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Abstract

While recognized standards exist for the systematic safety analysis of potential spills or releases
from LNG (Liquefied Natural Gas) storage terminals and facilities on land, no equivalent set of
standards or guidance exists for the evaluation of the safety or consequences from LNG spills
over water. Heightened security awareness and energy surety issues have increased industry’s
and the public’s attention to these activities. The report reviews several existing studies of LNG
spills with respect to their assumptions, inputs, models, and experimental data. Based on this
review and further analysis, the report provides guidance on the appropriateness of models,
assumptions, and risk management to address public safety and property relative to a potential

LNG spill over water.
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SYMBOLS AND ACRONYMS

<
>

/
°C
oF
oK

m (as a prefix)
s

Tcf
w

(CFD) Computational Fluid
Dynamics

Credible event

(LFL) Lower Flammability
Limit

(LNG) Liquefied Natural Gas

Nominal Case

(RPT) Rapid Phase
Transitions

(UFL) Upper Flammability
Limit

Validation

less than

greater than

per

degrees Celsius

degrees Fahrenheit

degrees Kelvin

gram

kilo- (multiplied 1000 times; e.g. 5 kW = 5000 watts)
nautical mile per hour (1 knot = 1.15 miles per hour)
meter (1 m=39.37 inches)

meter squared (an area measuring one meter on each side)

milli- (1/1000; e.g., 1 mm = 1/1000 of a meter)
second

Trillion cubic feet
Watt

a modern analysis technique using computer technology to numerically
solve the complete nonlinear partial differential equations governing
complex fluid flows

a group (or groups) could have the general means and technical skill to
accomplish successfully an intentional breach.

lowest concentration of a fuel by volume mixed with air that is
flammable

natural gas that has been cooled to a temperature such that the natural
gas becomes a liquid

expected outcomes of a potential breach and associated thermal
hazards based on an assessment of identified credible threats and the
use of best available data to select model input parameters

the rapid evaporation of a liquid resulting from contact with another
liquid that is at a temperature significantly above the boiling
temperature of the evaporating liquid

highest concentration of a fuel by volume mixed with air that is
flammable

comparison of analytical results from a model with experimental data
to ensure that the physical bases and assumptions of the model are
appropriate and produce accurate results
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FOREWORD

The Energy Information Administration (EIA) estimates that domestic natural gas production is
expected to increase more slowly than consumption, rising to 20.5 trillion cubic feet (Tcf) in
2010 and 21.9 Tcf'in 2025. Domestic gas production is relatively flat, while the marginal costs
of domestic production are increasing, which has caused a fundamental shift in long-term gas
prices. At the same time, gas demand is rising sharply, particularly for electric power generation.
The National Petroleum Council (NPC) states in its recent report, “Balancing Natural Gas Policy
— Fueling the Demands of a Growing Economy,” that “traditional North American producing
areas will provide 75% of long-term U.S. gas needs, but will be unable to meet projected
demand,” and that ... “New, large-scale resources such as LNG and Arctic gas are available and
could meet 20%-25% of demand, but are higher-cost and have long lead times.”

The combination of higher natural gas prices, rising natural gas demand, and lower liquefied
natural gas (LNG) production costs, is setting the stage for increased LNG trade in the years
ahead. Estimates are that worldwide LNG trade will increase 35 percent by 2020. In the United
States, EIA projects that natural gas imports will more than double over the next 20 years.
Nearly all the projected increase is expected to come from LNG, requiring an almost 28-fold
increase in LNG imports over 2002 levels.

The United States currently has four marine LNG import terminals: Lake Charles, Louisiana;
Everett, Massachusetts; Elba Island, Georgia; and Cove Point, Maryland. EIA projects that three
new LNG terminals could be constructed in the U.S. in the next 4 to 5 years, and others have
estimated that as many as eight could be constructed within this time frame. More than 40 new
marine LNG terminal sites are under consideration and investigation. A major factor in the siting
of LNG import terminals is their proximity to a market, enabling natural gas to be easily supplied
to areas where there is a high demand, but limited domestic supplies. For this reason, marine
LNG import terminals are being proposed or considered near major population centers on all
three U.S. coasts.

For more information on North American natural gas supply and demand, please refer to the
latest Annual Energy Outlook of the Energy Information Administration (EIA). The EIA
(www.eia.doe.gov) is the statistical agency of the Department of Energy. It provides policy-
independent data, forecasts, and analyses to promote sound policy-making, efficient markets, and
public understanding regarding energy and its interaction with the economy and environment.
Also useful is the National Petroleum Council (NPC) report, Balancing Natural Gas Policy —
Fueling the Demands of a Growing Economy (www.npc.org). This multi-volume report was
prepared in response to a request from the Secretary of Energy for a new study on natural gas
markets in the 21st century, to update the NPC’s 1992 and 1999 reports on the subject. It
provides insights on energy market dynamics, as well as advice on actions that can be taken by
industry and Government to ensure adequate and reliable supplies of energy for customers.

12



1 EXECUTIVE SUMMARY

The increasing demand for natural gas in the U.S. could significantly increase the number and
frequency of marine LNG imports. While many studies have been conducted to assess the
consequences and risks of potential LNG spills, the increasing importance of LNG imports
suggests that consistent methods and approaches be identified and implemented to help ensure
protection of public safety and property from a potential LNG spill.

For that reason, the U.S. Department of Energy (DOE), Office of Fossil Energy, requested that
Sandia National Laboratories (Sandia) develop guidance on a risk-based analysis approach to
assess and quantify potential threats to an LNG ship, the potential hazards and consequences of a
large spill from an LNG ship, and review prevention and mitigation strategies that could be
implemented to reduce both the potential for and the risks of an LNG spill over water.
Specifically, DOE requested:

= An in-depth literature search of the experimental and technical studies associated with
evaluating the safety and hazards of an LNG spill from an LNG cargo tank ship;

» A detailed review of four recent spill modeling studies related to the safety implications of a
large-scale LNG spill over water;

= Evaluation of the potential for breaching an LNG ship cargo tank, both accidentally and
intentionally, identification of the potential for such breaches and the potential size of an
LNG spill for each breach scenario, and an assessment of the potential range of hazards
involved in an LNG spill; and

= Development of guidance on a risk-based approach to analyze and manage the threats,
hazards, and consequences of an LNG spill over water to reduce the overall risks of an LNG
spill to levels that are protective of public safety and property.

To support this effort, Sandia worked with the U.S. DOE, the U.S. Coast Guard, LNG industry
and ship management agencies, LNG shipping consultants, and government intelligence
agencies to collect background information on ship and LNG cargo tank designs, accident and
threat scenarios, and standard LNG ship safety and risk management operations. The
information gathered was used to develop accidental and intentional LNG cargo tank breach
scenarios, for modeling of potential spill hazards, and as the basis for analysis to determine the
extent and severity of LNG spill consequences. Based on analysis of the modeling results, three
consequence-based hazard zones were identified plus. In addition, risk reduction and mitigation
techniques were identified to reduce impacts on public safety and property.

Several conclusions and recommendations were developed based on these results. The key
conclusions are listed below.

13



Key Conclusions

1.

The system-level, risk-based guidance developed in this report, though general in nature
(non site-specific), can be applied as a baseline process for evaluating LNG operations
where there is the potential for LNG spills over water.

A review of four recent LNG studies showed a broad range of results, due to variations in
models, approaches, and assumptions. The four studies are not consistent and focus only on
consequences rather than both risks and consequences. While consequence studies are
important, they should be used to support comprehensive, risk-based management and
planning approaches for identifying, preventing, and mitigating hazards to public safety and
property from potential LNG spills.

Risks from accidental LNG spills, such as from collisions and groundings, are small and
manageable with current safety policies and practices.

Risks from intentional events, such as terrorist acts, can be significantly reduced with
appropriate security, planning, prevention, and mitigation.

This report includes a general analysis for a range of intentional attacks. The consequences
from an intentional breach can be more severe than those from accidental breaches.
Multiple techniques exist to enhance LNG spill safety and security management and to
reduce the potential of a large LNG spill due to intentional threats. If effectively
implemented, these techniques could significantly reduce the potential for an intentional
LNG spill.

Management approaches to reduce risks to public safety and property from LNG spills
include operation and safety management, improved modeling and analysis, improvements
in ship and security system inspections, establishment and maintenance of safety zones , and
advances in future LNG off-loading technologies. If effectively implemented, these
elements could reduce significantly the potential risks from an LNG spill.

Risk identification and risk management processes should be conducted in cooperation with
appropriate stakeholders, including public safety officials and elected public officials.
Considerations should include site-specific conditions, available intelligence, threat
assessments, safety and security operations, and available resources.

