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Abstract—Imported liquefied natural gas can provide needed supplements to diminishing domestic gas 
supplies as well as being a convenient means for the storage and transportation of natural gas. LNG vessels 
and facilities are, however, costly and present the risk of potentially large accidents. We describe these 
risks and the impacts of LNG operations, summarize the safety issues, and make several policy recom-
mendations for the responsible use of this premium fossil fuel. 

1. INTRODUCTION 
Natural gas is an important, widely used fossil fuel which is convenient and relatively 
non-polluting. Because U.S. domestic supplies have been declining since 1972, suppliers have 
sought to import additional gas in the form of liquefied natural gas (LNG), which is 1/600 the 
volume of natural gas and is therefore convenient for transportation and storage. If present 
plans and proposals pending approval are implemented, there will be a rapid increase in the use 
of liquefied natural gas in the United States. The facilities required include liquefaction plants, 
large ocean-going tankers, import-receiving terminals, storage depots, and gas-transmission 
pipelines. These have high capital costs and like other industrial operations have associated 
socio-economic and environmental impacts. 

LNG is stored at —260°F and is a flammable fuel, which when spilled spreads and 
evaporates. If not quickly ignited, the flammable vapors generated tend to spread laterally, 
since they are heavier than air when cold. Thus they can move downwind as a vapor cloud. For 
a large spill of LNG on water (such as the contents of a ship's tank), an LNG vapor cloud may 
drift several miles from the site of a spill under stable atmospheric conditions if it encounters 
no ignition sources en route. Hence an LNG vapor cloud is potentially more dangerous than 
natural gas (at normal temperatures) which will rise and disperse much more radily in air. In a 
tanker accident an LNG spill on water will not be contained. The liquid will quickly spread on 
the water surface until it evaporates within a few minutes, depending on the volume of the spill. 
In an accident on land a dike around the storage tank can contain the liquid, and the 
evaporation rate is limited by the surface area covered by the liquid. The vapor cloud may 
disperse harmlessly or, if ignited, a significant and serious fire may result. 

Since LNG facilities are often sited in or near densely populated areas, the results of a very 
large spill could be catastrophic. Accidents involving LNG facilities have occurred, most 
notably in Cleveland in 1944 when 128 people were killed by the conflagration after an LNG 
tank collapsed. The liquid flowed into the surrounding neighborhood and ignited. Since that 
time, considerable improvements have been made in LNG technology (including the addition of 
dikes around storage tanks). 

Several studies have tried to estimate the now small likelihood of large LNG accidents, and 
numerous tests have been performed to understand the behavior of LNG when it is spilled. 
Despite this attention to engineering-safety details, the threat of sabotage may well represent 
the largest risks to the public from LNG facilities. The intent of this report is to present a 
description of the risks and impacts presented by LNG operations in the near future and to 
summarize the most important safety issues. In addition, areas for further safety research are 
indicated and several policy recommendations are made. On balance, the overall risks of LNG 
supply systems are probably less than those of some energy systems now in use. Nonetheless, 
continued attention to the potential risks is needed to ensure that this remains true. 
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2. BACKGROUND 

The logistics of liquefied natural gas 
Since 1960 the liquefied natural gas industry has undergone rapid growth. The two principal 

functions for LNG are to supply natural gas for base-load use in places where there would 
otherwise be a shortage and to meet peak demands or provide security of supply. LNG use for 
peak-shaving accounted for the initial growth of the industry, but a number of base-load 
facilities are planned or under construction on the west and east coasts. There are now about 57 
peak-shaving plants (49 in operation) and 49 satellite storage facilities in the U.S. with storage 
capacities of greater than 1.9 M m3  of LNG. Three base-load plants are planned for Alaska (one 
is operational now), and 13 import-receiving terminals are proposed, with two operational, one 
mothballed, three under construction and seven in the planning and approval stages.' 

Liquefied natural gas has become a significant item of international commerce. It is 
transported in specially constructed tankers ranging in cargo capacity up to 160,000 m3  of LNG. 
Large terminals for base-load storage of imported LNG have been built on the East Coast and 
similar facilities are planned for the West and Gulf Coasts (see Table 1). Major shipping routes 
exist between Algeria and the U.S. East Coast, Alaska and Japan, Borneo and Japan, Algeria 
and England and France, Libya and Spain and Italy. Proposed trade routes are from the 
Persian Gulf to India and Japan, Nigeria to the U.S., Europe and Brazil, Alaska to the U.S. 
West Coast, the Caribbean via Venezuela to the U.S., Ecuador and Chile to the U.S. West 
Coast, and New Guinea to the U.S. West Coast and Japan. By 1980, LNG trade internationally 

Table I. LNG import receiving terminals in the U.S.14. 

Liquefaction-
vaporization 

Company 	 Storage capacity 	 capacity 	Year of 
and plant site 	 MMcf 	MBb1 	 (MMcf/day) 	operation 

DISTRIGAS CORP, 	 3250 	 974 	 135 	1971 
Everett, MA 	 (1 x 374+ I x 600) 

PUBLIC SERVICE ELEC & 	 6000 	1800 	 360 	1973-75 
GAS OF NEW JERSEY 	 (2 x 900) 
Staten Is., NY 

COLUMBIA LNG CORP & 	 5000 	1500 	 1000 	1976-Base 
CONSOLIDATED SYSTEM 	 (4 x 375) 	 200 	load plant 
LNG CO, Cove Pt., MD 

ALGONQUIN LNG INC. 	 6000 	1800 	 300 	1973-1st 
(EASCOGAS LNG, INC.) 	 (3 x 600) 	 375 	tank 2 add'l 
Providence, RI 	 pending 

NATURAL GAS PIPELINE 	 5500 	1600 	 400 	1977-planned 
CO. OF AMERICA 	 (2 x 800) 
(Peoples Gas) 
Ingleside, TX 

TRUNKLINE LNG CO. 	 6000 	1800 	 — 	1977-planned 
Lake Charles, LA 	 (3 x 600) 

NORTHWEST NATURAL 	 1200 	 348 	 100 	1976-under 
GAS CO., Newport, OR 	 construction 

WESTERN LNG CO. 	 7700 	2200 	 400 	48 mos. after 
Terminal Is., Los 	 (4 x 550) 	 (5000) 	approval 
Angeles Harbor, CA 

SOUTHERN ENERGY CO. 	 4000 	1200 	 540 	1976-under 
Elba Island, GA 	 (3 x 400) 	 construction 

