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ABSTRACT

Bayesian-LOPA Methodology for Risk Assessment oEBIG Importation Terminal.
(December 2007)
Geun Woong Yun, B.S., SungKyunKwan University;
M.S., YonSei University

Chair of Advisory Committee: Dr. Sam Mannan

LNG (Liguefied Natural Gas) is one of the fastesivging energy sources in the
U.S. to fulfill the increasing energy demands. tdey to meet the LNG demand, many
LNG facilities including LNG importation terminaége operating currently. Therefore,
it is important to estimate the potential riskd. MG terminals to ensure their safety.

One of the best ways to estimate the risk is LOPayér of Protection Analysis)
because it can provide quantified risk results \Wa#s time and efforts than other
methods. For LOPA application, failure data areeesal to compute risk frequencies.
However, the failure data from the LNG industry aeey sparse. Bayesian estimation is
identified as one method to compensate for its wesges. It can update the generic data
with plant specific data.

Based on Bayesian estimation, the frequenciesitadting events were obtained
using a conjugate gamma prior distribution sucO@REDA (Offshore Reliability Data)
database and Poisson likelihood distribution. éfréhis no prior information, Jeffreys
noninformative prior may be used. The LNG planiui@ database was used as plant

specific likelihood information.



The PFDs (Probability of Failure on Demand) of IRltelependent Protection
Layers) were estimated with the conjugate beta guch as EIReDA (European
Industry Reliability Data Bank) database and biradrikelihood distribution. In some
cases EIReDA did not provide failure data, so tvwlyp developed Frequency-PFD
conversion method was used instead. By the combimat Bayesian estimation and
LOPA procedures, the Bayesian-LOPA methodology e#e®loped and was applied to
an LNG importation terminal. The found risk valwesre compared to the tolerable risk
criteria to make risk decisions. Finally, the neltues of seven incident scenarios were
compared to each other to make a risk ranking.

In conclusion, the newly developed Bayesian-LOPAhméology really does
work well in an LNG importation terminal and it che applied in other industries
including refineries and petrochemicals. Moreoitezan be used with other frequency

analysis methods such as Fault Tree Analysis (FTA).
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1. INTRODUCTION

1.1. THE IMPORTANCE OF RESEARCH

Liguefied Natural Gas (LNG) refers to natural gaeverted into liquid state by
super cooling to -260" (-162.2C). LNG commonly consists of 85% - 98% methane
with the remainder as a combination of nitrogembea dioxide, ethane, propane, and
other heavier hydrocarbon gases. It is highly flahla when it forms a 5 — 15%
volumetric concentration mixture with air at atmbsgc conditions.

Based on its properties and that the volume compse800 times from gas phase
into its liquid phase, the super cooling processNG is performed at a temperature of
-260°F under atmospheric pressure. It provides cost-#fet NG containment, and the
liquid phase also permits cost effective LNG traggtion across great distances
onshore and offshore, at atmospheric pressure.dereLNG is environmental
friendly because of clean burning. Therefore, LNsendnd has been growing to
diversify the energy portfolios and fulfill the egg demand for LNG as a fuel of
heating, cooling, cooking and power generation, I may play an important role in
filling the gap between supply and demand of en@rgyorth America.

With increasing demand for LNG, there are at |1&4& currently active LNG
facilities across the U.S., including importati@nminals, operating and storage facilities
for use during periods of peak natural gas demgrehk shaving”) or as a baseload
source of natural gas (see Table 1.1). In additloere are also a number of proposed
projects for LNG terminals in North America. In erdo fulfill the LNG demand, it is
necessary to build and operate more LNG importagominals to import LNG from

other countries. Thus, this research will focugrenLNG importation terminals.

This thesis follows the style éfrocess Safety Progress.



Although the LNG industry speaks to the excellexfiety record of the past 40
years, the risk related with LNG facilities mayibereased with the growing LNG
industry. It is important to continue this safe¢gord given that one major accident
could severely impact one community and the eimtastry. In that light, risk-based
decisions founded on sound science are very immofEanergency plans can be
improved by application of risk-based criteria.

Table1.1 The number of LNG facilities

No. of
Classification Facilities Description
(2006)

) The natural gas coming by pipe from one or several
Export terminal _ o _
1 gas fields is liquefied and then stored for subsatju
(baseload) o
transport to other destinations.

LNG carriers (ships) are unloaded. LNG is stored In

o _ tanks, vaporized and sent to the gas networksor ga
Receiving terminal o _
_ ) 5 consumers. LNG receiving terminals can have
(importation) _ _ .
loading stations for road, rail, barge or small LNG

carriers.

This plant is connected to a gas network. Durirgg t

|

. period of the year when gas demand is low, natura
Peak-shaving plant 39 o _ _ _ _
gas is liquefied and LNG is stored. LNG is vapaiize

during short periods, when gas demand is high.

This plant is connected to a gas network or gas
consumers. LNG is supplied by road tankers, ralil,
Satellite plant 58 | barge or small LNG carriers. LNG is stored in
insulated pressure vessels, vaporized and sem¢to|t
network [1].




Therefore, it is essential to control the risk tredbto LNG facilities to ensure their
safety and reliability so that countries can enfwybenefits of LNG. In order to control
and quantify the risk, it is important to applykressessment methodology such as the
layer of protection analysis (LOPA). From this gtifacation of risk and the application
of recommendations for the LNG importation termjriaé LNG safety can be improved.
LOPA is one of the risk assessment methods, wkicllled semi-quantitative method
because it can provide quantified results of fregyesven though it can present
gualitative results of consequence or severity. A@Pa simplified form of risk
assessment which uses initiating event frequeraryseguence severity, and the
probability of failure on demand (PFD) of indepenterotection layers (IPLs) to
estimate the risk of a possible incident scenditi@ method is very straightforward and
systematic to get the risk values rather than dgpuaint risk assessment (QRA). In other
words, it does not demand a lot of time or man sidoir the LOPA application and is
very cost-effective: thus, it has been used wideljne process industry.

Applying LOPA methodology to LNG facilities needsltire data of equipment
and facilities to quantify the risk. However, thgdant specific data are very sparse in
LNG industries because there have been only arfeigents in the history of LNG
industry and historical failure data have not beeil gathered yet. The risk values
estimated with these insufficient data may not skeaactly the condition of a specific
LNG facility. Generic failure data from other indrigs such as refineries,
petrochemicals, and nuclear industries may be fmsatie LNG industry to estimate the
risk. However, these data also may not give appatgresults of risk in LNG industries
because the operational condition and environmiellNG facilities are quite different
from those of other industries.

Thus, it is necessary to use the Bayesian lodimtbout more reliable risk
values using both scarce plant specific data andrgedata from other industries.
Bayesian logic can produce the updated failure @étathe prior information of generic
failure data and the likelihood information of LNf&nt specific data. The updated data

can reflect both statistical failure data from gendata which have sufficient and long-



term historical database and the LNG plant speddia which have been gathered from
the LNG industry. Using Bayesian logic may prodot&re reliable data because it is
based on systematic logic and statistics.

Consequently, as the demands of LNG facilitiesaase, the need to estimate the
risk of the facilities is also growing. LOPA is ooéthe systematic risk assessment
methodologies which can provide quantified riskuesl quickly with failure data of
equipment and facilities. For industries with spdelure data such as LNG or space
industry, the Bayesian-LOPA methodology, which soabination with LOPA and
Bayesian logic, can give more accurate and relisdalts of risk assessment by
considering both generic data with long-term histdrecords and plant specific data
from that facility. Therefore, in this researchyBaian-LOPA methodology will be
developed and then be applied to an LNG importagominal to estimate the risk with
generic data and LNG plant specific data. Findhg, method will serve as a risk
decision measure and a tool to make some recomrtiensifor safety enhancement.

1.2.LITERATURE REVIEW

Changing economic outlook, energy demand, and emviental factors have
resulted in increased demand for liquefied natgaal (LNG). The availability,
profitability, and relatively low environmental irapt of LNG will drive many capital
projects for LNG facilities over the next severahys. With so many facilities being
brought to operation by numerous firms and opesatbere is need of guidance by risk
assessment methods such as LOPA to ensure thatrpsafety fundamentals are
incorporated into the projects and also the faediare satisfied with the risk criteria.

LNG is an extremely cold, nontoxic, non-corrosivdstance that is stored at
atmospheric pressure. It is refrigerated, rathan foressurized, which enables LNG to
be an effective, economical method of transportinge volumes of natural gas over

long distance. LNG itself poses little danger agylas it is contained within storage



tanks, piping, and equipment designed for use & Iciyogenic conditions. However, if
it is accidentally released in an uncontrolled naarfrom its containment system, LNG
may cause dangerous events from its flammable djenic characteristics.

In order to use the LOPA to LNG terminals, thedaling information is
required: hazard identification to find out possibbazards, failure rates and probability
of failure on demands (PFD) by using Bayesian logiws, it is necessary to review
LNG characteristics (i.e. properties, hazards)tenalinals, LOPA applications, and

Bayesian logic applications for LOPA applicationLdG terminals.

1.2.1. LNG HAZARDS AND DESCRIPTION OF AN LNG TERMINAL

West and Mannan [2] identified the LNG hazardsdq3¢l summarized the history
of LNG incidents. Among the many hazards, vapoudlfiash fires and pool fires are
two main types of hazards that have potential irhpaa plant that handles LNG and
the adjacent area. For petroleum-based liquidgyasds, the well recognized hazards
are those associated with the flammability. HowelBIG presents a few special
hazards due to its low temperature characteristies.hazard identification which can
identify what hazards may exist at LNG facilitieglanake possible incident scenarios is
the preliminary step of LOPA, and therefore itnigoortant to know what hazards may
exist in LNG terminals. West and Mannan conside®ceral hazards such as cryogenic,
over-pressurization, vapor cloud flash fire, unaoed vapor cloud explosion (UVCE),
confined space explosion, pool fire, torch fire, BIE (Boiling Liquid Expanding
Vapor Explosion), Rollover, and RPT (Rapid Phasangition). However, they
described UVCE may not be a potential hazard in LibkHities because normally LNG
facilities, which do not have condensed piping agdipment, may not be able to cause
vapor clouds.

Cryogenic hazards include the cryogenic burns @ssatwith the freezing of

skin because of direct contact with LNG (-260°F)dagas, or cold surfaces. Another



important hazard is the impact of low temperatar@gontainment materials and
structural materials. For example, if carbon steeltacts LNG, it loses ductility and
then the impact strength (ability to withstand mapact force) decreases.

The potential for over-pressurization is a recogdibazard in facilities that
handle refrigerated or liquefied gases. It is oftessible to isolate a vessel or a portion
of a pipe by closing valves at both ends whilevidgsel or pipe contains a significant
guantity of cryogenic liquid. If the temperaturetbé liquid is increased due to heat leak
through an insulating cover, the liquid will expashae to the temperature increase and
will vaporize. The vapor generation will cause pinessure within the vessel or pipe to
increase and may ultimately result in vessel oe pupture, particularly if safety
protective equipment such as pressure relief vassaeavailable.

Whenever LNG is released from its containment systbe liquid will be heated
by the surroundings, and then cause the liquid@&aporize. The vapor generated by
this boiling liquid will start to mix with the susunding air and will be carried
downwind with the air, and then create a vapor ald\s the vapor continues to be
carried downwind, it will mix with additional aima be further diluted. Some portion of
the vapor cloud will be within the flammable lim{@bout 5-15% by volume). If this
flammable portion encounters a source of ignitte,vapor cloud may ignite. The
flame might then propagate through the cloud, ladke source of the vapor,
particularly if the flammable portion of the cloigicontinuous.

In closed areas, ignition of a flammable natural gexture may cause an
explosion, with the resulting damaging overpressufd_NG or its vapor may be leaked
into an enclosure (control room, compressor bujdetc.), the possibility of an
explosion is markedly increased. This is due topttessure increase within the
enclosure caused by the fire heating the air, hadncrease in gas volume during
combustion. Most buildings will withstand very lgtinternal pressure and when the
pressure limit is reached, the building literalkpkdes.

An LNG leak or spill of sufficient size may resuitan accumulation of liquid on

the ground. If ignited, the resulting fire is knoas a pool fire. Ignition can occur at the



pool location (either immediately or after someag@l or the pool can be ignited by a
vapor cloud fire. Objects directly contacted by tlaene above the pool can be severely
damaged or destroyed, and exposed personnel weeedd/e extensive burn injuries.
Objects and personnel outside the actual flamemvelalso can be damaged or injured
by the radiant heat emitted by the flame. Comp#weddvapor cloud fire, the effects are
more localized, but of longer duration.

When a flammabile liquid is accidentally releasexhfipressurized containment,
the leak may take the form of a spray of liquidpdets and vapor. If ignited, the
resulting fire is termed a torch fire. The fire aso result from a pressurized vapor leak.
Torch fires present the same types of hazards@dipes, i.e., direct flame contact and
radiant heating. However, the radiant heating paertorch fire is often greater than
that of a pool fire of similar size

A BLEVE (Boiling Liquid Expanding Vapor Explosiomg the catastrophic
failure of a pressurized container when its cost@né above their boiling point
temperature. The most common type of BLEVE occureman un-insulated
pressurized vessel is exposed to an adjacentfiefire increases the internal pressure
and weakens the vessel until it can no longer aotit@ pressure. The vessel then
ruptures violently, and parts of it may be proptligeat distances. The released liquid
flashes and atomizes immediately, often resulting large fireball. The fireball can
cause very widespread damage due to flame comtddharmal radiation. Although the
fireball lasts only a few seconds, its effects bardevastating. The probability of a
BLEVE of an LNG storage tank is extremely smalficg the main tank is protected by
the outer tank and insulation that would preveattibat transfer from a fire to reach the
main tank. Furthermore, most LNG storage tankslasggned for relatively low
operating pressures. Therefore, if the tanks goesed to fire, they will not get BLEVE
since they will fail at a fairly low internal pragg and, at the time of failure, the LNG
would not be heated sufficiently to cause any sicgnit quantity of liquid to flash to

vapor.



LNG is a mixture primarily of methane and highedigcarbons. Weathering
within an ocean going tanker or a peak—shavingg®tank can produce a density
variation in the LNG. Addition of a new cargo of (\can stratify within a storage tank,
unless mixing procedures are adequate. After agetie stratified layer may equalize
in density with above layers and suddenly “rollduwerthe surface of the tank. This type
of sudden vaporization can cause tank over-presgion. The 49 CFR regulation [4]
specifically addresses this hazard.

A flameless vapor phase explosion is caused bgutden vaporization of a cold
liquid upon contact with a much warmer materiale fihenomenon of rapid vapor
formation with loud “bangs” has been observed whiE is released on water. This
non-flaming physical interaction is referred to‘Bapid Phase Transition” or
“Flameless Explosion”. It is believed that RPT witit propagate into a significantly
larger damaging scenario [2].

The specification of LNG terminals is given in tiheustrial standards such as
NFPA and EN standard as well as regulatory codels as CFR (Code of Federal
Regulations). EN 1473 [1, 5], which is Europeam8#ad, specifies the design
requirements of LNG facilities as well as key regments of hazard assessment
guidelines and criteria to be used in the desigrsitong and safety. EN 1473 highlights
the methodology of hazard assessment, identificatidiazards and scenarios, and
estimation of probabilities. The standard also shtve specification of LNG facilities
including importation terminals and also gives de&guirements of equipment and
systems such as storage systems, pumps, vapanizgstems, pipelines, control
systems and also protection systems.

NFPA 59A [6], which is the U.S. standard of NatbFRire Protection
Association, includes the design requirements gediBcation of plant layout, materials,
storage containers, protection devices and instntemien devices of LNG facilities. It

also shows test intervals of equipment and prateaevices as shown in Table 1.2.



Tablel.2 Testintervals of equipment and protection devi6, 7]

D

System or equipment Test intervals Referencg
Control systems
(control valves, sensing, automatic 1 year [6]
shutdown devices)
Stationary LNG tank relief valves 2 years [6]
Other relief valves 5 years [6]
Emergency power sources 1 month [6]
Hoses 1 year [6]
Gas detector 1 month [7]
Fire detector 6 months [7]
Pressure alarm 1 month [7]
Temperature alarm 1 month [7]
ESD logic system 3 months [7]
Vacuum breaker (VRV) 1 year [7]
Level detector 1 year [7]
Temperature sensor (base-slab) 1 year [7]
Brine heating system 1 year [7]
Control valve 1 year [7]
Pressure relief valve (PRV) 1 year [7]
ESD valve 1 month [7]
Pump 1 month [7]
Compressor 1 month [7]

The test intervals may be used to estimate the rumftdemands to compute the
probability of failure on demand.

The part 193 of 49 CFR [4] covers the regulateguirements of LNG facilities.

It defines that control system is a componentystesn of components functioning as a
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unit, including control valves and sensing, warnimjef, shutdown, and other control
devices, which is activated either manually or engtically to establish or maintain the
performance. It also specifies the test periodsootrol systems in service, but not
normally in operation as such that relief valved antomatic shutdown devices should
be tested once each calendar year, and contrelnsgshat are intended for fire
protection should be tested at least two times gaah The test period is similar to the
one of NFPA, but CFR requires more frequent tdstruals in control system for fire
protection system.

LNG has been transported and used safely in thedmndGworldwide for roughly
40 years. Safety in the LNG industry is accomplishg providing multiple layers of
protection for both the safety of LNG industry werk and the safety of communities
that surround LNG facilities. These layers were suamized by Alderman [5]. This
information may be used to determine the IPL ofdent scenarios.

Primary containment which can affect the frequewitipitiating events is the
first and most important requirement for containing LNG product. This first layer of
protection which is a part of inherent safer desimylves the use of appropriate
materials for LNG facilities as well as proper eregring design of LNG containers
onshore, offshore, and on LNG ships. Both NFPA $jfand EN 1473 [1] contain
requirements for container design, including setstniteria, thermal insulation,
foundations, instrumentation, relief devices, aodrections. The material selected for
tanks, piping, and other equipment that comes maw with LNG are high nickel
content steels, aluminum, and stainless steelghagrevent embrittlement and material
failures.

Secondary containment ensures that if leak orsspdtur at the LNG facility, the
LNG can be fully contained and isolated. In marstafiations, a second tank such as
secondary concrete or metal wall is used to suddine LNG container and serves as
the secondary containment. Secondary containmsigreg are designed to exceed the
volume of the LNG container for ground installagaand dikes surrounding the LNG

container are built to capture the product in asespill. NFPA 59A [6] requires that
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LNG containers be provided with a natural barrigke impounding wall, or
combination to contain a leak or spill of LNG. Atidnally, a drainage system can be
used to remove the LNG to a holding area wheré. M@ can vaporize safely.

LNG operations use technologies such as high kaems and multiple backup
systems, which include Emergency Shutdown (ESDesys, for safety protections.

Fire and gas detection and fire fighting systerhsahbine to limit effects if there is a
release. The LNG facility operator then takes agtiby establishing necessary operating
procedures, training, emergency response systemsegular maintenance to protect
people, property, and the environment from anyasde

It is very important to detect a leak of LNG orural gas for emergency
response actions to begin. Hydrocarbon gas degector be used to detect a natural gas
leak if properly located. Hydrocarbon detectorsdhieebe located higher than suspected
leak points because natural gas is lighter tharHgdrocarbon detectors are generally
located over vaporizers, in metering stations, iaritildings where natural gas is
processed. However, hydrocarbon detectors mayetetta LNG spill because vapors
are insufficient. To back up the hydrocarbon dete;ttemperature detection is used to
sense a spill of LNG. The set point for the alasmet low enough that ambient freezing
conditions do not cause a fault trip. In some ins¢s, the temperature detection is used
to activate a high expansion foam system that hedpgrol vaporization.

Emergency Shutdown (ESD) systems are requiredubaghoperations in the
event that certain specified fault conditions anipment failures occur. They should be
designed to prevent or limit significantly the ambof LNG and natural gas that could
be released. The ESD system should be kept tofaisafe condition.

All LNG terminals should include a fire water systeThe amount of water will
be determined by the number of fire protectionesyst and demand for these systems.
Fire protection systems for LNG facilities congi§ivater spray, high expansion foam,
dry chemical, or a combination of these. Watergwaised to control radiant heat
exposure on equipment and structures. LNG pod fire neither controlled nor

extinguished by water. High expansion foam candszluo control the vaporization rate
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on the surface of an LNG spill. The foam works karming the LNG vapors and
reducing the fire thermal radiation back to the LN@®I, thereby reducing the LNG
burning rate. High expansion foam is generally mtest for impounding areas or where
a LNG pool can form. Dry chemical extinguishingteyss are used to extinguish an
LNG fire. The dry chemical should be applied suddt the surface is not agitated,
which will allow additional vaporization. Dry cheaail systems have been installed at
unloading area, LNG pumps, boil-off compressors, laNG vaporizers.

LNG facility designs are required to maintain sepian distances, named Safety
Exclusion Zones, to separate land-based faciliteea communities and other public
areas. Federal regulations (49 CFR 193, [4]) héways required that LNG facilities are
sited at a safe distance from adjacent industc@®munities, and other public areas.
The safe distances or exclusion zones are baseN@rvapor dispersion data, thermal
radiation contours, and other considerations asifgpe in regulations.

En Sup Yoon et al [8] addressed the LNG procegsliasving simplified
process diagram of the LNG terminal is shown iruFégl.1. LNG is transferred from
the tanker (ship) into the LNG storage tank dritagrship pumps. During unloading
operations, boil-off gas is returned from the tattkthe ship by compressors, or pressure
differential to balance the pressure between seotaigks and ship tanks. Generally,
LNG is vaporized by using heat source such as alagas, seawater or process water.
The natural gas after vaporizing is sent out todis&ibution pipelines through a

metering station.
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Figurel.1 Process flow diagram of the LNG terminal [8]

They also suggested some recommendations foysafhncement. The
following recommendations may be cited for safetpiovement methods for the LNG
terminal of this research. Inert gas systems ag@ulifr extinguishing fires and
preventing explosions in enclosed spaces. Fixatimgesystems are recommended for
handling flammable fluid in enclosed areas. Inipeérative to train facility personnel in
emergency response procedures and the utilizatiemergency equipment. All project
personnel will receive intensive training in emerggresponse strategies prior to
assuming their duties. Training may include reiglisimulations of emergency situations.
Refresher courses as well as safety meetings chaltat regular intervals. In addition,
written manuals outlining approved procedures imows emergency situations will be

prepared and issued to all terminal personnel.
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1.2.2. LOPA

In the 1990s, companies and industry groups deedlsandards to design,
build, and maintain Safety Instrumented System (BI$. A key input for the tools and
techniques required to implement these standardgivearequired Probability of Failure
on Demand (PFD) for each Safety Instrumented Fong¢®IF). Process Hazard
Analysis (PHA) teams and project teams struggledetermine the required Safety
Integrity Level (SIL) for the SIFs [10]. The condeyd layers of protection and an
approach to analyze the number of layers neededingapublished by the Center for
Chemical Process Safety (CCPS), which is an AlGhfadrican Institute of Chemical
Engineers) Industry Technology Alliance, in the 3®®ok “Guidelines for Safe
Automation of Chemical Processes”. Based on thoseapts, several companies
developed internal procedures for Layer of Provecfnalysis (LOPA), and CCPS
published “Layer of Protection Analysis-Simplifi€docess Risk Assessment” in 2001
[11].

According to Dowell [12], LOPA is an effective way determine the required
Safety Integrity Level (SIL, [13], [14]) for Safetgstrumented Systems (SIS) based on
the risk of the undesired event. Dowell extendedt®PA concepts to show the effect
of inherently safer features. Inherently saferdesg in a process design can reduce the
required SIL of the SIS, or can eliminate the nieedhe SIS, and then reduce cost of
installation and maintenance. Dowell’s paper mayseful to find out the
recommendations for safety improvement after LOPpliaation for LNG terminals.

After LOPA application, it may be recommended td additional IPLs in the
plant in order to satisfy the risk criteria. HoweveCPS [11] suggested that such
additional barriers have disadvantages:

* The barriers can be expensive to design, build naaidtain, and
* The hazard is still present in the process, andrés of enough layers of

protection can still result in an incident.
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Therefore, it is desirable to reduce or eliminadedrds by applying inherently
safer concepts to the process design and chenlistoyder to reduce risk, one can
reduce the severity of the consequence, redudedtpeency of the consequence
occurrence, and strengthen the layer of protection.

