computer. Other maintenance activities include
dealing with valve stem packing leaks (tightening) and nozzle leaks (replacement). Lessons are often
learned by trial and error; facilities with years of experience (¢.g., Facility Number 3) may have smoother
operations.

2.2.4. Incident Response

The LNG fueling facilities visited have methane detectors and manual emergency shutdown devices
that trigger remote alerts to surveillance personnel (onsite or nearby). Designated staff affiliated with the
fueling facility are trained to respond to alarms. Their responses may range from simply resetting the
system following an erroneous shutdown, to using special fire extinguishers (e.g., Purple K—potassium
bicarbonate) to put out small fires. For larger incidents, emergency response teams will need to be called
in.

Fire departments local to LNG stations may have been specifically trained to contain a spill or fire.
Since water and traditional extinguishers can exacerbate an LNG fire, response teams need to be properly
prepared. Training programs for fire emergency management are provided by several organizations across
the country. To aid firefighters, LNG stations must display a placard designed by the NFPA. The placard
is required by U.S. DOT regulations. The placard is a four-part diamond showing the type of hazard being
faced.

Responses to incidents will vary from facility to facility. Some potential concerns with incident
response include:

. Manual overriding of alarms or emergency shutdown signals
12




o Possibly delayed responses to emergencies
e Lack of training/procedures for a major leak.

Regarding the first issue, the emergency shutdown buttons have been accidentally actuated a number
of times at one of the facilities visited, due to their poor location. (One such accidental actuation was
observed during the site visit.) The station users have been informed that they may use the reset button
once; if the system trips off again, they are to leave the station and call the designated response personnel.
Such a response procedure, while understandable in motivation, may lead to an incorrect action in the event
of a real emergency. (Operator neglect and/or override of alarms due to previous false alarms has been a
prime contributor to a number of significant oil spill events, as described by Siu et al, 1995.)

Regarding the second issue, one of the sites visited is monitored remotely. However, the designated
response personnel may be 5 to 20 miles away, depending on the time of day and the activities at the
station. Clearly, delays in notifying the response personnel and in getting these personnel to the site may be
long enough to preclude effective action in the event of a major incident. There have been times when an
emergency shutdown occurred and the station alert signal (a flashing red light) was on, but the response
personnel were not notified.

cha.rding the third issue, two of the facilities visited appear to have no written procedures for
emergency response and no equipment such as protective suits or self-contained breathing apparatus. The
staff at one facility, when asked what they would do in response to a major leak, candidly replied, “Run.”

2.3. Industry Experience

This section summarizes information collected on LNG refueling station events and on events
potentially relevant to LNG refueling stations. It also discusses information collected from a number of
safety studies relevant to this study.

2.3.1. Experiences at Refueling/Maintenance Facilities

Based on interviews conducted during the site visits, none of the facilities visited have experienced a
major LNG accident. Discussions with industry representatives showed that there have not been any major
LNG accidents at refueling stations. Some of the common events experienced include system leaks (e.g.,
valve stem packing leaks and fuel transfer nozzle leaks) and driveaways. One facility visited had
experienced a spill of 200 gallons of LNG; this involved a vehicle fuel tank union coming loose. The spill
pooled underneath the vehicle but eventually dissipated into the atmosphere without igniting. There was no
collateral damage to the vehicle or its tires.

One disadvantage of LNG (as compared with CNG) is the current inability to odorize the fuel.
Odorant may not be a benefit at a refueling site where small leaks will regularly occur, but odorant in a
vehicle fuel system would be an advantage for detection by the operator or passengers. The LNG industry
relies on methane detectors since odorant is not practical. Because the unodorized vapors are difficult for
humans to detect, gas leaks in confined areas are particularly dangerous. In 1993, technicians performing
maintenance on an LNG-fueled bus noticed a fuel leak. When they removed a floorboard to access the fuel
system, a significant amount of gas from vaporizing LNG accumulated in the bus compartment. The on-
board methane detection system was triggered, and shut down the bus as designed. The technicians,
however, decided to override the system and attempt to drive the bus out of the maintenance garage. When
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the ignition switch was turned, a circuit breaker arc ignited the accumulated methane inside the bus,
resulting in a small explosion. The technicians were not injured, but the bus windows were destroyed.

This event provides further illustration of the potential seriousness of the problem discussed in
Section 2.2.4 and by Siu et al (1995): neglect and/or overriding of alarms, which may be habitual and even
sanctioned, sometimes leads to serious consequences. It should be noted that following this event, several
preventative measures were implemented by the company that owned the bus. Self-venting roof hatches
were installed in all LNG buses. Vehicle equipment inspection and maintenance programs were formalized.
Training and procedures were implemented for safe practices. These measures have been duplicated by
other programs.

Other incidents reported by the industry (NGV 1996) have involved minor injuries due to cryogenic
liquid burns from LNG during refueling and superficial burns from methane vapor flash fires during fuel
system dismantling. In one case, an untrained worker received cryogenic burns to his hands while handling
the LNG refueling components. Another instance resulted in a worker's beard being singed when methane
was released from a dismantled LNG fuel system and was ignited.

A risk assessment was performed for indoor refueling of mass transit buses (SAIC 1990). Although
the study deals with diesel and CNG rather than LNG, it is of interest because it addresses refueling issues.
Note that CNG tanks are not insulated, whereas LNG tanks are double-walled steel cryogenic storage
vessels. Normally the vacuum insulation has a temperature difference of about 200°K and maintains the
fuel as a liquid for several days. During a fire, the temperature difference would be as much as 1200°K,
shortening the hold time by a factor of about six. Industry tests have shown that short-duration (10-15
minute) fires do not increase the fuel pressure.

The five postulated accident scenarios compared in the SAIC study were:

1. A CNG bus with one-quarter full tanks is brought in for maintenance and is exposed to a fire
in the shop (careless disposal of smoking materials or an industrial fire).

2. A bus with full CNG tanks is brought in for maintenance and is exposed to the same fire
postulated in scenario 1. This bus vents much more gas due to full tanks.

3.  Abusis refueled inside a dual fuel shop (CNG and diesel fuel present). The bus leaks CNG
and an ignition source is present.

4. A CNG bus is refueled inside a dual fuel shop (CNG and diesel fuel present). The bus is
segregated from the diesel portions of the shop. The bus leaks CNG and an ignition source is
present.