While there are limitations in existing data and current modeling capabilities for analyzing
LNG spills over water, existing tools, if applied as identified in the guidance sections of this
report, can be used to identify and mitigate hazards to protect both public safety and
property. Factors that should be considered in applying appropriate models to a specific
problem include: model documentation and support, assumptions and limitations,
comparison with data, change control and upgrade information, user support, appropriate
modeling of the physics of a spill, modeling of the influence of environmental conditions,
spill and fire dynamics, and peer review of models used for various applications. As more
LNG spill testing data are obtained and modeling capabilities are improved, those
advancements can be incorporated into future risk analyses.

Where analysis reveals that potential impacts on public safety and property could be high
and where interactions with terrain or structures can occur, modern, validated computational
fluid dynamics (CFD) models can be used to improve analysis of site-specific hazards,
consequences, and risks.
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10. LNG cargo tank hole sizes for most credible threats range from two to twelve square meters;
expected sizes for intentional threats are nominally five square meters.

11. The most significant impacts to public safety and property exist within approximately 500 m
of a spill, due to thermal hazards from fires, with lower public health and safety impacts at
distances beyond approximately 1600 m.

12. Large, unignited LNG vapor releases are unlikely. If they do not ignite, vapor clouds could
spread over distances greater than 1600 m from a spill. For nominal accidental spills, the
resulting hazard ranges could extend up to 1700 m. For a nominal intentional spill, the
hazard range could extend to 2500 m. The actual hazard distances will depend on breach
and spill size, site-specific conditions, and environmental conditions.

13. Cascading damage (multiple cargo tank failures) due to brittle fracture from exposure to
cryogenic liquid or fire-induced damage to foam insulation was considered. Such releases
were evaluated and, while possible under certain conditions, are not likely to involve more
than two or three cargo tanks for any single incident. Cascading events were analyzed and
are not expected to greatly increase (not more than 20%-30%) the overall fire size or hazard
ranges noted in Conclusion 11 above, but will increase the expected fire duration.

1.1 Safety Analysis and Risk Management of Large LNG Spills
over Water

In modern risk analysis approaches, the risks associated with an event are commonly defined as a
function of the following four elements:

* The probability of the event — such as an LNG cargo tank breach and spill;

= The hazards associated with the event — such as thermal radiation from a fire due to an
LNG spill;

» The consequences of the event — such as the thermal damage from a fire, and

= The effectiveness of systems for preventing the event or mitigating hazards and
consequences — such as any safety/security systems.

1.1.1 LNG Spill Prevention and Mitigation

Risks from a potential LNG spill over water could be reduced through a combination of
approaches, including 1) reducing the potential for a spill, 2) reducing the consequences of a
spill, or 3) improving LNG transportation safety equipment, security, or operations to prevent or
mitigate a spill.

For example, a number of international and U.S. safety and design standards have been
developed for LNG ships to prevent or mitigate an accidental LNG spill over water. These
standards are designed to prevent groundings, collisions, and steering or propulsion failures.
They include traffic control, safety zones around the vessel while in transit within a port, escort
by Coast Guard vessels, and coordination with local law enforcement and public safety agencies.
In addition, since September 11, 2001, further security measures have been implemented to
reduce the potential for intentional LNG spills over water. They include earlier notice of a ship’s
arrival (from 24 hours to 96 hours), investigation of crew backgrounds, at-sea boardings of LNG
ships and special security sweeps, and positive control of an LNG ship during port transit.
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Proactive risk management approaches can reduce both the potential for and hazards of such
events. These are discussed in Section 6 of this report, and include:

» Improvements in ship and terminal safety/security systems,

» Modifications and improvements in LNG tanker escorts, vessel movement control zones,
and safety operations near ports and terminals,

* Improved surveillance and searches,

» Redundant or offshore mooring and offloading systems, and

* Improved emergency response coordination and communications.
Risk prevention and mitigation techniques can be important tools in reducing both the potential
for and the hazards of a spill, especially in zones where the potential impact on public safety and
property can be high. However, what might be applicable for effective risk reduction in one
location might not be appropriate at another. The options identified in Table 1 provide examples

of how implementation of different strategies, alone or in combination, can be used to reduce
certain threats, mitigate consequences of a spill, or reduce hazard analysis uncertainties.

Table 1: Representative Options for LNG Spill Risk Reduction

IMPACT IMPROVE SYSTEM IMPROVED HAZARD

ON REDUCTION IN EVENT SECURITY AND ANALYSIS RESULTANT RISK
PUBLIC POTENTIAL (Prevention) SAFETY (Reduce Analytical REDUCTION
SAFETY (Mitigation) Uncertainties)

= Early off-shore interdiction * Harbor pilots

= Ship inspection - Shfiptand ctjerminal = Use of validated CFD
= Control of ship, tug and other e ){tan d models for LNG spill and
vessel escorts. security upgrades thermal consequence Combination of
High and = Expanded analysis for site specific approaches to
Medium = Vessel movement c_ontrol emergency conditions reduce risks to
zones (safety/security zones) response and fire « Use of CFD and structural acceptable levels
= One-way traffic ggztrlggstzres dynamic models for
. i i ’ spill/structure interactions
hr;le(ilgcf:ﬂcs)admg system security vapor clouds, and P
damaged vessels
Use of existing best risk Use of existing best . Combination of
) ) - e Use of appropriate models to | approaches to
management practices on traffic risk mitigation -
Low L } ensure hazards are low for ensure risks are
control, monitoring & safety practices to ensure . - " e
. . site-specific conditions maintained at
zones risks remain low

acceptable levels

To help reduce the risks to public safety and property from both accidental and intentional
events, this report provides guidance on risk-based approaches for analyzing and managing the
threats, hazards, and consequences of an LNG spill over water. The guidance is summarized in
the remainder of the Executive Summary and presented in detail in Sections 3 — 6 of this report
and in technical discussions in Appendices A — D.

1.1.2 LNG Breach, Spill, and Hazard Analyses

Currently, the potential for an LNG cargo tank breach, whether accidental or intentional, the
dynamics and dispersion of a large spill, and the hazards of such a spill, are not fully understood,
for two primary reasons. First, the combination of current LNG ship designs and safety
management practices for LNG transportation have reduced LNG accidents to the extent that
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there is little historical or empirical information on the consequences of breaches or large spills.
Second, existing experimental data on LNG spill dynamics and its dispersion over water address
spill sizes that are more than a factor of one hundred smaller than spill sizes currently being
postulated for some intentional events. Variations in site conditions, LNG ship designs, and
environmental conditions further complicate hazard predictions.

The lack of large-scale experimental data forces analysts to make many assumptions and
simplifications in calculating the breach of an LNG cargo tank, the resulting spill dispersion, and
associated thermal hazards. For example, an evaluation of four recent LNG spill studies
(Appendix A) showed significant differences in thermal hazard estimates due to the differences
in assumptions and modeling approaches used in each analysis.

Although existing spill assessment and modeling techniques and validation of models against
large-scale LNG spill data have limitations, the guidance provided in this report is applicable to
performance-based hazard and risk management approaches. Such approaches can be used in
conjunction with existing spill and hazard analysis techniques, and safety and security methods,
to assess and reduce the risks to both public safety and property caused by an LNG spill over
water. Guidance is provided on the use of existing analysis techniques applied to site-specific
conditions for increasing confidence in the management of hazards and risks. As additional LNG
spill data are obtained and hazard analysis models are improved, they can be incorporated into
future risk analysis guidance.

LNG Cargo Tank Breach Analysis

Based on available information, a range of historically credible and potential accidental and
intentional events was identified that could cause an LNG cargo tank breach and spill. Modern
finite element modeling and explosive shock physics modeling were used to estimate a range of
breach sizes for credible accidental and intentional LNG spill events, respectively. The results
are discussed in Sections 4 and 5 and detailed in Appendix B.

From these analyses, the sizes of LNG cargo tank breaches for accidents were estimated to be
less than 2 m”. For intentional events, the size of the hole depends on its location on the ship and
the source of the threat. Intentional breaches were estimated at 2 to approx. 12 m?, with nominal
sizes of about 5 — 7 m?. These sizes are smaller than those used in many recent studies.
Although smaller, the breach sizes estimated can still lead to large LNG spills.

Using structural fracture mechanics analyses, the potential for cryogenic damage to the LNG ship
and other LNG cargo tanks was also evaluated, as discussed in Sections 4 and 5 and Appendix D.
Based on these analyses, the potential for cryogenic damage to the ship cannot be ruled out,
especially for large spills. The degree and severity of damage depends on the size and location of
the breach. Sandia considered cryogenic damage to the ship’s structure and concluded that
releases from no more than two or three tanks would be involved in a spill that occurs due to any
single incident. This cascading release of LNG was analyzed and is not expected to increase
significantly the overall fire size or hazard ranges, but the expected fire duration will increase.
Hazard analysis and risk prevention and mitigation strategies should consider this in assessing
public safety and damage to property.
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Spill and Dispersion Analysis

The variability in existing LNG spill and dispersion/thermal hazard modeling approaches is due
to physical limitations in the models and the lack of validation with large-scale spill data.
Obtaining experimental data for large LNG spills over water would provide needed validation
and help reduce modeling uncertainty. Because extrapolation of existing models will be
necessary for analysis of potentially large spills, models should be used that invoke as much
fundamental physics as possible. Based on the evaluations presented in Sections 4 and 5 and
Appendices C and D, several types of models currently exist to assess hazards. Models should be
used only where they are appropriate and understood to ensure that the results increase
confidence in the analysis of the hazards and risks to public safety and property.