The inherently safer design strategies of minimszdystrate, moderate, and
simplify can be applied to reduce incidents. Inesri reduce initiating cause frequency,
following recommendations may be applied. Examples:

* Reduce flange leaks by eliminating flanges

* Eliminate pump seal leaks by eliminating the pumpeplacing into non-seal
pump (pump with high sealing capability)

* Reduce operational errors by changing the desidgineoprocedure and the
equipment to make them error tolerant [15]. Fomepia, if opening valves in a
particular sequence is important, the valve opesatan be keyed such that the
valves can only be opened in the correct sequdiie [

For each layer of protection, it can be considéoetiake the layer inherently
stronger, or less likely to fail. For example, aqess design that sends a tank overflow
back to the supply tank may be inherently safen th&igh level alarm and sensor that
operates a shut-off valve. The process should bigied to handle the maximum
overflow and should not introduce any contaminatrga the supply tank.

Another way to improve the protection layer iséduce the time of operator
response to an alarm. This alarm should be indegrerad the SIS and the BPCS (Basic
Process Control System). This IPL can be improwechlking the alarm clear, by
making the response to the alarm quick and byitrgipersonnel in the correct
procedures. Additionally, the sensor, logic solyarsl annunciators for operator
response should be tested periodically. An SISbeadesigned to minimize human error
during operation and maintenance. An SIL can beagey to strengthen the SIS
performance.

The additional mitigation category of IPLs inclugesssure relief systems,

restricted access, explosion suppression systeagrbtection systems, flame arrestors,
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etc. The relief valve that is piped to a high eteramay be safer for the operators than
the relief valve that discharges near the workpldt@eover, relief valves may also
vent to catch tanks, scrubbers, and/or flaresekample, suppose a relief valve can be
manually isolated from the process which is intehbeprotect. The relief valve may not
prevent high pressure when it is needed becausedheal isolation valve may be
closed. An inherently safer design might eliminat#ation valves around the relief
valve. Alternatively, a three-way valve might betadled that ensures full flow to both
dual relief valves during the switching process.

Dowell and Williams [17] detailed the concept of@uatically generating
LOPA scenarios from a process hazard analysis (RigAdlucted using the hazard and
operability (HAZOP) methodology. This concept maktes process of going from PHA
results to LOPA results a lot less time consumihgvoids retyping and reduces the risk
of overlooking scenarios. An approach to develogPAcenarios is to simply screen
spreadsheets in the HAZOP methodology. Each coesequs ranked for its severity,
and the associated causes for the consequenckaesed pnto categories for their
unmitigated frequencies, that is, the frequencheut considering safeguards. The risk
associated with a scenario — a cause and consegjpainc- is estimated by the
intersection of the consequence severity and thseciequency on the risk matrix.
Translation of HAZOP information into LOPA scenaisagiven graphically in Figure
1.2. Note that not all information from the HAZO#imcluded in the LOPA.
Consequences that do not meet the risk matrixriegrigge omitted and very low
frequency causes may be omitted because applyifAL& some major incident
scenarios is more time efficient and reasonabledgsards that do not meet the IPL
criteria will not be considered as IPLs in the LQPR&ditional IPLs may be added or

existing IPLs be strengthened for safer measui@sgd a result of the LOPA study.
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Markowski and Mannan [18, 19] developed the Fuzagit System (FLS)
applicable in the framework of the Layer of Prot@ttAnalysis (LOPA) to reduce the
uncertainty and imprecision of the result of LOAAey developed the fuzzy LOPA
model as shown in Figure 1.3. Markowski describ&Pi as well as Fuzzy Logic
System in his book, “Layer of Protection Analysis the Process Industries [19].”
Bayesian logic has also a similar function witht thiaFuzzy logic. So Markowski’s
paper may also provide some references to LOPAGioin of LNG terminals

associated with Bayesian logic.
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F 1 Numbers Tree [ Frequency, F
F-ET i
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Consequence.S, Consequence. S

Figure 1.3 Structure of fLOPA [18, 19]

1.2.3. BAYESIAN LOGIC

Named for Thomas Bayes, an English clergyman artdemaatician, Bayesian
logic is a branch of logic applied to decision nmakand inferential statistics that deals
with probability inference: using the knowledgepoior events to predict future events.
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Bayes' theorem provided, for the first time, a reatatical method that could be used to
calculate, given occurrences in prior trials, ikelihood of a target occurrence in future
trials. According to Bayesian logic, the only wayguantify a situation with an
uncertain outcome is through determining its pradbigbBayes' Theorem is a means of
guantifying uncertainty. Based on probability thedhe theorem defines a rule for
refining a hypothesis by factoring in additionaid®nce and background information,
and results in a number representing the degrpeobfbility ([20], [21]). Bayesian

logic may be used to reduce the uncertainty anddoigion of failure data of IPLs with
sparse failure data including both historical datd corporate memory. That is, the
updated failure data from Bayesian logic may beameliable than generic data or plant
specific data because they can reflect both hesibexperiences from generic sources
and plant specific experiences from plant data.

Modarres [22] showed the Bayes’ theorem which feflairectly from the
concept of conditional probability in his book. Téguation of Bayes’ theorem is
_Pr(A)PKE|A)

Pr(E)

Pr{A[E) (1.1)

The generalized form of the above equation, whahlme used for discrete

variables, is

or{Aj|E) = Pr(Aj) (Pr(E| Aj)

(1.2)

> Pr(Ai) [PrE| Ai)
i=1
The right-hand side of generalized Bayes’ equatmmsists of Pr(Aj), which is

called prior probability, and the rest term, whisltalled relative likelihood, which is
based on evidential observatioma( Aj|E) is called the posterior probability given
event E, which is updated probability of event Bgfinitely, the more evidence is

available, the further the posterior probability ¢ updated. For continuous variables,

the form of the generalized Bayes’ equation is
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h(A) 0(t| A)

F(Alt) =~ (1.3)

[ h(a) o(t[ A)dA

Where hf) is continuous prior probability density functigudf), andl(t| 1) is
the likelihood function based on sample data t,thed f(A|t) is the posterior pdf of.

That is, the fundamental relationship of Bayesbtieen is

prior distributionxlikelihood

posteriordistribution = : ———
marginal distribution

(1.4)

where marginal distribution acts as a normaliziogstant.

According to Sandia National Laboratories [23], Bsign estimation can
incorporate the degree of belief from generic dawa information in the sampled data
from plant specific data. The prior belief whichréderred to as the prior distribution
describes the state of knowledge about the parafmetere getting the data sample.
Bayesian estimation can be composed of two ardeesfiist area is to take advantage of
available data to assign a subjective prior digtidn from historical reliability data. The
second area is to use specific data from speddiatp or industries to update an existing
prior distribution.

Bayesian estimation can give the credible inteegdilmate of the parameter
directly from the posterior distribution. In otheords, the interpretation of 90%
credible interval (a, b) of Bayesian posterior @ioibty is that, with 90% subjective
probability, the parameter belongs to the intefaab), given the prior and sampling
distribution.

Bayesian estimation includes following four stefise first step is to identify the
parameters to be estimated such as failure rgieobability. Second is to develop a
prior distribution that properly shows the knowledy degree of belief concerning the
unknown reliability data. The third step is to eali the data sample from a specific plant
or industry as a likelihood function. The finalsis to combine the prior distribution
with the sampled data using Bayes’ theorem to ntiagelesired updated posterior

distribution.
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Typically, the selection of prior distribution mag seen to be a little subjective.
The choice of a prior distribution should be evéddao determine the sensitivity to
failure rates. Thus, conjugate prior is very us&futhoose the prior distribution more
objectively or technically. Conjugate prior distitibn can make a posterior distribution
that is a member of the same family of distribusiohherefore, the conjugate prior
distribution is very easy to compute the postgoemameters from prior distribution. The
beta distribution is the conjugate prior distribbatifor probability of failure of a device
in a binomial sample situation as a likelihood fiimre. That is, beta distribution can be a
prior distribution of a probability of failure orechand (PFD), which is one of the
demand-related failures, with a binomial likelihdoaction, and then it will produce
beta posterior distribution. For the failure fregog or rate which is one of the time-
related failures, the gamma distribution is thejagate prior distribution with either
Poisson or exponential data and then it will makam@mma distribution of posterior data.

When there is very little prior information of arameter, non-informative prior,
which can be a part of uniform distribution, mayused as a prior distribution. For
example, if failure rates of some equipment areanailable in the generic historical
sources, the non-informative prior distribution nteeyused to get posterior data. One of
the commonly used non-informative prior distribugas the Jeffreys prior distribution
in probability risk analysis (PRA). According torgha National Laboratories [23],
Jeffreys’ method is to transform the model intcaagpneterization in terms of a location
parameter, which slides the distribution sidewailaut changing its shape. And then
the method uses the uniform distribution as theinsrmative prior for the location
parameter.

Table 1.3 shows the difference between the clalkaitd Bayesian estimation

with some advantages and disadvantages.
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Table 1.3 Comparison of classical and Bayesian estima@@i [

Class

Classical estimation

Bayesian estimation

Advan-

tages

= Results depend only on the =
data

= With large quantity of data,
produce good estimation

= Easier to understand and use

Provides a logical approach to estimation.

Measure uncertainty about parameters
using probabilities. With accurate prior
distribution, good parameter estimates.
Provides a formal method of introducing
prior information and knowledge into the
analysis. Useful when sample data are
scarce, as in the case of rare events.
Permits the use of various types of relev
generic data.

Interprets uncertainty about a paramete
using a subjective probability interval.
Reasoning process is straightforward
Applicable to a larger class of situations
likely to be encountered in risk

assessment.

Dis-
advan-

tages

= A confidence interval "
cannot be directly
interpreted .
= Relevant information may
exist outside the sample dgta
» The available data are often
a mix of various data

sources and types.

A suitable prior distribution must be
identified and justified subjectively
Sensitive to the choice of a prior
distribution

More effort to understand and use

>

ant
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Shafaghi [24] showed how to update the equipnehiré data using Bayesian
estimation in the 2006 MKOPSC (Mary Kay O’Connooéass Safety Center)
Symposium. In his paper, he provided the concepaykesian statistics, how to choose
prior distribution and likelihood function, and ase study related to failure rates of
pressure vessels. In order to get the posteriluréarates, he used a gamma distribution
as a conjugate prior and a Poisson distributioa ldselihood function, and this resulted
in the posterior gamma distribution. His method rbaysed to find out the posterior
failure rates of initiating events in LOPA methoalgy. However, the way to compute

the posterior PFDs was not given in his paper.
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2. METHODOLOGY DESCRIPTION

Section 2 shows the brief description of methodewlvill be used in this
research. Some contents may be similar to thetues review of Section 1 and
methodology development of Section 3. However pilvpose of this Section is to
provide brief ideas about several methods relatedd research and help to understand
this research. Section 3 will focus on the develephof Bayesian-LOPA methodology.
Additionally, the detail procedures and severagjcians for the method will be provided

and explained in Section 3.

2.1.HAZOP

HAZOP study, Hazard and Operability study, is ohthe procedures to identify
hazards in chemical process facilities. The procedualso one of the qualitative risk
assessments. HAZOP study is very effective anesyaic method to find out hazards
as opposed to other methods such as FMEA, Whatf,checklists because it uses the
systematic guide words for the process parametetsvall-organized spreadsheets.
Thus it is well accepted in the industries. Fort#&ZOP study, it is necessary to get
detail process information including process flaagtiam, piping and instrumentation
diagram (P&ID), equipment specifications, processditions, MSDS and properties of
chemicals, and materials of construction.

The HAZOP study requires a team which consistseopfe who have experiences
of a plant, technical knowledge, and safety experflThe team may be composed of a
HAZOP leader who serves as the committee chastibes who is in charge of
recording the results, process engineers, safgfipeers, operators, external consultants,
and so on.

Crowl [25] showed HAZOP procedures to complete r@a\ysis:



1)

2)
3)
4)

5)

6)

7)

8)
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Start with the flow sheet such as process flowrdiag Break the process flow
diagram into several process units such as reantts, storage tank units, etc.
The units can be a number of nodes. Select aamstdidy.

Choose a study node such as vessels, reactorbnegpetc.

Describe the design intent of the study node.

Select a process parameter among following parasgkevel, temperature,

flow, pressure, concentration, pH, viscosity, s{atgid, liquid, or gas), reaction,
volume, component, start, stop, stability, poweeri, agitation.

Apply every guide word to a process parameter.dadl shows several guide
words and their meanings. Additionally, Table 2r@uides valid guide words for
process parameters.

If the deviation, which is the guide words of agmaeter, is applicable, find out
possible causes and consequences, and note aagtotsystems or safeguards
against the incident cases.

Recommend some actions to mitigate the consequenceduce the frequencies
of the incident (if any).

Record all information and documentation.
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Table2.1 Guide words of HAZOP study [25]

Guide words

Meaning

Comments

NO, NOT, NONE

The complete negation

the intention

dflo part of the design intention is

achieved, but nothing else happens

MORE, HIGHER,
GREATER

Quantitative increase

Applies to quantities sucprassure
and flow rate and to activities such as

reaction and heating

LESS, LOWER

Quantitative decrease

Applies to qtiastsuch as pressure
and flow rate and to activities such ag
reaction and heating

AS WELL AS

Qualitative increase

All the design agkrating intentions
are accomplished with some addition
activities such as contamination of

process streams

PART OF

Qualitative decrease

Only some of the desigentions are

accomplished, some are not.

REVERSE

The logical opposite of

Most applicabladtivities such as

flow or chemical reaction.

OTHER THAN

Complete substitution

No part of oridimatention is

accomplished — the original design

Table 2.2 shows the valid guide words of procesarpaters for process

pipelines, and valid guide words for process vasaed shown in Table 2.3.

al

intention is replaced by something else.
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Valid guide words for process pipelines [25]
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Process

parameters

No,
not,

none

More,
higher,

greater

Less,

lower

As
well

as

Part
of

Reverse

Other
than

Flow

O

Temperature

O

Pressure

O

Concentration

pH

Viscosity

State

Table2.3 Valid guide words for process vessels [25]

Process

parameters

No,
not,

none

More,
higher,

greater

Less,

lower

As
well

as

Part

of

Reverse

Other

than

Level

O

Temperature

O

Pressure

O

Concentration

pH

Viscosity

Agitation

Volume

Reaction

State
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Sometimes it is hard to apply some guide wordb si3cAS WELL AS, PART
OF, and OTHER THAN. The guide word AS WELL AS isitisomething else happens
additionally together with the design intentionr B@ample, this may be boiling of a
liquid or transfer of some additional componentxpeetedly. In the case of PART OF,
examples may be that some of the components asinignisr some part of streams has
gone to somewhere. OTHER THAN means that a chemmeglbe substituted for the
unexpected material and is transferred somewhsee el

Table 2.4 presents a typical form of HAZOP spreadth Several commercial
HAZOP programs are available now, and also HAZO®lmdone easily in the general
spreadsheet software.

Table2.4 Typical HAZOP form

Study node name (or number) :

Process Deviations Possible

. Possible causes Action required
parameters | (guide words) consequences

The methodology of HAZOP can be easily understoawicuite systematic to
apply. However, the successful results of HAZOP imagignificantly dependent on the
experiences and expertise of interested facildfes HAZOP team and the quality of
gathered information is also very important to shecess. Thus, setting up a quality
HAZOP team and gathering required all informatiomsimot be disregarded for
HAZOP study.

For LOPA applications, HAZOP results are requirediake possible incident
scenarios combined with the causes and consequeéhesZOP results which are
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previously done by some teams and allowed to use@®A application are available,
they may be used directly for LOPA analysis so #atlysts can save their time and/or
money. Otherwise, conducting HAZOP study by ourselig one of the prerequisites for
LOPA.

2.2.LOPA

Layer of Protection Analysis (LOPA) is one of thgkrassessment methodologies.
It is called semi-quantitative risk assessment bseat can provide quantified results of
frequency even though it can present qualitatigelts of consequence or severity.
LOPA is a simplified form of risk assessment whides initiating event frequency,
consequence severity, and the probability of failbm demand (PFD) of independent
protection layers (IPLs) to estimate the risk @iogsible incident scenario. Typically,
LOPA builds on the information developed duringqass hazard analysis (PHA) such
as HAZOP, FMEA, Check-list and What-if methods. Tasults of PHA can be used to
make possible incident scenarios by combinatioreokes and consequences for LOPA
applications.

The purpose of LOPA is to estimate the risk levehterested facilities and to
make risk decisions compared to tolerable riskeddt The purpose can be to determine
whether the facilities have sufficient layers obections against an incident scenario or
not. LOPA may be used to make risk ranking amogglant scenarios and then give
some maintenance or safety measure prioritiesrte suipments which have higher
risks than others.

Figure 2.1 illustrates many types of protectiveelay Applying to how many layers
of protection is dependent on the process complaxit potential severity of an
incident scenario. Since no layer is perfectly &ffe, sufficient layers of protection
should be provided to prevent possible incidentsitigate consequences. These

protective safeguards can be one of the IPLs. Hewewt all safeguards are IPLs, but
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all IPLs are safeguards. According to CCPS [11§riter to be considered as an IPL in a

LOPA application, these protective layers shouleéntlee following three IPL rules.

1) Effective in preventing the consequence when itfioms as designed.

2) Independent of the initiating events and the coreptsof any other IPLs
already credited for the same scenario

3) Auditable, that is, the assumed effectivenessrmseof consequence
prevention and PFD should be able to be validayedidcumentation,

review, testing, and so on.

Post-release physical
protection (dike)

Physical protection
(relief valve)

Safety instrumented
function (SIF)

Alarms and human
intervention

Basic process control
systems

Process
Equipment

Figure 2.1 Protective layers against an incident scenario
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An incident scenario can be made with a causeeguesce pair. The LOPA
scenario represents one path which is worst casagh an event tree. CCPS [11] shows
an event tree for an initiating event in Figure. 2n2this case, three IPLs are provided
against the incident scenario. Once an initiatvmegné occurred, every IPL should
prevent the undesirable consequence. Howeverffiwtieeness of each IPL is not
perfect, thus all IPLs may have some probabilibemilure on demand. If one of the
IPLs succeeds to work the designed function, the@atcome or undesired but tolerable
outcome can be obtained. The undesired but tole@iicome is called mitigated
consequence. However, if all IPLs fail to stop ith@dent and work properly,
consequences exceeding tolerable criteria may tiexd as a bold line is shown in
Figure 2.2. The risk of an incident scenario cargdraputed by multiplying the
frequency of an initiating event and all PFDs dfdPThis calculated frequency is called
mitigated frequency. If the frequency is not acaebfg compared to tolerable risk criteria,
additional IPLs, improving SIFs or other safety swas should be considered to reduce
the risk. As shown in Figure 2.2, the thicknesarmmdw represents frequency of the
consequence. As the arrow pass through IPLs, ttleniss grow thinner. Thus, this
means that the more IPLs, the less frequency cfemprence. However, practically,
adding IPLs results in high cost, so practical apph is necessary to determine the
sufficiency of IPLs by comparing to tolerable riskteria which may be set up by

organizations or by countries.



32

Consequence
occurs

SUCCESS Safe outcome

Initiating event

SUCCESS Undesired but
tolerable outcome

SUCCESS Undesired but
tolerable outcome

Estimated
frequency

fi FAILURE
PFD]_ :pl

fi=fi*p; FAILURE LOPA path
PFD, = p, Consequences
fo=fi*pi*p2 FAILURE exceed criteria
1
PFD; = p3 fa=fi*p1*p2*ps

Impact event Frequency

Figure2.2 An event tree of an incident scenario in LOPA][11

LOPA is typically used after a PHA such as HAZOM &MEA to estimate and
qguantify the potential risks. According to CCPS][1IOPA can also be applied when
hazard analysis team

o Believes that a scenario is too complicated to n@aggeod risk judgment using
gualitative method, or
o The consequences are too severe to rely on quaditadk judgment.

LOPA can also be used to screen the incident siosnarior to quantitative risk
assessment (Chemical process quantitative rislssssmt, CPQRA) method. CPQRA is
more rigorous than LOPA, and it is a very detaitegthod to determine the risks which
may be composed of consequence analysis (CA) éopllysical effects and frequency
analysis (FA) for the probability (or frequency)in€ident scenarios. The results of
CPQRA may be compared to risk criteria such asviddal risk (e.g. FAR; Fatal
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Accident Rate) or societal risk (e.g. f-N curvepttermine the risk. CPQRA can make
very detailed and reasonable risk calculation, h@nat demands a lot of time, man-
hours and detailed information. Thus, typically G&Qmay be applied to the highly
dangerous incident scenarios screened by LOPA ér. BICPS [11] provided the
spectrum among various risk assessment methodsledLOPA and CPQRA as shown
in Figure 2.3. Figure 2.3 can show easily the i@tship between LOPA and CPQRA,

and can be used to determine when we may use LOERQRA.

Quantitative
G Analysis
%1% go to CPQRA)

Analysis s Analysis
(10-20% of the scenarios go on to

mg‘ngor?:so;m simplified-quantitative methads
5 T

analyzed usin oy o
qualitaiive  Z47ia 5
methods)

: P : Event tree
Techniques: | What-if/Checklist . Rough estimate Fault tree
i HRA
Applicability to _ ]
simple issues: [ Excessive Excessive
Applicability to :
complex issues Fair Goad

Legend

FMEA = Failure modes and effects analysis; can be quantified

F&ElI = Dow Fire and Explosion Index

CEl = Dow Chemical Exposure Index

HRA = Human reliability analysis; uses human success/failure trees to model accident sequences

CPQRA= Quantitative risk analysis; includes statistical and probabilistic modeling of frequency and
consequence of a single or multiple scenario

Figure 2.3 Relationship between LOPA and CPQRA [11]
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LOPA can be done with several steps. CCPS [11] stibe/LOPA steps with a
diagram as shown in Figure 2.4. Each incident shseld be done through all steps for
LOPA applications. That is, LOPA can be applie@ tcenario at a time.

EvALUATING
FURTHER RISK
REDUCTION
SUGGESTIONS

DEVELOPING
SCENARIOS

MAKING RISK
DECISIONS

IDENTIFYING
INITIATING EVENT
FREQUENCY

SCENARIO
FREQUENCY

IDENTIFYING
RELATED IPLs

Figure2.4 LOPA steps [11]

Step 1: Identify the consequence to screen theasosn LOPA can be applied to
all incident scenarios found by PHA. However, ihc practical, so some scenarios
which may result in high magnitude of severity banselected to apply LOPA. This
screening tool may be based on consequences iddrdiiring PHA such as HAZOP
study.
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Step 2: Pick an incident scenario. The scenaridbeamade with a single cause-
consequence pair in the PHA results.

Step 3: Identify the initiating event of the sceaand obtain the frequency of
the initiating event. The initiating event which yrize found in causes of PHA results
should result in the consequence. The initiatingné¥requency from the interested
facility, which is called plant specific data, i©st preferable, but generally it is not
easily obtained. Even though it is available, iihot long-term accumulated data, it
may have some statistical shaky grounds becausigoot-term history. A second option
is to get the frequency data from the generic ddiigh is long-term and historical based
data from similar industries such as OREDA and C@&&base. They are very
statistically reliable, but they may not have taee environments with the interested
facility. A third option is to update the frequendgta from both generic data and plant
specific data by using Bayesian logic. These upbdéta can reflect long-term
statistical grounds as well as the specific coaddiin the interested facilities. Detail
information will be addressed in Section 3.

Step 4: Identify the IPLs and obtain PFD of eadh [Fhis is the very important
step for LOPA application because the success &fA @pplication is highly dependent
on this step. Existing safeguards should be sccetenbe an IPL with IPL rules;
independence, effectiveness and auditability. Attentifying the IPLs, the PFD of each
IPL should be estimated from the obtained infororafis such initiating event
frequency in step 3.

Step 5: Estimate the risk by the following matheo@dtcalculation combining
the initiating event frequency and PFDs of IPLs.