5.  The same scenario as number four but with a dedicated indoor CNG refueling area.

Scenario 3 was found to be the most likely. The parameters most affecting the probability of this
and the other scenarios were the human error and relief valve failure rates. (The analysis used generic
failure rates from a variety of sources—apparently none of which include LNG or CNG industry
experience—when quantifying the likelihood of the scenarios.) The study made the following
recommendations:

. Develop redundant safety systems to keep refuelers from introducing ignition sources
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Ensure that operators are regularly trained and tested

Develop faster responding gas detection systems
Ensure proper maintenance of redundant ventilation and exhaust fans

Establish uniform indoor refueling standards and strictly enforce these standards.

Attempts to collect raw data on events at gasoline service stations and truck stops have been
unsuccessful to date.  No gasoline station operating experience reports or data compilations were found in
the literature. Contact with the U.S. Department of Transportation (U.S. DOT) revealed that they do not
collect these data. A detailed search for events (e.g., through reviewing data collected by fire departments
or insurance companies, or through reviewing newspaper accounts) was judged to be beyond the scope of
this study.

2.3.2. LNG Truck Tankers

One refueling station accident of potential concern involves LNG truck tankers, as these carry
considerably more LNG (on the order of 10,000 gallons) than a typical LNG fuel tank (on the order of
200 gallons). While this study has not identified any information on significant truck tanker accidents at
refueling stations (see the previous section), information is available on truck tanker highway accidents.

LNG truck tanker highway accidents are not common events, due to the relatively low amount of
volume transported. The GAO report cites 11 accidents occurring over the time period 1971-1977 (GAO
1978). Of these accidents, one involved the release of about 20% of the truck tank inventory and another
involved the release of about 5%. The rest of the accidents apparently had little or no release. None of the
11 accidents involved ignition of the LNG (although one of the events involved a gasoline fire). The GAO
report does report a number of propane tanker truck accidents that did lead to release and ignition.

A continuation of this risk assessment would be to investigate the transportation of other cryogenic
fluids, such as nitrogen, oxygen, and hydrogen, to determine the safety of highway transport. Initial review
of the U.S. DOT transportation incident log indicates that there have been few cryogen transport accidents.

A quantitative risk assessment was performed in 1991 on the transport of propane, gasoline, ethyl
alcohol, and hydrogen on selected highway segments (Kazarians 1997). In that study, the overall truck
accident frequencies range from 6 x 107 per vehicle-mile-year to 1 x 10 per vehicle-mile-year, based on
route-specific data. The conditional probabilities of spills given an accident, of ignition (immediate and
delayed) given a spill, and explosion given delayed ignition are shown in Tables 2-1 through 2-4. (These
probabilities reflect an outdoor environment; different probabilities are used for accidents in tunnels.) The
probabilities are based either on experiential data or engineering judgment; the study uses the results of
earlier transportation risk studies on gasoline (Rhoads 1978) and propane (Geffen 1980) to provide some of
the bases for its assumptions.
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Table 2-1. Conditional probabilities of spills, given a truck accident.

Fuel Small Spill* Large Spill’ Total
Propane 0.075 0.025 0.10
Gasoline ’ 0.09 0.07 0.16
Ethyl alcohol 0.09 0.06 0.15
Hydrogen 0.06 0.02 0.08
(Kazarians 1997)

a._"Small spills" involve 10% of tank inventory, "Large spills" involve 100% of tank inventory.

Table 2-2. Conditional probabilities of immediate ignition, given a spill.

Fuel Small Spill® Large Spill*
Propane 0.25 0.75
Gasoline 0.15 0.50
Ethyl 0.20 0.60
alcohol
Hydrogen 0.50 0.90

(Kazarians 1997)

a. "Smail spills" involve 10% of tank inventory; "Large spills" involve 100% of tank inventory.

Table 2-3. Conditional probabilities of delayed ignition, given a spill.

Fuel Small Spill® Large Spill®
Propane 0.68 0.23"
Gasoline 0.04 0.05
Ethyl alcohol 0.04 0.04
Hydrogen 0.45 0.09

(Kazarians 1997)

a. "Small spills" involve 10% of tank inventory; "Large spills” involve 100% of tank inventory.

b. Total contribution from scenarios involving: a) ignition when the vapor cloud edge is over the population edge, and b)

ignition when the vapor cloud center is over the population center.
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Table 2-4. Conditional probabilities of explosion, given ignition.

Fuel All Spills
Propane 0.33
Gasoline —
Ethyl alcohol —
Hydrogen 0.50

Kazarians, 1997

a. "Small spills" involve 10% of tank inventory; "Large spills” invoive 100% of tank inventory.

This fuel transport risk assessment does not analyze LNG truck tanker accidents. The limited GAO
data on LNG truck accidents discussed above indicate that the LNG spill probability may be less than or
equal to the propane spill probability (where a release occurs in roughly 10% of all reportable tanker truck
accidents and a large release occurs much less frequently). The physical characteristics of LNG tanks (low
pressure, stainless steel, double walls®) also provide an argument that the LNG spill probabilities should be
lower than those for propane. (A similar argument is used in the risk assessment to reduce the large spill
probability for ethyl alcohol tank trucks.) However, this argument cannot as yet be supported by the data.

Regarding ignition, the fuel transport risk assessment does not strongly distinguish between the
various fuels considered with respect to immediate ignition. (The ignition probabilities do not vary by
orders of magnitude.) On the other hand, it states that gasoline and ethyl alcohol do not "demonstrate much
vapor dispersion” and therefore employs order of magnitude lower delayed ignition probabilities for these
fuels. It should be emphasized that since the report's ignition probabilities appear to rely heavily on
engineering judgment; further investigation is needed to determine if these probabilities accurately reflect:
a) current event experience, and b) the appropriate ignition probabilities for LNG.