In higher hazard zones, where analysis reveals that potential impacts on public safety and
property could be high and where interactions with terrain or structures can occur, modern, CFD
models, as listed in Table 2, can be used to improve analysis of site-specific hazards,
consequences, and risks. Use of these models is suggested because many of the simpler models
have limitations that can cause greater uncertainties in calculating liquid spread, vapor
dispersion, and fire hazards. CFD models have their own limitations and should be validated
prior to use. Further refinement of CFD models will continue to improve the degree of accuracy
and reliability for consequence modeling.

Table 2:  Models for Improved Analysis of an LNG Spill in High Hazard Areas

APPLICATION IMPROVED MODELING APPROACHES

Finite element codes for modeling accidental ship collisions & shock physics codes

Bl s Ayl for modeling intentional breaches.

Tank Emptying Modified orifice model that includes the potential for LNG leakage between hulls.
Structural Damage Coupled spill leakage, fluid flow, and fracture mechanics codes for modeling ship
Modeling structural damage & damage to LNG cargo tanks.

Spreading CFD codes for modeling spread of cryogenic liquids on water.

Dispersion CFD codes for modeling dispersion of dense gases.

Fire CFD codes for modeling fire phenomena, including combustion, soot formation,

and radiative heat transfer.

While these studies provide insight into appropriate models to use, additional factors should be
considered in applying models to a specific problem. These include model documentation and
support, assumptions and limitations, comparison and validation with data, change control and
upgrade information, user support, appropriate modeling of the physics of a spill, modeling of the
influence of environmental conditions, spill and fire dynamics, and model peer review.

Hazards Analysis and Public Safety Impacts

Current LNG spill and dispersion modeling and analysis techniques have limitations. In addition,
variations exist in location-specific conditions that influence dispersion, such as terrain, weather
conditions, waves, currents, and the presence of obstacles. Therefore, it is sensible to provide
guidance on the general range of hazards for potential spills rather than suggest a specific,
maximum hazard guideline.

To assess the general magnitude of expected hazard levels, a limited sensitivity analysis was
performed using simplified models for a range of spill volumes. The spill volumes were based
on potential breaches from credible accidental and intentional threats. These analyses are
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summarized in Sections 4 and 5 of this report. While not conducted for a specific site, the
analyses provide examples of general considerations for hazards and risks. From the assessment
conducted, thermal hazards will occur predominantly within 1600 m of an LNG ship spill, with
the highest hazards generally in the near field (approximately 250 - 500 m of a spill). While
thermal hazards can exist beyond 1600 m, they are generally lower in most cases.

The general hazard zones and safety guidance identified from this assessment are as follows:

= The pool sizes for the credible spills estimated could range from generally 150 m in
diameter for a small, accidental spill to several hundred meters for a large, intentional
spill. Therefore, high thermal hazards from a fire are expected to occur within
approximately 250 — 500 m from the origin of the spill, depending on the size of the spill.
Major injuries and significant structural damage are possible in this zone. The extent of
the hazards will depend on the spill size and dispersion from wind, waves, and currents.
People, major commercial/industrial areas or other critical infrastructure elements, such
as chemical plants, refineries, bridges or tunnels, or national icons located within portions
of this zone could be seriously affected.

» Hazards and thermal impacts transition to lower levels with increasing distance from the
origin of the spill. Some potential for injuries and property damage can still occur in
portions of this zone; but this will vary based on spill size, distance from the spill, and
site-specific conditions. For small spills, the hazards transition quickly to lower hazard
levels.

* Beyond approximately 750 m for small accidental spills and 1600 m for large spills, the
impacts on public safety should generally be low for most potential spills. Hazards will
vary; but minor injuries and minor property damage are most likely at these distances.
Increased injuries and property damage would be possible if vapor dispersion occurred
and a vapor cloud was not ignited until after reaching this distance.

Table 3 summarizes the results on expected hazard levels for several types of accidental and
intentional spills. While the analyses included evaluations of the size and number of breaches,
spill rate and discharge coefficient, burn rate, surface emissive power, and transmissivity, site-
specific environmental conditions such as wind speed, direction, waves, and currents, were not
specifically considered. Therefore, the distances to each of the different hazard zones are
provided as guidance and will vary depending on site-specific conditions and location.

The upper part of Table 3 identifies the estimated hazard zones in terms of public safety from
potential accidents, where spills are generally much smaller. The lower part of Table 3 identifies
the estimated hazard zones in terms of public safety from examples of intentional LNG spills,
which can be larger.
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Table 3:

Guidance for Impacts on Public Safety from LNG Breaches and Spills

POTENTIAL SHIP POTENTIAL IMPACT ON PUBLIC SAFETY*
EVENT DAMAGE AND SIS
HAZARD . .

SPILL High Medium Low
clelliefone: Minor ship qamage, Minor ship damage None None None
Low speed no spill
Collisions: LNG cargo tank D hi

i breach and small - amage tog P
High ( : and small fire ~250 m ~250 — 750 m >750 m
Speed medium spill
Grounding: Mi hio d
<3 m high |no;cs) bur)ea?:?agey Minor ship damage None None None
object
Intentional
breach and Damage to ship
medium to large and large fire ~ 500 m ~500 m - 1600 m > 1600 m
spill
Intentional
Breach
= Damage to
ship and large ~500m ~ 500 m - 1600 m > 1600 m
Intentional, large fire
release of LNG = Vapor cloud
d|sp9rs!qn with ~500m > 1600 m > 2000 m
late ignition

* Distance to spill origin, varies according to site
Low — minor injuries and minor property damage
Medium — potential for injuries and property damage
High — major injuries and significant damage to property

Many of the hazard zones identified in Table 3 are based on thermal hazards from a pool fire,
because many of the events will provide ignition sources such that a fire is likely to occur
immediately. In some cases, the potential exists for a vapor cloud to be created without being
ignited. As noted in Sections 4 and 5 and Appendices C and D, a vapor cloud from an LNG spill
could extend to 2,500 m, if an ignition source is not available. The potential thermal hazards
within a vapor cloud could be high. Because vapor cloud dispersion is highly influenced by
atmospheric conditions, hazards from this type of event will be very site-specific.

In addition, latent or indirect effects, such as additional damage that could be caused by a
damaged infrastructure (e.g. a refinery or power plant), were not directly assessed. These types
of issues and concerns are site-specific and should be included as part of the overall risk
management process.

1.2 Safety Analysis Conclusions

The potential for damage to LNG containment systems that could result from accidents or
intentional events was evaluated. While hazard distances and levels will vary based on site-
specific conditions, a summary of the safety analysis conclusions is presented below.
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1.2.1

1.2.2

1.2.3

General Conclusions

The most significant impacts to public safety and property exist within approximately 500
m of a spill, with much lower impacts at distances beyond 1600 m, even for very large
spills.

Under certain conditions, it is possible that multiple LNG cargo tanks could be breached
as a result of the breaching event itself, as a consequence of LNG-induced cryogenic
damage to nearby tanks, or from fire-induced structural damage to the vessel.

Multiple breach and cascading LNG cargo tank damage scenarios were analyzed, as
discussed in Sections 4 and 5. While possible under certain conditions, they are likely to
involve no more than two to three cargo tanks at any one time. These conditions will not
greatly change the hazard ranges noted in General Conclusion Number 1, but will increase
expected fire duration.

Accidental Breach Scenario Conclusions

Accidental LNG cargo tank damage scenarios exist that could potentially cause an
effective breach area of 0.5 to 1.5 m™.

Due to existing design and equipment requirements for LNG carriers, and the
implementation of navigational safety measures such as traffic management schemes and
safety zones, the risk from accidents is generally low.

The most significant impacts to public safety and property from an accidental spill exist
within approximately 250 m of a spill, with lower impacts at distances beyond
approximately 750 m from a spill.

Intentional Breach Scenario Conclusions

Several credible, intentional LNG cargo tank damage scenarios were identified that could
initiate a breach of between 2 m? to approximately 12 m% with a probable nominal size of
5-7m’.

Most of the intentional damage scenarios identified produce an ignition source and an
LNG fire is very likely to occur.

Some intentional damage scenarios could result in vapor cloud dispersion, with delayed
ignition and a fire.