J
¢ _ g
fo=f x D PFD,, 2.1)
f.° = f,' xPFD, x PFD, x....x PFD,
Wheref® = frequency for consequen€efor initiating event

f' = initiating event frequency for initiating event
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PFD;; = Probability of failure on demand of tjta IPL that

protects against consequence C for initiating envent

Step 6: Make risk decisions concerning about teaeago. The estimated risk
values can be compared to the tolerable risk @itgven by companies, industries, or
government. CCPS [11] presents risk criteria of bases. One is the case with
considering human harm in the incident scenariaiMam tolerable risk criteria is less
than1x107 / year and action required criteria is less tHafl0™ / year. The other case
is without considering human harm, that is, onlgsider consequences such as release,

fire or explosion. Maximum tolerable risk criteigaless tharlx10™ / year and action

required criteria is less thanx107/ year. LOPA analysts may use these criteria given
by CCPS.
CCPS [11] provides the example LOPA sheet as sitagure 2.5.
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Scenario Equipment Number Scenario Title: Hexane Storage Tank Overflow.
Number Spill not contained by the dike
2a
Frequency

Date: Description Probability | (per year)
Consequence Release of hexane (1,000 - 10,000 Ibs.) out-
Description/Category side the dike due to tank overflow and

failure of dike.

Severity Category 4
Risk Tolerance Criteria | Action required >1 % 10-3
(Category or Frequency) | 14lerable <1 x10-5
Initiating Event Arrival of tank truck with msufficient
{typically a frequency) | room in the tank due to failure of the 1

inventory control system. Frequency

based upon plant data.
Enabling Event or
Condition Neh
Conditional Modifiers | Probability of ignition N/A
(# applicable) Probability of personnel in affected area N/A

Probability of fatal injury N/A

Others N/A
Frequency of Unmitigated Consequence 1
Independent Protection | Operator checks level before unloading 1 % 10-1
Layers (existing) (PFD from Table 6.5)

Dike (existing) (PFD from Table 6.3) 1x10-2

SIF (to be added —see Actions) 1x10-2
Safeguards(non-IPLs) BPCS level control and alarm is not an [PL

as it is part of the BPCS system already

credited in LI read by operator.
Total PED for all IPLs 1 x10-3
Frequency of Mitigated Consequence 1 %105

Risk Tolerance Criteria Met? (Yes/No):

Yes, with added SIF.

Actions Required to
Meet Risk Tolerance
Criteria

Add SIF with PFD of 1 x 10-2,

Responsible Group/Person: Plant Technical/ J. Doe June 2002
Maintain emphasis on procedure to check level as a critical action.
Maintain dike as an I[PL (Inspection, maintenance, etc.)

Notes

Human action at 1 x 10-1 since BPCS level indication is part of this IPL
Add action items to action tracking database,

References (links to originating hazard review, PED, P&ID, etc.):

LOPA analyst (and team members, if applicable):

Figure2.5 Example of LOPA spreadsheet [11]
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2.3.BAYESIAN LOGIC

According to Wan [26], Bayesian estimation is bagedhe subjective definition
of probability as degree of belief and on Bayesaitem, and it is the basic tool for
assigning probabilities to hypothesize combinirggiar judgment and experimental
information. Bayesian logic may be used to redheeuncertainty and imprecision of
failure data of IPLs with sparse failure data inlthg both historical data and corporate
memory. That is, the updated failure data from Bayelogic may be more reliable than
generic data or plant specific data because theyeféect both historical experiences
from generic sources and plant specific experiefroes plant data.

Modarres [22] showed the Bayes’ theorem which fediairectly from the
concept of conditional probability in his book. Téguation of Bayes’ theorem is
_ Pr(A) [PH{E|A)

Pr(E)

Pr{AJE) (2.2)

The generalized form of the above equation, wha e used for discrete

variables, is

Pr(Aj) (PrE| Aj)

2. Pr(A) TP(E| Ai)

Pr(Aj|E) = (2.3)
The right-hand side of generalized Bayes’ equatmmsists of Pr(Aj), which is

called prior probability, and the rest term, whisltalled relative likelihood, which is

based on evidential observatiorﬁ(Aj | E) is called the posterior probability given

event E, which is updated probability of event Bpe above equation means that the
probability data can be updated with the prior pimlity and the relative likelihood
based on some evidences. Definitely, the more acelés available, the further the
posterior probability can be updated. For contirsueariables, the form of the

generalized Bayes’ equation is
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h(A) 0(t| A)

f</1 |t> =— (2.4)

[ h(a) o(t[ A)dA

Where hf) is continuous prior probability density functigudf), andl(t| 1) is
the likelihood function based on sample data t,thed f(A|t) is the posterior pdf of.

That is, the fundamental relationship of Bayesbtieen is

prior distributionxlikelihood

posteriordistribution = : ———
marginal distribution

(2.5)

where marginal distribution acts as a normaliziogstant.

According to Sandia National Laboratories [23], Bsign estimation can
incorporate the degree of belief from generic dawa information in the sampled data
from plant specific data. The prior belief, refefte as the prior distribution, describes
the state of knowledge about the parameter befetteng the data sample. Bayesian
estimation can be composed of two areas. Thedfiest is to take advantage of available
data to assign a subjective prior distribution froistorical reliability data. The second
area is to use additional or specific data frontgjeplants or industries to update an
existing prior distribution.

Bayesian estimation can give the credible inteegtimates of the parameter
directly from the posterior distribution. That ke interpretation of 90% credible
interval (a, b) of Bayesian posterior probabilgythat, with 90% subjective probability,
the parameter belongs to the interval (a, b), gtherprior and sampling distribution.

Bayesian estimation includes following four steps:

= First step: identify the parameters to be estimatexh as failure rate or
probability.

= Second step: develop a prior distribution that priypshows the knowledge or
degree of belief concerning the unknown reliabitigta.

= Third step: collect the data sample from a spegpifimt or industry as a

likelihood function.
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= Fourth step: combine the prior distribution witle tampled data using Bayes’
theorem to make the desired updated posterioilaision.

Typically, the selection of prior distribution mag seen to be a little subjective.
The choice of a prior distribution should be evéddao determine the sensitivity to
failure rates. Thus, conjugate prior is very usé&futhoose the prior distribution more
objectively or technically. Conjugate prior distitibn can make a posterior distribution
that is a member of the same family of distribusiofiherefore, the conjugate prior
distribution is very easy to compute the postgoemameters from prior distribution. The
beta distribution is the conjugate prior distribbatifor probability of failure of a device
in a binomial sample situation as a likelihood fiimre. That is, beta distribution can be a
prior distribution of PFD, which is one of the demdarelated failures, with a binomial
likelihood function, and then it will produce begasterior distribution. For the failure
frequency or rate, which is one of the time-reldeellires, the gamma distribution is the
conjugate prior distribution with either Poissoregponential data and then it will make
a gamma distribution of posterior data. Table Bfamarizes conjugate relationships of

frequencies of initiating events and PFDs of |IPespectively.

Table2.5 Summarized conjugate relationships

Class. Prior distribution Likelihood function Paste distribution

Frequency of _
o Gamma Poisson Gamma
Initiating event

PFD of IPL Beta Binomial Beta




41

In order to apply Bayesian logic to LOPA, the fregay of an initiating event
and the PFD of IPLs should be obtained respectidyail information about how to

get posterior values with conjugation relationshigisbe addressed in Section 3.

2.3.1. FREQUENCY OF AN INITIATING EVENT

For the frequency of an initiating event, analysildd know the maximum
likelihood estimation and Bayesian estimation.

First, the maximum likelihood estimate (MLE), whiishcalled also point
estimate, is the most commonly used frequentignast. MLE is the value d¢ that
maximizes the likelihood or frequency, wherean be the frequency of an initiating
event. MLE ofi is

0

A=x/t (2.6)

where X is the observed number of failures andhasobserved time period.

This equation is very simple and natural. The lné&tion indicate that the MLE
is an estimate calculated from the data unkndwn

Second, in order to update the data, the Bayes@mation can be used.
Bayesian estimation consists of prior distributiamich is the prior belief aboatand
likelihood function which can be made from the eoted data. Likelihood function is

given by Equation 2.7 for initiating events.

_ e—At (At)x
|

Pr(X =x) (2.7)

This equation is the formula for the Poisson distiion, and the probability of x
initiating events in time t for any particular nuemkx. Posterior distribution is made by
combining the prior distribution and likelihood fttion through Bayes’ theorem.
Equation 2.5 can be modified as such

f ost(4) O likelinood(A) x f . (A) (2.8)

where the symbob denotes “is proportional to”.



42

Figure 2.6 shows the example graphs of prioridistion and posterior

distributions corresponding to three hypotheticthdsets.

40000 1
Maximum
Likelihood
Estimate
|
|
30000 I
Prior q\ x =50
B ,-" ( t = 500,000 hr
|IIII
20000 -

S) (hr)

x=10 Posterior
¢t =100,000 hr

10000 |

0 == :
2.E-4 3.E-4
A (events per hour) GCO00 0462 3

Figure 2.6 Example of prior distribution and posterior distitions [23]

Corresponding to Figures 2.6, the posterior distrdm looks similar to the prior
for a small data set. Therefore, as the data seinbes larger, following summary can be
possible:

= the posterior distribution set apart more and nfiane the prior distribution,
since the data contribute the dominant information,

= the posterior distribution becomes more concerdrateeaning the better
accuracy, less uncertainty, and

= the posterior distribution becomes approximatehteed around the MLE.
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As shown in Table 2.6, the conjugate family of Borsdata is the family of
gamma distributions. For Bayesian estimation, theagon 2.9 which is gamma
distributions with two parameterizations is mor@wenient one.

f(1)= %A”‘le‘w (2.9)

Where,\ has units of 1/time angl has units of time, thus the prodastis
unitless. The parameteris kind of scale parameter which correspondsécsttale of.
The other parameteris shape parameter which is unitless and corresptmthe
distribution shape df. In this parameterization, the mean of gammailigion, E¢.) is
o/p and the variance, vaiis a/p?. Equation 2.9 can be rewritten after strippingbf
the normalizing constants as such

f(A)OAe” (2.10)

For Bayesian estimation, equation 2.7, 2.8 and @ahObe combined each other,

and then posterior distribution is

e (A" o s
f()De™ ™ At 210

f(1) 0 N Lg=At+5)

Equation 2.11 shows the posterior distributioni$® @ gamma distribution from
the gamma prior. This is the meaning of conjugiitee updated formula in the posterior
gamma distribution is

A post = X+ A pior s Brost =1+ B (2.12)

Therefore, the posterior mearvjss{Bpostand the variance, vaiyis apos{Bpostz.
That is, the value of posterior mean can be caledlaith prior parametersuior, Bprior)
like equation 2.13.

O ot X+a

Mooy = 2 = —— 22 (2.13)
Post ﬁpost t+ ﬁprior

In order to make sure the uncertainty, the creditikrval of the posterior

distribution may be calculated. The equation ofl)th percentile is

A= X% (20 100) 2B (2.14)
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Where x?p (2a . )is thepth quantile of a chi-squared distribution widr

post
degrees of freedom. The values of a chi-squarddiiison can be easily obtained in
the statistics or reliability engineering literagar

When there is very little prior information of aameter, non-informative prior
which can be a part of uniform distribution mayused as a prior distribution. For
example, if failure rates of some equipment areanailable in the generic historical
sources, the non-informative prior distribution nteeyused to get posterior data. One of
the commonly used non-informative prior distribugds the Jeffreys prior distribution
in probability risk analysis (PRA). According tor&&ha National Laboratories [23],
Jeffreys’ method is to transform the model intcaaapneterization in terms of a location
parameter, which slides the distribution sidewaithaut changing its shape. And then
the method uses the uniform distribution as theintrmative prior for the location
parameter. With Poisson data as a likelihood fonctihe Jeffreys non-informative prior
distribution can be a gamma distribution which shpprametery, is equal to ¥2 and
scale parametep, is equal to zero. If the normalizing constanéquation 2.9 is ignored,

a function that is proportional 8" can be yielded and it is shown in Figure 2.7. As

shown in Figure 2.7, the distribution might be adased as a uniform distribution.

0 0.1 0.2 0.3 0.4 0.5
A (1/time) GC99 0292 12

Figure 2.7 Jeffreys non-informative prior distribution fon aitiating event [23]
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Corresponding to equation 2.12, formal applicabbthe updated formulas for
Jeffreys non-informative prior is

0 pos =X+ 05, B =t (2.15)

post

Thus, posterior mean of Jeffreys prior is

_ apost X + 05

Hpost = B = " (2.16)

And, if equation 2.15 is put into equation 2.14 #@guation of (100p)th
percentile is

A, = X% (@x+1)/2t (2.17)

2.3.2. PROBABILITY OF FAILURE ON DEMANDS (PFD) OF IPLs

For the probability of failure on demands of IParalysts should know the
maximum likelihood estimation and Bayesian estiorati

First, the maximum likelihood estimate (MLE), whiishcalled point estimate, is
the most commonly used frequentist estimate. MLiBasvalue op that maximizes the
likelihood or probability, wherg can be the probability of failure on demand ofRh.
MLE of pis

B =x/n (2.18)

where x is the observed number of failures andthdbserved number of
demands.

Second, in order to update the data, the Bayestmmation can be used.
Bayesian estimation consists of prior distributramch is the prior belief aboygtand
likelihood function which can be made from the eoted data. Likelihood function is

given by equation 2.19 for PFD.

PI(X = X) = [:‘J 0" (- p)™ (2.19)
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Where the binomial coefficient is defined as

ny_ nl
(x] ~ X(n-x)! (2.20)

This equation is the formula for the Binomial distition, and the PFD, p,
consists of x failures in n demands. Posterioritistion is made by combining the prior
distribution and likelihood function through Baydiseorem.

As shown in Table 2.6, the conjugate family of Bmal data is the family of
beta distributions. For Bayesian estimation, theaéiqn 2.21 which is beta distributions

with two parameterizations is more convenient one.

Ma+pB) o p
f(p)=——=—-p" " (1-p) (2.21)
F(a)r (B8)
The shape of beta distribution is dependent ositteeof the two parameters,
andp. In this parameterization, the mean of beta distron and the variance are

a

Py (2.22)

M=

Zaﬂ _ HA-p) (2.23)
(@+B)(a+pB+]) (a+p+])

Equation 2.21 can be rewritten after strippinglbfree normalizing constants as

Variance=

such
f(p) 0 p"@-p) (2.24)
And, equation 2.5 can be modified as such
foost(P) O PHX = x| p) f o (P) (2.25)

Therefore, equation 2.24 and equation 2.19 cab®mimed as

f 0 X 1— n-x ~a-1 1— £-1
post(P) O P"A-P)"" p*"(1-p) (2.26)
D px+a—l (1_ p) n-x+4-1
Equation 2.26 shows the posterior distributionls® d&eta distribution from the
beta prior with a binomial likelihood function. Thpdated formula in the posterior beta

distribution is
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O post = X+ A prioe s+ Bpost = (N=X) + By (2.27)

Therefore, the value of the posterior mean ancamag can be calculated as such
equation 2.22 and 2.23. That is, the value of pmstenean can be calculated with prior
parametersorior, Bprior) &S such equation 2.13.

a X+a

post

— prior

Moo = = (2.28)
Post apost + IBpost n+ aprior + IBprior

In order to make sure the uncertainty, the creditikrval of the posterior

distribution may be calculated. The equation o{)th percentile is
pq = qu (Zapost) /(Zﬁpost + qu (Zapost)) (229)

Where x*q (2a . )is the gth quantile of a chi-squared distributidth 2a

pos post
degrees of freedom. In case of beta distributigfi) with f>>a, the gth quantile can be
approximated by chi-squared distribution as shaweqguation 2.29. In this research, the
chi-squared distribution percentiles of equatid@2@2nay be used to obtain credible
interval of a beta distribution instead of the lbditribution percentiles since every
posterior parameter is much larger thamparameter as shown in Appendix C.

As such the case of the frequency of initiatingréywhen there is very little
prior information of a parameter, Jeffreys non-mfiative prior may be used as a prior
distribution. With Binomial data as a likelihoodttion, the Jeffreys non-informative
prior distribution can be a beta distribution whimbth parametex andp are equal to %.

If the normalizing constant in equation 2.21 isaggd, a function that is proportional to
p 21— p) ¥ can be yielded and it is shown in Figure 2.8. Aeven in Figure 2.8, the

distribution might be considered as a uniform disiion.
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Figure 2.8 Jeffreys non-informative prior distribution foFB [23]

Corresponding to equation 2.27, formal applicatibthe updated formulas for
Jeffreys non-informative prior is
=x+05 [, =n—-x+05 (2.30)

post

a

post

Thus, posterior mean of Jeffreys prior is

apgst - X + 0-5

(2.31)
apost + lgpost n+1

H post =

Bayesian credible interval can be calculated ak sgoation 2.29.
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3. THE DEVELOPMENT OF BAYESIAN-LOPA METHODOLOGY

The purpose of the section is to show how to comBiayesian logic and LOPA
method and how to develop the Bayesian-LOPA metloggo Additionally, this section
demonstrates how to convert the prior informatitto posterior data with likelihood
data. This section is based on the method desumipfi Section 2 as well as the literature

review of Section 1, so some contents may be simila

3.1.OVERALL RESEARCH FLOW

Bayesian-LOPA methodology, which is a new termiggldeveloped in this
research, is the advanced LOPA method combinedBatfesian estimation. The
developed methodology may give more statisticalliable or concrete results of risk in
a LNG facility than the normal LOPA methods. LNGirstry has been keeping good
safety records since it had been introduced inntiestry. However, the operational
history of the LNG industry is not enough to makieesthe statistical stability of failure
data as opposed to other industries such as nefiner petrochemical industries. That is,
the failure data in the LNG facilities has statiatly shaky grounds due to short-term
based operational time and the number of demarieseiore, in order to improve the
reliability data in LNG industry, Bayesian estinwattiwhich can update plant specific
data from LNG facilities with the generic data whitave long-term historical
experience can be one of the best progressionskoassessments. Figure 3.1 shows the
flow diagram of this research, and it also shovesabery step for Bayesian-LOPA
methodology. The Bayesian-LOPA methods can be eghpdi other industries which
may have some uncertainties about the statistdiability of failure data in risk
assessments due to insufficient failure samplehot-term operational time, e.g.

aerospace industries.
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Process information Process Flow Diagram, P&ID, Process Data

\ 4
Process Hazard Analysis (PHA) HAZOP
Estimate Consequence & Category approach
Severity

A

Develop Scenarios From PHA results

Scenario : Initiating event + Consequence

\ /4

Identify Initiating Event
Frequency

Generic Data & Plant Specific Data

IPL : Independence, Effectiveness,

. Auditability
I dentify Related IPLs & PFD of IPLs : Generic, plant specific
Estimating PFDs of I1PLs dat:
A 4 . \ J
Estimate Scenario Frequency fio=fix |__|1 PFD
2
f°=f'xPFD ,xPFD ,x..xPFD,
Risk Ranking, Risk Ranking
Make Risk Decisions Compare with tolerable risk criteria
Recommendationsfor Safety Add IPLs or safety measures
Enhancement

Figure 3.1 The flow diagram of this research

LOPA is the method of simplified process risk assgnt which is typically
applied after a process hazard analysis such asHPAstudy. For LOPA applications,
the results of PHA are necessary to develop intisegnarios in the interested facilities
such as a LNG importation terminal. HAZOP studgng of the most reliable

qualitative hazard identification methods. Thus,20% method will be used to identify
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the incident scenarios in a LNG importation terrhik@r HAZOP study, it is necessary
to obtain the process information about a LNG teahiThis information may include
process flow diagram, piping and instrument diag(R®&lID), and process data.
Typically, it is very hard to obtain these kindsppbcess information. Even if the
information is available, usually it is impossiliéeopen to the public due to some
copyright issues. Thus, in this research, gen@@land simplified process flow
diagrams and P&IDs were used. However, they silude the basic design concept and
minimum specification adopted from the industrialnglards such as NFPA 59A [6] and
EN 1473 [1] of a LNG terminal.

After getting the process information, a HAZOP testrould be required to do
HAZOP study. A HAZOP team was composed of a prafiesspost doctors, and 7
graduate students. The HAZOP study was done bietra following the methodology
mentioned in Section 2.1. The incident scenariasidon HAZOP study will be
estimated according to severity by a category ntetfbe category method is the
gualitative way to classify the consequences wiiireeering expert judgments. This
category may be decided by the expected amoueledse, the risk level of possible
consequences (material loss, fire, explosion, xicteffects). The category method will
screen the possible incident scenarios with regpebie severity of consequences, and
only the screened risky scenarios which may resud#talities or large property damage
will be applied to Bayesian-LOPA methodology.

The next step is to develop the possible incideanharios based on the HAZOP
results. The incident cases screened by the sgwértbnsequence can be made to
incident scenarios combining the causes and corsegs in HAZOP study. Typically,
this process can be quite easily done if the PHsAllte are available previously.

Causes found in HAZOP results may be initiatinges®f incident scenarios.
After identifying an initiating event of a scenartbe frequency of the initiating event
should be obtained for a LOPA application. Therethree categories of data sources
for initiating events. The first one is the genatata which are historical data from the

same or similar industries such as refineries tmophemical industries have long-term
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operational time and also sufficient populatiorsafmpling data enough to stabilize the
statistical view of failure data. However, it cahneflect the characteristics and
conditions of the plant that the equipment is ofgetainder. Second is the plant specific
data which can be obtained from LNG facilities caftect the exact circumstances that
the equipment is used under. However, LNG indusag not quite long enough history
in gathering failure data and operational timeeathan refineries and petrochemical
industries. Thus, they are very hard to obtaintdusonfidential issues among industries
and are very sparse due to a short-term operatimnaland history. Moreover, they may
have statistically weak grounds due to a shorttcarar limited population of data
collection. Therefore, one of the best optionshigh reliable risk assessments is to use
the Bayesian engine (or estimation) which can brd ttategory of data sources.
Bayesian estimation can make the failure data @odaith prior information from
generic data and plant specific data from LNG itgud hat is, the updated posterior
data will reflect both the long-term operationadtbry from generic data and the specific
environments which the equipment (or facility) gecating under. Thus, Bayesian
engine will be used to find out the frequenciesdfating events. The mathematical
formulas and calculation diagram are addressee@atic 3.3.

After getting the frequency data of an initiatingest, it is necessary to identify
Independent Protection Layers (IPLs). The IPL cafdand and chosen in the list of
safeguards of every incident case in HAZOP resHitsvever, even though all IPLs can
be safeguards, not all safeguards are IPLs be¢RBuseshould meet the three
requirements: independence, effectiveness, andisduldty. Thus, very careful
consideration should be taken to choose a safe@saad IPL. Detail information of IPL
is addressed in Section 2.2. Now, the probabilitiailure on demand (PFD) of each
IPL should be obtained. Generally, this procedsineery similar to the Bayesian
estimation of the frequency of initiating eventawvever, there are a few differences in
the detailed mathematical calculations and distidimg. The differences are addressed in
the Sections 3.3 and 3.4.
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The next step is to determine the frequency ohaméent scenario. This step is
very straightforward using spreadsheet progranmmantual calculations. In this research,
Microsoft EXCEL software is used.

The last step is to make risk decisions by compgaaimobtained frequency to
tolerable risk criteria. These risk criteria maygdeen by companies, industries, or
government. Two risk criteria presented by CCP$ &té used in this research. One is

the case with considering human harm in the ind¢ideanario. In the case, maximum

tolerable risk criteria is less thdrx10™ / year and action required criteria is less than

1x107%/ year. The other is case without considering human hérat,is, only consider
consequences such as release, fire or explosioxinien tolerable risk criteria is less
than1x107 / year and action required criteria is less tHag10™ / year. If the

estimated frequency cannot meet the toleranceierissome recommendations which
may include additional IPLs or more frequent priasits should be given to reduce the
incident frequency or mitigate the severity of campsence. The procedure of
recommendations will be treated in each incideséca

As shown in Figure 3.1, these steps will be regktieeach incident scenario.
The frequency of each incident scenario will béngsted and then all frequencies can
be compared each other to rank the risks amondentiscenarios. This risk ranking

may be used to find out the priority of maintena(arerepair) or safety measures.
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3.2. THE SUMMARY OF FAILURE DATA

In order to use the Bayesian engine and obtainplated failure data, generic
data and plant specific data should be availalietlis research, several data sources
were gathered and some of them will be used. Briedduction of each data source

may be useful to choose appropriate data sources.