More recently, GRI (1994) published a report on safety issues of LNG fueled vehicles. Areas with
higher cryogenic leakage risk are differentially cooled sections, areas where hose or seal chafing can occur,
areas where pipes or hoses could be stressed, sections that trap cryogens (cryogens boil and build
pressure), and areas near relief valves. The report observes that LNG spills tend to occur in systems that
are initially being cooled down, during fuel transfers, and during LNG sampling. LNG releases can lead to
fires and vapor cloud deflagrations. The report also points out that breathing cold vapors from LNG

evaporation or boiling can damage the lungs.

b. Note that the double wall design provides an additional defense against immediate releases due to impact. However, it does
not provide complete redundancy; if the outer wall fails, air will leak in and the LNG will heat up, boil, and eventually escape
out of the tank relief valves.
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2.3.3. Other LNG Experience

This section discusses experiences with LNG and other cryogens used for automotive fuel. Since
LNG has been used for a fuel gas (i.e., household use in stoves, water heaters, and furnaces; industrial use
as a heat source), there is a breadth of experience in the literature. Two notable events involving LNG are
the Cleveland tank failure and explosion in 1944 and the Cove Point leak and explosion in 1979.

In the Cleveland event (October 20, 1944), a cylindrical storage tank owned by the East Ohio Gas
Company cracked and failed, releasing 144,000 > (10° gallons) of LNG. Most of the LNG vaporized and
dispersed, but some LNG overflowed the bund wall and entered the surrounding storm sewers. (The wall
had been designed assuming that the LNG release would be relatively slow, resulting in a slowly rising pool
level and significant evaporation. Thus, it was not sized to contain the entire tank inventory, nor was it
designed to prevent overflow by the LNG wave resulting from the rapid, catastrophic tank failure.) The
dispersing gas ignited from multiple ignition sources and the flames ignited gas in the sewers. The fire
caused failure of the supports of another tank, whose inventory was added to the fire. Flames over
2,800 feet high were reported, and there was destruction over a quarter mile radius from the cylindrical
tank. 128 people died in this event and hundreds more were injured. Property damage was estimated to be
over $6.8M in 1944 dollars ($62 million in 1997 dollars) (BOM 1946).

Lessons from this event include: a) the need to site large quantities of LNG more remotely; b) to not
use 3.5% nickel steel for tanks; ¢) to build higher bund walls; and d) to preclude ignition source contact
with flammable gas clouds (Zabetakis 1967).

In the Cove Point accident (October 6, 1979), a submerged pump for LNG transfer began leaking
past an electrical power wire penetration. Natural gas vapors leaked into a conduit and accumulated in an
electrical junction box located in a switchgear building some distance away from the leak. Although the
site had methane detectors, there were none in the building. When plant personnel performed a routine
operating check in the switchgear room, they noted leaking vapor. Two operators decided to remove power
from the pump so that it would not start and make the leak worse. The operators opened the motor starter
and an electrical arc from the control circuit apparently ignited the methane gas, killing one man and
injuring the second. There were no offsite consequences. As a corrective action, ventilated cabinets were
installed to route any gas to a non-hazardous location and disperse any leaks to the atmosphere (NTSB
1980).

This event, while less severe than the Cleveland accident, is notable because the natural gas vapors
propagated along an unanticipated pathway into a confined space. Another gas leakage event occurred in
an LNG plant in Montreal in 1972. Here, the gas leaked through an air line into the plant control room and
ignited (Van Horn and Wilson 1977). Design guidelines were revised after the Montreal and Cove Point
accidents to preclude future occurrences.

A report on LNG plant operating experiences gives insights into the types of events and accidents
that have occurred in peakshaving plants. These plants deliver natural gas fuel when needed to augment
the natural gas supply to meet the peak usage demand for residential and commercial usage. Peakshaving
plants store LNG during seasons of low demand and distribute gas to the pipeline distribution system
during seasons of high demand. Some of the components used at these facilities are similar to those used in
refueling stations. A major difference is that a peakshaving plant handles and vaporizes very large
quantities (up to a billion cubic feet of gas per day) of LNG. Another difference is that pipeline quality gas
stored at a peakshaving plant contained higher percentages of ethane and propane than the fuel used for
LNG vehicles.
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Reviewing peakshaving plant experiences can give insights into component faults. The off-normal
events that have occurred at peakshaving plants are: cold spots in storage tanks due to insulation settling,
failure of tank foundation heating systems, vaporizer fires, small leaks from valve stems, piping gasket
leaks, pump leaks, gas sensor false alarms (due to high winds, and sensor deterioration), false alarms of
thermal radiation sensors, damaged thermal sensors during venting operations, fire protection system
freeze-up due to cold weather, a few major leaks of gas (over 100,000 cubic feet of gas), electrical
equipment fires not involving natural gas, and 2 few natural gas fires involving vaporizers (Welker and
Schorr 1979). Due to the facility differences discussed above, some of the phenomena discussed for
peakshaving plants, e.g. vaporizer fires or tank foundation heating system failures, are not pertinent to
LNG refueling stations. However, these experiences do indicate a need for routme maintenance of gas
sensors, seals, and the rest of the LNG confinement boundary.

It is important to note that some of these events are not directly relevant to refueling stations. For
example, the refueling stations considered in this study do not use large foundation tanks for storage.
Instead, they use pressure vessel tanks mounted above ground. As another example, the vaporizer used at
peakshaving plants to quickly heat up LNG employs a combustion process and undergoes high thermal and
pressurization stresses. The vaporizers for refueling stations are passive ambient-temperature vaporizers
and deal with small quantities of LNG. The vaporizers in refueling stations are used to bring the liquid
close to saturation, rather than to produce large quantities of room temperature vapor.

Finally, Table 2-5 lists 2 number of accidents involving the transportation and handling of LNG.
This table includes the 11 LNG trucking accidents referred to in Section 2.3.2. Many of the other accidents
in this table involve LNG tanker ships. They are included because: a) some of the failure modes (e.g.,
overfilling, isolation valve failures, lightning strikes, high winds) appear to be generally relevant to a
refueling station; and b) they show that more often than not, the consequences of the accidents are limited
in scope (e.g., some deck plate cracking).

Table 2-5. Additional events involving transportation/bandling of LNG.

Methane Progress, December 25, 1964

Fire at the forward vent riser ignited by lightning during unloading at the receiving terminal resulted in a
six-hour delay in unloading. Prompt crew reaction extinguished the flaring without damage. (Frondeville
1977)

Jules Verne, Voyage 2, 1965

During loading, LNG tank was overfilled, causing a liquid spill from vent riser. A foreign object jammed
in the float track prevented proper indication of liquid level by liquid level gauge. The tank cover and a
deck stringer plate fractured. (GAO 1978), (Frondeville 1977)

Methane Progress Voyage 14, May 1, 1965

At disconnection of loading arms, LNG spilied from ship’s crossover line. Seating of the liquid leading
valve was prevented by a piece of a failed Teflon valve facing that lodged between valve disc and seat.