Several intentional damage scenarios could affect the structural integrity of the vessel or
other LNG cargo tanks due to ignition of LNG vapor trapped within the vessel. While
possible under certain conditions, these scenarios are likely to involve no more than two to
three cargo tanks at any one time, as discussed in Sections 4 and 5.

Rapid phase transitions (RPT) are possible for large spills. Effects will be localized near
the spill source and should not cause extensive structural damage.

The potential damage from spills to critical infrastructure elements such as bridges,
tunnels, industrial/commercial centers, LNG unloading terminals and platforms, harbors,
or populated areas can be significant in high hazard zones.
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7. In general, the most significant impacts on public safety and property from an intentional
spill exist within approximately 500 m of a spill, with lower impacts at distances beyond
approximately 1600 m from a spill, even for very large spills.

1.3 Guidance on Risk Management for LNG Operations over
Water

Risk identification and risk management processes should be conducted in cooperation with
appropriate stakeholders, including public safety officials and elected public officials.
Considerations should include site-specific conditions, available intelligence, threat assessments,
safety and security operations, and available resources. This approach should be performance-
based and include identification of hazards and risks, protection required for public safety and
property, and risk prevention and mitigation strategies.

The following guidance is provided to assist risk management professionals, emergency
management and public safety officials, port security officials and other appropriate stakeholders
in developing and implementing risk management strategies and processes. For both accidental
and intentional spills, the following is recommended:

= Use effective security and protection operations that include enhanced interdiction,
detection, delay procedures, risk management procedures, and coordinated emergency
response measures, which can reduce the risks from a breaching event;

= Implement risk management strategies based on site-specific conditions and the expected
impact of a spill on public safety and property. Less intensive strategies would often be
sufficient in areas where the impacts of a spill are low.

=  Where analysis reveals that potential impacts on public safety and property could be high
and where interactions with terrain or structures can occur, modern, validated
computational fluid dynamics (CFD) models can be used to improve analysis of site-
specific hazards.

1.3.1 Guidance on Risk Management for Accidental LNG Spills
Zonel

These are areas in which LNG shipments transit narrow harbors or channels, pass under major
bridges or over tunnels, or come within approximately 250 meters of people and major
infrastructure elements, such as military facilities, population and commercial centers, or national
icons. Within this zone, the risk and consequences of an accidental LNG spill could be
significant and have severe negative impacts. Thermal radiation poses a severe public safety and
property hazard, and can damage or significantly disrupt critical infrastructure located in this
area.

Risk management strategies for LNG operations should address both vapor dispersion and fire
hazards. Therefore, the most rigorous deterrent measures, such as vessel security zones,
waterway traffic management, and establishment of positive control over vessels are options to
be considered as elements of the risk management process. Coordination among all port security
stakeholders is essential. Incident management and emergency response measures should be

22



carefully evaluated to ensure adequate resources (i.e., firefighting, salvage, etc.) are available for
consequence and risk mitigation.

Zone 2

These are areas in which LNG shipments and deliveries occur in broader channels or large outer
harbors, or within approximately 250 m — 750 m of major critical infrastructure elements like
population or commercial centers. Thermal radiation transitions to less severe hazard levels to
public safety and property. Within Zone 2, the consequences of an accidental LNG spill are
reduced and risk reduction and mitigation approaches and strategies can be less extensive.

Within Zone 2, the consequences of an accidental LNG spill are reduced and risk reduction and
mitigation approaches and strategies can be less extensive. In this zone, risk management
strategies for LNG operations should focus on approaches dealing with both vapor dispersion and
fire hazards. The strategies should include incident management and emergency response
measures such as ensuring areas of refuge (e.g. enclosed areas, buildings) are available,
development of community warning signals, and community education programs to ensure
persons know what precautions to take.

Zone 3

This zone covers LNG shipments and deliveries that occur more than approximately

750 m from major infrastructures, population/commercial centers, or in large bays or open water,
where the risks and consequences to people and property of an accidental LNG spill over water
are minimal. Thermal radiation poses minimal risks to public safety and property.

Within Zone 3, risk reduction and mitigation strategies can be significantly less complicated or
extensive. Risk management strategies should concentrate on incident management and
emergency response measures that are focused on dealing with vapor cloud dispersion. Measures
should ensure areas of refuge are available, and community education programs should be
implemented to ensure that persons know what to do in the unlikely event of a vapor cloud.

1.3.2 Guidance on Risk Management for Intentional LNG Spills
Zone 1

These are areas in which LNG shipments occur in narrow harbors or channels, pass under major
bridges or over tunnels, or come within approximately 500 meters of major infrastructure
elements, such as military facilities, population and commercial centers, or national icons.

Within this zone, the risk and consequences of a large LNG spill could be significant and have
severe negative impacts. Thermal radiation poses a severe public safety and property hazard, and
can damage or significantly disrupt critical infrastructure located in this area.

Risk management strategies for LNG operations should address vapor dispersion and fire
hazards. The most rigorous deterrent measures, such as vessel security zones, waterway traffic
management, and establishment of positive control over vessels are elements of the risk
management process. Coordination among all port security stakeholders is essential. Incident
management and emergency response measures should be carefully evaluated to ensure adequate
resources (i.e., firefighting, salvage) are available for consequence and risk mitigation.
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Zone 2

These are areas in which LNG shipments and deliveries occur in broader channels or large outer
harbors, within approximately 500 m — 1.6 km of major critical infrastructure elements, such as
population or commercial centers. Within Zone 2, the consequences of even a large LNG spill
are reduced. Thermal radiation transitions to less severe hazard levels to public safety and

property.

Risk management strategies for LNG operations that occur in this zone should focus on vapor
dispersion and fire hazards. The strategies should include incident management and emergency
response measures that ensure areas of refuge (enclosed areas, buildings) are available, the
development of community warning procedures, and education programs to ensure that
communities are aware of precautionary measures.

Zone 3

This zone covers LNG shipments and deliveries that occur more than approximately 1.6 km from
major infrastructures, population/commercial centers, or in large bays or open water, where the
risks and consequences to people and property of a large LNG spill over water are minimal.
Thermal radiation poses minimal risks to public safety and property.

Risk reduction and mitigation strategies can be significantly less complicated or extensive than
Zones 1 and 2. Risk management strategies should concentrate on incident management and
emergency response measures for dealing with vapor cloud dispersion. Measures should ensure
that areas of refuge are available, and community education programs should be implemented to
ensure that persons know what to do in the unlikely event of a vapor cloud.
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2 BACKGROUND

Many studies have been conducted to assess the consequences and risks of LNG spills from both
storage terminals and LNG tankers. However, while recognized standards exist for the
systematic safety analysis of potential spills or releases from LNG storage terminals and facilities
on land, no equivalent set of standards exists for the evaluation of the safety or consequences
from LNG tanker spills over water. Since the incidents surrounding September 11, 2001, much
larger spill scenarios and their potential consequences are being evaluated for many types of
flammable cargo transportation, including LNG tankers.

Due to limited experience and experimental testing associated with large-scale spills over water,
most studies use simplifying assumptions to calculate and predict the hazards of a large LNG
spill. The range of assumptions and estimates for many complicated spill scenarios can lead to
significant variability in estimating the probability, hazards, consequences, and overall risks of
large LNG spills over water.

To address these issues, DOE requested that Sandia help to quantify potential credible threats to
an LNG ship, assess the potential hazards and consequences from an LNG spill, and identify
potential prevention and mitigation strategies that could be implemented to reduce the risks of a
potentially large LNG spill over water. These efforts included:

= An in-depth literature search of the experimental and technical studies associated with
evaluating the safety and hazards of LNG following a major spill from an LNG ship;

= A detailed review of four recent LNG spill modeling studies related to the safety
implications of a large-scale LNG spill over water;

= Evaluation of potential scenarios for breaching an LNG cargo tank, both accidentally and
intentionally, identification of the potential size of an LNG spill for those scenarios, and
an assessment of the potential range of hazards and consequences from the spills; and

= Development of a risk analysis approach to quantify threats, assess hazards, and identify
operational, safety, and security procedures and techniques to reduce to acceptable levels
the probability, risks, and hazards of a large LNG spill over water.

To support its efforts, Sandia worked with the U.S. DOE, the U.S. Coast Guard, LNG industry
and ship management agencies, LNG shipping consultants, and government intelligence agencies
to collect background information on LNG ship and cargo tank designs, accident and threat
scenarios, and standard LNG ship safety and risk management operations. The information
gathered was used to develop accidental and intentional LNG cargo tank breach scenarios, for
modeling of potential spill hazards, and as the basis for analysis to determine the extent and
severity of LNG spill consequences. Based on analysis of the modeling results, three
consequence-based hazard zones were identified and risk reduction and mitigation techniques
were identified to reduce impacts on public safety and property.