3.2.1. THE DEVELOPMENT OF AN IMPROVED LNG PLANT FAILURE
RATE DATA BASE

Johnson and Welker [27] have reported a surveye@rts on LNG plants. The
data were obtained from 27 separate LNG facilitetuding LNG base loads or satellite
facilities. The plant in-service time is approxielgt1,626,000 hours. The data base
provided operating hours, the number of failures] mean time between failures
(MTBF) of major equipments as shown in Figure 312e data source will be used as

plant specific data of likelihood function in Bayes estimation.
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Plant Area Operating Major MTBF
Hours Failures {hours)
Gas Pretreatment 675,000 25 27.000
Heat Exchangers 2,837,000 16 177,000
Vaporizers 188,000 26 7,200
Cryogenic Storage Tanks 1,809,000 2 904,500
Cryogenic Storage Systems 1,809,000 4 452,000
Compressor Systems 2,256,000 16 19,000
Cryogenic Pumps 366,000 86 4,000
Cryogenic Valves 6,278,000, ] 1,569,008,
Cryogenic Piping 1,164,000,000 2 582,000,000
Piping Insulation SD SD SD
Equipment Insulation SD SD SDn
Process Control Systems 1.505.000. 9 167,000
Human Errors 4,779,000 19 252,000
Spills and Leaks 1,626,000 11 148,000
Truvek Loading and Unloading 1,156,000, n >1,156,000,,
Fire Protection Systems 1,450,000, , 28 60,000,,
fire water systems 1,450,000,, 14 104,00¢C,,
dry chemical systems 1,423,000,, 2 ?1?.000--
gas systems 364,000, 2 182,000, ,
fosm sys:.ems 88,020 Gn >8&,00C
Hazard Detection Systems 16,703,000 76 220,000
gas detectors 16,703,006 1] 380,000 (SD)
low temp. det. 2,631,000 2 1,315,000
flame det. 1¢.570,000 12 881,00C
high temp. det. 8,418,000 4] >8,418,000
'ft-hours 'operator-hcurs *®in service hours Phormalized

SD= see discussion

Figure 3.2 Summary of major failures in LNG plant failurdeaata base [27]

3.2.2. EIReDA

The EIReDA (European Industry Reliability Data Baigkoperated by ESReDA
(European Safety and Reliability Research and [gveént Association). The data
were collected from nuclear power plants operaieBIbctricite de France and analyzed
using Bayesian logic. It provides the mean valddseguency and PFD as well as
distribution parameters. In the data source, gawtistabution was used for failure
frequency and the values @andp parameters were provided. For probability of fialu
on demand, beta distribution and its values ahdp parameters were provided as
shown in Figure 3.3. EIReDA will be used as gendata of a prior distribution in

Bayesian estimation, especially for the PFDs ofsIPL



1998 EDITION UROPEAN IND RELIA Y DAT ANK table 76 of 220
| componENT ELECTROVALVES (Solenoid Valves)
1978-1987 plant-years: 124 No components/plant: 3
SAMPLE
1988-1993 eqt-years: 650
Failure Rate Probability of Failure Mean Acltive
on Demand Repair
3/ (E-6) EF v/d (E-3) EF MITR | Man-
{h) hours
Prior (78/87), 10 2.9 0.23 15 3
Critical failures
Likelihood No Failures Cum.Time {h) No Failures No Demands
{88/93) 4 4.4 E+6 5] 1472 E+4 6 14
Post. Mean 1.0 0.28
Prob. Interval 60% 0.6 1.35 | BO0% 0.20 0.38
Posterior pdf Gamma (4.9 ; 4.9 E+6) Beta (16.3 ; 5.6936 E+4)

L Mode 1:  External leak: 0.62 l Mode 2:  Won't close: 0.09 j
Other Sources % /h. E-6 EF y1d. E-3 EF T :{‘;:S
EDF 1995C
All {78-93)
T-book 3ee Critical 0.45 4 2
All
Sample water, air, boron systems, 19 failures
RRA see Critical
All 18
Sample
Critical
All
Sample
Critical
All
Sample
Comments:
«  Allduring operation: 6.7 E-7/h, EF = 2.9,
mechanical: 3.7 E-7/h, EF = 2.9,
s+ } forvalve normally activated. If not activated, 2 = 0.11 E-6/h.
=s= Generic failure rate, process equipment.

Figure 3.3 Example from EIReDA data bank [28]
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3.2.3. OREDA
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OREDA (The Offshore Reliability Data) is based ba bff-shore installations

such as platforms. It gives the number of failuogmrational time, failure rates,

standard deviations, and mean repair time as shagure 3.4. It also provides lower,

mean, and upper values based on gamma distribfatidghe huge number of items. It

will be used as one of the generic data of pristritiution in Bayesian estimation for

initiating event frequencies as well as PFDs ofdPL

Population No.of Failure rate (per 10%h) Mean repair
fatlures fime (manhours)
Lower Mean Upper

Centrifugal, electric motor driven
100—1000 kW 5 58 2.64 550.66 2106.50 20.6
1000—-3000 kW 14 204 174.54 880.21 2033.05 25.1
3000—10,000 kW 9 398 11577 243302 408847 48.2
Centrifugal, turbine driven

9 586 122.28 2449.88 7341.37 29.6
Reciprocating, electrical motor driven
1000—3000 kW 4 3562 229378 2509.70 2741.16 96
3000—10,000 kW 4 317 4029.38 538842 6909.82 98.6

Figure 3.4 Example from OREDA database [28]
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3.2.4. CCPS

CCPS (The Center for Chemical Process Safety) geoViGuidelines for
process equipment reliability data with data tablesprocess equipment, process
systems, and chemical manufacturing operatioqsoitides failure frequencies with
lower, mean, and upper as well as PFDs. It usetbgr®rmal distribution to identify
the credible intervals. However, it didn’t provittee number of failures and number of

demands.

3.2.5. OTHERS

Other data sources which may be used for risk assads have been founded:
Idaho Chemical Processing Plant Failure Rate Da&af#8] , SES Long Beach LNG
Import Project (Quantitative Risk Analysis) [29hdaComparative Risk Assessment of
LNG Tank Designs Training [7]. Table 3.1 shows tbenparison among several data

sources which may show their own characteristicsgaven types of data.



Table3.1 The comparison of failure data sources

Class. base Frequency of initiating events PFDBRIos Mean failure time
] Repair
No. of | Operating o No. of o )
Data source| ) mean| Distribution| S.D| EFRF mean| distribution S.Dj EF MTBF MTTRtime(man
failure time demand
hour)
O o
EIReDA o o o o o o o
Gammag,p) Betag.p)
O
OREDA o o) o o o o
Gamma
O O
CCPS o o
Lognormal Lognormal
O O
Idaho o o o o
Lognormal Lognormal
LNG data
O O O
base
QRA Long
O o
beach LNG
Comparative
O o
LNG tank o) o o o
Gamma Normal
(KGS)

69
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3.3.BAYESIAN ESTIMATION FOR INITIATING EVENTS

The frequencies of initiating events can be estachdty Bayesian engine. The
gamma distribution is used as a conjugate pridridigion with Poisson distribution as
a likelihood function. The posterior data of faduirequency also are obtained from
gamma distribution according to conjugate cond®REDA data made from gamma
distribution are used as a prior distribution. Lig@nt failure rate database which is a
plant specific data is used as a likelihood functid Poisson distribution. The updated
posterior failure frequencies of initiating eventdl be estimated by Bayesian logic (or
engine). However, OREDA data have one differenapeater in the gamma distribution
which is used in Bayesian estimation with a gamorgugate prior. The equation 3.1
(which is also shown in Section 2.1) is the equmtibthe gamma distribution in
Bayesian estimation for initiating events and emquie.2 is the equation of gamma
distribution of OREDA database.

— :Bg a-1.,-A8
f(A)= r(a)ﬁ e (3.1)
1 - o)’ -
_ a-1 4 a-1
f(A) = Ae V=L _JNe 7V (3.2)
yr(a) M(a)

By comparing equation 3.1 and 3.2, one differesaebe found in a parameter
and the parameter relationship is
-1 (3.3)
4
When equation 3.3 is substituted into equation,2l& equations of posterior

parameters are
apost =X+ aprior ' ﬂpost =t+ ﬁprior =t +l/yprior (34)
Then, mean frequency of posterior distribution is

_ apost X+aprior X+a

lupost - = = pricr (35)
:Bpost t+ prrior t+ 1/ yprior
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Other procedures are same within Section 2.3.1Fagute 3.5 shows the
schematic diagram of the Bayesian estimation fiturafrequencies of initiating events.

When there is little belief of prior distributiom generic data are not available
for some equipment, Jeffreys non-information pnay be used. As shown in Section
2.3.1, the Jeffreys non-informative prior distribatcan be a gamma distribution which
shape parametet, is equal to ¥2 and scale paramefteis equal to zero. Thus, posterior
parameters for Jeffreys non-informative prior is

A post = X+ 05, Bog =1 (3.6)

Thus, posterior mean of Jeffreys prior is

post .
/ post

IB post t

Other procedures are the same within Section ,2aBd a schematic diagram for

(3.7)

Jeffreys non-informative prior is shown in Figuré.3
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Frequency of initiating event
with informative prior
1

Prior distribution (frequenc Likelihood functior (probability’ I

1 1
Gamma distribution Poisson diAstribution
a —At X
f) =L e pr(x =y = &0
F((i/) I X!
LNG facility failure data
> a X : No. of failures
prior t : time to failur
OREDA
f (/]) = (y ) Aa—le—/](y’l)
ra)
B=y"

Posterior distribution (frequenc

Gamma distribution

X+ prior ) =L 3= A+ Bprior ) — — —
f 04 ’ e e apost =X+ aprior ' Igpost =t+ ﬁprior =t+1/ yprior

post

Mean of Posterior frequency

- apost _ prior __ prior

H post —

IBHost t+ IBErior t+ 1/ yﬁrior
90% Bayes credible interval
/]0.05 = XZ 005 (zapost) /zﬂpost ’ AOBS = Xz 095 (zapost) lzﬁpost

Figure3.5 The schematic diagram of Bayesian estimatiornitiating events with
informative prior



Frequency of initiating event
with non-informative prior

63

v

Prior distribution (frequency) I

Jeffreys
Non-informative
prior

Gamma distribution (0.5, 0)
aprior = 05' lgprior :O

v

Likelihood function (probability) I

Poisson distribution
— At X
pr(x =x) = &

LNG facility failure data
X : No. of failures
t : time to failure

Posterior distribution (frequency)

Gamma distribution
foog DA g =x+05 f

post post post

=t

'

Mean of Posterior frequency
a x+ 05
/'Ipost = e =
B t

%St

90% Bayes credible interval

Aoos = X005 (2X+1) /2t |, Aggs = XZ005(2X+1) /2t

Figure3.6 The schematic diagram of Bayesian estimatiornitiating events with
Jeffreys non-informative prior
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3.4.BAYESIAN ESTIMATION FOR IPLs

The PFDs of IPLs can be estimated by Bayesian engjime beta distribution is
used as a conjugate prior with binomial distribatés likelihood function. The posterior
data of PFD also are obtained from beta distrilouéiccording to conjugate concept.
EIReDA data made from beta distribution for PFD @sed as a prior distribution
preferentially. When PFD values and two paramdteesdf) of beta distribution of
some pieces of equipment are available in EIReDiAlese, they can be used directly
as the information of prior distribution in the Besjan estimation. However, when there
is no failure data about some pieces of equipmreBiReDA, OREDA may be used
after converting frequency into PFD using the fieary-PFD conversion method. LNG
plant failure rate data base which is a plant djpedata is used as a likelihood function
of binomial distribution. However, even though soiaiéure rate data are available in
LNG plant data base, it didn’'t provide the numbiedemands. The number of demands
is one of the essential information to the binordiatribution together with the number
of failures. Thus, it may be estimated by correlatoetween the equation of a point
estimate and the PFD estimating equation. After, tha updated posterior PFD of an
IPL will be estimated by Bayesian logic (or engimgth beta distribution.

According to Sandia National Laboratories [23]t if assumed that the
probability is not dependent on the starting tirhéhe period, t, and failures of systems
during standby periods are independent of eachr,dthe probability that a system is
failed when observed at time t is

p=1-e™ (3.8)
wherel is the failure rate.

If it is assumed that there is periodic test ofipment and the unplanned
demands occur at a random time within the testyaecin other words, the failures are
revealed by the test, the PFD can be approximattlynated by

PFD = A lies (3.9)
2
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whereT.

s 1S the proof test interval. The information ofttegervals was shown
in Table 1.2 and it will be used to obtain PFDstfos research.
As shown in Section 2.3.2, a point estimat@ @fhich is the most commonly

used frequentist estimate is

PED =x/n (3.10)

where x is the observed number of failures andthasbserved number of
demands.

According to Crowl [25], if it is assumed that fai rate, is constant, MTBF
which means the time interval between two faillwkthe component is given by

MTBF :% (3.11)

If it is assumed that the PFD value of point estema equation 3.10 is the same
mean value in equation 3.9, the correlation of &qn&.9, 3.10 and 3.11 can give the
equation of the number of demands as such

2x _ 2xMTBF
AT, T

test test

n=

(3.12)

By using the equation 3.12, the number of demahdgeration can be estimated
with the number of failures, MTBF, and proof tegerval.
Now, the posterior mean of PFD can be calculasguiguequation 2.28 and a

schematic diagram of Bayesian estimation for PFBrofPL is given in Figure 3.7.
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PFD of IPL
with informative prior
|
v v
Prior distribution (probability) Likelihood function (probability)
1 1
Beta distribution Binomial distribution
r(a + ,B) a-1 B-1 n _
f(p)=——~——~p""A-p) Pr(X =x) = X(1-p)"*
| |
EIReDA LNG facility failure data
x : No. of failures, n : No. of demands
_ M=) _ M- H) ’
ag - 7_1' rior 1_ 7_1 .
prr = M \Y; I Ay a-pl \Y; ] n= ZXXﬂ Tiest: Proof test interval
Ttest

Posterior distribution (probability) I

Beta distribution

(X+@prior )-1 (N=X+Byior )1 — —
fpost( p) a p X (1_ p) e ’ apost - X+a’pric'r' ﬁpost - (n_X) +ﬁprior

Mean of Posterior PFD
a X+a

post

(agost + IBEost) n+ agrior + BErior

90% Bayes credible interval
Avgs = X005 (20 05 1205+ X005 (20 05)] + Aggs = X095 (20 o) 128050+ X 095201 5]

prior

:LI post =

Figure 3.7 The schematic diagram of Bayesian estimationfas with informative
prior of EIReDA
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When EIReDA does not provide failure data aboutespmces of equipment,
OREDA may be used after converting frequency iri® Rising the frequency-PFD
conversion method as shown in Figure 3.8. OREDAiIlare frequency data based on
gamma distribution, but it is necessary to get BPaBed on beta distribution. OREDA
provides frequency intervals with lower (5% credjbimean, and upper (95% credible).
It is possible to convert failure frequency intoDP&sing equation 3.9. By using
equation 3.9, PFD interval from frequency intervah be obtained. Beta distribution is a
flexible family of distributions that is useful fonodeling phenomena that can range
from O to 1. Probability shall range from 0 to hug, it may be assumed that obtained
PFD intervals follow the beta distribution. In otlveords, the PFD values of lower,
mean, and upper follow the beta distribution. lmega distribution, there are two

parameterso, B) and equation of a mean value is

a

= 3.13
M= 1 (3.13)
If equation 3.13 is rewritten 3 the equation is
B= al-4) (3.14)

7

If three factors which are the lower PFD value (&%dible), parametex, and
parametep described withw andp, parametes can be calculated by

Betad?s(PFDL, a,ald-u) ! u) =005 (3.15)

Betadis{PFD, , a, a(l- )/ 1) - 005=0

where “betadist” is the abbreviation of cumulatbeta probability density
function. In equation 3.15, PE@&ndp are already known andis the only unknown
variable, thust can be found in an equality equation. Severalasgfsfeeet programs such
as MS/EXCEL provide the function of beta distriloatiand the solver function. Thus,
the parametex can be obtained using these software packagése tbtained value of
a parameter and known mean valugare put into the equation 3.14, the valu@ of
parameter can be found. Therefore, the obtainedoarametersa( f) can be used for

the information of prior beta distribution in Bayjas estimation.
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As shown in Figure 3.9, after getting two parangetdrprior beta distribution,
the procedures of likelihood function and postedistribution estimated by Bayesian
logic is same with the EIReDA case as a prior itistion (see Figure 3.7).

When there is little belief of prior distributiom generic data are not available
for some equipment, Jeffreys non-information pnay be used. As shown in Section
2.3.2, the Jeffreys non-informative prior distribatcan be a beta distribution which
both parameten, and parametef, are equal to ¥2. Thus, posterior parameters for
Jeffreys non-informative prior is

A post = X+ 05, B =n—%x+05 (3.16)

post
Thus, posterior mean of Jeffreys prior is

apost — X + 0.5
apost + ﬂpOSt n +1

:upost = (317)

Other procedures are same with the case of inforenprior, and a schematic
diagram for Jeffreys non-informative prior is shownrfFigure 3.10.



Convert frequency into PFD, and get a,

v

Frequency of OREDA
(Gamma distribution)

69

Frequency
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PFD
PFD (Lower, 5%) u (Mean) PF[ (Upper, 95%)}

PFD
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\ 4

EXCEL S/W

Beta distribution (PFD a, a(1-w)/ n)-0.05=0

Finda, and theng = 2@~ 4)
U

4[

Usea, B parameters of PFDs of a prior
distribution

Figure 3.8 Frequency-PFD conversion method
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PFD of IPLs
with informative prior
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f()=——LL p"*(1-p)P* =X)= X(1-p)"
@) F@F ) P @A-p) Pr(X =x) )jp @-p)
I I
OREDA LNG facility failure data

Using Frequency-PFD conversion method
(see Figure 3.8)

X : No. of failures, n : No. of demands
= 2xx MTBF

T

tes

Tiest: proof test interval

Posterior distribution (probabilit

Beta distribution

(Xt prigr ) =1 (N=x+Bpigr )1 — —
fpost( p) a p o (1_ p) e ’ apost - X+aprior ’ :Bpost - (n_ X) +ﬁprior

y

post

Mean of Posterior PFD

prior

H post =

(apost + :Bpost) n+ aprior + :Bprior

A

y

90% Bayes credible interval
/1005 = /Yz 005 (Zapost) /[Zﬂpost + XZ 005 (Zapost)] 1

/1 095 = Xz 095 (Zapost) /[Zﬁpost + /\/2 095 (Zapost)]

Figure 3.9 The schematic diagram of Bayesian estimationRas with informative
prior of OREDA
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PFD of IPLs
with non-informative prior
L
v v
Prior distribution (probability) Likelihood function (probability)
Jeffreys Binomial distribution
-i i n X n-x
non |nfc_erat|ve Pr(X =x) = SJp - p)
prior X
I | |
Beta distribution (0.5, 0.5) LNG facility failure data
x : No. of failures, n : No. of demands
a rior = 05’ ﬂ rior = 05 X
? ? n= 2xx MTBF Test: proof test interval
Ttest

Posterior distribution (probability)

Beta distribution

fpost( p) o p(><+0.5)—1 (1_ p)(n—x+0.5)—l’ aposl =X+ 051 IBposl = (n - X) +05
Mean of Posterior PFD
A post _x+05

Hoos ™ (gt ) N*L

90% Bayes credible interval
/]ODS = /\/2 005 (Zapost) /[Zﬂpost + Xz 005 (Zapost)] ’ /1095 = Xz 095 (zapost) /[Z,Bpost + /\/2 095 (Zapost)]

Figure3.10 The schematic diagram of Bayesian estimatiod®as with Jeffreys non-
informative prior

3.5.EFFECT OF COMMON CAUSE FOR MULTIPLE COMPONENTS

According to Summers [30], common cause failurtdésfailure of a device or
occurrence of an event that results in the faitfran entire system or subsystem. When
the common cause failure occurs, it may affectrodle®ice or system. In the process
industry, multiple components or devices may beaited to reduce the failure rate or
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probability as a redundancy. For example, two preseelief valves should be installed
in a LNG storage tank required by NFPA 59A [6]. Madves may have common cause
failures due to same manufacturer’s productioraonesoperational environments. Even
though they may not be independent each othenamdadlves may not be considered as
respective IPLs, the use of two pressure reliefasprovides additional safety than the
installation of only one valve. Thus, it is necegda set up the estimation methods of
PFD for multiple devices.

In the LNG industry, several types of multiple gations may be found as such
1002 (one out of two) and 2003 (two out of thrd®p2 means that if only one of two
devices work properly, the system will run succegfin other words, both devices
should fail for the system failure.

In case of 1002 system, the average of PFD is

ﬂ

PFD = (PFD,,)* + (m—="= + BAMTTR (3.18)

Wherep is the common cause factaris the failure rate, g is the proof test
interval, and MTTR is the mean time to repair.

If it is assumed that MTTR is much less thag;Tthe last term of the equation
3.18 may be negligible. Practically, this assumptgoreasonable because test interval is
a lot larger than the repair time. Then equatid® 3nay be simplified as
BAT

test)

PFD = (PFD1001)2 +(— (3.19)

= (PFDyq)” + ﬁ(PFDm)
The second term on the right-hand side of equatib represents the effect of
common cause failure.
In case of 2003 system, the average PFD is
ﬁ/]T

test )

PFD = 3(PFD,, )% + (4= (3.20)

= 3(PFD1001)2 + IB(PFDlool)

According to Summers [30], the common cause fa@tdras not been published

yet to support the selection of beta factor. THecti®n may be decided by experience-
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based expert judgment. However, if the multipleides are designed to minimize the
potential for common cause failure, the beta factor be ranged from 0.1% to 5% for
field device modeling. Corresponding to industeapert judgments, the beta factor used
for valves may be 0.1% and for sensors may be 3#6.dstimation method for common
cause failure will be used for multiple items imsthesearch.
As a reference, following measures may be useddoae the common cause
effects:
= Diversity
For example, use of different type of valves, sexsar different technologies,
different manufacturers.
= Suitability
Use the devices where they make sense.
= Simplicity
The simpler system is, the less common cause ésilexist.

3.6.BAYESIAN-LOPA SPREADSHEET

After obtaining the frequencies of initiating eveand PFDs of IPLs, the data
can be plugged into a LOPA spreadsheet as showalle 3.2. The spreadsheet can
automatically compute the frequency of an incider@nario when the required data are
input. The estimated frequency is compared to ablerrisk criteria, and whether it
meets the criteria or not will be recorded in acepaf “criteria met?” For every incident
scenario, the same procedure will be applied aed the frequency values obtained

from each scenario can be compared each othenkdne risk.
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Table3.2 The format of LOPA spreadsheet of this research

Scenario No. Scenario Title : Node No.
o N Frequency
Date Description Probability
(per year)
Consequence
Description/Category
Risk Tolerance Criteria Action required < 1x10°
(Frequency) Tolerable < 1x10°

Initiating event

(frequency)

Enabling event

or condition

Conditional modifiers

(if applicable)

Frequency of
Unmitigated

Consequence

Independent

Protection Layers

Total PFD for all IPLs

Frequency
of Mitigated
Consequence

Risk Tolerance
Criteria Met? (Yes/No)

Actions
required to meet

Risk Tolerance Criteria

Notes

References
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4. RESULTS OF BAYESIAN-LOPA METHODOLOGY AND
VALIDATION

4.1. THE RESULTS OF HAZOP STUDY AND SCENARIO MAKING

The HAZOP study was conducted by a team which stetsiof one professor,
two post doctors, and seven graduate studentstirerArtie Mcferrin department of
chemical engineering at Texas A&M University and Mary Kay O’Connor Process
Safety Center on July 19, 2007. The results arevshio Appendix B. However, the
HAZOP study was not fully completed because offiigent process information and
use of simplified process flow diagram and P&IDother words, the study was focused
on a few incident cases which may have outcomds méjor dangerous consequences.
For the HAZOP study, three nodes were consideraah ibNG importation terminal as
shown in Table 4.1.