TRANSCO TERMINAL CO. 	 6000 	1800 	 — 	1977-planned 
Racoon Is., NJ 	 (3 x 600) 

WESTERN LNG CO. 	 3850 	1100 	 520 	48 mos. after 
Oxnard, CA 	 (2 x 550) 	 (2300) 	approval 

WESTERN LNG CO. 	 7700 	2200 	 3300 	48 mos. after 
Pt. Conception, CA 	 (4 x 550) 	 approval 

PHILLIPS-MARATHON* 	 2300 	 675 	 90 	1969 
Kenai, AK 	 (3 x 225) 

EL PASO ALASKA 	 6000 	2200 	 3375 	1980-planned 
Pt. Gravina, AK 	 (4 x 550) 

PACIFIC ALASKA LNG* 	 3000 	1100 	 400 	1978-planned 
CO., Cook Inlet, AK 	 (2 x 550) 

*Includes three liquefaction plants and storage for export in Alaska. 
tPipeline and Gas Journal, Annual LNG Issue, June 1976, p. 21. 
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is expected to account for 6% of the world's natural gas consumption and, by 1990, the U.S., 
Japan, and Europe may be importing about 20 billion cubic feet per day (20 bcfd = 0.57 x 
109  m3/day) of natural gas in the form of LNG. By 1980, 3.2 bcfd or 90.6 x 106  m3/day may be 
imported from Algeria into east coast ports. This would entail about one large tanker arrival 
each day. Proposals to transport 3.7 bcfd into Southern California (0.55 bcfd from Indonesia 
and 3.2 bcfd from Alaska) are presently under consideration. The Energy Resources Council 
has suggested an upper limit of 2 trillion cubic feet per yr for U.S. imports of LNG, about 10% 
of the total expected gas demand by 1985. However, the LNG industry would like to supply 
more than this amount and projects to import over 3 trillion cubic feet per year are pending or 
in the planning stage.2  

Bringing LNG to market is highly capital intensive and involves the following operations: 
Exploration, exploitation and collection of the natural gas; purification, liquefaction, storage, 
loading and shipping; ocean transport in LNG tankers; receiving at terminals near deep water 
ports, storage or transport by barge or truck to other storage facilities, revaporization and 
transmission via the gas pipeline system. 

Operations in the first two categories listed above usually take place overseas (with the 
notable exception of Alaska) and are, therefore, less subject to public concern in this country. 
The average price of an LNG tanker of 125,000 m3  capacity is over $100 M, and by 1985 the 
cumulative investment in LNG has been forecast as about $18 billion.3  Table 2 gives typical 
economic costs and benefits for the proposed import facility at Oxnard, California. 

LNG accidents 
Because LNG is volatile, very cold and its vapors are flammable and potentially explosive, 

Table 2. System description and economic costs and benefits of the LNG receiving and vaporization plant at Oxnard, CA. 
(Ref. 10). 

I. System Description 
A. Natural gas output 

1. Baseload-0.55 billion cubic feet per day (4 bcfd ultimate) 
5 Seawater Vaporization Units (36 ultimate) 

2. Peaking-0.45 billion cubic feet per day (1 bcfd ultimate) 
4 Peaking Vaporizers (10 ultimate) 

3. Total peak output-I.00 billion cubic feet per day (5 bcfd ultimate) 
B. Storage Tank Capacity-2 @ 550,000 barrels of LNG = 3.85 billion cubic feet of Natural Gas 
C. Gas transmission pipeline 

1. Length-12.2 miles (53.3 ultimate) 
2. Diameter-42 in. 

D. LNG tankers 
1. Ship capacity-130,000 cubic meters of liquefied natural gas = 2.84 billion cubic feet of natural gas 
2. Fleet size-9 (21 ultimate) 
3. Annual tanker arrivals-75 (443 ultimate) 

E. Land requirements 
1. Receiving terminal and plant-38 acres (55 ultimate) 
2. Pipeline-37 acres (485 ultimate) 

II. Costs 
A. Initial capital outlay for construction 

1. Plant-$200 M 
2. Pipeline-$14 M 
3. Tankers-9 @ $167 M = $1.5 billion 

B. Operation 
1. Operating staff salary (annual)-$545,000 
2. Taxes (annual)-$7 M 

III. Benefits 
A. Employment 

1. Construction 
(a) Labor force-1260 
(b) Payroll-$50 M 

2. Operation 
(a) Labor force-29 for present proposed operation (90 ultimate) 
(b) Payroll-$545,000 

B. Increase in local tax revenues-$7 M/yr 
C. Disposable income over 20 yr lifespan of facility > $8.3 M 

($27 M if ultimate capacity of 4 bcfd is reached) 
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it presents risks to those who must handle it and to the general public as well. These risks have 
gained public attention largely through four principal accidents. The largest LNG accident 
occurred on 20 October 1944 in Cleveland, Ohio, when one of four storage tanks failed and 
rapidly released 4250 m3  of LNG. Because there was no dike or berm surrounding the tank to 
contain the spilled LNG (as is now required) it flowed into the streets and sewers. The LNG 
was ignited and where confined in pipes or buildings, it exploded. Flames burned half a mile 
high. Altogether, 128 people died, 300 were injured, 80 houses and 10 industrial plants were 
seriously damaged. Because of the destruction, the exact cause of the accident was never 
discovered, but it is generally agreed that inadequate diking, poor tank location, and the wrong 
choice of metal for the tank were major contributors. The most probable direct cause was the 
use of a 3% nickel steel alloy for the tank construction. The metal became brittle at low 
temperatures and collapsed.' Today, a 9% nickel steel alloy, which was developed for fusion 
welding, is used in order to provide the necessary fracture toughness down to liquid nitrogen 
temperatures (-320°F). The LNG industry believes that a disaster of the magnitude of the 
Cleveland accident could not be repeated today because of improvements in technology and 
design. There is no question that today's facilities are safer. But how safe? 

Three more recent accidents involving LNG facilities were: (1) The explosion and fire in 
Texas Eastern's LNG storage tank on Staten Island in February 1973; the accident occurred 
during repair of the aluminized mylar lining which had developed leaks during two years of 
service. The tank had been emptied of LNG for one year, and the tank lining was under internal 
repair. The supposedly non-flammable insulation material caught fire, hot combustion gasses 
overpressurized the tank and lifted the roof, and forty workers who were trapped in the tank 
perished.' (2) The tank explosion at the Northwest Natural Gas Facilities in Oregon, during 
construction of the tank, before LNG was introduced, which caused four deaths. This incident 
was probably due to careless work practice and was not directly related to LNG.' (3) In 1972, a 
conflagration took place in the control room of an LNG plant in Montreal, Canada. The fire was 
initiated by the entry of leaking natural gas through an air line. Since the control room is an 
important part of the plant safety system, the fire was potentially more serious than if it had 
occurred in another building.' 