The results of these evaluations are summarized in Sections 3 — 6 and detailed analyses are
presented in Appendices A — D.
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2.1 History and Description of LNG

Natural gas liquefaction dates back to the 19th century, when British chemist and physicist
Michael Faraday experimented with liquefying different types of gases, including natural gas. A
prototype LNG plant was first built in West Virginia in 1912, and the first commercial
liquefaction plant was built in Cleveland, Ohio, in 1941. The Cleveland plant liquefied natural
gas and stored the LNG in tanks, which was vaporized later for use during heavy demand
periods. Natural gas continues to be liquefied and stored for use during peak demands, with
almost 100 LNG peaking facilities in the U.S. [EIA 2002].

2.1.1 Growth of International LNG Transportation

In January 1959, the world's first LNG tanker, The Methane Pioneer, a converted World War 11
liberty freighter, carried an LNG cargo from Lake Charles, Louisiana to the United Kingdom.
The U.S. began exporting LNG to Asia in 1969, when Phillips Petroleum built a liquefaction
facility on the Kenai Peninsula, about 100 miles south of Anchorage, Alaska. The Phillips plant
continues to operate and is one of the oldest continuously operated LNG plants in the world.

A fleet of about 150 specially designed LNG ships is currently being used to transport natural gas
around the globe. Worldwide, there are 17 LNG export (liquefaction) terminals and 40 import
(re-gasification) terminals. This commercial network handles approximately 120 million tons of
LNG every year. LNG carriers often travel through areas of dense traffic. In 2000, for example,
Tokyo Bay averaged one LNG cargo every 20 hours and one cargo per week entered Boston
harbor. Estimates are that world wide LNG trade will increase 35% by 2020. The major areas

for increased LNG imports are Europe, North America, and Asia [Kaplan and Marshal 2003] [DOE
2003].

Four LNG marine terminals were built in the United States between 1971 and 1980: Lake
Charles, Louisiana; Everett, Massachusetts; Elba Island, Georgia; and Cove Point, Maryland.
After reaching a peak receipt volume of four million tons in 1979, LNG imports declined when
de-control of natural gas prices produced an economic supply of natural gas within U.S. borders.
The Elba Island and Cove Point receiving terminals were mothballed in 1980. Due to the recent
growth in natural gas demand, both of these terminals have undergone refurbishment and
reactivation, and both are currently receiving LNG shipments. The Lake Charles and Everett
terminals, which have operated below design capacity for many years, have also recently
increased receipt of LNG.

Import of natural gas into the U.S. is expected to double over the next 20 years [DOE 2003]. Four
to eight new LNG terminals are expected to be constructed in the next four to five years and
more than 40 new terminal sites are under consideration and investigation. A factor in the siting
of LNG receiving terminals is the proximity to market. Therefore, terminals are being
considered in areas with high natural gas demands, which includes locations on all three U.S.
coasts. Most are being planned to handle one to two LNG tanker shipments per week.
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2.1.2 LNG Transportation by Ship

Specially designed ships are used to transport LNG to U.S. import terminals [Harper 2002] [OTA
1977]. Many LNG tankers currently in service use Moss spherical tanks, as illustrated in Figure 1.
Moss tankers sometimes use nitrogen to purge some below-decks spaces to aid in preventing
fires. Moss ship holds are designed to collect spilled LNG and the vessels contain equipment
required to recover it [Glasfeld 1980]. In addition to Moss tankers, other LNG ships are designed
with prismatic, membrane-lined cargo tanks.

Figure 1. Moss-Spherical LNG Tanker Ship

No.4 TANK I#o.SI TANK No.1 TANK

Figure 2. Prismatic Tanker Ship
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Prismatic tanks are designed to conform to the shape of the ship’s hull, thus occupying much of
the internal area of the ship, which minimizes areas into which LNG from a tank rupture or spill
can be diverted.

Some of the special features of LNG ships include:
= Construction of specialized materials and equipped with systems designed to safely store
LNG at temperatures of -260 °F (-162.2°C).

= All LNG ships are constructed with double hulls. This construction method not only
increases the integrity of the hull system but also provides additional protection for the
cargo tanks in the event of an accidental collision.

= Coast Guard regulations and the "International Code for the Construction and Equipment
of Ships Carrying Liquefied Gases in Bulk" (International Gas Carrier Code) require that
LNG ships meet a Type IIG standard, which is an intermediate-level safety design
standard for hazardous cargoes that includes direction on double-hull designs and
materials, subdivision, damage stability, and cargo tank location.

During the past 40 years, more than 80,000 LNG carrier voyages have taken place, covering
more than 100 million miles, without major accidents or safety problems, either in port or on the
high seas [Pitblado 2004]. Over the life of the industry, eight marine incidents worldwide have
resulted in LNG spills, with some damage; but no cargo fires have occurred. Seven incidents
have been reported with ship structural damage, two from groundings; but no spills were
recorded. No LNG shipboard fatalities from spills have occurred [Beard 1982] [SIGTTO 2003].

2.1.3 LNG Properties
Typical properties of LNG:

= LNG is simply natural gas that has been cooled to its liquid state at atmospheric pressure: -
260°F (-162.2°C) and 14.7 psia. Currently, imported LNG is commonly 95% — 97%
methane, with the remainder a combination of ethane, propane, and other heavier gases.

= LNG is transported at ambient pressures.

= Liquefying natural gas vapor, which reduces the gas into a practical size for transportation
and storage, reduces the volume that the gas occupies more than 600 times.

= LNG is considered a flammable liquid.
= LNG vapor is colorless, odorless, and non-toxic.

= LNG vapor typically appears as a visible white cloud, because its cold temperature
condenses water vapor present in the atmosphere.

= The lower and upper flammability limits of methane are 5.5% and 14% by volume at a
temperature of 25°C.

Table 4 lists the flammability limits for several compounds.
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Table 4: Flammability Limits for Selected Fuel Compounds at 25°C

FUEL AL FLA('\I/I_’;ISBILITY LIMIT UPPER FLI);AMMABILIT_Y LIMIT (UFL)
% by volume in air ooy wiellrue o el

Methane 55 14.0
Butane 1.6 8.4

Propane 2.1 9.6
Ethanol 3.3 19.0
Gasoline (100 Octane) 14 7.8
Isopropyl alcohol 2.0 12.7
Ethyl ether 1.9 36.0
Xylene 0.9 7.0
Toluene 1.0 7.1

Hydrogen 4.0 75.0
Acetylene 25 85.0

2.2 Growing Interest in LNG Safety and Security

The increasing demand for natural gas will significantly increase the number and frequency of
LNG tanker deliveries to ports across the U.S. Because of the increasing number of shipments,
concerns about the potential for an accidental spill or release of LNG have increased. In
addition, since the incidents surrounding September 11, 2001, concerns have increased over the
impact that an attack on hazardous or flammable cargoes, such as those carried by LNG ships,
could have on public safety and property.

The risks and hazards from an LNG spill will vary depending on the size of the spill,
environmental conditions, and the site at which the spill occurs. Hazards can include cryogenic
burns to the ship’s crew and people nearby or potential damage to the LNG ship from contact
with the cryogenic LNG. Vaporization of the liquid LNG can occur once a spill occurs and
subsequent ignition of the vapor cloud could cause fires and overpressures that could injure
people or cause damage to the tanker’s structure, other LNG tanks, or nearby structures.

With the growing dependence on imported LNG to meet increasing U.S. natural gas demands,
damage or disruption from a spill to an LNG import terminal or harbor facilities could curtail
LNG deliveries and impact natural gas supplies. Therefore, methods to ensure the safety,
security, and reliability of current or future LNG terminals and LNG shipments are important
from both public safety and property perspectives, as well as from a regional, energy reliability
standpoint. Methods to reduce the risks and hazards from a potential LNG spill must be
considered on a site-specific basis and will vary, depending on factors such as location,
geography, operational considerations, and weather conditions. The next section discusses the
process used to assess LNG tanker safety and security from accidental and intentional events,
improve overall protection, and reduce impacts on public safety and property.
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3 RISK ASSESSMENT OF LNG SPILLS OVER WATER

High consequence operations such as the transportation, off-loading, and storage of LNG imply
potential risks to people and property. Risk is defined as the potential for suffering harm or loss
and is often quantified as the product of the probability of occurrence of a threatening event times
the system vulnerability to that event and the consequences of that event. Thus,

Risk = P (threat occurring) x Ps (system failure/threat) x Consequences;
Where: P = the probability of an accidental or intentional threat,
Ps = the probability that preventive or mitigating measures fail, and
Consequences = usually expressed in fatalities or costs.

Effectively evaluating the risks of a large LNG spill over water requires that the potential hazards
(results of events that are harmful to the public and/or property) and consequences be considered
in conjunction with the probability of an event, plus the effectiveness of physical and operational
measures of LNG transportation to prevent or mitigate a threatening event. For example, safety
equipment, operational considerations and requirements, and risk management planning can
work together to reduce the risks of an LNG spill by reducing both the probability of an event
that could breach the LNG tanker and by reducing the consequences of a spill.