The HAZOP study created approximately twenty inotd=ases. Each scenario of
LOPA was created by combination of a cause anthasmuence in the HAZOP results.
For LOPA study, seven scenarios, as shown in TaBlewere chosen according to the
severity of consequences and the importance opatgnt. Two scenarios were chosen
in the unloading arm area (node 1) and recondehsd#? pump area (node 2), and three
scenarios were selected in the storage tank sysiede 3).
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Table4.1 HAZOP nodes in a LNG terminal

Node Description/design intent Design conditionspaeters
1. LNG liquid | LNG unloads from tanker (ship) t¢ A shutdown valve is provide
unloading a storage tank at the unloading arm

from ship to

tank

2. LP LNG LP LNG pump feeds LNG to HP | LP pump is provided in each
pump LNG pump to boost. This LNG is | tank to supply LNG to HP

discharge to
recondenser &

passed through recondenser to
condense BOG.

pump which boosts this liqui
to higher pressure.

| &N

HP pump

suction

3. LNG tank | LNG will be stored in this tank angl Pressure of a tank is almost
system then be sent through recondense| &@mospheric pressure and

vaporizer.

insulation is provided to keej
LNG cool.

I
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Table4.2 LOPA incident scenarios

N

11%

D

Scenario| Node Causes Consequences Scenarios
No. No.
1 1 Loading arm failures| Release of LNG due to| LNG leakage from loading arms
due to flange joint or | loading arm failures during unloading
swivel joint failures | resulting from swivel
joints failure and flange|
joints failures
2 1 During unloading, Pressure increase of | Pressure increase of unloading
BV-1 spurious trip unloading arm arm due to BV-1 failed closure
closure during unloading
3 2 BV-32 spurious HP pump damage HP pump cavitation and damage
failed closure leading to possible due to lower pressure of
leakage and fire recondenser resulting from BV-3
failed closure. Leakage and fire.
4 2 FCV-33 spurious full] LNG level increase and Higher temperature in
open leads to carryover into | recondenser due to more BOG
annular space resulting input resulting from FCV-33
in possible overpressurespurious full open. Cavitation an
in tank pump damage leading to leakag
5 3 Rollover due to Overpressure in tank | Overpressure in tank due to
stratification and possible damage | rollover resulting from
stratification and possible damag
in tank
6 3 Human errors LNG level increases LNG level increases and leads t(
(operator lines up the and leads to carryover | carryover into annular space of
wrong tank) into annular space LNG because operator lines up
resulting in possible the wrong tank. Possible
overpressure in tank | overpressure in tank.
7 3 LP pump-out without| Underpressure in tank | Underpressure in tank due to

BOG input due to
BV-25 spurious

failed closure

and possible damage @

tank

f pump-out without BOG input
resulting from BV-45 fail closure.

Possible damage of tank
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4.2.LOOK-UP TABLE OF FAILURE RATES

The look-up table shows all failure data of frequear probability of failure on
demands of equipment or operational systems whae wsed in this research. In other
words, the look-up table may be the summary shefailare data so that researchers or
analysts can easily look at failure rate or proligldata of equipment which were used
in a research or risk analysis and apply to risessment methods. It provides generic
failure data as a prior distribution and LNG plapécific data as a likelihood function.
For the prior information, either EIReDA or OREDAtd base was used according to
data availability. For the likelihood informatioiNG plant failure rate data base
collected from LNG facilities was used.

It was classified into two parts; the frequenciémitiating event and the PFDs
of IPLs. Table 4.3 provides the frequency datantifating events and Table 4-4 shows
PFDs of IPLs. Moreover, those look-up tables at&tude alpha and beta parameter

values of gamma and beta distribution for somegsiex equipment.



Table 4.3 Look-up table of failure frequencies of initiagievents

L

Class. Prior information likelihood information
event min mean(/y) max S.D. reference & note operating np.of reference & note
years failures
rollover | 6.50E-03| 1.20E-02 2.60E-02 5.60E-03 [TB p.321 2.09E+02 4 |[27] cryogenic storage
systems, major
Shut-off
Valve (BV) | 8.64E-05| 553E-03| 1.78E-02 6.48E-qali OREDAD.788 | o o0p ol 4 | [27], cryogenic valves, majof
fail close (spurious operation)
human errors
in filling 5.53E+02 19 [27], human errors, major
procedures
FCVfailto | hori00| 2.73E-02] 1.33E-01  5.50E-02A3H OREDA D732 5 o0r ol 4 | [27], cryogenic valves, majo
regulate (fail to regulate)
loading arm | ¢ 55400l 3.80E-03] 1.93E-0p 8.27E-03 [31], OREDA2p. | 1.34E+02| 5 | [27]tuckloading and
failure unloading, overall

6.



Table4.4 Look-up table of failure probabilities of IPLs

test

Class. Prior information likelihood information interval
(year)
event PFD PFD PFD Alpha beta SD Lower | Mean | Upper SD | reference NQ' of | MTBF reference
lower | mean | upper (ly) (ly) (ly) failure | (year)
3.00E- | 4.70E-| 6.00E-| 2.90E | 6.20E [32], 1.82E o
.00E- | 4.70E-| 6.00E-| 2. . . cryogenic
PRV, VRV | "4 04 04 | +01 | +04 E'Rf(%A 4 +02 | valves, | 20000
- major
EMOV, BV | 7.20E-| 1.16E-| 1.56E-| 4.97E | 4.29E [32], 3.03E 21, i
, .20E-| 1.16E-| 1.56E-| 4. . . cryogenic
(stop valve)| 04 03 03 +00 +03 EIRle>2I37A 24 +01 valves, 0.0833
- overall
27]
FCV [32] [27], .
. 2.00E-| 2.80E-| 3.80E-| 1.63E | 5.69E ! 1.82E | cryogenic
(Solenoid 04 04 04 +01 +04 EIReDA 4 102 valves, 1.0000
valves) p.99 -
major
i i | 5.96 [31],
pressure LISE| A22F | 1025 E | OREDA N.A. 0.0833
02 p.559
density | 4.00E-| 8.00E- | 1.60E- 4'E(f° K[(73]S
monitor 03 03 02 03 0.323
fire detector i i | 631 [31], [27], flame
(flame- 3'6‘2E G'géE 3'8§E E- | OREDA | 12 1;%22E detector, | 0.5000
infrared) 03 p.520 major
gas detectof i i | 291 [31], [27], gas
(hydro- LR | SO0 | 8885 E | oreDA | 44 | %20 | detectors, | 0.0833
carbon gas) 02 p.526 major

08



Table4.4 Continued

test

Class. Prior information likelihood information interval
(year)
event lPFD PFD PFD alpha beta SD Lower | Mean | Upper SD | reference No. of | MTBF reference
ower | mean | upper (ly) (ly) (ly) failure | (year)
HP, LP 1.10E-| 1.90E-| 2.70E-| 8.80E | 4.41E [32] 4.75E 21 i
, . -1 1. -1 2. - . . i . cryogenic
pump 04 | 04 | 04 | +00 | +04 BIREDAT T | 400 | pump, | 00%%
P minor
27]
BOG i i i [32], [27],
compressor 1.32E 2.82E 3.32E 8;((3)(())E S;Z)ZE EIReDA, 116 21._%%E com;:ressor 0.0833
reciprocating p.28 S)r;sa(jaé?&
[27],
level i i | 211 [31], process
detector 1'32E 4'8§E 8'8(2)E E- | OREDA 9 1;%31E control 1.0000
and alarm 02 p.544 system,
major
operator
fail to 1.30 [71,
shutdown | 200E- | 8.00E- | 3.00E- £ KGS,
on high 03 p.337
level alarm
[27], low
temperature 2.59E-| 5.52E-| 2.10E- 7|'E7_4 O[Ig)é}D,A 2 1.52E temp. 0.0833
alarm 04 02 01 +02 detector, '
02 p.560 h
major

18
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4.3.RESULTS OF RISKS

4.3.1. UNLOADING ARM AREA (NODE 1)

In the unloading arm area (node 1), two BayesiafA@ncident scenarios were

prepared.

4.3.1.1. SCENARIO 1 (LNG LEAKAGE FROM LOADING ARMS
DURING UNLOADING)

LNG may leak during the unloading operation if thare failures of flange or
swivel joints in unloading arms. The consequendgafd line failure will be much
more severe than the one of vapor return lineraihecause LNG can be vaporized into
gas with the volume of 600 times of gas phase.fGlameasures should be taken in the
unloading arm area because arms have several yaits may be likely to be leakage
sources and be vulnerable to external impacts asittad weathers or ship tanker
movements.

The frequency of the loading arm failures as atiaiting event may be estimated
with the OREDA data and LNG facility failure datade. OREDA provides the failure
frequency of a flowline including joints, pipe sposolation valve, and pipe. It is used
as prior information of generic data in Bayesiatneation. The LNG failure database
gives the operating hours, number of failures, li@F of the truck loading and
unloading facilities. The data of truck loadingifidies does not exactly fit unloading
arms of a ship tanker, but it still can be usedafship tanker because the configuration
and design of truck loading arms are similar todhe of tanker unloading arms. Thus,
the failure data of truck unloading arms are uselikalihood information of plant
specific data. The estimated frequency data (par)y@e shown in Figure 4.1. Figure

4.1 shows that the posterior value of failure fietey is between prior and likelihood
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values. It means that the posterior values is @odaith prior and likelihood
information. That is to say, it means that the @ost value reflects both long-term
based historical data from generic data and skont-based plant specific data. The
vertical line of posterior column indicates the 98#yesian credible interval ranged

from 0.0104/year to 0.0483/year. The detalil infaioraof these calculations is given in

Appendix C.
Frequency comparison

0.0600

0.0500
’é‘ 0.0374
8 0.0400
)
> 0.0275
& 0.0300
[}
=}
o
0 0.0200
[

0.0100

0.0038
0.0000 T
Prior Likelihood Posterior

Figure4.1 Frequency of a loading arm failure correspondanBayesian estimation

For this scenario, two IPLs may be considered. Otige gas detector and
human intervention. The other is the fire deteatwt ESD valve. It is assumed that the
functions of gas detector and fire detector arepeshdent each other, and human
intervention can be performed perfectly.

IPL 1 is the gas detector and human interventitve FFD of gas detector
failures can be estimated with the OREDA data aNG lfacility failure data base.
OREDA provides the failure frequency of a hydrocarigas detector. These data should

be converted into PFD by using Frequency-PFD camwemethod as shown in Figure



84

3.8. The method can produce PFD as well as twaypetea values o& andp of beta
distribution. The parameter values are used as prfiormation. The LNG failure
database provides the operating hours, numbeirlofds, and MTBF of the gas detector
which can be used as likelihood information of LIdI@nt specific data. The estimated
PFDs of gas detectors are shown in Figure 4.2 vahee is considered as the PFD of the
IPL 1 because of the assumption of perfect humaioqmeance. Figure 4.2 shows that
the posterior value of PFD is located between @raf likelihood values. The vertical
line of posterior column indicates the 90% Bayesiadible interval ranged from

0.0007 to 0.0012.

PFD comparison
0.0025 0.0024
0.0020 ~
0.0015
™
o 0.0009 0.0010
0.0010
0.0005 ~
0.0000
Prior Likelihood Posterior

Figure4.2 PFDs of a gas detector corresponding to Bayesaimation

IPL 2 is the fire detector and the ESD valve. TE®FPf fire detector failures can
be estimated with the OREDA data and LNG facilé@iure data base. OREDA provides
the failure frequency of a flame infrared fire d#te. These data should be converted
into PFD by using Frequency-PFD conversion methbe. LNG failure database
provides the operating hours, number of failures, ITBF of the flame detector which
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can be used as likelihood information. The estich&EDs of flame detectors are shown
in Figure 4.3. The vertical line of the posteriotuimn indicates the 90% Bayesian
credible interval ranged from 0.0014 to 0.0035.

PFD comparison

0.0040
0.0035
0.0030
0.0025
0.0020
0.0015
0.0010
0.0005
0.0000

0.0025 0.0023

PFD

0.0016

Prior Likelihood Posterior

Figure 4.3 PFDs of a flame detector corresponding to Bayesstimation

However, IPL 2 consists of the fire detector arelHSD valve. The PFD of ESD
valve should be estimated also to identify the PFIDPL 2. The PFD of an ESD valve
can be estimated with the EIReDA data and LNG ifsdtilure data base. EIReDA
provides the mean value of PFD and parameter valuesandp in beta distribution for
the electric motor operated stop valve (EMOV). They used as prior information. The
LNG failure database gives the operating hours,berrof failures, and MTBF of the
cryogenic valves. The estimated PFDs of an ESDevate shown in Figure 4.4. The
vertical line of the posterior column indicates 8886 Bayesian credible interval ranged
from 0.0010 to 0.0018.
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The failure case of IPL 2 shall be either failufdi@ detector or an ESD valve.
Thus, if it is assumed that fire detector and E@De is independent each other,
following Boolean algebra equation can be usedtionate PFD of IPL 2.

Pr(AO B) = Pr(A) + Pr(B) — Pr(A) x Pr(B) 4.1)

Therefore, total PFDs of IPL 2 are shown in Figlu®

PFD comparison

0.0020
0.0018
0.0016
0.0014
0.0012
@ 0.0010
0.0008
0.0006
0.0004
0.0002
0.0000

0.0014 0.0013

0.0012

Prior Likelihood Posterior

Figure4.4 PFDs of an ESD valve corresponding to Bayesiimason

PFD comparison of IPL 2

0.0045
0.0040
0.0035
0.0030
@ 0.0025 ~
0.0020 ~
0.0015
0.0010
0.0005 H
0.0000

0.0038 0.0037

0.0027

Prior Likelihood Posterior

Figure4.5 Total PFDs of an IPL 2 corresponding to Bayegistimation
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Consequently, the mitigated failure frequency @rsrio 1 can be estimated

with the LOPA spreadsheet as shown in Table 4.5.

Table4.5 LOPA spreadsheet of incident scenario 1

Consequence (/year)

Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
1 LNG leakage from Loading arms during unloading 1
Date Description Probability Frequency
(per year)
Release of LNG due to loading arm
Consequence . . . .
Description/Category failures resulting from swivel joints
failure and flange joints failures
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Loading arm failures due to flange
L o . 2.75E-02
(frequency) joint or swivel joint failures
Frequency of
Unmitigated 2.75E-02
Consequence
Gas detector§ at the Jletty and 9. 75E-04
Independent human intervention
Protection Layers Fire detector and ESD 3.68E-03
Total PFD for all IPLs 3.59E-06
Frequency
of Mitigated 9.87E-08

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. Test intervals should be kept as
following to keep the PFD (ESV and
gas detector: 1 month, fire
detector: 6 months).

2. The logic solver of gas and fire
detector should be independent to
get full credits of IPLs. Otherwise,
one of them cannot be an IPL.

Notes
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The comparison of risk values of scenario 1 amaray,dikelihood, and
posterior information is given in Figure 4.6. Figut.6 shows that the posterior value of
failure frequency is located between prior andliii@d values. However, this trend is
not always followed to all risk values estimatedU@PA for incidents. The posterior
value of each initiating event or IPL should existween the prior and likelihood values
if an informative prior distribution is used for ¥asian estimation. If an initiating event
and all IPLs have the same trend as shown in Fi@ethe final risk values estimated
by LOPA will have the same trend because the vauvesnultiplied each other. But, if
an initiating event or some IPLs have differenhtie with Figure 4.6, the posterior
values of risks may not be located between pridrlégelihood values. In other words,
some scenarios may have ascending or descendirts tagnong prior, likelihood, and

posterior values. The detail explanation and amgi@ are shown in Section 4.4.

Frequency comparison of incident scenario
1.60E-07
1.40E-07 1.35E-07
¥ 1.20E-07
9.87E-08
< 1.00E-07
g 8.00E-08
% 6.00E-08
L 4.00E-08 2.45E-08
2.00E-08
0.00E+00 T T
Prior Likelihood Posterior
(only generic) (only plant (with Bayesian)
specific)

Figure4.6 Risk values of scenario 1 by LOPA
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For the risk determination, the estimated postershrvalue, 9.87E-8, can be
compared to the tolerable criteria, less than 1-B0Ehus, the risk decision is that
scenario 1 is tolerable if the test intervals amependency between gas and fire

detector given in the actions of Table 4.5 willkegpt.

4.3.1.2. SCENARIO 2 (PRESSURE INCREASE OF UNLOADINEGM
DUE TO BV-1 FAILED CLOSURE DURING UNLOADING)

A block valve, BV-1, is installed to stop the flaLNG in the LNG unloading
pipeline in case of emergency. However, if the gad/closed accidentally due to
spurious trip of the valve during unloading proaegthe pressure within unloading
arms and pipelines will be increased to shut-oéspure of ship pumps. It may cause the
undesirable consequences in the arms or pipelines.

The frequency of the spurious trip to close of@klvalve as an initiating event
may be estimated with the OREDA data and LNG figcililure data base. OREDA
provides the failure frequency of a spurious opendfior a shut-off valve. It is used as
prior information of generic data in Bayesian estiion. The LNG failure data base
gives the operating hours, number of failures, MidF of the cryogenic valves which
can be used as likelihood information of plant #ipedata. The estimated frequency
data (per year) are shown in Figure 4.7. Figureshdivs that the posterior value of
failure frequency is located between prior andliil@d values. It means that the
posterior values is updated with prior and liketdanformation. That is to say, the
posterior reflect both long-term based historicthdrom generic data and short-term
based plant specific data. The vertical line ofghsterior column indicates the 90%
Bayesian credible interval ranged from 0.0019/yed.0099/year. The detail

information of these calculations is given in ApgenC.
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Frequency comparison
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Figure 4.7 Frequency of a spurious trip to close of a bleake corresponding to
Bayesian estimation

For this scenario, one IPL may be considered.thastemperature safety valve
(TSV). The PFD of a TSV can be estimated with tHeedDA data and LNG facility
failure data base. EIReDA provides the mean vall®® and parameter valuesoof
andp in beta distribution for the pressure relief vafliPdRRV). The TSV has almost the
same design configuration with PRV, so the faildaéa of PRV will be used. They are
used as prior information. The LNG failure databais®vides the operating hours,
number of failures, and MTBF of the cryogenic valvéhe data base did not give the
specific failure data of pressure relief valveswdaer, it provides the failure data of
cryogenic valves. Thus, cryogenic valve data wellused for the pressure relief valves
in this research. The estimated PFDs of a TSVawe/s in Figure 4.8. The vertical line
of the posterior column indicates the 90% Bayesradible interval ranged from 0.0004

to 0.0007.
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Figure4.8 PFDs of a TSV corresponding to Bayesian estimatio
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Consequently, the mitigated failure frequency @szio 2 can be estimated

with the LOPA spreadsheet as shown in Table 4.6.cimparison of risk values for

scenario 2 is given in Figure 4.9. Figure 4.9 shthwas the posterior value of failure

frequency is located between prior and likelihoatles.



Table4.6 LOPA spreadsheet of incident scenario 2
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
Pressure increase of unloading arm due to BV—1
2 failed closure during unloading 1
Date Description Probability Frequency
(per year)
Consequence . .
o Pressure increase of unloading arm
Description/Category
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event During unloading, BV=1 spurious trip 5 51E-03
(frequency) close
Enabling 'elvent N/A
or condition
Conditional modifiers N/A
(if applicable) N/A
Frequency of
Unmitigated 5.51E-03
Consequence
A TSV along transfer line 5.26E-04
Independent
Protection Layers
Total PFD for all IPLs 5.26E-04
Frequency
of Mitigated 2.90E-06

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. A PSV may be installed before
TSV, unless TSV can operate as a
PSV in case of overpressure.

Notes

1. Unloading arm and pipe were
designed to bear the shut—off
pressure of ship pump.

References
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Frequency comparison of incident scenario
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Figure4.9 Risk values of scenario 2 by LOPA

For the risk determination, the estimated postershrvalue, 2.90E-6, can be
compared to the tolerable criteria, less than 1-B0OEhus, risk decision is that scenario
2 is tolerable.
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4.3.2. RECONDENSER AND HP PUMP AREA (NODE 2)

4.3.2.1. SCENARIO 3 (HP PUMP CAVITATION AND DAMAGBUE TO
LOW PRESSURE OF RECONDENSER RESULTING FROM BV-
32 FAILED CLOSURE. POSSIBLE LEAKAGE AND FIRE)

If the pressure of the recondenser is very lowtdugV-32 spurious trip to close,
the HP pump which is located downstream from tisemdenser may be damaged due to
cavitation resulting in possible leakages.

The frequency of the spurious trip to close of@klvalve as an initiating event
may be estimated with the OREDA data and LNG figcililure data base as such
scenario 2. OREDA provides the failure frequencg spurious operation of a shut-off
valve. The LNG failure data base gives the opegatiours, number of failures, and
MTBF of the cryogenic valves which can be usedik@lihood information as plant
specific data. The estimated frequency data (par)yee shown in Figure 4.10. Figure
4.10 shows that the posterior value of failure fiecy is between prior and likelihood
values. The vertical line of the posterior columdicates the 90% Bayesian credible
interval ranged from 0.0019/year to 0.0099/yeae détail information of these

calculations is given in appendix C.
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Figure4.10 Frequency of a spurious trip to close of a bleake corresponding to

For this scenario, one IPL may be considered.thi@dow pressure alarm and HP

Bayesian estimation

pump trip to stop. The PFD of a pressure alarmbeaestimated with the OREDA data
and LNG facility failure database. OREDA providks failure frequency of a pressure

sensor. These data should be converted into PRIBibhg Frequency-PFD conversion

method for prior information. The LNG failure datee gives the operating hours,
number of failures, and MTBF of the process corggaitem which includes any

occurrence which caused a loss of function of tleegss control system. That is,

process control system can include the pressusosenrhus, the data are used as the

likelihood function. The estimated PFDs of a presslarm are shown in Figure 4.11.

The vertical line of posterior column indicates 86 Bayesian credible interval

ranged from 0.0011 to 0.0034.
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PFD comparison
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Figure4.11 PFDs of a pressure alarm corresponding to Bayesamation

However, IPL 1 consists of the pressure alarm aRgtimp trip. The PFD of HP
pump also should be estimated to find out the PHPIo 1. The PFD of an HP pump
can be estimated with the EIReDA data and LNG itgd@ilure data base. EIReDA
provides the mean value of PFD and parameter valueandp in beta distribution for
a pump. The LNG failure database gives the operdiours, number of failures, and
MTBF of the cryogenic pumps. The estimated PFDa0HP pump are shown in Figure
4.12. The vertical line of posterior column indiesthe 90% Bayesian credible interval
ranged from 0.0002 to 0.0005.
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PFD comparison
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Figure4.12 PFDs of an ESD valve corresponding to Bayesidmason

The failure case of IPL 1 shall be either failuf@dow pressure alarm or HP
pump. Thus, if it is assumed that pressure alaminH#? pump is independent each other,
the Boolean algebra equation can be used to estiRtdD of IPL 1 as given in equation
4.1. Therefore, total PFDs of IPL 1 are shown iguife 4.13.
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PFD comparison of IPL 1
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Figure4.13 Total PFDs of the IPL corresponding to Bayesistim&tion

Consequently, the mitigated failure frequency @nsgio 3 can be estimated
with the LOPA spreadsheet as shown in Table 4.7.