The drip pan overflowed due to water being projected onto it. A minor deck plating crack occurred. (GAO
1978)
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Table 2-5. (continued).

Polar Alaska, November 19, 1969

During LNG loading at Kenai, Alaska, gas leaking was detected at the No. 1 cargo tank primary barrier on
the 71,500 m® Gas Transport membrane LNG carrier. Invar strakes creased in numerous locations. Cable
trays broke loose and caused damage. The vessel continued in service without using the No. 1 cargo tank
and the damage was repaired at a later date. (Harris 1993)

Methane Princess, Voyage 182, May 30, 1971

Liquid nitrogen loading line relief valve opened and spilled liquid nitrogen through the combined vent line
onto the foredeck. Some cracking in deck plating occurred. Relief valve had been improperly reset at
annual survey to a lower than specified pressure setting.® (Harris 1993)

Waterbury, Vermont June 25, 1971
A truck had a tire blowout, hit some rocks by the road, punctured a hole in the tank and spilled 20%.
There was no fire and the remainder of the load was dumped. (GAO 1978)

Warner, New Hampshire August 28, 1971
The driver of a truck drove off the road due to driver fatigue. The truck overtumed, cracking fittings on
the u'uck There was a small gas leak, but no fire. (GAO 1978)

North Whitehall, Wisconsin October 8, 1971
An LNG transport truck was in a head-on collision with another truck. There was a gasoline and tire fire,
but no loss of the LNG cargo. (GAO 1978)

Methane Progress, Voyage 193. October 31, 1971
A liquid nitrogen storage tank was inadvertently overfilled, causing discharge through the tank vent valve
and combined vent line onto the foredeck. Main and second deck plating were cracked. (Frondeville 1977)

Raynham, Massachusetts October 1973
An LNG truck sideswiped a parked car. The truck brakes locked and the trailer overturned. There was no

LNG cargo on board and no fire occurred. (GAO 1978)

Junction of Interstates 80 and 95, Fort Lee, New Jersey 1973
A driver could not negotiate a turn off. The resulting rollover demolished the tractor and caused $40,000
damage to the LNG trailer. No fire occurred. (GAO 1978)

Route 40, Hamilton Township, New Jersey February 18,1974
Faulty brakes on a truck caused a wheel fire. A check valve cracked and 5% of the LNG load leaked out

The report is unclear whether the LNG ignited or not. (GAO 1978)

McKee City, New Jersey February 21,1974
A loose valve on a truck leaked LNG during a transfer operation. (GAO 1973)

Massachusetts, July 16, 1974

A one-inch globe valve (nitrogen purge valve) was overpressured during cargo loading and spilled
approximately 40 gallons of LNG. The sudden pressure rise occurred when the cargo loading valve closed
because of a momentary electrical power interruption after generator switchover. The liquefied natural gas
cracked the canopy deck. (GAO 1978)
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Table 2-5. (continued).

Chattanooga, Tennessee January 1976
A transport truck carrying LNG overturned due to an oil spill on an exit ramp. There was no fire. The
truck was righted and continued delivery of its cargo. (GAO 1978)

Dalton, Georgia November 1975

The driver of a transport truck carrying LNG swerved to avoid a pedestrian, hit a guard rail and rolled over
and down an 80-foot embankment. There was $18,000 damage to the trailer, but apparently no fire.

(GAO 1978)

Pawtucket, Rhode Island September 16, 1976
A car hit an LNG trailer at the landing wheels, caused the trailer to overturn. There was no LNG loss or

fire. (GAO 1978)

Connecticut Turnpike March or April 1977
An LNG truck was parked at the side of the turnpike with a blowout when it was hit in the rear by a tow
truck. There was no leak or fire. (GAO 1978)

Arzew, Algeria March 30, 1977

An LNG spill of 1500 m® occurred at the Camel plant, attributed to the rupture of a aluminum-cast valve
body on a transfer line during the night. A plant operator was frozen to death, and the contingency plan
was put into action. The LNG cloud had dissipated at dawn without further casualty. (Frondeville 1977)

Waterbury, Connecticut July 1977
A “single wall” LNG trailer was hit in the rear by a tractor-trailer, knocking the axle off. In this case the
controls were under the tank. There was no loss of cargo. (GAO 1978)

El Paso Paul Kayser, June 29, 1979

After taking avoiding action to prevent a collision in fog at 22:30 hours the 125,000 m® Gaz Transport
membrane LNG carrier ran on to rocks and grounded in the Straits of Gibraitar when loaded with

95,500 m® of LNG. The bottom shell and double bottom were extensively damaged over almost the full
length of the cargo spaces. The invar membrane was indented but remained liquid-tight. There was no
cargo spillage. The vessel was refloated on July 4 and on July 11 the transfer of the cargo of LNG to sister
ship El Paso Sanatrach was completed. The damaged ship was then gas-freed, inerted and towed to Lisbon
for temporary repairs. Later the vessel proceeded under her own power to the ship’s original building yard
at Dunkerque for full repair work. (Harris 1993)

LNG Taurus, December 12, 1980

The 126,750 m* Moss spherical tank LNG carrier grounded in strong winds at Mutsure anchorage, near
the end of a loaded voyage from Bontang, Indonesia to Tobata, Japan. Approximately 40% of the double
bottom was breached and open to the sea. Severe weather conditions with gale force winds and 3 m waves
around the vessel hampered the salvage operations. Fuel from the bunkers was transferred to a barge and
the damaged ballast spaces were pressurized. The vessel was refloated on December 16 and then towed to
Tobata where the full cargo of LNG was discharged on December 18. (Harris 1993)
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Table 2-5. (continued).