Because of the difficulty in assessing the effectiveness of ship safety measures and operational
safety and security strategies, many studies assume the probability of an event and a ship’s
vulnerability to be one; therefore, the concentration is on calculating expected consequences.
This often provides worst-case results with low probability and very high uncertainty, which can
inappropriately drive operational decisions and system designs. Therefore, for high consequence
and low probability events, a performance-based approach is often used for developing risk
management strategies that will reduce the hazards and risks to both public safety and property.

3.1 Risk Analysis Elements of a Potential LNG Spill
The risk analysis approach of a potential LNG spill should include:

1. Uncertainty: Assessment of the accuracy of the assumptions used and the probable
ranges.

2. Comprehensiveness: Do the failure modes considered account for all major avenues of
loss? Understanding the full range of consequences associated with a catastrophe can
require considerable effort. Completeness is important to properly support risk assessment
and risk management.

Two important variables are ‘directness of effect’ and ‘latency.” For example, if an
explosion breaches an LNG cargo tank on a ship, that is a direct effect. Conversely, if a
resulting explosion damages an LNG terminal—hampering future LNG deliveries for
extended periods—that is an indirect or latent effect. Latency refers to when the effects
are felt. Immediate effects occur simultaneously with the threat; whereas latent effects
occur after an interval, the length of which might vary from system to system. It should
be emphasized that indirect/latent effects sometimes dominate other consequences.
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3. Evaluation of risk reduction measures: One way to reduce risk is to remove or block
the threat; i.e., prevent the disaster from occurring in the first place. For example,
reinforce ships against collisions or reduce ship speeds in a harbor to reduce the chance of
a spill.

4. Threat as a moving target: Many avenues to failure — mechanical, environmental
insult, operator error — are amenable to analysis and can be confidently predicted to occur
with some probability in the future. Other types of threats can be constantly changing and
difficult to assess accurately, requiring more robust approaches for prevention or
mitigation and frequent re-evaluations of new threats.

3.2 LNG Spill Risk Assessment and Management Process

A general performance-based risk assessment and risk management process is shown
schematically in Figure 3. The risk analysis, in turn, helps support a program for managing risks
of LNG deliveries to terminals for site-specific locations and conditions. The risk assessment
and management process includes:

= Evaluating the potential for an event that could cause a breach or loss of LNG from a ship;

= Establishing the potential damage to a cargo tank or other system from these events and
the potential spills that could occur;

= Estimating the volume and rate of a potential LNG spill based on the dimensions and
location of the breach, properties and characteristics of the LNG, ship construction and
design, and environmental conditions (e.g., wind, waves, currents, etc.);

= Estimating the dispersion, volatilization, and potential hazards of a spill based on physical
and environmental conditions; and

=  When necessary, identifying prevention and mitigation approaches and strategies to meet
risk management goals.

As illustrated in Figure 3, if risks, costs, or operational impacts are deemed to be too high, the
overall process cycles back through the evaluation to identify alternative approaches for
improving system performance. Safeguards could include a range of risk management options:
improvements in ship protection, modification of existing operational and safety and security
management procedures, improvements in emergency response coordination, or changes in
support operations or services. The risks are then re-evaluated according to the new approaches
to determine if they meet identified risk management goals. If not, then the evaluations can be
repeated with additional provisions or changes until the risk management goals are reached. The
potential alternatives, changes, and/or upgrades can be compared through the process to identify
appropriate and effective approaches for improving overall system safety and security.
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Figure 3.

Deciding on the sufficiency of protection measures to meet risk management goals is often aided
by a benefit-cost evaluation. In most locations and most operations, some level of risk is
common and, therefore, a “residual” risk often remains. For example, certain levels of safety
equipment are standard features in automobiles, such as seat belts, air bags, and antilock brakes.
While they might be effective safety measures, they do not provide total protection in all
automobile accident scenarios. Therefore, the public does have some level of risk associated

with driving.

How might risk management considerations apply to LNG transportation and off-loading? Table
5 illustrates some examples of potential LNG transportation safeguards and associated impacts

MAKE CHANGES & REPEAT PROCESS

Risk Assessment and Risk Management Approach

on overall effectiveness, cost, operations, and residual risks.
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Table 5:

Examples of Potential LNG Transportation Safeguards and Impacts

COST OF
SAFEGUARD RISK RESIDUAL CONSEQUENCE SAFEGUARD OPERATIONAL
ACTION REDUCTION RISKS IMPROVEMENT IMPACTS
APPROACH
Thermal
. hazards from potential reduction in
Potential smaller . Increased Increased number of
. . small fire, hazard zone and L .
Smaller LNG fire size and . . . shipping costs, shipments,
. higher accident | reduced impacts on . N
tankers shorter fire . . . increased energy additional port
. potential with public safety and . .
duration . costs disruption
increased property
shipments
Hazards to

Evacuation during
LNG shipments

Reduce hazards
to people from

property from a
fire, accidents

Reduce injuries and
deaths from potential

Labor intensive,
increased costs
for emergency

Disruption of
evacuees

Remote terminal
and pipeline

potential spill during fire .
) services
evacuation
Reduce impacts Impact on

on public safety
and property
from potential
fire

public safety
and property
from potential
pipeline leaks

potential reduction in
hazards from large-
scale or catastrophic
fire

potential high
capital costs,
increased energy
costs

Pipeline vulnerability
issues

While many potential safeguards might be identified for a given location, the level of risk

reduction and risk management required to be protective of public safety and property for LNG
transportation will vary based on site-specific conditions. The risk management goals for a given
location should be determined in cooperation with all stakeholders. Stakeholders include the
general public, public safety officials and elected officials, facility operators, port and
transportation safety and security officials, underwriters, utility representatives, regulatory
agencies, and ship management companies.

3.3 The Elements of an LNG Spill over Water

The detailed flowchart (‘event tree’) in Figure 4 illustrates an overview of event sequences that
might ensue following a breach of an LNG cargo tank and /or a spill. The purpose of the
flowchart is to provide a basis for a comprehensive risk analysis. In the event tree, time
progresses roughly from left to right, beginning with a potential breach or damage of an LNG
cargo tank or LNG handling system; progressing to an LNG spill, dispersion, and energy release;
ending with an analysis of impacts on people and property. The event tree approach helps ensure
that all credible events are considered systematically and helps identify critical elements in the
event sequence. This aids in focusing risk management efforts on the most important elements,
and improving both public safety and security more efficiently and cost-effectively. As shown in
the event tree, the hazards and consequences from potential spills can vary.
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Figure 4. Potential Sequences of Events Following a Breach of an LNG cargo tank




3.3.1 LNG Cargo Tank Breaches

The variables that influence an LNG cargo tank breach include:
= Type and location of the breach and the energy involved,

= The vessel’s geometry, its construction and materials, hold spaces, distance between
hulls, tonnage, and event mitigation systems;

= LNG cargo tank construction and size; and
»  The fluid mechanics and thermodynamic characteristics of LNG.

Figure 5 illustrates a breach and subsequent spill involving a Moss tanker. If the cargo tank
is punctured, LNG driven only by weight of the fluid itself will traverse the ship’s below-
decks spaces plus the ballast space between the two hulls, which are empty when a full cargo
is on board [Kaplan and Marshall 2003]. The speed at which an LNG spill will progress will
depend on the size and location of the breach in the LNG cargo tank.

Vapor
Ullage

LNG Cargo

200m — F

Spilled LNG
Pool

M2 Purged

Diverted LNG

Ballast will be empty
ith a full cargo on-
board

Figure 5. Anatomy of an LNG Spill on Water

For LNG cargo tank designs, a realistic estimate of tanker losses (i.e., the fraction of the spill
that reaches the water) must be reduced to account for LNG diverted to the ballast space or,
for the Moss spherical design, vacant hold areas. Spill damage to the ship from contact with
the cryogenic LNG and/or from fire damage to the ship or its other LNG cargo tanks are
consequences that were considered during this study. Based on the analyses, the potential for
damage to the ship cannot be ruled out, especially for large spills. However, it was
concluded that releases from no more than two or three tanks would be involved in a spill at
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any one time. This cascading release is not expected to increase significantly the overall fire
size or hazard ranges, but the expected fire duration would increase.

The potential size and impact from several breaching scenarios from both accidental and
intentional events were evaluated and are summarized in Sections 4 and 5 and discussed in
detail in Appendix B — Threat Analysis and Spill Probability.

3.3.2 LNG Spill Dispersion after a Breach

Quantifying the size and likelihood of spills from different events drives the Spill and
Dispersion part of the event tree. Following a tank breach or other spill event, depending on
the size and location, LNG can be expected to spill onto or into the LNG ship itself, escape
through a breach onto the water surface, or both. Depending on whether there is early or late
ignition, LNG dispersion can occur through either volatilization of the LNG into the air and
transport as a vapor cloud or transport as a liquid on the surface of the water.