Table4.7 LOPA spreadsheet of incident scenario 3
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
HP pump cavitation and damage due to low
3 pressure of recondenser resulting from BV-32 failed 2
closure. Possible leakage and fire.
Date Description Probability Frequency
(per year)
Consequence HP pump damage leading to possible
Description/Category leakage and fire
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event BV-32 spurious fail close 5.51E-083
(frequency)
Enabling 'elvent N/A
or condition
Conditional modifiers N/A
(if applicable) N/A
Frequency of
Unmitigated 5.51E-03
Consequence
Low pressure alarm and HP pump trip | 2.48E-03
Independent
Protection Layers
Total PFD for all IPLs 2.48E-03
Frequency
of Mitigated 1.37E-05

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

NO

Actions
required to meet
Risk Tolerance Criteria

1. HP pump should be tripped in case
of low—low level of recondenser

2. It is better that the HP pump is an
auto circulation type to control the
pump out and prevent cavitation.

3. The test intervals of pressure alarm
and HP pump should be kept 1
month, respectively.

Notes

References
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The comparison of risk values of scenario 3 isgiveFigure 4.14. Figure 4.14
shows that the posterior value of failure frequeisdgcated between prior and

likelihood values.

Frequency comparison of incident scenario
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Figure4.14 Risk values of scenario 3 by LOPA

For the risk determination, the estimated postersirvalue, 1.37E-5, can be
compared to the tolerable criteria, less than 1-B0OEhus, risk decision is that scenario
3 is not tolerable, so additional IPLs should kguneed. Two recommendations are
suggested as shown in the actions of Table 4.3t, Hire HP pump should be tripped in
case of low-low level of the recondenser to preveatcavitation of HP pump, and
second, the HP pump may be an auto circulationttypentrol the pump out and
prevent cavitation. If these actions are appliethéoequipment, the risk value will be

reduced to meet the tolerable criteria.
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4.3.2.2. SCENARIO 4 (HIGHER TEMPERATURE IN RECONDEER
DUE TO MORE BOG INPUT RESULTING FROM FCV-33
SPURIOUS FULL OPEN. POSSIBLE CAVITATION AND
DAMAGE OF HP PUMP LEADING TO LEAKAGE)

If the temperature of the recondenser is higher tltmmal conditions due to
more BOG input resulting from FCV-33 spurious fytlen, the unexpected overflowing
BOG may lead to cavitation of the HP pump. Additithy, it may result in possible
damage of the pump and leakage of LNG and natasal g

The frequency of the spurious full open of a floantrol valve (FCV) as an
initiating event may be estimated with the OREDAadand LNG facility failure data.
OREDA provides the failure frequency of the failrigulate case of a FCV. The LNG
failure database gives the operating hours, numibkilures, and MTBF of the
cryogenic valves. The estimated frequency dataygar) are shown in Figure 4.15.
Figure 4.15 shows that the posterior value of faifuequency is located between prior
and likelihood values. The vertical line of the o®r column indicates the 90%
Bayesian credible interval ranged from 0.0019/yed.0105/year. The detail
information of these calculations is given in ApgenC.
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Frequency comparison
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Figure4.15 Frequency of a spurious full open of a FCV cqoggling to Bayesian
estimation

For this scenario, two IPLs may be considered. ®tige high temperature alarm
and human intervention. The other is the gas datectd human intervention. It is
assumed that the functions of the temperature adachgas detector are independent
each other, and human intervention can be perfopeeectly.

IPL 1 is the high temperature alarm and humanwetgion. The PFD of a
temperature alarm can be estimated with the ORE&A dnd LNG facility failure data
base. OREDA provides the failure frequency of apgerature sensor. These data should
be converted into PFD by using Frequency-PFD caiwmemethod as shown in Figure
3.8. This method can produce PFD as well as twarpater values af andp in beta
distribution. The values of parameters are usqatias information. The LNG failure
database gives the operating hours, number ofésiland MTBF of the temperature
detector. The estimated PFDs of a temperature aaeshown in Figure 4.16. The
value is considered as the PFD of the IPL 1 becaiidee assumption of perfect human

performance. Figure 4.16 shows that the posteatrevof PFD is located between prior
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and likelihood values. The vertical line of the o®r column indicates the 90%
Bayesian credible interval ranged from 0.0001 @907.

PFD comparison
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Figure4.16 PFDs of a temperature alarm corresponding to 8agesstimation

IPL 2 is the gas detector and human interventitve FFD of a gas detector can
be estimated with the OREDA data and LNG facilé@iure data base. OREDA provides
the failure frequency of a hydrocarbon gas detedtoese data should be converted into
PFD by using Frequency-PFD conversion method asisi Figure 3.8. The LNG
failure database gives the operating hours, numbiilures, and MTBF of a gas
detector. The estimated PFDs of a gas detect@hanen in Figure 4.17. The value is
considered as the PFD of the IPL 1 because ofghenaption of perfect human
performance. Figure 4.17 shows that the posteatrevof PFD is located between prior
and likelihood values. The vertical line of the o®r column indicates the 90%

Bayesian credible interval ranged from 0.0007 69012.
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PFD comparison
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Figure4.17 PFDs of a gas detector corresponding to Bayesamation

Consequently, the mitigated failure frequency @nsgio 4 can be estimated
with the LOPA spreadsheet as shown in Table 4.8.



Table4.8 LOPA spreadsheet of incident scenario 4
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
Higher temperature in recondenser due to more
4 BOG input resulting from FCV-33 spurious full open. 2
Possible cavitation and damage of HP pump
leading to leakage.
Date Description Probability | reauency
(per year)
LNG level increase and lead to
Consequence : .
o carryover into annular space resulting
Description/Category . . .
in possible overpressure in tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event FCV-33 spurious full open 5.77E-03
(frequency)
Frequency of
Unmitigated 5.77E-03
Consequence
High tempergture algrm and human 3 34E—-04
Independent intervention
Protection Layers ) ,
Gas detector and human intervention 9.75E-04
Total PFD for all IPLs 3.26E-07
Frequency
of Mitigated 1.88E-09

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. Gas detector should shut—off the
BV-32 and BV-23 in case of gas
detection.

2. Temperature alarm and gas
detector should be independent each
other in order to be considered as an
IPL respectively. Otherwise, one of
them cannot be credited fully as an
IPL.

3. The test intervals of temperature
alarm and gas detector should be
kept 1 month.

Notes

References
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The comparison of risk values of scenario 4 is giveFigure 4.18. Figure 4.18
shows that the posterior value of failure frequeisdpcated between prior and

likelihood values.

Frequency comparison of incident scenario
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Figure4.18 Risk values of scenario 4 by LOPA

For the risk determination, the estimated postershrvalue, 1.88E-9, can be
compared to the tolerable criteria, less than 1-B0Ehus, risk decision is that scenario
4 is tolerable if the test intervals and indepemgdretween temperature alarm and gas
detector given in the actions of Table 4.8 willkept. In order to improve safety more,
one recommendation may be suggested that gasatesbould shut-off the BV-32 and
BV-23 in case of gas detection to block the LNGuinjp recondenser.
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4.3.3. STORAGE TANK (NODE 3)

4.3.3.1. SCENARIO 5 (OVERPRESSURE IN TANK DUE TO R@VER
RESULTING FROM STRATIFICATION AND DAMAGE OF
TANK)

If rollover phenomena occur from stratification doedensity difference, it may
make a lot of BOG and lead to overpressure witHilN& storage tank. The
overpressure may result in the damage of storaue Ezetail information about rollover
effect is mentioned in Section 1.2.1.

The frequency of the rollover as an initiating everay be estimated with the
KGS data [7] and LNG facility failure data base. 8 @rovides the failure frequency of
the rollover with mean and standard deviation v&alu®&G failure data base gives the
operating hours, number of failures, and MTBF @f thyogenic storage systems which
may include the failure data of stratification. Téstimated frequency data (per year) are
shown in Figure 4.19. Figure 4.19 shows that thetqy@r value of failure frequency is
between prior and likelihood values. The vertiaa lof the posterior column indicates
the 90% Bayesian credible interval ranged from 810¢ear to 0.0242/year. The detall

information of these calculations is given in ApgenC.
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Frequency comparison
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Figure4.19 Frequency of a rollover corresponding to Bayessiimation

For this scenario, three IPLs may be consideradt Bne is the density
monitoring and jet mixing. Second one is the higespure alarm and the trip function of
ESD valve. Last one is the two pressure valvdas.dssumed that the functions of
density monitoring and pressure alarm are indepdreiech other.

IPL 1 is the density monitoring and jet mixing waH~CV. The PFD of density
monitoring systems is given in the KGS data witremand standard deviation values.
However, LNG failure data base does not providddiiere data of density monitoring
systems. Thus, in this case, the PFD from KGS idataed only. In other words, for the
density monitoring, Bayesian estimation will notused because there is no plant
specific data. KGS provides the PFDs of density itoong systems with a mean value
of 8.00E-3 and a standard deviation value of 4.80E-

However, IPL 1 consists of the density monitorimgl gt mixing with a FCV.
The PFD of a FCV which controls the jet mixing ftioo should be estimated also. The
PFD of a FCV can be estimated with the EIReDA daitt LNG facility failure data
base. EIReDA provides the mean value of PFD ananpeater values af andp in beta
distribution for a FCV. LNG failure data base gitke operating hours, number of
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failures, and MTBF of the cryogenic valves. Thaemeated PFDs of an FCV are shown
in Figure 4.20. The vertical line of the postegofumn indicates the 90% Bayesian
credible interval ranged from 0.00023 to 0.00048.
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Figure4.20 PFDs of a FCV corresponding to Bayesian estimatio

The failure case of IPL 1 shall be either failuf@@ensity monitoring system or
a FCV. Thus, if it is assumed that the functiongerisity monitoring and FCV are
independent each other, Boolean algebra equatiobeased to estimate PFD of IPL 1
as given in equation 4.1. Therefore, total PFD&?bf1 are shown in Figure 4.21.
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PFD comparison of IPL 1
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Figure4.21 Total PFDs of the IPL 1 corresponding to Bayesistimation

IPL 2 is the high pressure alarm and the trip fiemcof an ESD valve. The PFD
of a pressure alarm can be estimated with the ORE&A and the LNG facility failure
database. OREDA provides the failure frequencymfegsure sensor. These data should
be converted into PFD by using Frequency-PFD caiwemethod. The LNG failure
database gives the operating hours, number ofégiland MTBF of the process control
system which includes any occurrence which caudessaof function of the process
control system. That is, a process control syst@mirclude the pressure sensors. Thus,
the data are used for the likelihood function. €eeémated PFDs of a pressure alarm are
shown in Figure 4.22. The vertical line of postedolumn indicates the 90% Bayesian
credible interval ranged from 0.0011 to 0.0034.
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PFD comparison (Pressure Alarm)
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Figure4.22 PFDs of a pressure alarm corresponding to Bayesamation

However, IPL 2 consists of the pressure alarm anB3D valve. The PFD of
ESD valve should be estimated also. The PFD of3¥ &n be estimated with the
EIReDA data and LNG facility failure database. HIRReprovides the mean value of
PFD and parameter valuesoofindp in beta distribution for an ESV. LNG failure data
base gives the operating hours, number of failied, MTBF of the cryogenic valves.
The estimated PFDs of an ESD valve are shown iar€ig.23. The vertical line of the
posterior column indicates the 90% Bayesian credifterval ranged from 0.0010 to
0.0018.
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PFD comparison (ESV)
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Figure4.23 PFDs of an ESD valve corresponding to Bayesiimason

The failure case of IPL 2 shall be either failuf@digh pressure alarm or an
ESV. Thus, if it is assumed that pressure alarme®\d are independent each other, the
Boolean algebra equation can be used to estimdeoPMPL 2 as given in equation 4.1.
Therefore, total PFDs of IPL 2 are shown in Figdu24.
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Figure4.24 Total PFDs of the IPL 2 corresponding to Bayesisiimation
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IPL 3 is two pressure relief valves (PRV). The R#& PRV can be estimated
with the EIReDA data and the LNG facility failuratdbase. EIReDA provides the mean
value of PFD and parameter valuesi@ndp in beta distribution for a PRV. The LNG
failure database gives the operating hours, numibiilures, and MTBF of the
cryogenic valves. The estimated PFDs of a PRV lavevs in Figure 4.25. The vertical
line of the posterior column indicates the 90% Bage credible interval ranged from
0.0004 to 0.0007.
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Figure4.25 PFDs of a PRV corresponding to Bayesian estimatio

If two PRVs are installed to a storage tank ansl #ssumed that one PRV
has the sufficient relief capacity of all possibleerpressures, then the benefit of two
valves should be considered to estimate the PABLoR. However, if the valves are the
same type, common cause facf®rghould be considered. As mentioned in Section 3.5

the average PFD of 1002 voting multiple systems is
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PFD = (PFD,,,)? + (_ﬂ/‘;est) “2)

= (PFD1001)2 + B(PFD,,)

According to expert judgment factor for valves with a common pipe
connection to a storage tank may be 30% becaugesvate connected to a shared
pipeline which may contribute the common causeifeg of them. Howevep, factor for
valves with independent pipelines to a storage taai be 0.1% much less than the case
with a common pipeline. By plugging the valueBdhactor and PFD as shown in Figure
4.25, PFD of two PRVs with a common pipeline anthwidependent pipe connections

to a storage tank is given in Figures 4.26 and,4&s5pectively.

PFD comparison of two PRVs with a common pipe
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Figure4.26 Total PFDs of the IPL 3 with a common pipelineresponding to
Bayesian estimation
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PFD comparison of two PRVs with independent pipes
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Figure4.27 Total PFDs of the IPL 3 with independent pipedimerresponding to
Bayesian estimation

Consequently, the mitigated failure frequency @nsgio 5 can be estimated
with the LOPA spreadsheet as shown in Table 4.9.



Table4.9 LOPA spreadsheet of incident scenario 5
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
Overpressure in tank due to rollover resulting from
5 stratification and possible damage in tank 3
Date Description Probability Frequency
(per year)
Consequence Overpressure in tank and possible
Description/Category damage
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Rollover due to stratification 1.50E-02
(frequency)
Enabling 'elvent N/A
or condition
Frequency of
Unmitigated 1.50E-02
Consequence
Density mgmtormg and jet 8.34E-03
nd dent mixing(FCV)
ndependen - — -
_ High pressure alarm and trip inlet line _
Protection Layers valve(EMOV) 3.46E-03
Two pressure relief valves 1.58E-04
Total PFD for all IPLs 4 .56E-09
Frequency
of Mitigated 6.86E-11

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. If each PRV has its own pipeline
connection to a storage tank to be
independent each other, the PFD of
two PRVs can be reduced.

2. The logic solver of density
monitoring and pressure alarm should
be independent to get full credits of
IPLs. Otherwise, one of them cannot
be an IPL.

Notes

References
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The comparison of risk values of scenario 5 is igiveFigure 4.28. Figure 4.28
shows that the posterior value of failure frequeisdgcated between prior and

likelihood values.

Frequency comparison of incident scenario
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Figure4.28 Risk values of scenario 5 by LOPA

For the risk determination, the estimated posterskrvalue, 6.12E-11, can be
compared to the tolerable criteria, less than 1-B0Ehus, the risk decision is that
scenario 5 is tolerable if the test intervals ardependency between density monitoring
and pressure alarm given in the actions of Talflevll be kept. In order to improve
safety more, one recommendation may be suggesieddbh PRV has an independent

pipeline connection to a storage tank to minimiE¢ommon cause factor.
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4.3.3.2. SCENARIO 6 (LNG LEVEL INCREASES AND LEADBO
CARRYOVER INTO ANNULAR SPACE BECAUSE OPERATOR
LINES UP THE WRONG TANK. POSSIBLE OVERPRESSURE IN
TANK)

If operators line up the wrong tank which is alngéitled with a high level of
LNG, it may result in level increase and then caver into the annular space of LNG.
Additionally, this may also result in overpressaral possible damage of the tank.

The frequency of operator errors is not providedeneric data sources. In this
case, Jeffreys noninformative prior may be usagpttate the plant specific data. It is
assumed that the prior follows the gamma distrdsutwith parametes. is equal to 0.5
andp is zero. As a likelihood function, the LNG failudatabase gives the operating
hours, number of failures, and MTBF of the humaorst The estimated frequency data
(per year) are shown in Figure 4.29. Figure 4.2%shthat the posterior value of failure
frequency is a little larger than the likelihoodueaafter updating. The vertical line of
the posterior column indicates the 90% Bayesiadilte interval ranged from
0.0240/year to 0.0504/year. The detail informabbthese calculations is given in

Appendix C.
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Frequency comparison
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Figure4.29 Frequency of human errors corresponding to Bayesstimation

For this scenario, two IPLs may be considered. Qtige two independent level
alarms and human intervention. The other is theltigh-high level detectors and an
ESD valve. It is assumed that the functions ofllele¢ector and alarms are independent
each other.

IPL 1 is two independent level alarms and humagrugntion. In this case, it is
not assumed that human performance is perfect betha storage tank may have high
severity and also human error data are availalfREA provides the failure frequency
of a level alarm. These data should be convertiedRRD by using Frequency-PFD
conversion method. The LNG failure database gikeoperating hours, number of
failures, and MTBF of the process control systenctvican include level sensors. Thus,
the data are used as the likelihood function. Btienated PFDs of a level alarm are
shown in Figure 4.30. The vertical line of the postr column indicates the 90%

Bayesian credible interval ranged from 0.0140 @354.
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PFD comparison
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Figure4.30 PFDs of a level alarm corresponding to Bayessdimation

A modification to this scenario would be to havetevel alarms installed to a
storage tank. If the valves are same types, conoaose factorfl) should be considered.
According to Section 3.5, the average PFD of 1amtthyg level alarm systems can be
calculated. In this cas@,factor for level alarms may be assumed to 5% altegrto
expert judgments. By plugging the valueidactor and PFD as shown in Figure 4.30,

the PFD of two level alarms is given in Figure 4.31
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Figure4.31 Total PFDs of the two level alarms consideringhoton cause factor

corresponding to Bayesian estimation

However, IPL 1 consists of two level alarms and hanmtervention. The PFD

of human intervention should be estimated. KGS iges/the probability data in the

case that an operator fails to shutdown on higéllalarm with a mean of 8.00E-4 and
standard deviation of 1.30E-3.

The failure case of IPL 1 shall be either failuféveo level alarms or human

intervention. Thus, the Boolean algebra equationbsaused to estimate the PFD of IPL

1 as given in equation 4.1. Therefore, total PFO®b 1 are shown in Figure 4.32.
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PFD comparison of IPL 1
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Figure4.32 Total PFDs of the IPL 1 corresponding to Bayesistimation

IPL 2 is the two high-high level detectors and &DEvalve. The PFD of a level
detector can be estimated with the OREDA data aw@ Eacility failure database.
OREDA provides the failure frequency of a levelsmm These data should be converted
into PFD by using Frequency-PFD conversion metiibe. LNG failure database gives
the operating hours, number of failures, and MTBEhe process control system. Thus,
the data are used as the likelihood function. Btienated PFDs of a level detector are
shown in Figure 4.33. The vertical line of the postr column indicates the 90%

Bayesian credible interval ranged from 0.0140 @354.
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PFD comparison
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Figure 4.33 PFDs of a level detector corresponding to Bayesgsimation

In this case, two independent level detectorsrestalied to a storage tank. If the
valves are same types, common cause fagjahjuld be considered. According to
Section 3.5, the average PFD of 1002 voting lee&ctors can be calculated. In this
casej factor for level alarms may be assumed to 5% altiggrto expert judgments. By
plugging the value g factor and PFD as shown in Figure 4.33, the PRDs®level
alarms is given in Figure 4.34.
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Figure4.34 Total PFDs of the two level detectors considedagimon cause factor

However, IPL 2 consists of two level detectors andESD valve. The PFD of an

corresponding to Bayesian estimation

ESD valve should be estimated. The PFD of an ESMoeaestimated with the EIReDA
data and LNG facility failure database. EIReDA pdes the mean value of PFD and

parameter values efandp in beta distribution for an ESV. The LNG failuratd base

gives the operating hours, number of failures, MidBF of the cryogenic valves. The

estimated PFDs of an ESD valve are shown in FiguB8. The vertical line of the

posterior column indicates the 90% Bayesian crediiterval ranged from 0.0010 to

0.0018.
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PFD comparison (ESV)
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Figure4.35 PFDs of an ESD valve corresponding to Bayesiimason

The failure case of IPL 2 shall be either failuféveo high-high level detectors
or an ESV. Thus, if it is assumed that level detescand ESV is independent each other,
Boolean algebra equation can be used to estimdeolPAPL 2 as given in equation 4.1.
Therefore, total PFDs of IPL 2 are shown in Figlu&s5.
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Figure4.36 Total PFDs of the IPL 2 corresponding to Bayesisiimation
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Consequently, the mitigated failure frequency @nsgio 6 can be estimated

with the LOPA spreadsheet as shown in Table 4.10.



Table4.10 LOPA spreadsheet of incident scenario 6
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
LNG level increases and leads to carryover into
6 annular space of LNG because operator lines up the 3
wrong tank. Possible overpressure in tank.
Date Description Probability Frequency
(per year)
LNG level increases and leads to
Consequence ) .
. carryover into annular space resulting
Description/Category . , .
in possible overpressure in tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Human errors (operator lines up the 3 53E-02
(frequency) wrong tank)
Enabling 'elvent N/A
or condition
Conditional modifiers N/A
(if applicable) N/A
Frequency of
Unmitigated 3.53E-02
Consequence
Two mdependeht level glarms and 5 57E-03
Independent human intervention
Protection Layers Two high-high level detector and ESD | 3.10E-03
of BV-40
Total PFD for all IPLs 7.94E-06
Frequency
of Mitigated 2.80E-07
Consequence (/year)
Risk Tolerance YES

Criteria Met? (Yes/No)

Actions
required to meet
Risk Tolerance Criteria

1. The test intervals of level alarm
and detector should be kept 1 year
and BV should have 1 month test
interval.

2. Level alarms and detectors should
be independent each other in order to
keep the risk value.

Notes

References
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The comparison of risk values of scenario 6 is igiveFigure 4.37. Figure 4.37
shows that the posterior value of failure frequeiscy little less than likelihood value,

and prior value is not shown because Jeffreys homrative prior is used.

Frequency comparison of incident scenario
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Figure 4.37 Risk values of scenario 6 by LOPA

For the risk determination, the estimated postersirvalue, 2.80E-7, can be
compared to the tolerable criteria, less than 1-B0OEhus, risk decision is that scenario
6 is tolerable if the test intervals and indepengdretween level alarms and detectors

given in the actions of Table 4.10 will be kept.
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4.3.3.3. SCENARIO 7 (UNDERPRESSURE IN TANK DUE TOMRP-
OUT WITHOUT BOG INPUT RESULTING FROM BV-45 FAILED
CLOSURE. DAMAGE OF TANK)

If the BV-45 spuriously trips to close during pumgiout of LNG by LP pumps
and results in BOG input stop, it may cause possibderpressure within a tank. The
underpressure may result in the damage of thegedeank.

The frequency of the spurious trip to close of@klvalve as an initiating event
may be estimated with the OREDA data and LNG figcililure database. OREDA
provides the failure frequency of a spurious openadf a shut-off valve. It is used for
prior information as generic data in Bayesian eatiom. The LNG failure data base
gives the operating hours, number of failures, MidF of the cryogenic valves which
can be used as likelihood information of plant gpedata. The estimated frequency
data (per year) are shown in Figure 4.38. Figu88 4hows that the posterior value of
failure frequency is located between prior andliii@d values. The vertical line of the
posterior column indicates the 90% Bayesian crediiterval ranged from 0.0019/year

to 0.0099/year. The detail information of theseghitions is given in Appendix C.
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Frequency comparison
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Figure 4.38 Frequency of a spurious trip to close of a bleake corresponding to
Bayesian estimation

For this scenario, three IPLs may be consideradt, ks the low pressure alarm
and BOG compressor trip. Second, is the low-loveguee detector and LP pump trip.
The last IPL is the two vacuum relief valves. lagssumed that the functions of the
pressure alarm and pressure compressors or puspslapendent each other.