These accidents are a reminder of the risks of accidents associated with LNG facilities. The 
LNG industry feels "that the Staten Island and Northwest incidents should be discounted 
because LNG was not directly involved".9  Although the Northwest accident was due to 
carelessness in construction, the selection of a flammable tank lining for the Staten Island tank 
raised doubts about the safety standards of the industry. 

The accidents mentioned above, in addition to minor incidents, which are not always 
reported, clearly indicate that safety should be a foremost consideration for LNG facilities. 
Indeed, the LNG industry has long recognized the need for conscientious implementation of the 
latest safety measures, and in comparison to some other industries its safety record is good. 

Experience in handling other cryogenic liquids has led to increased LNG safety, and 
considerable research has been undertaken to determine the properties of LNG. However, 
when it comes to building or operating any specific LNG facility, economics, politics, current 
practices and regulations, existing plants, worker competence, siting policies, and numerous 
other factors all influence the actual risks and benefits. In the following sections of this paper 
we shall examine some of the issues surrounding the impacts of LNG facilities. 

Environmental impacts of LNG operations 
LNG facilities and their associated pipelines can have substantial environmental impacts, 

particularly related to their construction effects and land use during the facility lifetime. These 
have been enumerated, usually qualitatively, in the massive volumes which compose en-
vironmental impact statements. Unfortunately there exists in most of these reports no succinct 
summary of these effects or even of the proposed parameters. Table 3 is our attempt to list the 
major environmental impacts of the proposed Alaska—California LNG transport system and an 
import terminal as given in Refs. 10-12. Where possible we have tried to scale the impacts to a 
throughput of 1 bcfd of natural gas. Many of these effects can be considered representative of 
other LNG facilities, although the impacts are obviously site specific. 
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Table 3. Major environmental impacts of LNG facilities proposed for Alaska and California (Refs. 10-12). 

I. Effects on water bodies 
A. Construction 

1. Dredging for port or docks 
(a) Reduces concentration of dissolved oxygen in the water. 
(b) Increases amount of suspended contaminants (especially hydrocarbons and heavy metals) which have 

been released from the sediment. 
(c) Temporarily reduces photosynthetic activity. 

2. Salinity—may he altered slightly during construction. 
3. Effects on marine biota 

(a) Temporary elimination of plants and animals from dredged area. 
(b) Habitat changed. 
(c) Zooplankton and other organisms killed. 

B. Operation 
1. Heating and cooling of discharge water 

(a) AT—Temperature change 
I. liquefaction 	+21°F  
2. revaporization 	—5 to —9°F 

(b) Effects on Marine Biota—lethal or sublethal effects on plankton, larvae and juvenile forms of fish and 
shell fish. 

2. Waste discharge into water 
(a) Acrolein (used within cooling system to prevent fouling by marine animals, detoxified) —0.57 to 

1.57 ppm/bcf NG processed. 
(b) BOD5-0.001 tons/bet NG processed. 
(c) Phosphate (PO4 -2)-0.004 tons/bcf NG processed. 
(d) Chloride (C11-0.030 tons/bcf NG processed. 
(e) Oil-0.003 tons/bcf NG processed. 
(f) Suspended solids-0.013 tons/bcf NG processed. 
(g) Total dissolved solids-0.130 tons/bcf NG processed. 

3. Consumptive use of water 
(a) Liquefaction-306 M gal./bcf NG. 
(b) Revaporization-450 M gal./bef NG, 170,000 gal./min. 
(c) Sanitary and domestic uses-3100 gal./day. 
(d) Dust control during construction-20,000 gal./day. 
(e) Hydrostatic test water-11.5 x 106  gal./tank. 

II. Effects on ground water 
A. Construction traffic—deeper thawing of Alaskan permafrost with significant impact on ground water drainage 
B. Frostbulb formation around pipeline—blocks subsurface drainage (AK) 
C. Site dewatering for plant may dry up adjacent salt water marsh (CA) 

II. Effects on air quality (partial list only from indicated references 
A. Emissions from pipeline compressor stations 

I. S02-0.11 tons/bcf NG. 
2. NO,,-7.3 tons/bet NG. 
3. CO-0.42 tons/bet NG. 
4. Excess heat-1.05 x 10" Btu/bcf NG. 

B. Vaporization facility emissions 
1. NO2  (worst concentration 0.04 ppm, annual average less than 0.001 ppm). 

C. Emissions from ship's boilers 
1. SO, annual average for continuously moored tanker —8 /.1,g/m3. 

D. Specific Ramifications—e.g. even small amounts of SO2  reduce lichen growth on trees thereby having a 
detrimental effect on indigenous caribou and other lichen eating animals. 

IV. Electric power consumption 
A. Average 12 to 25,000 kW/bcfd. About 100 x 106  kWh/(yr — bcfd). 

V. Effects on land 
A. Topological alterations 

1. Alaska—permafrost degradation and removal of granular borrow for pipeline base may result in erosion, soil 
subsidence, change in drainage patterns, slope failures. 

2. California—site grading may have significant topological effects. 
B. Roadways and increased traffic 

1. Alaska—degrades permafrost. 
2. California—impaction of fragile desert vegetation. Also, increase in use of 4 wheel drive recreational vehicles 

from improved access roads. 
C. Disruption of local plant life 

1. Alaska 
(a) Forest and woodland vegetation would not be allowed to grow over pipeline. 
(b) Increased danger of forest fires. 

2. California 
(a) Impaction of grasslands, cultivated lands, orchards. 
(b) Elimination of vegetation from plant site and pipeline route. 
(c) Saltmarsh drainage and destruction. 

D. Disruption of local animal life 
1. Disruption of life cycles for all animal species within plant and pipeline area. 
2. Added risk to endangered species (e.g. San Joaquin kit fox and California least tern in CA). 
3. Increased access of hunters to caribou, deer, etc. 
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Table 3. (Contd) 

E. Disruption of archeological and historical sites—Without comprehensive field surveys this cannot be known with 
certainty but areas under consideration potentially contain Indian artifacts and so present the possibility of 
vandalism and artifact removal. 

F. Erosion—Improper release of hydrostatic testing water could result in severe erosion which could lead to 
ground shifting and pipeline rupture. 