Several variables must be addressed in developing an assessment of an LNG spill and its
general dispersion, including potential ignition sources and ignition times. These factors
determine whether the LNG disperses without a fire, burns as a pool fire, or burns as a vapor
fire. Assumptions made in addressing or analyzing these variables can have a significant
impact on estimates of the potential hazards associated with an LNG spill. The experimental
results from a wide range of spill and dispersion testing were evaluated and the expected
impacts of large-scale spills over water were evaluated. They are summarized in Sections 4
and 5 and discussed in detail in Appendix C — LNG Spill and Dispersion Analysis.

3.3.3 Potential Consequences from an LNG Spill over Water

The consequences or hazards from an LNG spill include a wide range of potential events, as
illustrated in the event tree. The sections below discuss the analyses that should be
considered in a study attempting to assess the consequences and hazards of an LNG spill for
a specific site. The potential hazards and their results were reviewed and evaluated and are
summarized in Sections 4 and 5, and discussed in detail in Appendix C — LNG Spill and
Dispersion Analysis and Appendix D — Spill Consequence Analysis.

Asphyxiation

Methane is considered a simple asphyxiant, but has low toxicity to humans. In a large-scale
LNG release, the cryogenically cooled liquid LNG would begin to vaporize upon release
from the breach of an LNG cargo tank. If the vaporizing LNG does not ignite, the potential
exists that the LNG vapor concentrations in the air might be high enough to present an
asphyxiation hazard to the ship crew, pilot boat crews, emergency response personnel, or
others that might be exposed to an expanding LNG vaporization plume. Although oxygen
deficiency from vaporization of an LNG spill should be considered in evaluating potential
consequences, this should not be a major issue because flammability limits and fire concerns
will probably be the dominant effects in most locations.
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Cryogenic Burns and Structural Damage

The very low temperature of LNG suggests that a breach of an LNG cargo tank that could
cause the loss of a large volume of liquid LNG might have negative impacts on people and
property near the spill, including crewmembers or emergency personnel. If LNG liquid
contacts the skin, it can cause cryogenic burns.

Potential degradation of the structural integrity of an LNG ship could occur, because LNG
can have a very damaging impact on the integrity of many steels and common ship structural
connections, such as welds. Both the ship itself and other LNG cargo tanks could be
damaged from a large spill.

Combustion and Thermal Damage

In general, combustion resulting from industrial incidents such as an LNG spill can result in
thermal and/or pressure loading. Thermal loads are very dependent on the rate of energy
conversion (‘heat release rate’). Pressure loads are very dependent on the power density; that
is, the heat release rate per unit volume. Thus, how combustion occurs is as important to the
consequences of a spill as is the energy available. Table 6 shows the general type of thermal
radiation damage from a fire. These levels are often used to establish fire hazard areas.

Table 6: Common, Approximate Thermal Radiation Damage Levels

Incident Heat Flux
(kWim?)’ Type of Damage
35_375 Damage to process equipment including steel tanks, chemical
: process equipment, or machinery
o5 Minimum energy to ignite wood at indefinitely long exposure without a
flame
18 -20 Exposed plastic cable insulation degrades
12.5-15 Minimum energy to ignite wood with a flame; melts plastic tubing
5 Permissible level for emergency operations lasting several minutes
with appropriate clothing

*Based on an average 10 minute exposure time
[Barry 2002]

For example, the National Fire Protection Association standard for the production, storage,
and handling of Liquefied Natural Gas (Standard 59A) recommends that an incident heat flux
value of 5 kW/m® be the design level that should not be exceeded at a property line or in
areas where groups of more than 50 people might assemble [NFPA 2001]. Therefore, 5 kW/m?
is a commonly used value for establishing fire protection distances for people. While
structures might be able to withstand higher levels of incident heat flux, as shown in Table 6,
heat flux levels approaching 35 kW/m?” will cause significant damage to structures,
equipment, and machinery.

Generally, combustion of LNG vapor is controlled by two limiting factors: 1) whether the
LNG vapor does not have enough time to mix with the air (called non-pre-mixed
combustion), and 2) whether the ignition occurs after the fuel has time to mix with the
surrounding air (appropriately called ‘pre-mixed combustion’). Therefore, ignition time is
important in spill scenarios to assess appropriately the type and extent of thermal radiation
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from an LNG spill and fire. As noted in Table 6, combustion and thermal damage from a fire
can have severe consequences and should be carefully and thoroughly analyzed.

LNG/Fireballs

Two types of combustion modes might produce damaging pressure: ‘deflagration’ and
‘detonation’. Deflagration is a rapid combustion that progresses through an unburned fuel-air
mixture at subsonic velocities; whereas, detonation is an extremely rapid combustion that
progresses through an unburned fuel-air mixture at supersonic velocities. For low reactivity
fuels such as natural gas, combustion will usually progress at low velocities and will not
generate significant overpressure under normal conditions. Ignition of a vapor cloud will
cause the vapor to burn back to the spill source. This is generally referred to as a ‘fireball’,
which, by its nature, generates relatively low pressures, thus having a low potential for
pressure damage to structures.

LNG/Air Explosions

Certain conditions, however, might cause an increase in burn rate that does result in
overpressure. If the fuel-air cloud is confined (e.g., trapped between ship hulls), is very
turbulent as it progresses through or around obstacles, or encounters a high-pressure ignition
source, a rapid acceleration in burn rate might occur [Benedick et al. 1987]. The potential for
damaging overpressures from such events could occur under some limited spill and
dispersion scenarios, specifically in confined areas. However, effects will be localized near
the spill source and are not expected to cause extensive structural damage.

Rapid Phase Transitions (RPT)

Rapid Phase Transitions occur when the temperature difference between a hot liquid and a
cold liquid is sufficient to drive the cold liquid rapidly to its superheat limit, resulting in
spontaneous and explosive boiling of the cold liquid. When a cryogenic liquid such as LNG
is suddenly heated by contacting a warm liquid such as water, explosive boiling of the LNG
can occur, resulting in localized overpressure releases. Energy releases equivalent to several
kilograms of high explosive have been observed. The impacts of this phenomenon will be
localized near the spill source and should not cause extensive structural damage.

3.4 Evaluation of Four Recent LNG Spill Modeling Studies

Four recent LNG spill-modeling studies were evaluated to assess whether they provide a
definitive determination of the lateral extent and thermal hazards of a large-scale release of
LNG over water. The results of the comparisons are summarized below and detailed in
Appendix A. The studies reviewed include:

= “Comparison of Hypothetical LNG and Fuel Oil Fires on Water.” Report by the
National Oceanic and Atmospheric Administration (NOAA), Office of Response and
Restoration, Seattle, WA, 2003, DRAFT [Lehr and Simicek-Beatty 2003].

= “Model of spills and fires from LNG and oil tankers.” Journal of Hazardous
Materials, B96-2003, 171-188, 2003 [Fay 2003].

= “Modeling LNG Spills in Boston Harbor.” Copyright® 2003 Quest Consultants, Inc.,
908 26™ Ave N.W., Norman, OK 73609; Letter from Quest Consultants to DOE
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(October 2, 2001); Letter from Quest Consultants to DOE (October 3, 2001); and
Letter from Quest Consultants to DOE (November 17, 2003) [Quest 2003].

= “Liquefied Natural Gas in Vallejo: Health and Safety Issues.” LNG Health and

Safety Committee of the Disaster Council of the City of Vallejo, CA, January 2003
[Vallejo 2003] [Koopman 2004].

An event tree of generic LNG spill scenarios was used to compare and contrast the analysis
process in each study. Table 7 summarizes and illustrates the range of assumptions
employed in each of the four studies for evaluating a potential LNG cargo tank breach plus
an associated fuel spill, its spread and dispersion, and fuel ignition and burning. All the
studies assumed ignition such that the fuel burns as a pool fire, with no explosions.

Table 7:  Summary of Assumptions in the Four Studies Analyzed
TIME TO VAPORIZES | EFFECT OF IGNITION AT
STUDY EMPTY DURING WAVES SPI-?ACI)DLE 'G%',\TA'SN ,\'jl'bpls'\éf COM“ngSET ION POOL; NOT IN
(Min) SPREAD INCLUDED VAPOR CLOUD
Instantly Yes No Circle Instantly S.OHd I_lefusmn flam_e Yes
Lehr cylinder with no explosion
Varies \.Nlth Yes No Semicircle Instantly Point lefusmn flame Yes
Fay hole size source with no explosion
Solid
cylinder
Instantly that Diffusion flame
Quest 2 Yes Yes Circle after includes - X Yes
- with no explosion
spread tilt for
wind
effects
) Varies \.N'th Yes No Circle Instantly Point D|ﬁu3|on flame Yes
Vallejo hole size source with no explosion

Table 8 presents a summary of the LNG spill and fire hazard predictions for each of the
studies. The distances between the fuel fire and specific thermal hazards are shown in the
columns labeled as “Skin Burn Distance” and “Paper Ignition Distance.” A secondary
indicator of thermal hazard is shown in the “Fire Duration” column.