IPL 1 is the low pressure alarm and BOG compresgnrThe PFD of a pressure
alarm can be estimated with the OREDA data and lia@ity failure database.
OREDA provides the failure frequency of a presaaesor. These data should be
converted into PFD by using Frequency-PFD convarsiethod. The LNG failure data
base gives the operating hours, number of fail@ed, MTBF of the process control
system which includes any occurrence which caudessaof function of the process
control system. That is, process control systeminende the pressure sensors. Thus,
the data are used as the likelihood function. Btienated PFDs of a pressure alarm are
shown in Figure 4.39. The vertical line of the postr column indicates the 90%

Bayesian credible interval ranged from 0.0011 6984.
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Figure4.39 PFDs of a pressure alarm corresponding to Bayesamation
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However, IPL 1 consists of the pressure alarm amdpcessor trip. The PFD of a

compressor should be estimated to find out the ®HPL 1. The PFD of a compressor
can be estimated with the EIReDA data and LNG itgd@ilure database. EIReDA
provides the mean value of PFD and parameter valueandp in beta distribution for

a compressor. The LNG failure database gives teeatipg hours, number of failures,

and MTBF of compressors. The estimated PFDs of & B@mpressor are shown in

Figure 4.40. The vertical line of the posteriorwrnh indicates the 90% Bayesian

credible interval ranged from 0.0025 to 0.0033.
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PFD comparison
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Figure4.40 PFDs of a compressor corresponding to Bayesiamatson

The failure case of IPL 1 shall be either failuf@dow pressure alarm or a BOG
compressor. If it is assumed that the functiona pfessure alarm and a compressor are
independent each other, the Boolean algebra equadio be used to estimate PFDs of
IPL 1 as given in equation 4.1. Therefore, totaDBBf IPL 1 are shown in Figure 4.41.
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Figure4.41 Total PFDs of IPL 1 corresponding to Bayesiamesion
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IPL 2 is the low-low pressure detector and LP pungp The PFD of a pressure
sensor can be estimated with the OREDA data and fa{Bty failure database.
OREDA provides the failure frequency of a pressaesor. These data should be
converted into PFD by using Frequency-PFD convarsiethod. The LNG failure
database gives the operating hours, number ofésiland MTBF of the process control
system which includes any occurrence which caudessaof function of the process
control system. The estimated PFDs of a pressueetde are shown in Figure 4.42. The
vertical line of the posterior column indicates 86 Bayesian credible interval ranged
from 0.0011 to 0.0034.
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Figure4.42 PFDs of a pressure detector corresponding to d8ayestimation

However, IPL 2 consists of the pressure detectdrl&hpump trip. The PFD of a
pump should be estimated also to find out the PAPIo2. The PFD of a pump can be
estimated with the EIReDA data and LNG facilityldiaé database. EIReDA provides
the mean value of PFD and parameter valuesawfdp in beta distribution for a pump.

The LNG failure database gives the operating hoursyber of failures, and MTBF of
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cryogenic pumps. The estimated PFDs of a BOG cosspreare shown in Figure 4.43.
The vertical line of the posterior column indicaties 90% Bayesian credible interval
ranged from 0.0002 to 0.0005.
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Figure 4.43 PFDs of a compressor corresponding to Bayesiamagson

The failure case of IPL 2 shall be either failuf@dow-low pressure detector or
a LP pump. Thus, if it is assumed that the funatioha pressure detector and a pump
are independent each other, the Boolean algebitieqiwcan be used to estimate PFDs
of IPL 2 as given in equation 4.1. Therefore, t®#BDs of IPL 2 are shown in Figure
4.44,
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Figure4.44 Total PFDs of IPL 2 corresponding to Bayesiamesion
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IPL 3 is two vacuum relief valves (VRV). The PFDaoVRV can be estimated

with the EIReDA data and LNG facility failure ddiase. Specific data on the failure

rate of aVRV are not specified in generic data sesirHowever, VRVs are essentially

pressure relief valves (PRVSs), except operatingniderpressure, not in overpressure.
Thus, the failure data of a PRV are used to get BFDVRYV. EIReDA provides the

mean value of PFD and parameter values afidp in beta distribution for a PRV. LNG

failure data base gives the operating hours, numbkilures, and MTBF of the

cryogenic valves. The estimated PFDs of a VRV b in Figure 4.45. The vertical

line of posterior column indicates the 90% Bayesia@dible interval ranged from

0.0004 to 0.0007.
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Figure4.45 PFDs of a VRV corresponding to Bayesian estimatio

By the way, two VRVs are installed to a storageidhit is assumed that one
VRV has the sufficient relief capacity of all pddsi cases of underpressure, the benefit
of two valves should be considered to estimate BHPL 3. However, if the valves are
the same type, common cause facfyrsfiould be considered. According to Section 3.5,
the average PFD of 1002 voting VRVs can be caledldn this casej factor for valves
may be assumed to 0.1% according to expert judgnBytplugging the value ¢
factor and PFD as shown in Figure 4.45, the PFiwofVRVs is given in Figure 4.46.
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Figure4.46 Total PFDs of the IPL 3 corresponding to Bayesistimation

Consequently, the mitigated failure frequency @nsgio 7 can be estimated
with the LOPA spreadsheet as shown in Table 4.11.



Table4.11 LOPA spreadsheet of incident scenario 7
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
Underpressure in tank due to pump—out without
7 BOG input resulting from BV—45 failed closure. 3
Possible damage of tank
Date Description Probability Frequency
(per year)
Consequence Underpressure in tank and possible
Description/Category damage of tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event LP pump—out without BOG input due 5 51E-03
(frequency) to BV—-25 spurious failed closure '
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 5.51E-03
Consequence
Low pressure alarm qnd BOG 5 01E-03
nd dent compressor trip
P rt] etF’e” Le Low—low pressure detector and LP 5 48E-03
rotection Layers pUMp trip .
Two vacuum relief valves 8.02E-07
Total PFD for all IPLs 9.98E-12
Frequency
of Mitigated 5.50E-14

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. The logic solver of pressure alarm
and detector should be independent
to get full credits of IPLs. Otherwise,
one of them cannot be an IPL.

Notes

For two vacuum relief valves,
common cause factors were
considered, but the PFD of them is
still very small because the common
cause factor is only 0.1% according
to expert judgments.

References
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The comparison of risk values of scenario 7 isgiveFigure 4.47. Figure 4.47
shows that the posterior value of failure frequeisdgcated between prior and

likelihood values.

Frequency comparison of incident scenario
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Figure 4.47 Risk values of scenario 7 by LOPA

For the risk determination, the estimated posteisirvalue, 5.50E-14, can be
compared to the tolerable criteria, less than 1-BOEhus, the risk decision is that
scenario 7 is tolerable if the test intervals ardkpendency between pressure alarm and
detector given in the actions of Table 4.11 willKept.
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4.4 VALIDATION OF RESULTS

Using the Bayesian estimation means that updatstpor values will be
obtained with prior and likelihood data. In othewrds, posterior values should exist
between the prior and likelihood data in case afgisformative prior.

As shown in Section 4.3, all posterior values apated between prior and
likelihood values. It indicates that posterior \edueflect both generic data as prior
information and LNG plant specific data as a likebd function. For example, the
posterior mean value of failure frequency of a pues alarm as shown in Figure 4.48,
which is addressed already in Section 4.3, is &zthetween mean values of prior and
likelihood data. It indicates that the posteriolueais updated correctly. Therefore, a
conclusion can be made that all posterior valuesaoh item mentioned in Section 4.3

are reasonable and valid.
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Figure4.48 PFDs of a pressure alarm corresponding to Bayesamation
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However, the above conclusion is not always trugedinal frequency values of
incident scenarios estimated by LOPA methodolodpe ffequency values are obtained
by multiplying the failure frequency of an initiaf event and PFDs of IPLs as shown in
eguation 2-1. In some cases as shown in Figure théd$osterior value of failure
frequency of a incident scenario is located betwséenr and likelihood values because
the failure frequency of an initiating event and3Fof all IPLs as shown in Figures
4.19, 4.20, 4.22, 4.23 and 4.25 have the samemaia among prior, likelihood, and

posterior values.

Frequency comparison of incident scenario
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Figure4.49 Risk values of scenario 5 by LOPA

However, this trend is not always followed to @&krvalues for incidents
estimated by LOPA. If an initiating event or sorfe$ have different trends than each
other, the posterior values of risks may not exgttveen prior and likelihood values. In
other words, some scenarios may have ascendingsoedding trends among prior,

likelihood, and posterior values. For example,fdikeire frequency of an initiating event
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as shown in Figure 4.50 and the PFD of IPL 2 asveha Figure 4.52, respectively,
have the same data trend among prior, likelihoatpaosterior values. However, the
PFD of IPL 1 as shown in Figure 4.51 has the opedsend with others. Even though
all posterior values of an initiating event and $Rixist between the prior and likelihood
values, the posterior frequency of an incident agerestimated by Bayesian-LOPA as
shown in Figure 4.53 is not located between ther@md likelihood data. The failure
data of Figures 4.50 to 4.53 are just examplebdwvghe cases which do not follow the

norm.
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Figure4.50 Failure frequency of an initiating event (Examgidy)



PFED of IPL 1 (Example)

1.20E-01
1.00E-01
1.00E-01
8.00E-02
& 5.00E-02
L 6.00E-02
4.00E-02
2.00E-02 7 5.00E-03
0.00E+00 —
prior likelihood posterior
Figure4.51 PFD of IPL 1 (Example only)
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Figure4.52 PFD of IPL 2 (Example only)
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Figure4.53 Failure frequency of an incident scenario (Exagily)

In conclusion, all posterior values of initiatingeats or PFDs of IPLs are always
located between prior and likelihood data in theeoaf using informative prior
distribution. The posterior values of incident sm@os estimated by Bayesian-LOPA
methodology may exist between the prior and likadith values only if the failure
frequencies of initiating events and PFDs of IPagéhthe same data trend among prior,
likelihood, and posterior values. Otherwise, pastaralues of some incident scenarios
may not be located between the prior and likelihcaldes.
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5. SUMMARY AND CONCLUSIONS

5.1. SUMMARY

LNG is one of the fastest growing energy sourcekenU.S. to fulfill the
increasing energy demands and diversify the engogyolio. In order to meet the
growing demands of LNG, many LNG facilities incladiLNG importation terminals
are operating currently. Moreover, there are maop@sed projects concerning LNG
importation terminals to fill the gap between sypghd demand of LNG in North
America. Therefore, it is very important to contanld estimate the latent risks in LNG
terminals to keep them safe.

One of the most cost effective ways to estimateitkeis LOPA because it can
provide quantified risk results with less time affibrts than other methods. Thus,
LOPA was applied in this research. For the LOPAliappon, failure data are essential
to compute risk frequencies. However, the faillagadrom the LNG industry are very
sparse and have statistically shaky grounds duestdgficient sample data and relatively
short-term operational history. Bayesian estimaisoentified as one of the better
methods to use to compensate for the weaknessed ifiothe LNG industry’s failure
data. It can update the generic data with plantiBpelata. That is to say, the data
updated by Bayesian logic can reflect both longatbased historical experiences from

generic data and plant specific conditions frormpspecific data.
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Thus, in this research, the new Bayesian-LOPA nuktlogy was developed, and
it was applied to an LNG importation terminal téimsite the potential risks. Finally, by
the method, risk determinations and risk rankingeweade to several incident scenarios
and some recommendations for safety enhancemeatsuggested.

By the HAZOP study done by a team, seven possibldent scenarios were
identified in an LNG terminal. The failure frequés of initiating events and PFDs of
IPLs were estimated using Bayesian estimation.Bdyesian-LOPA methodology
provided the quantified risk values of the incidso¢narios. By comparing to the risk
criteria given by CCPS, risk decisions were madédte scenarios.

In view of probabilistic risk assessment, risk riagkamong incident scenarios
was decided to provide priority of additional sgfeteasures. Moreover, in order to
improve the safety, some recommendations were stemjelable 5.1 shows the
summary of the risk values, risk ranking, risk det@ations, and recommendations.
Additionally, Figure 5.1 shows risk value graphse¥en incident scenarios comparing

to prior, likelihood, and Bayesian posterior values
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Table5.1 The risk summary of incident scenarios

Failure

=

2]

No. of . Risk Criteria .
. Scenarios frequency . Recommendations
scenario ranking met?
(/year)
1. Gas detector and fire
detector should be
1 Loading arms during 9.87E-08 4 YES el
unloading IPL, respec'nve y.
2. The test intervals of gas and
fire detectors should be kept
month.
Pressure increase of 1. APSV may be installed
unloading arm due to before TSV, unless TSV can
2 BV-45 failed closure 2.90E-06 2 YES operate as a PSV in case of
during unloading overpressure.

1. HP pump should be tripped

in case of low-low level of
HP pump cavitation angl recondenser

pump 2. ltis better to have HP pump

damage due to low f reulati

ressure of recondensér of auto circulation type to

3 b . 1.37E-05 1 NO | control the pump out and

resulting from BV-32 o

; . prevent cavitation.
failed closure. Possible] :

. 3. The test intervals of

leakage and fire.

pressure alarm and HP pump

should be kept 1 month,

respectively.

1. Gas detector should shut-qff
Higher temperature in the BV-32 an_d BV-23 in case

of gas detection.
recondenser due to

. 2. Temperature alarm and ga|
more BOG input
resulting from FCV-33 Qetector should be .
4 . 1.88E-09 5 YES | independent each other in
spurious full open. .
) o order to be considered as an
Possible cavitation and .

IPL respectively. 3. The test
damage of HP pump . Is of |
leading to leakage. intervals of temperature alarm

and gas detector should be

kept 1 month.

1. If each PRV has its own

pipeline connection to a
Overoressure in tank storage tank to be independent
due tg rollover resulting of each other, the PFD of two

5 1 6.86E-11 6 YES | PRVs can be reduced.

from stratification and
possible damage of tan

k

2. The logic solver of density
monitoring and pressure alarm
should be independent to get|
full credits of IPLs.
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Failure : o
No. of . Risk Criteria .
. Scenarios frequency . Recommendations
scenario ranking | met?
(/year)
LNG level increase and 1. The test intervals of level
lead to carryover into alarm and detector should be|
annular space of LNG kept 1 year and BV should
6 because operator lines| 2.80E-07 3 YES have 1 month test interval, d
up the wrong tank 2. Level alc_arms and detectorg
Possible over reséure should be independent of eaq
in tank P other in order to keep the risk
' value.
(LjJSg(tacr)prﬁ?nsu_rsultn tank 1. The logic solver of pressur
WithouthOg inout alarm and detector should be|
7 resulting from BF{/-45 5.50E-14 7 YES | independent to get full creditg
failed closure. Possible] of IPLs. Otherwise, one of
damage of tank them cannot be an IPL.

D
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frequency (/year)

Comparison of scenario risk
1.00E+00
Prior Likelihood Posterior
1.00E-01
1.00E-02
1.00E-03
1.00E-04 6.01E-05
1.08E-05 i E-05 ~
1.00E-05 -——— ALWE 05 ——
.00E-06 2.90E-06 | |—#—scenario 2
1.00E-06 3.16E-07 @ 2.80E-07 scenario 3
1.48E-07 .
1.00E-07 = 135507 —¢ scenario 4
r 35E-0 9.87E-08 | | = scenario 5
1.00E-08 .
2.45E-08 1.43E-09 1.88E-09 —@— scenario 6
1.00E-09 /\ | —+— scenario 7
1.08E-09
1.00E-10 =X
723611 /‘\ 6.86E-11
1.00E-11
/ 4.54&’1\
1.00E-12 /
1.00E-13 / “N-5.50E-14
1.00E-14 1.48E-14

Figure5.1 The risk value graphs of seven incident scenarios
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5.2. CONCLUSION

Bayesian-LOPA methodology was developed to useskrassessments in this
research and it produced valid results of risk heiteation as shown in Table 5.1. In
order to apply the methodology to a LNG importatierminal, HAZOP study was
conducted at first by a team and it identified ptitd hazards. The HAZOP results were
used to make possible incident scenarios by a amatibn with initiating events and
consequences for LOPA application. The generiaffaitlata and LNG plant specific
data were gathered to be used as prior and likadilformation.

Based on Bayesian estimation, the frequenciesitadting events were obtained
using a conjugate gamma distribution as the pnfmrmation and Poisson distribution
as likelihood function. OREDA database was usedafprior distribution because it was
produced from a gamma distribution. If there igonior information, Jeffreys
noninformative prior may be used. LNG plant faildagta base was used as plant
specific likelihood information. The PFDs of IPL&ke estimated with conjugate beta
prior distribution and binomial likelihood distriban. EIReDA data book was used for
prior information because it provided the failuegalmade by beta distribution. In some
cases EIReDA did not provide failure data in soases, the newly developed
Frequency-PFD conversion method was used instgatheBcombination of Bayesian
estimation and LOPA procedures, the Bayesian-LORgpndology was developed. The
method was applied to an LNG importation termifak seven incident scenarios, it can
produce the valid risk values of all scenarios. fpbsterior values of every initiating
event or IPL are located between prior and likedth@alues. This means that the
posterior values are valid and well-updated. Howethe fact is not always true to the
risk values of incident scenarios estimated by LORgthod. If the frequency data of an
initiating event and PFDs of IPLs have differentad@end among prior, likelihood, and
posterior values, the fact may not be true.

The found risk values were compared to toleralsle criteria to make risk

decisions. All scenarios excluding scenario 3 condgbt the criteria. For Scenario 3,
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which is related to HP pump cavitation damage, smonemmendations were suggested
to reduce the risk. For other scenarios, some regamations were also given to
improve the safety. Finally, the estimated riskueal of seven incident scenarios were
compared to each other to make a risk rankingaem\of probabilistic risk analysis
which considers only failure frequency without cdiesing consequence analysis.

In conclusion, the newly developed Bayesian-LOPAhméology as one of the
risk assessment methods really does work well ibN@ importation terminal and it
can be applied in other industries including refie® petrochemicals, nuclear plants,
and space industries. Moreover, it can be usedatitér frequency analysis methods
such as Fault Tree Analysis (FTA) and Event Trealygis (ETA).

As the good safety records of LNG industries spealtjis research, it can be
generally concluded that the LNG terminal has \gogd safety protections to prevent
dangerous events. However, some parts such as Hp @ea have not sufficient
safeguards. Thus, suggested recommendations dewaldplied. By the way, careful
caution should be taken that the estimated reardt®nly based on the information
which is available to public, so the results oramendations may not reflect
completely on a real LNG terminal. Therefore, ti@search must not be used for legal

activities.
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5.3.RECOMMENDATIONS FOR FURTHER STUDIES

The Bayesian-LOPA methodology can produce morabidiestimated risk
values than the normal LOPA method. Moreover, gnetbped method can also
provide the credible intervals of failure frequesscor probabilities to show uncertainties.
However, it cannot produce credible intervals oéfirisk values for incident scenarios
and IPLs which are composed of multiple componédnterder to obtain credible
intervals, it is necessary to find the distributimeducts and summations since the final
risk values of incident scenarios are computed bitiplication of gamma distribution
and beta distribution (s); and the PFDs of multhponent IPLs are calculated by the
multiplication and summation with Boolean algebirhe final credible intervals for
incident scenarios can be used to show the unogesiof estimated values.

Sometimes, initiating events can occur with sevieagic events. For example,
suppose that an initiating event is the failur@imibading arms. Unloading arms consist
of pipe, flanges with gaskets, swivel joints antiga. The failure rate of the loading
arm should be composed of the failure rates of eaatponent. In this case, in order to
find out loading arm failure rate, Fault Tree Arsa$y(FTA) or Event Tree Analysis
(ETA) can be used. Therefore, Bayesian-LOPA metlogyocan be combined with
FTA or ETA to get more reliable initiating evenéfjuencies.

LOPA can be used to determine the sufficiency éétgdnstrumented System
(SIS) of facilities or plants. Typically, SIS, whigs one of the IPLs, consists of sensors,
logic solvers, and final elements such as valvatet$ Integrity Level (SIL) is used to
show the reliability of SIS. Thus, SIL verificatiovill be required to obtain the failure
rate of SIS. In this research, the SIL verificatwas not fully conducted because of
insufficient reliability data. However, SIL veriation may be considered to estimate the
risks more accurately by LOPA. Thus, SIL verificatican be associated with the
Bayesian-LOPA methodology.

Currently, in this research, Microsoft Excel softeravas used to compute the

failure data in the Bayesian-LOPA estimation. Hoarewt is not a fully automatic
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calculation because some information should be ledndanually. Thus, computer-
aided Bayesian-LOPA methodology can be developdgtaaesults and graphs are
produced automatically. In the future, a specifiegpam may be developed for the

Bayesian-LOPA method.

Finally, in the current LOPA method, only indepenterotection layers can be
considered as IPLs to reduce the risk. Howeveherindustries, some protection layers
or safeguards can be dependent to each other. @iapsadent layers should be credited
for risk assessments to some extent, respectiVabrefore, dependency-based LOPA
methodology should be developed to make up the mesask

Summarized below are potential areas for future:

= Obtaining the credible intervals of incident scém&and multi-component IPLs

= Combining the Bayesian-LOPA methodology with FTAETA for the more
reliable frequencies of initiating events

= Conducting SIL verification with Bayesian-LOPA metiology

= Developing the computer-aided Bayesian-LOPA metlagio

= Developing dependency-based LOPA methodology
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APPENDIX A. PROCESS FLOW DIAGRAM AND P&lDs
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PFD, P&ID OF LNG IMPORTATION
TERMINAL

LEGEND

PIPELINE & SIGNAL LINE
- LNG LINE
---------------------- NG LINE
——— SIGNAL LINE

VALVE

BV (BLOCK VALVE)

CV (CHECK VALVE)

PSV (PRESSURE RELIEF VALVE)
VRV (VACUUM RELIEF VALVE)

TSV (TEMPERATURE SAFETY VALVE)
FCV (FLOW CONTROL VALVE)

MOV (MOTOR OPERATED VALVE)

INSTRUMENTATION

TI (TEMPERATURE INDICATOR)

Pl (PRESSURE INDICATOR)

DI (DENSITY INDICATOR)

LT (LEVEL TRANSMITTER)

DT (DENSITY TRANSMITTER)

TT (TEMPERATURE TRANSMITTER)
LIA (LEVEL INDICATING ALARM)

PIA (PRESSURE INDICATING ALARM)
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APPENDIX B. HAZOP SPREADSHEETS

Node List

Node

Description/design intent

Design conditionspzeters

1. LNG liquid unloads from
ship to tank

LNG unloads from tanker (ship) to a storag
tank

eA shutdown valve is provided at the
unloading arm

2. LP LNG pump discharge to
recondenser & HP pump
suction

LP LNG pump feeds LNG to HP LNG pumj
to boost. This LNG is passed through
recondenser to condense BOG.

) LP pump is provided in each tank to
supply LNG to HP pump which boosts
this liquid to higher pressure.

3. LNG tank system

LNG is stored in this tank amehtsent
through recondenser to vaporizer.