Tenaga Satu, June 1983

Cargo pump defects caused damage to the No. 1 cargo tank on the 130,000 m® Gaz Transport membrane
LNG carrier. Approximately 110 m” of the invar primary barrier was renewed and patches fitted at
Yokohama, Japan in June 1984. (Harris 1993)

Ramdane Abane, February 9,1984

During the discharge of Algerian LNG at Montoir, France a cargo leak was noted through the No. 5 cargo
tank membrane on the 126,190 m® Gaz Transport membrane LNG carrier. The vessel was taken to the
roads for gas-freeing and inspection. Several suction manifolds were also found to be cracked. Repairs
were later carried out at St. Nazaire, France. (Harris 1993)

Isabella, June 14, 1985

A cargo valve failed on the 35,491 m® Gaz Transport membrane LNG carrier at the beginning of the LNG
discharge at Barcelona, Spain after a voyage from Skikda, Algeria. LNG from the No. 1 cargo tank
overflowed onto the main deck, causing severe cracking to the steelwork. The tank was discharged without
further incident. Extensive repairs were required resulting from the spill. (Harris 1993)

Tellier, February 15, 1989

Moorings broke on the 40,081 m® Technigaz membrane LNG carrier, due to 160 km/hr winds, during LNG
loading at Skikda, Algeria. Four terminal loading arms were damaged and LNG leaked to the main deck
causing extensive damage to the steelwork and upper primary and secondary barriers in the No. 3 cargo
tank. The vessel delivered LNG to Fos, France on February 16. Steelwork repairs were carried out at
Marseilles and the ship returned to service in June with one of the five cargo tanks out of commission.
Permanent repairs to the containment system were completed at Marseilles in October 1990. (Harris 1993)

a. This event does not involve LNG, but provides a representative failure scenario involving 2 cryogenic liquid.

Table 2-6. Nomenclature used in Figure 2-1.

Component ID Component Type Notes
FCV-103 Valve Pump inlet
FCV-104 Valve Pump vent
FCV-105 Valve Recirculation
FCV-106 Valve Saturation coil feed
FCV-107 Valve Dispensing

V-1 Valve : Top fill

V-2 Valve Hose drain

V-8 Valve Liquid phase

V-9 Valve Vapor phase
V-10 Valve LI-1 equalization
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Table 2-6. (continued).

Component ID Component Type Notes
V-11 Valve . Full trycock

V-12 Valve Manual vent

V-13 Valve Isolation pump inlet
V-14 Valve Isolation pump vent
V-15 Valve Saturation isolation
V-16 Valve Saturation pressure
V-17 Valve Manual vent pump sump
V-18 Valve Dispensing drain
V-19 Valve Vacuum gauge tube
V-20 Valve Safety selector
V-21 Valve Evacuation

V-22 Valve Stack drain

V-23 Valve Auxiliary top fill
V-24 Valve Transport return
V-25 Valve Transport suction
V-26 Valve N2 purge

V-27 Valve Sample isolation
V-28 Valve Sample vent

V-29 Valve Sample purge

V-30 Valve Top fill isolation
V-31 Valve Vehicle fill isolation
V-32 Valve PSV-101A test
V-33 Valve PSV-101B test
V-34 Valve PSV-105B test
V-35 Valve PSV-105A test
V-36 Valve PSV-104C test
V-37 Valve PSV-104B test
Cv-1 Check valve Fill

Cv-2 Check valve Saturation return
Cv33 Check valve Discharge
PSV-101A Safety valve Inner vessel
PSV-101B Safety valve Inner vessel
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Table 2-6. (continued).

Component ID Component Type Notes
PSV-10iC Safety valve Saturation pressure
PSV-102A Safety valve Pump sump
PSV-102B Safety valve Dispense line
PSV-103 Safety valve Transport suction line
PSV-104A Safety valve Top fill line
PSV-104B Safety valve Top fill line
PSV-104C Safety valve Saturation return line
PSV-104D Safety valve Saturation return line
PSV-105A Safety valve Pump vent line
PSV-105B Safety valve Pump feed line
PSE-101A Rupture disk Inner vessel
PSE-101B Rupture disk Inner vessel
PSE-101C Rupture disk Outer vessel
PSE-102 Rupture disk Pump sump

E-101 _ Saturation coil —

F-1 Filter Transfer line

TC-1 Vacuum probe —

PDI-101 Liquid level indicator —

PDT-101 Liquid level transmitter —_

M-1 Meter —

P-101 Pump —

PI-101A Pressure indicator Inner vessel
PI-101B Pressure indicator Saturation
PI-102A Pressure indicator Pump Sump
PI-102B Pressure indicator Dispenser
PT-101A Pressure transmitter Inner vessel
PT-101B Pressure transmitter Saturation
TT-102 Temperature sensor —_

TH-1 Transfer hose —

FC-1 Connection Top fill

FC-2 Connection Vehicle fill

FC-3 Connection Transport return
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Table 2-6. (continued).

Component ID Component Type Notes
FC-4 Connection Transport suction
C-1 Comnection Sample cylinder
C-2 Connection Sample vent

C-3 Connection Sample purge
C4 Connection Vehicle vent

C-5 Connection N2 purge

-0 Connection to vent stack —

—_ Vent to atmosphere —
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3. QUALITATIVE RISK ASSESSMENT

3.1. Introduction

This section documents the results of a qualitative risk assessment performed for a generic LNG
refueling station and summarizes the approach used to obtain these results. The objectives of this
assessment are to:

. Identify accident scenarios relevant to a broad spectrum of stations
o Determine which of these scenarios may be significant risk contributors.

Potential risk significance is determined through qualitative assessments of scenario relative
likelihood and consequences. The scenario consequences are expressed in terms of the following potential
outcomes: a2 large LNG release, onsite ignition of a large LNG release, and a large LNG offsite release.
The analysis does not directly address public and worker health consequence measures (e.g., severe injuries
and fatalities). However, these can be directly related to the three outcomes identified, especially when a
quantitative analysis is performed. The analysis also does not address offsite ignition, as this would require
treatment of offsite features (¢.g., traffic, industry, population) judged to be beyond the scope of this study.

It must be emphasized that the results of this qualitative risk assessment are relative. The potentially .
dominant scenarios identified are believed to be more risk significant than other scenarios studied. Thus,
the study results should be helpful to station designers and operators. However, a quantitative analysis is
needed to determine if the scenarios identified are risk significant in an absolute sense. Such an analysis is “
needed when supporting policy decisions.