G. Noise effects. 
1. Noise from compressor stations audible within 6000-7000 ft. radius. 
2. Added noise levels may further disrupt life cycles of animals especially in the hitherto undisturbed Chugach 

National Forest. 
VI. Gas throughput efficiency of LNG operations 

Gas throughput 
efficiency (%) 

LNG Liquefaction 83.0 
Volume of LNG delivered from shore facilities to tanker (% of vessel capacity) 99.0 
Gas loss during loading operations 1.0 
Volume of LNG loaded 98.0 

LNG boil-off during voyage (at 0.2-0.3% of vessel capacity per day) —2.0 
LNG heel retained for return voyage 3.0 

95.0 

LNG tank storage (less than 0.1% per day loss) 99.7 
LNG re-vaporization (gas-fired) 98.0+ 
Overall gas throughput efficiency to pipeline —76.0+ 

3. SAFETY ISSUE SUMMARY 

Properties of LNG 
Liquefied natural gas consists primarily of methane (95%), with smaller amounts of ethane 

(3%), propane (1%), nitrogen (0.5%) and heavier hydrocarbons (0.2%). The exact composition 
depends on that of the original natural gas. Although most contaminants are removed prior to 
liquefaction, traces of sulphur compounds, carbon dioxide and water may remain when the gas 
is liquefied to 1/610 of its original volume at —259°F. A typical peak-shaving LNG has a 
molecular weight of 16.8 amu, a density of 27.2 lb/ft3, and a specific gravity of 0.4. One barrel of 
LNG (0.159 m3  = 42 U.S. gallons) has a heating value of about 3.6 x 106  Btu. Liquefied 
petroleum gas (LPG) consists mostly of heavier hydrocarbons (usually propane and butane) 
and has similar safety problems. Because it is stored under pressure at ambient temperatures 
and the vapor is explosive even in open spaces, LPG is probably more dangerous than LNG, 
which is stored at atmospheric pressure.13'14  

LNG, LPG and other hydrocarbons such as gasoline and kerosene all burn rapidly with an 
intense fire, and these fires are similar. At first sight, it would seem that LNG and LPG are no 
more dangerous than gasoline (which is dangerous enough). If contained in a confined space, 
natural gas vapors from LNG can react explosively. If mixed with air between 5 and 15%, the 
vapor can burn, releasing large amounts of heat. LNG can also cause asphyxiation and freeze 
burns to those in the immediate vicinity, but these are relatively minor risks. In comparison 
with gasoline, the additional danger of LNG and LPG arises from their rapid evaporation and 
the spreading over long distances of the combustible vapor, which can occur in minutes, 
depending on the size of the spill. 

A contributor to the likelihood of LNG spills is its very cold temperature. At very low 
temperatures, some metals become brittle and should LNG come in contact with materials not 
specifically designed for low temperature service, fracture failure may result. This was what 
occurred in the Cleveland accident, and this was one of the chief concerns in a collision 
involving an LNG tanker. "Because of the brittle behavior of steel [of the type used in ship 
hulls] when cooled to LNG temperature, the puncturing of one tank in a vessel by collision or 
grounding could lead to the cooling and the fracture of adjacent tanks, propagating the failure 
to both ends of the vessel"." The tanks themselves will not suffer brittle failure since they are 
already cold and made of special metal alloys, but it is possible that the structural members of 
the hull which are under stress may be subject to fracture failure under accident conditions. 
Although new vessels are designed with such problems in mind, a more thorough analysis of the 
behavior of LNG tankers under accident stresses is needed. Self supporting (free standing) 
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tanks for LNG tankers may be less easily damaged than the cheaper membrane containment 
used in some tankers. 

A spill of 25,000 m3  or only one of five tanks is considered more likely than larger spills. 
However, for a spill of 100,000 m3  on water, most of a large tanker's contents, "a vapor cloud 
1 km in radius and 6 m deep would be formed in less than 15 min".' The possible consequences 
of such an LNG spill are potentially disasterous if the vapor cloud were to drift into an 
inhabited area and ignite. Since major LNG facilities are in or near large cities, such an accident 
is conceivable. There has been considerable contention over the probability of such a sequence 
of events. 

If there is an LNG spill on water or land, the liquid will evaporate as fast as heat transfer 
from the substrate allows. If the spill is contained, such as by a dike or berm, then the land 
beneath will freeze and evaporation will be slowed. If, on the other hand, the spill is on the sea, 
it cannot be easily contained. The LNG will chill the water immediately below and will spread 
laterally on the surface. The cold gas is denser than air and when methane and dry air are mixed 
adiabatically, the vapor will lift from the water and form a negatively buoyant cloud until 
dispersed by diffusion and wind. The gas will be flammable at the edges of the cloud, where the 
LNG/air concentration is between 5 and 15%. There may be pockets of inflammable gas 
distributed for miles depending on the size of spill, siting and atmospheric conditions. These 
general characteristics have been outlined by a number of authors.' These papers seem to be 
in general agreement, but there are nonetheless widely differing estimates about the distance an 
LNG vapor cloud will travel and remain flammable. 

A cloud of LNG vapor "could have dimensions of a few miles long by a few miles wide. For 
an extended vapor cloud to form, it is necessary that no ignition source be present in the cloud. 
Most of the postulated large releases are due to collisions with the ship or barge transporting 
the LNG. Almost inevitably such a collision provides sparks enough to ignite the clouds at the 
source and thus prevent its spreading. If this failed to happen, once the cloud reached a 
populated region, it would surely be ignited for there is a high density of ignition sources in 
populated areas. Thus, if unignited at the source, the cloud could spread over water, but would 
not be expected to penetrate into populated areas without ignition. Once ignited, the forward 
progress of the cloud would stop, and it would burn back towards the source. Although the 
possibility of a large cloud formation is very small, it represents the hazard capable of 
producing the most damage to life and property".' 

Research on LNG safety 
Considerable research on liquefied natural gas safety has been carried out.24  Some rudimen-

tary quantitative risk assessments have been attempted for east coast LNG terminals. 
However, a comprehensive risk assessment did not exist until a December, 1975 study of the 
risks of a proposed LNG terminal in Los Angeles Harbor was performed by Science Ap-
plications Inc., for Western LNG Terminal Company.' This assessment represents the first 
thorough effort to quantify failure probabilities and examine the likely consequences of LNG 
accidents, but it still contains important shortcomings. Each major spill system was subjected 
to fault tree analysis: the tanker, the LNG transfer system, the storage tank and the vaporizing 
system. A number of initiating events including ship collisions, natural events such as earth-
quakes, operational and material failures, aircraft hazards and other sources of failure were 
considered. For each possible spill, model calculations were made to quantify the LNG spread 
and evaporation, the atmospheric dispersion of the vapor cloud, the ignition probability, 
radiated heat intensity and potential fatalities. A probability for each accident sequence and the 
resulting consequence was then obtained. 