Significant differences were observed among the studies in the thermal hazard distances
calculated, due to each analyst’s use of different fuel spill volumes and different
approximations in the models for spill spreading, fuel burning, and heat transfer. The
Vallejo, Quest, and Fay reports addressed comparable large spills; and the Lehr paper
concentrated on spills that were twenty-five to fifty times smaller in volume.

Each of the studies differed in its use of models for fire and heat transfer. For example, if
identical fuel spill areas and fire thermal emission levels are used as inputs, the heat transfer
models used in the Quest and Fay studies predict thermal hazards that differ by 30%, due to
the flame model and pool size assumptions noted in Table 7. Each of the studies assumed a
source of ignition (required to start a fire), but excluded consideration of the timing of
ignition relative to the release and spreading of the LNG.
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Table 8: Summary of Results of Four Recent LNG Studies Analyzed

FUEL SPILL AREA OF “SKIN BURN” “PAPER IGNITION” FIRE DURATION
STUDY VOLUME FUEL SPILL DISTANCE?® DISTANCE®
(m (m? (m) (m) (min)
500
Lehr (hole area not not reported 500° not reported 2-3
specified)
o 14,300
Fay 2 200,000 1900 930 3.3
(20m*hole area)
12,500 J q
Quest ) 9503 490 281 28.6
(20m* hole area)
. 14,300
Vallejo 2 120,000 1290 660 9
(20m*hole area)

3Thirty-second exposure to heat levels of 5 kW/m? causes second-degree skin burns (blisters) at this distance.

"Seventeen-second exposure to heat levels of 22 kW/m? causes newspaper to ignite at this distance. [SFPE Handbook of Fire Protection
Engineering, 2" ed., National Fire Protection Association, (1995)]

¢ Distance from edge of spill

dAssuming a wind speed of 9 m/s (20 mph).

¢ Considers a range of hole sizes. This size chosen for comparison.

The studies also differed in their use of meteorological conditions, such as waves for the
locations considered. Quest is the only study that used an LNG spill dispersion model in
which the impact of waves on the spill pool area was considered. Many of the assumptions
and parameters used in the calculations and analyses were not specifically validated.

While existing analytical models and techniques can be used to provide general guidance on
the potential hazards associated with a large LNG spill, the four studies do demonstrate how
differences in the assumptions of spill size, fire modeling parameters, and environmental
factors can have a significant impact on calculated hazard distances. Therefore, the studies
show how important it is to use appropriate assumptions, data, and models in trying to
develop an accurate assessment of hazards from an LNG spill. While each of the studies
provides an example of the potential consequences of a large-scale LNG spill over water,
none of the studies identified the probability of the postulated events and assumptions, nor
did any discuss mechanisms or strategies that could be implemented to reduce the potential
risks of such a spill. Therefore, they do not provide a characterization of how to manage the
risks to people and property of a large-scale LNG spill over water
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4 ACCIDENTAL LNG BREACH, SPILL, AND HAZARD
ANALYSES

Currently, the potential for an accidental LNG cargo tank breach, the dynamics and
dispersion of a spill, and the hazards of such a spill, are only generally understood because
the combination of LNG ship designs and current safety management practices for LNG
transportation have reduced LNG accidents to a level such that there is little historical or
empirical information on breaches or spills.

This lack of information forces analysts to make many assumptions and simplifications when
calculating the size, dispersion, and thermal hazards of a spill, as discussed in Section 3 and
detailed in Appendix A for four recent LNG spill studies. Therefore, it should be understood
that while many existing models and techniques can be used to provide adequate guidance on
the hazards of an LNG spill, a level of variability can exist in estimating the potentiality and
size of a breach and the extent of the hazards from an associated spill.

This section summarizes the modeling and analyses conducted to assess the potential for an
accidental breach of an LNG cargo tank, the probable size of a potential accidental breach,
and the associated spill size and hazards to people and property from a resulting spill. The
detailed results of these analyses are presented in Appendices B — D.

4.1 Analysis of Accidental Breach Scenarios of an LNG Cargo
Tank

As noted in Section 2 of this report, the LNG industry has an exemplary safety record, with
only eight accidents over the past 40 years. None of these accidents led to a loss of life.
Even with this excellent safety record, consideration should be given to what might be a
likely LNG cargo tank breach based on a potential accidental collision with another ship,
grounding, or ramming. The severity of a breach based on these events depends on the
location, vessel design, relative vessel speeds and collision alignment, and mitigation or
prevention systems in place to limit potential damage.

Using previously conducted finite element modeling of collisions of a series of ships with a
double-hulled oil tanker similar in overall size, mass, and design to an LNG vessel, we were
able to estimate the level of damage and hole sizes expected for several different accident
scenarios [Ammerman 2002]. These analyses were conducted using PRONTO-3D, a transient
dynamic, explicitly integrated, Eulerian finite volume code. The analysis tracked the
progressive failure of the struck ship as the striking ship penetrated and the results are
discussed and presented in detail in Appendix B. The results show that breaching of the
inner hull does not occur until impact velocities exceed approximately 5 — 6 knots for large
vessels. For small vessels, such as pleasure craft, the kinetic energy is generally insufficient
to penetrate the inner hull of a double-hulled vessel such as an LNG ship. This analysis also
calculated that penetration into a double-hulled tanker must be approximately three meters
before a hole occurs in the inner hull, which can be used to estimate the minimum size of a
penetration to cause a spill in a grounding event.
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Because of the additional insulation and third level of containment in many LNG vessels, it is
expected that a deeper penetration would be required to rupture the primary LNG cargo tank.
Therefore, because of its general design and construction, collision velocities for equivalent
hole sizes could be expected to be one to two knots higher for an LNG vessel. This would
suggest that the required velocity to cause a breach of an LNG cargo tank during a 90 deg
collision with a large vessel could be six to seven knots.

After a collision with an LNG tanker in which LNG is pouring out, the striking ship would
probably back out, unless it could not move. In many collisions between two ships, the ships
can remain joined for several hours, if significant penetration of one ship occurs. The
analysis by Ammerman discussed in Appendix B suggests that as little as 5% — 10% of the
generated breach size would be available for the release of LNG. Therefore, the collision of
a large ship with an LNG carrier at even 10 knots is expected to produce an effective hole
size of no more than approximately one square meter for an LNG spill.

The size and location of potential breaches were used as a basis for analysis of the potential
for cryogenic damage to the structural steel of an LNG ship from a spill. Contact of steel
with cryogenic fluids is known to cause embrittlement, which can significantly reduce the
strength of steel [Vaudolon 2000]. A detailed structural analysis was beyond the scope of this
review; but structural integrity embrittlement scoping analyses were conducted to assess the
potential damage to an LNG ship from small and large LNG spills based on available fracture
mechanics data and models. These analyses were guided by available information on LNG
ship and tank designs, construction, and structural steel material property data [Linsner 2004]
[Shell 2002] [Wellman 1983] and are discussed in detail in Appendix D.

In general, the results suggest that the critical flaw size for cryogenic damage of common
LNG ship steels is less than one-tenth of an inch. It is common to see flaws of this size in
typical, welded construction or around corrosion areas. Therefore, it is expected that some
cryogenic damage of the LNG vessel, even for some accidental spills, would be likely. The
extent and impact of the damage will depend on the breach and spill size and location and
effectiveness of risk prevention and mitigation strategies and should be considered relative to
overall ship integrity and LNG cargo tank support integrity.

A summary of the potential breach size and potential ship damage from several different

accident scenarios is presented in Table 9, based on the detailed analyses presented in
Appendices B and D.

Table 9: Estimated LNG Cargo Tank Breach Sizes for Accidental Scenarios

ACCIDENTAL BREACHES
Type Breach Size Tanks Breached Ship Damage
Accidental collision . p
. None None Minor
with small vessel
Accidental collision 5 - 10m? .
) . 2a 1 Moderate
with large vessel (Spill area 0.5 — 1m°)
Accidental Grounding None None Minor
Notes:  a- Assumes vessels remain joined during spill event and breach is mostly plugged

b - Minor suggests ship can be moved and unloaded safely
¢ — Moderate suggests damage that might impact vessel and cargo integrity
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The potential breaching of an LNG cargo tank due to an accident, such as a collision or
grounding, appears to be minimal. Such a breach can be easily reduced through a number of
operational mechanisms, including managing ship traffic, coordinating ship speeds, and by
active ship control in inner and outer harbors where the consequences of a potential LNG
spill might b