3.2. Approach

Serious accidents can often be viewed as the culmination of a sequence of failures involving humans,
hardware, or both. Such a sequence consists of an initial fault, an "initiating event," followed by failures of
safety barriers (either engineered or natural) that would otherwise limit the severity of the accident. For
example, in the 1944 Cleveland tank accident, the initial storage tank failure was followed by the failure of
the bund wall to perform its intended function. The subsequent ignition of the gas and the failure of the
second storage tank can also be viewed as failures of safety barriers, even though an engineered mitigating
system was not involved.

Given this view of accidents, it can be seen that event trees, which graphically depict the different
possible sequences of safety barrier successes and failures following an initiating event, provide a natural
means to model accident scenarios. Event trees were introduced to risk assessment in the landmark Reactor
Safety Study (also known as WASH-1400) performed by the U.S. Nuclear Regulatory Commission
(USNRC 1975). Since that study, event trees have been used in many risk assessment applications. A
number of transportation risk assessment studies use event trees (Rhoads 1978), as does a recent
investigation of oil spill accidents (Siu et al. 1995).
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An example event tree for scenarios initiated by an operator tank filling error is shown in Figure 3-1.
The safety barriers challenged following the initiating event are listed at the top of the tree; these are called
"top events." Each node in the tree represents a safety barrier challenge; the path leading to the right of the
node represents success of the safety barrier, while the path leading down from the node represents failure.

Figure 3-1 shows that the event tree is an inductive diagram; it shows what happens after a given
initiating event. Clearly, therefore, the qualitative risk assessment must include multiple event trees, each
one corresponding to a different initiating event. Furthermore, efforts must be spent to ensure that the list
of initiating events considered is reasonably complete. If an initiating event is not addressed, the analysis
will not treat the risk contributions from scenarios associated with that initiating event. On the other hand,
analysis resources can be exhausted if too many initiating events are treated. Practical risk assessment
requires a balance between the desire for completeness and available resources.

With these issues in mind, the steps employed in this study to perform the qualitative risk assessment
are as follows:

1.  Develop list of initiating events
a.  Identify candidate initiating events
b.  Group initiating events
2. Develop event trees
a.  Identify event tree "top events”
b. Identify dependencies between top events and initiating events
c. Develop accident scenarios
3.  Analyze accident scenarios
a. Identify scenarios leading to severe consequences
b.  Identify potentially dominant scenarios
c. Determiné refueling station characteristics affecting likelihood of dominant scenarios.

3.3. Initiating Event Identification

3.3.1. Candidate Initiating Events
As in many studies and recommended in the Probabilistic Risk Assessment (PRA) Procedures Guide

(ANS 1980), this study employs a variety of methods to identify candidate initiating events, i.¢., initiating
events that might be treated in the analysis. The principal method used is the Master Logic Diagram
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(MLD). Other methods used include Failure Modes and Effects Analysis (FMEA), event sequence and
task analyses, operating experience review, and review of other relevant studies.

A MLD is a logic diagram which is used to deduce how a single top event can be caused by
underlying events (ANS 1980). MLDs are similar to fault trees in that they are deductive in nature. They
are different in that they do not generally show all of the conditions that must arise for the top event to
occur. (In other words, they do not generally include "AND" gates.)

Figures 3-2 through 3-4 show the MLDs developed for this study. The top events, shown in
Figures 3-2 and 3-3 respectively, are "Serious Onsite Injury and/or Fatality" and "Serious Offsite Injury
and/or Fatality." All of the branches in the diagrams represent "OR" gates. For example, Figure 3-2
shows that a serious onsite injury and/or fatality can involve an acute injury or fatality or a chronic injury.
An acute injury or fatality, in turn, can involve asphyxiation, trauma, thermal burns, or cryogenic burns.
The triangles in the diagram represent transfers to another tree (Figure 3-4); the diamonds represent events
that can be (but are not) further defined.

Both Figures 3-2 and 3-3 show that LNG releases are a major (if not sole) contributor to the top
event. They both transfer to Figure 3-4, which identifies several potential failures (hardware, human, and
external) that may lead to a release. It should be emphasized that while these failures may lead to an LNG
release, they do not necessarily guarantee the occurrence of the release. The additional failures that must
occur before a release can happen are identified in the event tree analysis, discussed in Section 3.4 below.
Note also that the failure events are defined generically. This allows the broad application of this study's
results to different refueling stations.

To supplement the MLD analysis, an FMEA® was performed on the system shown in Figure 2-1
(Facility Number 1). This FMEA is provided in Appendix A. It shows that there are a number of single
point failures (primarily involving relief valves) which can lead to releases of LNG to the environment.
Event sequence and task analyses (defining the sequence of actions taken during station and end user
vehicle refueling), reviews of past events, and reviews of other studies were also performed to supplement
the MLD.

Regarding other studies, Williamson and Edeskuty (1983) defined several hazards which involve or
influence the occurrence of initiating events:

o Storage tank failures

. Unloading and transfer leaks

° Corrosion of dissimilar metals in systems and foreign material induced corrosion
J Collisions of transport vehicles

] Vaporization system failure

. Fires and explosions

¢. A Failure Modes and Effects Analysis (FMEA) is an inductive exercise which postulates the failure of every system
component and determines the consequences of these failures.
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. Gas-aﬁ vapor cloud dispersion

. Temperature extremes

. Personnel exposure (cryogenic temperatures and flames)
. Human factors

o Reactivity of cryogens.

Melchers and Feutrill (1995), in their report on an ongoing risk assessment on LPG-fueled vehicles,
identify the following initiating event classes:

. Cold catastrophic failure of a tank (due to metal fatigue, corrosion, or overfilling)

. Flame impingement on a tank

. Impact by vehicles

. Negligent action by operators or drivers (driveaways, uncoupling hoses with valves open, etc.)
. Poor maintenance (unrepaired hose wear and tear, or valve spring corrosion, etc.)

. Vandalism and attempts at fuel theft.

Selected results of these other studies have been integrated into the LNG release MLD shown in
Figure 3-4 as appropriate.
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3.3.2. Initiating Event Grouping

In order to keep the analysis tractable, the candidate initiating events shown in Figure 3-4 were
grouped. [While two of the candidate events shown in Figure 3-2 (i.e., chronic injuries due to occupational
exposures to toxins and carcinogens) are not included in Figure 3-4, these events are believed to be of lesser
significance and are not further addressed in this study.] The groups were distinguished based on:

o Potential impact on the safety functions modeled in the event trees (see Figure 3-1 and
Section 3.4)

. Potential impact on the likelihood of recovery efforts
. Potential magnitude of releases.