The reliability of risk estimates of this type depends both on the experimental data base and 
the accuracy of the models used. There are a number of places where this detailed study might 
be criticized, but on the whole it represents a large step towards understanding overall LNG 
risks. Some of the results of this study for the L.A. Harbor estimate failure probabilities per year 
for the ship's sidewall as 1.2 x 10-6  caused by craft or missile impact when moored on site and 
4.9 x 10' from ship transit collisions in Los Angeles Harbor. The probability of an LNG 
storage tank and dike being breached is calculated as 1.2 x 10-6  per yr from aircraft impact. For 
this specific site and tank design, the earthquake risk is estimated as 10' per yr, which implies 
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that a quake of sufficient magnitude to destroy the tank and dike would occur only once in one 
hundred trillion years. (Certainly it is difficult to have absolute confidence in any estimates of 
this size. The age of the earth is on the order of 5 x 109  yrs.) When these failure probabilities are 
multiplied by probabilistic estimates of spill consequences, the likelihood of fatalities per year 
has been estimated. The S.A.I. estimates for L.A. Harbor are given in Table 4. Other estimates 
of risk probabilities from various sources are presented in Table 5. These examples may 
exclude certain sources of risk, such as the effect of secondary fires or the risks due to 
sabotage. In general, probability estimates of 10-9  and below are not to be taken literally. It is 
unfortunate that S.A.I. chose to present their calculations to this degree of accuracy. Small 
factors need to be examined in detail, since common mode failures, other accident sequences, or 
design failures are more likely than 10-I0  per yr. No estimates of the probability of sabotage 
were included, and in these days saboteurs with explosives cannot be so easily dismissed. More 

Table 4. Science Applications, Inc. fatality estimates for L.A. Harbor 
LNG terminal (Ref. 25). Probability of occurrence of calculated fatality 

levels for the 400 M ft3  per day South Alaska Project. 

Fatalities 
Probability of occurrence 

per yr, all cases 

1-100 1.2 x 10-7  
100-1000 8.7 x 10-8  

1000-2000 7.3 x 10-8  
2000-10,000 1.7 x 10-8  

10,000-20,000 4.9 x 10-12  
20,000-30,000 7.0 x 10-16  
30,000-40,000 8.2 x 10-25  
40,000-50,000 5.9 x 10-" 

Maximum 42,000 6.9 x 10-37  

Table 5. Examples of LNG risk estimates (Refs. 10-12) . 

I. Accident description 
A. Spill on water-LNG rapidly spreads and evaporates. If ignited, a pool fire may result, or the vapor may move 

downwind to the land and be ignited, or it may disperse harmlessly before ignition. For those caught outdoors 
within the burning cloud, fatality is approx. 100%. In daytime 20% of the population is assumed to be outdoors. 
Property damage will occur. 

B. Spill on land-should be confined within dike surrounding tank. Danger from radiated heat from fire if ignited. 
II. Sources of spills with varying consequences 

A. Internal causes (this list is not intended to be complete-pipe failures will have limited spills; tank failures can 
be much larger.) 
1. Valve rupture probability -10 8/hr. 
2. Tank rupture probability -10-6/yr. 
3. Automated valve failure 1 x 10-3/demand. 
4. Automatic shutdown failure 1 x 10-4/demand. 

B. External causes (dependent on the site) 
1. Natural hazards 

(a) Earthquakes-Although all plants proposed in California are at most 2 miles from a major fault, and their 
pipelines often cross faults over 20 times, the S.A.I. probability for a major accident due to earthquake 
activity is 10-R  per yr. 

(b) Hurricanes and high winds-Plants are structured to eliminate severe stress due to wind loading. Early 
storm warnings will allow for the evacuation of tankers and the emptying of ship-to-tank transfer lines 
which might be affected by the storm. 

(c) Tidal waves (tsunamis)-LNG plants are built in protected harbor areas. While tsunamis are a possibility 
in southern California, they present no major risk to the LNG plant. 

2. Man-made 
(a) Airplane crash into plant: annual probabilities-LNG storage tanks 2.5 x IV, major pipelines 5.2 x 10-4, 

LNG tankers 1.5 x 10-4. 
(b) Tanker collision-estimated accident of any kind 0.331 per yr or 0.00165 per bcfNG. Rupture probability 

0.005/yr. 
(c) Sabotage (Potentially important, but not quantified). 

III. General risk probability (strongly dependent on the site and surrounding population density, and are subject to 
disagreement) 
A. Probability of plume reaching land unignited-1.2 x 10-4/yr or 5.9 x 10-7  per bcfNG 
B. Estimated human fatalities-0.013 to 0.20 per yr or about 20 x 10-5  per bcfNG 
C. Expected frequency of one fatality-about 1 per 25 yrs or 1 per 5 x 10' bcfNG 
D. Maximum fatalities in large accident-40-2000 [=-10-7  per yr] 
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thorough attention should be paid to the risks of sabotage since these may be greater than the 
foreseeable engineering risks. 

Significant sources of uncertainty among various LNG risk estimates arise from different 
scenarios involving LNG spills. Varying spill rates and the characteristics of the surface 
(including soil type, density, porosity and moisture content) lead to different conditions for the 
spreading and evaporation of an LNG pool. Weather conditions, details of the vapor cloud 
dispersion model, and the criteria for statistically safe concentrations of residual flammable gas 
pockets will influence the downwind travel distance estimated. If the population at risk is not 
distant from the spill location, the risk will be primarily related to the width of the hazard 
zone, the probability of ignition, and the intensity of the resulting pool or vapor fire. 

Mathematical models have been developed to describe these characteristics. Extrapolations 
are involved for estimates of large spill behavior, since the experimental tests have been much 
smaller than the potential spill size for an entire storage tank. There is disagreement among the 
models as to the distance to the lower flammable limit (LFL) of the vapor cloud. Under the 
most stable atmospheric conditions, the distances to LFL for a 25,000 m3  spill of LNG, about 1 
tankful on an LNG tanker with five tanks, vary from 300,000 ft (Fay, M.I.T.) to 200,000 
(Burgess, Bureau of Mines) to 37,000 ft (American Petroleum Institute):°  These differences 
arise principally from the use of different peak to average concentration ratios in setting a 
criterion for safe dispersal, from the use of neutral atmospheric weather conditions rather than 
very stable conditions, and from lesser factors including different assumptions about the 
buoyancy of the vapor cloud and different physical models for LNG evaporation, spreading 
and dispersal. Until a thorough comparison is made and published, it is difficult to establish the 
correctness of a particular model, especially when the experimental data are for much smaller 
spills. 

The distance of the lower flammable limit of the vapor cloud should be set to take account 
of localized flammable pockets in parts of the cloud where the average concentration is below 
the nominal flammable limit (5%). S.A.I. concludes that for large vapor clouds the peak 
concentration will exceed the mean value by factors of 1.1 to 1 and 1.2 to 1, not by 2 to 1, or 10 
to 1, or 20 to 1 as hypothesized from some experimental tests. A plausible explanation is offered 
for the differences between the experimental interpretation and their model calculations, but 
this should be independently verified. Even if the different models agreed, stochastic variations 
in concentration can still occur and the choice of the LFL designated as "safe" depends on the 
confidence level presumed for the existence of a flammable pocket within that portion of the 
cloud. 

Other topics of importance for further research on LNG safety include: 
(1) Detonations in unconfined vapor clouds. Detonations of gas clouds are potentially more 

dangerous than simple ignition of a vapor cloud, as evidenced by accidental liquid propane 
explosions:4  For confined methane vapor clouds explosions are possible, but for unconfined 
methane large explosions have not been observed.26  The U.S. Coast Guard has sponsored tests 
at China Lake in an attempt to detonate stoichiometric mixtures of methane and air in 60 ft 
diameter balloon hemispheres. High explosive initiators as large as 2 kg were used, but no 
detonations were observed.' The effects of stratification and inhomogeneities and possible 
effects of scale in LNG vapor clouds need to be determined by further research. 

(2) Liquid—liquid vapor explosions. When a hot liquid is poured onto a cold liquid there is 
the possibility of a rapid transfer of heat (thermal energy) to mechanical energy. The question 
arises, do real situations occur when the mechanical work approaches the thermodynamic 
maximum and can this work be performed so rapidly that the forces are large or so that a 
chemical explosion is initiated, thus magnifying the effect? It seems that the answer to these 
questions is no, but not with the certainty we would like to have. 

There have been a number of examples of vapor explosions as one hot liquid falls on a 
colder liquid and in several instances these have been destructive. Vapor explosions have been 
observed for molten aluminum on water, molten steel on moist ground, molten lava upon water, 
sodium on molten uranium oxide, freon R22 on mineral oil or water, and LNG on water. This 
field of research was reviewed in 1971 by Witte,28  and the potential explosion hazards have 
been discussed in Refs.. 28-38. The most recent review of hydrocarbon vapor explosions by 
Porteus and Reid states that "new experiments have shown that, under the proper conditions, 
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explosions may be obtained in cases where previous investigation reported that none were 
possible".' The likelihood of LNG-water explosions changes with the composition of the LNG 
and with the manner in which the LNG and water are brought into contact. Although the energy 
release itself may not be damaging, at the least, LGN vaporization rates would probably 
increase substantially should vapor explosions occur. 

To obtain a rapid enough energy release to cause major damage by an LNG—water 
explosion, there must be a mechanism for the rapid formation of vapor, and the LNG must be 
finely fragmented into droplets. Vapor explosions are now thought to arise from the creation of 
a superheated film of the LNG upon the contact of water and LNG. As the temperature rises, 
the spontaneous homogeneous nucleation of this superheated film may occur, followed by a 
rapid flashing into vapor. An initial small explosion might cause fragmentation of the LNG, and 
create a large surface area; subsequently a larger volume of superheated film might explode. 

The conditions described by Henry' and by Reid37  for a superheat explosion on the mixing 
of two liquids can be graded in order of importance and certainty: 

(a) The two liquids must be in close contact and not have an intervening solid or vapor 
phase. 

(b) The temperature at the interface between the two liquids must be greater than the 
temperature at which homogeneous nucleation takes place in the bulk of the liquid without a 
nucleation site. The process of homogeneous nucleation defines the superheat limit (TSL)—the 
highest temperature at which the superheated liquid can exist. Only at this temperature or 
above can nucleation occur rapidly enough to form an explosion. 

(c) If the temperature of the hot liquid is below the homogeneous nucleation temperature, 
TsL, no explosion seems to occur under any circumstances in agreement with item (b). The 
interface temperature when one liquid is poured onto another seems well calculated by 
assuming contact of two infinite plane slabs. Then the interface temperature (T) is given by 

TH  = = kcp,C,  
Ti — 	kiipHCH' 

where T, k, p, C are the temperature, thermal conductivity, density, and heat capacity, and 
subscripts c and H signify the cold and hot liquids. For water poured on LNG Ti  is only 5°K to 
20°K below the temperature of the water. 

(d) If Ti  < TSL  there will be no explosion on pouring one liquid onto another. However, if 
TH  > Ts1  > Ti  some droplets of the cold liquid may warm up until the interface temperature 
reaches Ts,,. Then a delayed explosion can occur. (This is not relevant for the LNG case, 
because Ti  and TH  are both greater than TSL.) 

(e) If Ti >> TSL, vapor bubbles can suppress explosions. This is not a rigid condition, since it 
depends critically upon the method of bringing the two liquids into contact. Pure methane has 
not been observed to explode when poured upon water, but when impacted upon the surface at 
high velocity it can explode. LNG compositions which are not normally considered explosive 
might explode if impacted. For LNG—water vapor explosions: 

T14  = 293°K; TSL  = 166°K; TH/ Tsz, = 1.76; Ti/ TsL  =1.68. 

In most discussions of vapor explosions in industry, it is the first condition that is relied upon to 
prevent an explosion. Thus, in a hypothetical core disruption accident of a liquid metal fast 
breeder, Tsz, for sodium is about 2100°K; TH  = 3500°K is the temperature of molten mixed 
oxide fuel, but the interface temperature for the bulk of the uranium oxide/sodium interface is 
less than 2000°K because of the high thermal conductivity and heat capacity of the sodium. 
Explosions could only occur with small amounts of trapped sodium. Even so, LMFBR safety is 
questioned on this ground, and intensive international research continues. 