For example, all internal failure causes for the storage tank (i.e., design, manufacturing, installation,
and maintenance errors; overpressurization; fatigue; embrittlement) are grouped together because the
particular failure cause is not expected to affect the likelihood of recovery, ignition, containment, and so
forth. Operator errors leading to release are grouped together because they imply the immediate presence
of an operator during the event; this should increase the chances for recovery. Events potentially involving
multiple tanks (e.g., driveaway accidents which could involve both the storage and vehicle tanks) are
distinguished from other events because they can lead to larger releases of LNG.

Table 3-1 lists the initiating events resulting from this grouping process and provides a map relating
these initiating events to the candidate initiating events (MLD failure causes) shown in Figure 3-4. Note
that some of the candidate initiating events appear under more than one initiating event. This is because
some of the failure causes (e.g., impact) can arise from different sources (¢.g., tornadoes, vehicle crashes).

Table 3-1. Initiating events and mapping to MLD failure causes.

Initiating Event
Identifier ___Description MLD Failure Causes Included
CAI Construction Storage tank failure, external causes: impact, other mechanical
Accident, Pipe/hose failure, external canses: impact, crushing, other mechanical
Isolable Seal failure
NOTE: "Other mechanical” includes digging and drilling
CAU Construction Storage tank failure, external causes: impact, other mechanical external causes
Accident, (e.g., digging, drilling)
Unisolable Pipe/hose failure, external canses: impact, other mechanical external causes
(e.g., digging, drilling)
Seal failure
NOTE: "Other mechanical” includes digging and drilling
EE External Event Storage tank failure, external causes: impact, heatup and overpressurization,
support failure

Truck fuel tank failure, external causes: heatup and overpressurization
Pipe/hose failure, external causes: impact, crushing, heatup and
overpressurization, support failure

Seal failure
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Table 3-1. (continued).

Initiating Event
Identifier Description MLD Failure Causes Included
NOTE: Includes effects of earthquakes, floods, storms, non-LNG fires, aircraft
impact, lightning strike, non-LNG' explosions, etc.
HF Hose Failure Pipe/hose failure, internal causes: DMIM error, overpressurization,
fatigue/wear, embrittlement
Operations error, filling error: hose misplaced
oD Driveaway Operations error, other error: driveaway
OF Filling Error Pipe/hose failure, external causes: crushing
Operations error, filling error: hose connection error, valve lineup error, tank
venting error, overfilling error
NOTE: Hose crushing due to vehicle driveover
oM Maintenance Operations error, maintenance error
‘ Error NOTE: Addresses maintenance-induced leaks
PFI Pipe Failure, Pipe/hose failure, internal causes: DMIM error, overpressurization,
" Isolable fatigue/wear, embrittlement
PFU Pipe Failure, Pipe/hose failure, internal canses: DMIM error, overpressurization,
Unisolable fatigue/wear, embrittlement
SFI Seal Failure, Seal failure: DMIM error, overpressurization, fatigue/wear, embrittlement
Isolable ‘
SFU Seal Failure, Seal failure;: DMIM error, overpressurization, fatigue/wear, embrittlement
Unisolable
STF Storage Tank Storage tank failure, external causes: support failure
' Failure Storage tank failure, internal causes: DMIM error, overpressurization, fatigue,
embrittlement
TTF Truck Fuel Truck tank failure, internal causes: DMIM error, overpressurization, fatigue,
Tank Failure embrittlement
Active component failure: truck relief valve fails to close
TIT Tanker Truck Truck tank failure, internal causes: DMIM error, overpressurization, fatigue,
Tank Failure embrittlement
Active component failure: truck relief valve fails to close
VA Vehicular Storage tank failure, external causes: impact
Accident Truck tank failure, external causes: impact
Pipe/hose failure, external causes: impact
VFI Valve Failure, Active component failure: relief valve fails open, vent valve fails open,
Isolable isolation valve fails to close
VFU Valve Failure, Active component failure: relief valve fails open, vent valve fails open,
Unisolable isolation valve fails to close

Appendix B presents fault trees for each of the initiating events as applied to a generic refueling
station. Unlike an MLD, the fault trees identify all necessary and sufficient conditions for the occurrence
of the top event.
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3.4. Event Trees

3.4.1. Safety Barrier Definitions

An event tree, as discussed earlier, is a graphical representation of the possible scenarios that may
follow an initiating event. The different scenarios are defined by successes and failures of safety barriers
(called "top events" because of their placement in the event tree), both natural and engineered, that can
prevent the initiating event from progressing to a major accident.

The top events considered in this study are adapted from those identified in a study on il spill events
(Siu et al. 1995). They are defined in terms of functions rather than engineered systems, in order to allow .
their application to a wide variety of facilities. They are also defined qualitatively, in keeping with the
qualitative nature of this study. The top events are:

° Early Detection (ED): Detection of the release within a few minutes of its occurrence

. Early Recovery (ER): Early (within a few minutes) termination of the release before most of
the source inventory is lost

. Secondary Impact Prevention (SI): Prevention of ignition or other additional effects (e.g.,
- large releases from additional sources)

. Late Recovery (LR): Late (several minutes or more) termination of the release before most of
the source inventory is lost

. Release Containment (RC): Containment of the release in the vicinity of the release.
3.4.2. Dependencies

In order to develop the possible sequences following an initiating event, dependencies between the
initiating event and the top events, as well as those between the different top events, must be identified.

Consider the event tree shown in Figure 3-5, which models the possible sequences following a
release caused by a severe external event (EE).° It can be seen that the EE event tree has a number of
branches labeled "GF," this denotes a "guaranteed failure." This reflects the modeling assumption that an
external event severe enough to directly cause a large LNG release is also severe enough to greatly inhibit
recovery efforts. Other assumed effects of the different initiating events on the top events are documented

in the initiating event-to-safety barrier dependency matrix shown in Table 3-2.

d. The "external events" (i.e., events involving faults external to the system) treated by this tree include natural phenomena
(e.g., earthquakes, floods, windstorms, lightning) and non-LNG fires. A number of other external events (e.g., construction
accidents) are treated using different event trees.