However, for liquid hydrocarbon spills upon water the last criterion is the only one which 
stops an explosion. If an LNG ship were to collide, and a tank were broken open, we can with 
our present limited knowledge imagine entry of water into a tank followed by boiling and 
pressure buildup. The pressure might then impel LNG into the sea, causing a vapor explosion. 
This course of events was not deemed possible in 1972, but the experiments of Porteous and 
Reid bring it into the realm of small but non-zero probabilities.38 
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It is not clear how much energy would be relased in such a vapor explosion or whether it 
would be damaging. Nevertheless, the pressure buildup within one of the ship's LNG tanks 
followed by LNG—water vapor explosions would substantially increase the vaporization rates 
of LNG. It is possible to envision a scenario where the vapor buildup and expulsion of LNG 
into the water oscillates with the process of sea water flowing into the emptying tank. Even if 
the LNG—water explosion itself did not cause damage, the more rapid formation of vapor could 
lead to a much more intense fire if ignition were to occur. Further research is clearly needed, 
both on liquid—liquid vapor explosions under these conditions and on the potential behavior of 
LNG in the event of a ship's tank rupturing. 

(3) Phase change pressurization due to stratification and "rollover".39  Since LNG is a mixture 
of several hydrocarbons, stable layers of different composition can form. As the two layers absorb 
heat differently and approach the same density, a sudden release of vapors may occur, leading to a 
pressure pulse. Storage tanks are now designed to withstand this. Relief values and adequate 
mixing can also deal with this problem. For this reason it is important to know the precise 
composition and age of LNG shipments. 

(4) Thermal radiation from fires. The resulting heat from a burning but contained spill of LNG 
can be damaging to people and property. The effects of wind are important for tilting flames and 
for predicting the radiated heat flux. Safe separation distances from LNG tanks are an essential 
part of the site plan, and determining the "safe" distance from an LNG fire has led to many 
tests of small amounts of LNG burning in open pools up to 80 ft in diameter. Most thermal 
radiation estimates are in agreement with the experiments which have been performed!' 

Figure 1 represents an extrapolation of thermal radiation data obtained by May and 
McQueen.' The region of experimental data is indicated. (It has also been reported that the 
Cleveland LNG pool fire, which was about 600 ft in diameter, was safely observed from one 
quarter mile distance.) At large distances from an LNG fire there may be thermal absorption 
effects to lessen the intensity or even a filtering out of the easily absorbed spectral lines. 
Differences in absorption of the CO, and H2O emission lines may lead to deviations from the 
simple exponential absorption usually assumed in air, which generally overestimates the heat 
radiated. The relative humidity of the air is also an important factor, and specific site 
characteristics will affect the thermal radiation flux. 

No one has yet burnt a shipload. This leaves open the question of extrapolation from the 
smaller test pool to the larger pool which would be created if an entire tank of LNG were to fail 
and the LNG were trapped in the dike surrounding the tank. Much of the safety argument 
centres on the criteria used to define a "safe" thermal radiation exposure level. There has been 
dispute over the appropriate heat flux radiated from a fire to choose as the safe limit: 
10,000 Btu/hr-ft2  will ignite wooden structures, 5700 Btu/hr-ft' will blister exposed skin in 7 sec 
and has been taken as the fatality limit in Ref. 25. 1500 Btu/hr-ft2  is often taken as the "safe" 
limit. Heat at this "safe" intensity will cause extreme pain after 20 sec of exposure and 

Fig. 1. Radiated heat from an LNG pool fire; from W. G. May and W. McQueen.' 
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blistering after about one minute. It is assumed that anyone experiencing this heat intensity 
would safely retreat from the area. Some critics feel that a lower value like 465 Btu/hr-ft2  
(1.5 kW/m2) is more reasonable, since it is the threshold below which no unbearable pain is felt 
for any exposure duration. Of course, the adoption of a lower figure of merit would require 
greater distances surrounding potential fire sources. 

(5) Control methods for LNG fires. Small LNG fires can be fought with dry chemicals. The 
rate of burning might be controlled by high expansion foam, although foam cannot extinguish 
the fire. However, controlled burning may be preferable if reignition is likely. It is difficult to 
fight LNG fires, and water sprays, while useful to cool exposed objects, may actually intensify 
the fire by increasing LNG evaporation rates if they fall on the LNG pool. It is still a matter of 
some discussion, whether to try to burn a spill before it disperses or to disperse it quickly 
before ignition. If, for example, there were small gas flames surrounding a dike, escaping gas 
would be burnt before a dangerous concentration could arise. However, this method has its 
drawbacks since it might escalate a minor accident and has not been adopted.' 

(6) Engineering design and materials used in LNG facilities. Because of the extreme 
temperature ranges which must be endured during spill and fire conditions, selection of the 
metals, concrete, and other materials is of significance. New insulating concretes (35 lb/ft3  vs 
140 lb/ft3) proposed for use in dikes to reduce vaporization rates need to be thoroughly tested 
for thermal shock characteristics. Concretes used in high dikes must be able to withstand the 
intense heat from a pool fire. More cautious engineering design incorporating multiple diking, 
insulated concretes, vapor containment barriers and tanks designed to withstand higher seismic 
loads can all reduce the hazard from spills, but at a price. Industry codes such as National Fire 
Protection Association 59A and the regulations of the U.S. Coast Guard and the Office of 
Pipeline Safety Operations should continue to be updated to accommodate advances in 
engineering design and the use of new materials. The experiences in Cleveland in 1944 where an 
inadequate metal alloy was used for the tank, and in Staten Island in 1973 where the supposedly 
non-flammable tank insulation burned disasterously demonstrate the necessity for rigid design 
and testing criteria and for independent review of industry codes. 

(7) Semi-solidification of LNG. The use of a semi-solid gel form of LNG in shipping or 
storage might significantly reduce spill and evaporation rates in the event of accident. An extra 
energy expenditure of about 66 Btu/lb will drop the temperature of LNG to —300°F, making it 
into a solid. However, this will not be practical for a number of engineering and economic 
reasons. It is possible to make a semi-solid LNG gel by rapidly condensing and freezing methyl 
alcohol or water in the LNG. Only one-third of a per cent by weight of alcohol or water is 
retained in the gel, which remains semi-solid at —260°F. Research into the properties of this gel 
is being carried out at the LNG research center at M.I.T. Studies of the scientific, engineering 
and economic feasibility of using such gels in transportation or storage should be pursued. 

To ensure the safety of LNG facilities the following steps are taken: endeavor to prevent 
any spill; contain any spill, if possible (although this is unlikely on the sea); allow the vapor to 
disperse, or ignite the spill intentionally; ensure that any habitation is far enough from the 
facility to be safe. 

The safety of an LNG facility can be protected at any one of these stages. Clearly it is to 
industry's advantage to prevent a spill, for once there is a spill, the facility could be damaged. 
However, tanks in an LNG ocean tanker might give way in a ship-to-ship collision, workers 
might be careless, or despite all engineering measures, a saboteur could break open either an 
LNG tank or ship under the most unfavorable meteorological conditions. It is not possible to be 
absolutely certain that there will be no spill, so we must take precautions at the other stages as 
well. Large separation distances may well be the most reliable method of achieving the desired 
safety. 

Despite the arguments over safety, LNG has been used since 1960 without serious accidents 
to the public. Although costly ($3 per million Btu delivered), it has distinct benefits over 
switching to alternative sources of energy. The combustion of natural gas is cleaner and leaves 
fewer effluents than either coal or oil. Other fossil fuels also present hazards in their storage, 
transportation, and use. In addition, there are potentially large costs to convert from gas to 
these fuels, and the present gas pipeline network is in place and operates efficiently. With 
appropriate attention to safety the overall risks of an LNG supply system are probably less 
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than those from some other energy sources now in use. The aim of further research and public 
scrutiny should be to ensure that this remains true. 

4. RECOMMENDATIONS 

Because LNG has the potential for large accidents, it is imperative that current risk 
estimates be verified independently and that disagreements among model calculations be 
understood. Recommendations on the siting of LNG facilities are now being made by the 
Federal Power Commission and other regulatory bodies, and a significant decision on natural 
gas transportation systems from Alaska will be made by the President by September 1977. 
Since the basis for past decisions has not been adequately presented, future decisions should be 
made openly with the best information and methods. LNG can prove to be a desirable fuel 
source, but its use will require responsible siting policies as well as continued attention to 
safety. Better information and improved methods of presenting this information to decision 
makers is required. 

The principal recommendations resulting from our studies of LNG risks and of the public 
participation in facilities' siting disputes" may be summarized as follows: 

—The number of agencies concerned with LNG terminal siting is large. Because of 
overlapping jurisdictions, the lack of national guidelines for siting, and the unresolved safety 
issues the process of approval has been lengthy. For each LNG import terminal at least eleven 
federal agencies and twice as many state and local bodies are involved in the approval process. 
These jurisdictions and the regulatory responsibilities should be clarified and a clear national 
policy on LNG importation established. 

—National LNG terminal siting guidelines should be established, not to preempt any of the 
regulatory agencies, but to provide them with the information they need. These guidelines 
should distinguish whether they are intended to protect against fatalities, injury, or incon-
venience in the event of "design basis" accidents. The guidelines should be developed in a 
manner such that they can be implemented by state or local agencies, who should retain the 
right of ultimate site approval in order to ensure that specific local conditions are taken into 
account. 

—Our case studies have indicated that the public has encountered difficulties in obtaining 
reliable information about proposed facilities and that public groups, including state and local 
governments, often lack of the financial resources and organization to obtain knowledgeable 
and impartial technical advice. Federal guidelines would help provide information but these 
difficulties will, nevertheless, persist under the current regulatory framework." 

—The early presentation of feasible alternative sites and open public discussion of the costs, 
risks and benefits of these alternatives prior to the gas company's selection of a "best" site 
would both increase the decision options and lead to greater public confidence in the selection 
process. The extra costs incurred in publicly presenting feasible alternatives would probably 
have already been repaid by speedier approval and by enhanced public acceptance of this 
technology. 

—Roughly 10 or fewer major import/receiving terminals will be required to import the 
volumes expected by 1985 (2 trillion cubic feet of natural gas per yr). Because these are 
basically regional facilities an effort should be made to publicly select an inventory of suitable 
alternative sites within each coastal region. The risks, costs, and benefits of the best of these 
alternative sites should then be publicly presented, so that all relevant concerns, including safety 
and land use planning, may then be taken into account. 

—The unresolved safety issues have been widely discussed, and it is doubtful that more 
safety hearings can resolve them. An accelerated research program is needed to ascertain the 
range of sensitivity of risk estimates to: 

(1) differences in vapor cloud dispersion models and choices of atmospheric stability 
conditions; 

(2) differences in selection of "peak to average" methane/air concentration ratios to define 
the "safe" lower flammable limit within a vapor cloud; 

(3) differences in ignition source distribution and in assumptions of their effectiveness in 
igniting a vapor cloud at different locations; 
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(4) differences in population density surrounding tanker routes and terminal sites; 
(5) variations in physical phenomena such as the gravity spreading of LNG, boiling rates 

and spill rates. 
—Burning tests and vapor dispersion tests on large spills (perhaps up to 25,000 m3) should be 

used to resolve discrepancies in existing models and to investigate vapour cloud dispersion, 
flame shapes and thermal radiation characteristics under different site and weather conditions. 
Many tests have already been performed on smaller spills. 

—The structural integrity of LNG tankers under spill conditions generated by an accident or 
sabotage, and the resulting spill characteristics should be better determined. 

—Experimental verification is needed for physical theories of superheat-limited explosions 
which may result from LNG spills injected into or onto water. The effects of LNG composition 
and mode of LNG spill in accident conditions on possible explosions need to be understood. 
LNG—water interactions are just one area where liqud—liquid superheat explosions are being 
investigated and coordination of these studies with other fields is worthwhile. 

—A thorough comparison of risk estimates should be made and published. 
—Transforming LNG into a semi-solid gel for use in shipping and storage might significantly 

reduce spill and vaporization rates. Additional research on the properties of such a gel and the 
engineering economics of semi-solid transportation should be pursued. 

—The possibility of sabotage must be introduced into any risk assessment and considered in 
siting of facilities. So far, this has been largely omitted. 

—Detailed contingency plans, training, testing and review procedures, and criteria for 
decisions under accident conditions need to be developed and scrutinized. 

—Research results should be published in the scientific literature and disseminated widely to 
the public before they are used to justify safety decisions. Clear discussions of the technical 
issues are needed. 

—The risks of LNG facilities fall primarily on those nearest the facilities, yet the benefits 
are received by society as a whole. No one wants to live next to a power plant, yet everyone 
wants to use the power. Siting LNG terminals in less densely populated areas would ensure that 
the uncertain risks are reduced and in addition would result in the costs being borne by those 
who use the gas. The proportional increase in already expensive LNG costs due to remote 
siting may be worth the enhanced public safety and may also be desirable because of its more 
equitable internalization of costs to those who benefit. 

—Finally, and perhaps most importantly, procedures acceptable to the public for evaluating 
risks and benefits must be found. These should include local comparisons as well as societal 
comparisons with other energy and industrial facilities. 
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