Figure 3-5 also shows that given failure of early detection (ED), early recovery (ER) is guaranteed to
fail so the success branch is dashed to denote that it is not considered further. This is an example of a top
event-to-top event dependency. The full dependency matrix for top event interactions is shown in Table 3-
3. '

Both Tables 3-2 and 3-3 represent generic dependency relationships. It is possible that additional
dependency relationships exist for particular facilities. For example, in situations where subsequent
failures can lead to releases from additional tanks (top event SI), the combined inventories may be large
enough to overwhelm existing berms, depending on the sizing of the berms. The characteristics of the three
facilities visited with respect to the event tree top events are discussed in Section 3.5.

3.4.3. Scenario Identification
Using the relationships shown in Tables 3-2 and 3-3, event trees have been developed for each of the

initiating events identified in Table 3-1. The full set of event trees is shown in Appendix C. Figures 3-1
and 3-5 show representative event trees for tank filling errors (OF) and external events (EE), respectively.
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Table 3-2. Initiating event-to-top event dependency matrix.

Top Events

IE® ED ER SI LR RC
CAl GS GF Q) —_ —
CAU GS GF ¢)) GF —
EE ) GF 3) GF ()]
HF &) 6) — — _
OD GS — — — ¢)
OF ) (6) _ —_ —
oM )] — &) — —
PFI — — — — ‘ —
PFU — GF — GF _
SFI — —_ — —_— —_
SFU — GF — GF —
STF — GF — GF —_
TTF — GF —_ GF (10)
TIT — -GF — GF —
VA GS GF 1) GF —
VFI —_ —_ — —_— —
VFU —_ GF —_ GF —_

a. Descriptions of the Initiating Events are in Table 3-1.

ED
ER

SI

LR

RC

Early Detection: Detection of the release within a few minutes of its occurrence

Early Recovery: Early (within a few minutes) termination of the release before most of the source inventory is
lost

Secondary Impact Prevention: Prevention of ignition or other additional effects (e.g., large releases from
additional sources)

Late Recovery: Late (several minutes or more) termination of the release before most of the source inventory
is lost

Release Containment: Containment of the release in the vicinity of the release

GS = Guaranteed Success
GF = Guaranteed Failure

Other Notes:

1. Presence of construction activities increases likelihood of ignition sources.

2. Many external events can reduce the likelihood of early detection (¢.g., due to loss of power, distraction).

3. Ignition sources are more likely for some external events (e.g., thunderstorms).

4 External events can decrease or increase likelihood of containment success. Examples: earthquake fails dike;

A S

11.

storm disperses LNG vapor.

Presence of personnel increases likelihood of early detection.

Presence of personnel increases likelihood of early recovery.

Truck release may be close to site boundary.

Time to detection depends on size and location (e.g., in yard or in confined space) of leak.

Presence of maintenance activities increases likelihood of ignition sources.

Containment success likely, given size of fuel tank. (Only containment problem arises if the release occurs near/at
site boundary.)

Accident environment increases likelihood of ignition sources.
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Table 3-3. Top event-to-top event dependency matrix.

Top Events
IE* ED ER SI LR RC
ED — ¢)) — — —
ER — — V)] ) ¢
SI —_ — — —_— —
LR — - — — 3
RC —_ —_ — —_— —

a. Descriptions of the Initiating Events are in Table 3-1.
ED Early Detection: Detection of the release within a few minutes of its occurrence
ER Early Recovery: Early (within a few minutes) termination of the release before most of the source inventory is

lost
SI Secondary Impact Prevention: Prevention of ignition or other additional effects (e.g., large releases from
additional sources)
" LR Late Recovery: Late (several minutes or more) termination of the release before most of the source inventory
is lost

RC Release Containment: Containment of the release in the vicinity of the release
GS = Guaranteed Success
GF = Guaranteed Failure

Other Notes:

1. Failure of ED guarantees failure of ER.

2 Success of ER makes top event irrelevant

3. Success of LR makes top event irrelevant.

4 Top events appear in rough chronological order; only dependencies of later events on earlier events are modeled.

The accident scenarios for each initiating event follow directly from the event trees. For example,
Scenario 3 of the EE event tree (Figure 3-5) involves the occurrence of the external event (EE), successful
early detection (/ED), guaranteed failure of early recovery (ER'), successful prevention of secondary
impacts (/SI), guaranteed failure of late recovery (LR'), and successful containment of the release (/RC).
The Boolean representation of this sequence of events is:

Scenario 3 = EE*/ED*ER"*/SI*LR"*/RC

where the asterisk (*¥) denotes the logical AND operator, the slash (/) denotes success, no slash denotes
failure, and the prime (') denotes a guaranteed event.
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3.5. Scenario Analysis

3.5.1. Scenarios with Severe Consequences

The event trees in Figures 3-1 and 3-5 show the assumed consequences of each accident scenario. A
"large release” is one that poses a significant hazard to onsite and offsite personnel. Depending on the site
characteristics, this is generally on the order of several hundreds of gallons.® The other consequences are
~ self-explanatory.

Appendix D provides lists of all of the scenarios leading to large releases, large releases ignited
onsite, and large releases which go offsite. These lists have been constructed simply by collecting all of the
relevant sequences from each event tree.

3.5.2. Potentially Dominant Scenarios

The numerous scenarios listed in Appendix D are not all equal contributors to risk. Two scenarios
leading to the same undesired consequences (e.g., onsite ignition of a large release) will have different
contributions if their likelihood’s differ.

Tables 3-4 and 3-5 show the lists of high consequence scenarios believed to be the most risk
significant in terms of onsite ignition (of a large release) and large offsite release, respectively. This list has
been developed by employing pairwise qualitative comparisons of scenarios within each event tree. The
comparisons generally take advantage of the observation that, generally speaking, failures (human or
hardware) are far less likely than successes.! Thus, the risk contribution from one scenario is usually
assumed to dominate that from another if: a) both scenarios lead to the same consequences, and b) the first
scenario involves fewer failure events than the second. For example, in comparing the first construction
accident scenario (CAI) with the second (CAU), both lead to onsite ignition of a large release of LNG.
However, the latter scenario (CAU) involves the failure of spill containment. From the standpoint of large
release occurrences, therefore, the 