The Pressure of a tank is almost
atmospheric pressure and insulation is

provided to keep LNG cool.
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Node 1 LNG liquid unloading from ship to tank

o Severity- . seF\itnaﬁiy-
Deviation Causes Consequences Safeguards Probability Actions Probability
(H.M.L) (H, M, L)
1.Arm and piping were A PSV before
Pressure increase of unloadim%lésigned toptfeagr] this pressure TSV may be
BV-1 closure atthe | &M and jetty piping up to shi ’2.0ne TSV along the transfef installed,
No flow - pump shut-off pressure or line L-L unless TSV L-L
Jetty higher pressure due to surge L can operate as
" 3.Valve closing time is based
conditions on surae analvsis a PSV as well
9 Y as a T TSV.
Pressure increase of unloading
No flow Manual valve close alrjnr:]arﬁlﬁgyﬁplpr)g;%t:r%tcc;rsm ? 1. Arm and piping were L-L operation L-L
due to human error | PY™MP P designed to bear this pressurge procedure
higher pressure due to surge
conditions
. . PCV to flare and PSV to flare A flow meter
Higher ship pump . : . added and
More flow capacit Possible overpressure in tank on tank to discharge any L-L connected to L-L
pactly eXCess vapors PCV
Blocked condition in
LNG transfer line
Higher results in more Possible overpressure in line TSV along the trarisfe L-L L-L
temperature | temperature, heat

leak and thermal
expansion

T



Node 1 Continued

_ Severity- . seF\j(re]railiy-
Deviation Causes Consequences Safeguards Probability Actions 5
Probability
(H.M.L) (H, M, L)
Higher Blocked condition Possible overpressure up to | Piping designed to bear this L-L L-L
pressure during unloading shut off pressure of ship pumppressure
1. High level alarm and high-
High level of tank may be high level trip of inlet to tank
Misdirected | Wrong tank lined-up reacheq quicker tha_m normal 2.0pe_rat|on procedure to trip
. due to inadvertent lined-up. | the ship pump by human H-L H-L
flow for unloading - : :
Overfilling of tank may be intervention
possible 3. automatic diversion systenjs
among tanks
Operator fails to Thermal shock on unloading . . L. very
. o Unloading operating experienced
Start up cool-down unloading| arms and piping may be rocedures require cool-dowp  M-L operators with M-L
hazard arms and directly possible and lead to potential Eefore unloadici\ ﬁalit
start unloading leakage from joints 9 quaity
training
1. Excess movement detectof
which will initiate shutdown
Loading arm failure and disconnection
Transfer . . : .
) and leakage (swivel | Possible leakage, vapor cloudl,2. N, connection to swivel
operation oints fail f L dqfi L M-L M-L
hazards joints failure, flange | ignition, and fire joints

joints failures)

3. Gas detectors at the jetty
4. Fire detectors at the jetty
which will initiate shutdown
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Node 2 LP LNG pump discharge to recondenser & HRpsuction

o Severity- ) seF\jgﬁiy-
Deviation Causes Consequences Safeguards Probability Actions Probability
(H.M.L) (H, M, L)
1. Itis better
that the HP
pump is auto
circulation
type.
. 2.HP pump
The suction pressure of HP 1.Low pressure alarm at HP should be trip
No flow LP LNG pump may decrease leading to . .
ump discharge due cavitation and damage to pumg. P47'P suction in case of low-
No flow pump 9 . 9 pumg. 2.0pearating procedure (i.e. M-L low level of L-L
to closure of BV-32 | Possible leakage, vapor cloud, Lp :
L . pump more running than recondenser
or FCV-20 ignition, and fire due to HP
; HP pump) 3.check the
pump failure number of
pumps
(redundancy)
4.0ne PSV
installed after
HP pump
1.High level alarm 1
More flow due to Level build-up in recondenser | 2.High-high level alarm, LIA- in.de endenc
More flow ECV-20 full open leading to LNG carryover to 2 HH will close BV-32 of LP L-L amoFr)1 alarm)é L-L
P BOG header LNG inlet and BV-21 of HP 9
pump kickback line.
Lower .
No issue
temperature
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Node 2

Continued

o Severity- . seF\,igﬁly_
Deviation Causes Consequences Safeguards Probability Actions Probability
(H.M. L) (H, M, L)
Lots of BOG leads to cooling
failure in recondenser and result
More flow from in LNG temperature increase of 1.High temperature alarm
Higher BOG due to FCV-33 HP pump suction leading to along the suction line of HP M-L M-L
temperaturg full open in the cavitation and damage to pump. pump.
recondenser inlet Possible leakage, vapor cloud,| 2.Gas detector
ignition, and fire due to HP
pump failure
The suction pressure of HP 1.Low pressure alarm at HP
No flow LP LNG pump may decrease leading to| :
. L pump suction
Lower pump discharge dug cavitation and damage to PUMP. 5"~ earating procedure (ie M-L M-L
pressure to closure of FCV- | Possible leakage, vapor cloud, LiD pum mgrg runnin thén.
20 ignition, and fire due to HP HPp ump) g
pump failure pump
More flow of BOG
Higher due to FCV-33 full Possible overpressure of
9 open in the BOG P Pressure relief valve, PSV-34 L-L L-L
pressure recondenser

inlet while less LNG

input from LP pump

.97



Node

3 LNG tank system

o Severity- ] seFvigﬁly-
Deviation Causes Consequences Safeguards | Probability Actions Probability reference
(H ML) (H, M, L)
1. Check
redundancy of
TIA-4
Lower temperature . . . . L 2. Check
Lower in foundation of tank Possmle freezing m0|stureFour_1da_t|on temperature emergency
temperaturd due to bottom in the ground may lead tq monitoring and low H-L electricity H-L
P heating failure unstable foundation. temperature alarm. (power)
¢ 3.Check
automatic
ON/OFF
system
Operating error Foundation temperature
Higher leading to monitoring and high,
ter?w erature overheating of the | Overpressure in tank and high-high L-L L-L
P bottom heating temperatures alarm
system leading to shutoff
1.Low pressure alarm
Lower pressure due : (PIA-4) and BOG
to pump-out without Underpressure in tank | compressor trip _
Lower BOG inout due to | M&Y lead to vacuum 2.Low low pressure trip H-L H-L EN-1473
pressure : P condition. Possible of LP pump
failure of BV-45 : (1997)
(closure) collapse of tank 3.Two vacuum relief
valves on tank(VRV-
46, VRV-47)
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Node 3 Continued

o Severity- ) seF\jtre]ﬁ{y-
Deviation Causes Consequences Safeguards | Probability Actions Probability reference
(H, M, L) (H. M, 1)

1. Two pressure relief
valves 1. Each PSV
2. High pressure alarm should has
(PIA-3) independent
3. Density monitoring pipe

Higher Rollover due to Overpressure in tank and (DI-3) to prevent H-L connection to H-L EN-1473

pressure stratification possible damage of tank | stratification tank (1997)
4. Recirculation from
other tank to prevent
stratification
5. Jet mixing line to
prevent stratification

L Lower level due to | Lower level may cause | Low level alarm and

ower ; o :

level continuous pump- | cavitation and damage to low-low level trip of LP L-L L-L

out LP pump pump
1. Two independent
. | level measuring and
Level increases and leads
. X alarm systems (H, HH)
Higher level due to | to carryover into annular : .
. i ; 2. High-high level
Higher operator failure. space of LNG causing detection initiate the H-L H-L EN-1473
level Operator lines up the vaporization and then (1997)

wrong tank

overpressure within the
tank

ESD function for feed
pumps and valves in
feed and recirculation
line

69T
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APPENDIX C. BAYESIAN-LOPA SPREADSHEETS

C.1 SCENARIO 1

C.1.1 BAYESIAN ESTIMATION SHEETS

Initiating event

Frequency of initiating event with informative prior (dloading amm failure)

Prior Distribution
{Gam ma)

OREDA

Mean value

() 0, 0038
Standard
deviation (o) 0.00Es
) :E :E 0.2117
a}?nor V 02
y Voo
2t 0.0120
S I

Likelihood Function
{Poisson)

LMG facility failure data

Mo, of failures

) 5.0000
time to failure 133.7063
it, vear)

Maximum likelihood estimator

5 X
A=—
t

00374

Posterior Distribution

{Gamm a)
=X+ G 5.2117
Booa=t+1'y, .. 189 AB0O0

k.

Mean of Posterior Frequency

{/year)

{:‘(p-wt

Hogass =
r‘lspr:ljt




|

90% Bawes credible interval
)bDSZZzuﬂj(:apos);l post
2y 10,4233
2o (2a,,,) 3,9400
Aons 00104
2595:)?”95(1 os;"'}: Posi
2y 10,4235
095 (2et,) 15,3100
Anas 00,0423
Frequency comparison
0.0600
0.0500 -
= 0.0374
$ 0.0400
>
> 0.0275
S 0.0300
(O]
>
(e
@ 0.0200 -
L
0.0100
0.0038
0.0000
Prior Likelihood Posterior

171



172

IPL 1
PFD of IPLs with informative prior (u)—gas detector
Frior Distribution Likelihood Function
{Beta) {Binomial)
OREDA LMG facility failure data
hean value 5 3BE-03 Mo, of failures a1
() ()
test int I
Lower (5%) 4. 75E-04 ® (t'” E)Wﬂ 0.0833
test
Upper (95%) 3. 70E-03 MTEF 43 981k
I, o Oerm an s
Yo 2% % MTEF AsA44 4444
¢
P 1L S o oodR haximum likelihood estim ator
s -polos gl 944 0623 =2 0, 0009

Posterior Disftrib ution
{Beta)

Ky = X+ Xy 46, 2245

-'%M!‘: (n—x) +4%n’a 47344 5088

b

Mean of Posterior PFD

=1 X

Ho T + 4




|

90% Bawes credible interval

Ans= F00820d P it Fons25,0]

2yon 92, 4491
i (2a,,,) 639,153
Aops 0,0007

/’Iags =23095<2%)’{[27%m+22095@%;‘:
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28y 92, 4491

Ploss(2a,,,,) 113.1

Ao 0,0012

Distr, Class, I(%h;e)r mean FE?SQ:‘OE; betadist solver o} E
Gammal Frequency
1. 14E-02 | & 6AE-02 | 8,88E-02
Beta FPFD 4, 7RE-04| 2 3BE-03 | 3, 7TOE-03|&, 00E-02| -5 93E-07| 2, 22E+00|9, 44E+02
test

interval

0,0833 w




PFD

0.0025

0.0024

PFD comparison

0.0020 -

0.0015 ~

0.0010 ~

0.0005 ~

0.0000 -

Prior

0.0009

Likelihood

0.0010

Posterior
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IPL 2
PFD of IPLs with informative prior {(L)—fire detector
Prior Distribution Likelihood Function
{Beta) {(Binomial)
OREDA LMNG facility failure data
hdean walue Mo, of failures
() 1. 58E-03 (0 12
test int I
Lower (5% ) 8 64E-05 =% (t't” E)”'a 0,5000
a5t
Upper (95% ) T BAE-03 FTEF 101,9676
demands
. 2x x MTEF 4594, 4444
i
" wp o sl gy 1.0266 baxdm um likelihood estimator
P T L B BEO 0167 i= ni 0,002k

Posterior Distribution
{Beta)

gy = X+ X 13,0266

Bomn—D+8,] 55324612

3

Mean of Posterior PFD

o,

Ho T +4
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90% Bayes credible interval

Aps=Po0 028, P8 it Ho042603]

2y 06,0531
7705 (2@, ) 15,38
A 0.0014

A= fﬂgsfz%)f[z,@wjfngﬁ%}:
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2y 26 0551
2055 (2,,,) 38.89
Aos 00,0035
, |ower upper ,
Dvistr, Class. (5% ) =g (95 ) betadist solver o &
Gamma| Frequency
3 46E-04 | 6, 31E-03|3.02E-02
Beta FFD 2 64E-05 | 1,58E-03 |7 54E-03| & 0O0E-02 | 3. 97E-09 |1, 03E+00| 6, EOE+02
test
interval L0
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PFD

0.0040

PFD comparison

0.0035

0.0030 -
0.0025 ~

0.0025

0.0020
0.0015 -
0.0010 -
0.0005 -

0.0000 -

0.0016

Prior

Likelihood

0.0023

Posterior
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PFD of IPLs with informative prior (¢ & p) (ESV)

Prior Disfribution
{Beta)

|

ElIReDA

Frior kMean 0,0012

Likelihood Function
(Binomial)

}

LMNG facility failure data

prior

4, 97E+00

B i 4, 29E+03

Mo, of failures
(0 24
test interval 0.0833
(tect)
FPMTEF 30,3241

IO e ard

o 2x x MTRF 17466, BEET
f

baximum likelihood estim ator

i= 0.0014

z|>-e

Fosterior Distribution
{Beta)

By = X+ L 28,97

L= =)+ 8,5, 21732, 8667

b

Mean of Posterior PFD

@,
o S a v A,
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90% Bawes credible interval

Aans= A 00928 ) R it FroA 20,

2y 57,94
i (2a,,,) 43,19
Aons 0.0010

/%95 = fwiz%mpf[zz‘?};mﬁfﬂgﬁcz%:

2y 57.94
2oes(2ay,,) 79,08
Ayos 0,0018

PFD

0.0020

PFD comparison

0.0018
0.0016

0.0014

0.0014

0.0013

0.0012 ~
0.0010

0.0012

0.0008 -
0.0006 -

0.0004
0.0002 -

0.0000

Prior Likelihood

Posterior
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Pri 4w B)= P 47+ Pe{l B) - Pr{l A) = Pr{ B)

Taotal FFD of IFLZ Friar 0.0027
Likelihood 0.0038
Fosterior 0,0037

PFD

PFD comparison of IPL 2

0.0045

0.0038

0.0037

0.0040
0.0035 -

0.0030 0.0027

0.0025
0.0020
0.0015
0.0010
0.0005
0.0000

Prior

Likelihood

Posterior

180



C.1.2 LOPA SPREADSHEETS
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
LNG leakage from Loading arms during unloading
1 1
Date Description Probability Frequency
(per year)
Release of LNG due to loading arm
Consequence . . . .
Description/Category failures resulting from swivel joints
failure and flange joints failures
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Loading arm failures due to flange
L R . 2.75E-02
(frequency) joint or swivel joint failures
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 2.75E-02
Consequence
Gas detector; at the J.etty and human 9 75E-04
Independent intervention
Protection Layers Fire detector and ESD 3.68E-03
Total PFD for all IPLs 3.59E-06
Frequency
of Mitigated 9.87E-08

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. Test intervals should be kept as
following to keep the PFD (ESV: 1
year, gas and fire detector: 1 month).
2. The logic solver of gas and fire
detector should be independent to get
full credits of IPLs. Otherwise, one of
them cannot be an IPL.

Notes

References
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Scenario No. Scenario Title: generic data (Prior) Node No.
LNG leakage from Loading arms during unloading
1 1
Date Description Probability Frequency
(per year)
Release of LNG due to loading arm
Consequence . . . o
Description/Category failures resulting from swivel joints
failure and flange joints failures
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Loading arm failures due to flange
. T . 3.80E-03
(frequency) joint or swivel joint failures
Enabling .e.vent N/A
or condition
Frequency of
Unmitigated 3.80E-03
Consequence
Gas detectorg at the Jletty and human 0 35E-03
Independent intervention
Protection Layers Fire detector and ESD 2.73E-03
Total PFD for all IPLs 6.43E-06
Frequency
of Mitigated 2.45E-08

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. Test intervals should be kept as
following to keep the PFD (ESV: 1
year, gas and fire detector: 1
month).

2. The logic solver of gas and fire
detector should be independent to
get full credits of IPLs. Otherwise,
one of them cannot be an IPL.

Notes

References
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Scenario No. Scenario Title: Plant specific data (Likelihood) Node No.
LNG leakage from Loading arms during unloading
1 1
Date Description Probability Frequency
(per year)
Release of LNG due to loading arm
Consequence . . . .
Description/Category failures resulting from swivel joints
failure and flange joints failures
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Loading arm failures due to flange
o L . 3.74E-02
(frequency) joint or swivel joint failures
Enabling .e.vent N/A
or condition
Frequency of
Unmitigated 3.74E-02
Consequence
Gas detector; at the Jletty and human 9 47E-04
Independent intervention
Protection Layers Fire detector and ESD 3.82E-03
Total PFD for all IPLs 3.62E-06
Frequency
of Mitigated 1.35E-07

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. Test intervals should be kept as
following to keep the PFD (ESV: 1
year, gas and fire detector: 1 month).
2. The logic solver of gas and fire
detector should be independent to get
full credits of IPLs. Otherwise, one of
them cannot be an IPL.

Notes

References
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Frequency of incident scenario
Class.
(/year)
Prior 2 45E-08
(only generic)
Likelihood N 1 35E-07
(only plant specific)
Posterior
(with Bayesian) 9.87E-08

Frequency comparison of incident scenario
1.60E-07
1.40E-07 1.35E-07
S 1.20E-07
o 9.87E-08
< 1.00E-07
S 8.00E-08
S 6.00E-08
o
i 4O00E-08 T 45 08
2.00E-08
0.00E+00
Prior Likelihood Posterior
(only generic) (only plant  (with Bayesian)
specific)




C.2 SCENARIO 2

C.2.1 BAYESIAN ESTIMATION SHEETS

Initiating event

185

Frequency of initiating event with informative prior (BvV-1 spurious trip close)

Prior Distribution
{Gamma)

Likelihood Function
{Poisson)

QOREDA

LMG facilitv failure data

kdean walue

Mo, of failures

0, DOER 40000
L ' () .
Standard time to failure

deviation (o) 0.0065 & ear) 706 6204

czpn.orzéy—é 0, 7282 Maxdmum likelihood estimator
ooa X

Yoiw = — = 0, 0076 A=— 0. 005R
HoH t

FPosterior Distribution

{Gamm a)
O;:lo.szzx_'_ O;Jn'o:l 'ﬂ'TESE
Boouw =t + 1 ¥ iy 858 3076

kMean of Posterior Frequency
{/year)

_ ﬂpa:z
-’hrpa:r -
-"Sp:uz



:

90% Bawes credible interval

’."UDSZI?ZDM(E posf}’;: post

2y 9, 4564
200 (20, ) 5,3250
Aons 0,0019

/.-395: ){’2095(3%059:"—: pos;

2y 9,456
Foos (e, 16,9200
Aias 0,0099
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Frequency (/year)

Frequency comparison

0.01200

0.01000

0.00800 -

0.00600 -

0.00400

0.00200

0.00553

0.00550

0.00551

0.00000

Prior

Likelihood

Posterior




IPL 1

PFD of IPLs with informative prior ( & p) (TSV)

Prior Distribution

188

Likelihood Function

{Beta) {Binom ial)
EIReDa LMG facility failure data
Mo, of failures Pl
()
test interval (v} 5 0000
(et
MTEF 181 684972
Mo, o7 dEm anas
Fricr Mean 0, 000E "o 2x » MTEF 7263889
¢
Cfpn-or 29,00 bdaxdmum likelihood estimator
B prion 52000 i=Z 0, 0055

Posterior Dislribution
{Beta)

X =X+ 33

poast prar

B0+ 8,,| B2722.3889

b

Mean of Posterior PFD

o
Ha o A




!

90% Bayes credible interval

Aos= 2 w2 P o V05 20,9]

2

po5t (ala]
2 0 (20 ,,,) 18 32
Aons 0.0004

Ahos= V00520 P it 705425500

2y BG
oes (28 m) 85,95
s 0.0007

PFD

0.00600
0.00500
0.00400
0.00300
0.00200
0.00100

0.00000

PFD comparison

0.00551
0.00047 0.00053
- I
Prior Likelihood Posterior
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C.2.2 LOPA SPREADSHEETS
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
Pressure increase of unloading arm due to BV-1
2 failed closure during unloading 1
Date Description Probability Frequency
(per year)
Consequence . .
. Pressure increase of unloading arm
Description/Category
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event During unloading, BV—1 spurious trip 5 51E-03
(frequency) close
Enabling Ie.vent N/A
or condition
Frequency of
Unmitigated 5.51E-03
Consequence
A TSV along transfer line 5.26E-04
Independent
Protection Layers
Total PFD for all IPLs 5.26E-04
Frequency
of Mitigated 2.90E-06
Consequence (/year)
Risk Tolerance YES

Criteria Met? (Yes/No)

Actions
required to meet
Risk Tolerance Criteria

1. A PSV may be installed before
TSV, unless TSV can operate as a
PSV in case of overpressure.

Notes

1. Unloading arm and pipe were
designed to bear the shut—off
pressure of ship pump.

References
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Scenario No. Scenario Title: generic data (Prior) Node No.
Pressure increase of unloading arm due to BV-1
2 failed closure during unloading 1
Date Description Probability Frequency
(per year)
Consequence Pressure increase of unloading arm
Description/Category 9
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event During unloading, BV-1 spurious trip 5 53E-03
(frequency) close
Enabling .e.vent N/A
or condition
Frequency of
Unmitigated 5.53E-03
Consequence
A TSV along transfer line 4.70E-04
Independent
Protection Layers
Total PFD for all IPLs 4.70E-04
Frequency
of Mitigated 2.60E-06

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. A PSV may be installed before
TSV, unless TSV can operate as a
PSV in case of overpressure.

Notes

1. Unloading arm and pipe were
designed to bear the shut—off
pressure of ship pump.

References
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Scenario No. Scenario Title: Plant specific data (Likelihood) Node No.
Pressure increase of unloading arm due to BV—-1
2 failed closure during unloading 1
Date Description Probability Frequency
(per year)
Consequence Pressure increase of unloading arm
Description/Category Y
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event During unloading, BV-1 spurious trip 5 50E-03
(frequency) close
Enabling .e.vent N/A
or condition
Frequency of
Unmitigated 5.50E-03
Consequence
A TSV along transfer line 5.51E-03
Independent
Protection Layers
Total PFD for all IPLs 5.51E-03
Frequency
of Mitigated 3.03E-05
Consequence (/year)
Risk Tolerance NO

Criteria Met? (Yes/No)

Actions
required to meet
Risk Tolerance Criteria

1. A PSV may be installed before
TSV, unless TSV can operate as a
PSV in case of overpressure.

Notes

1. Unloading arm and pipe were
designed to bear the shut—off
pressure of ship pump.

References
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Frequency of incident scenario
Class.
(/year)
Prior 2 .60E-06
(only generic)
Likelihood 3 3 03E-05
(only plant specific)
Posterior
(with Bayesian) 2.90E-06

Frequency comparison of incident scenario

3.50E-05
3.03E-05

3.00E-05

2.50E-05

2.00E-05

1.50E-05

Frequency (/year)

1.00E-05

5.00E-06 > BOE-06 5 90E-06

0.00E+00
Prior Likelihood Posterior
(only generic) (only plant (with Bayesian)
specific)




C.3 SCENARIO 3

C.3.1 BAYESIAN ESTIMATION SHEETS

Initiating event

194

Frequency of initiating event with informative prior (BV-32 spurious trip close)

Prior Distribution
(Gamma)

Likelihood Function
(FPoisson)

OREDA

h

LMG facility failure data

Mean value

Mo, of failures

(W) U, 0Lss I~ 4.0000
Standard time to failure
deviation (=) 0.0085 & vear) 726.6204
a;m.orzé =£ 0, 7232 Maximum likelihood estimator
Voo
g CJ} = X
e 00076 A=— 0. 005
LA t

FPosterior Distribution

{Gamm a)
‘C{pastz L+ C{pn'a:- 'ﬂ' T282
B =t L ¥ i, 858, 3076

Mean of Posterior Frequency

CSyear)

[
.-{Ipojt =

post
-"Spa:r
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90% Bayes credible interval

)-'UJJ5 = fuﬂj(mpo.st)"fl post

2y 9, 4564

i (2a,,,) 3.3250

Aons 0.0019
Mh9s= Foos(2 ost’ 2 hos

2y g 9.4564

o5 (2, 16,9200

Ayos 0.0099
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Frequency (/year)

Frequency comparison

0.01200

0.01000

0.00800

0.00553

0.00550

0.00551

0.00600

0.00400 -

0.00200

0.00000

Prior

Likelihood

Posterior
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IPL 1
PFD of IPLs with informative prior {)-low pressure alam
Prior Distribution Likelihood Function
{Beta) {Binomial)
COREDA LMG facility failure data
tdean value Mo, of failures
() 1.76E-03 () =)
test int |
Lower (5%) 7 20E-06 ® (t'” E;“"a 0.0833
tast:
Upper (96% & TAE-03 MTBF 19,3287
T, o g anas
Y- 2x x MTEF A1TFE, 0000
$
N Y L Y 0 E03T Maximum likelihood estim ator
s —poadlosl | 2862143 i-Z 0,0022

Posterior Distrib ution
{Beta)

P

Xy = L+ iy 9,B0O37

Bros= =)+ o 4452,2143

3

Mean of Posterior PFD

o

He T + 4.
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90% Bawyes credible interval

5= Fo09 200 P8 it Frod20,]

2ot 19,0074
i (2a,,,) 10,12
Aons 0,0011

ﬂbgs = fns:(?ﬂ;mﬁ%#fmwﬁ
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28y, 19,0074
2oes(2ay,,) 30,14
Ao 0, 0034
: [ et Upper .
Distr, Class, %) mean (95% ) betadist solver v, [
Gammal Frequency
1.73E-04 | 4. 2E-02 | 1.6E-01
Beta FED TE20E-06 | 1.8E-03 | 6 VE-03 | 5. 0E-02 |-9 0E-07| & 0E-01 | 2 SE+02
test
interval BLOEERIT
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PFD

0.0040

PFD comparison

0.0035

0.0030
0.0025
0.0020

0.0018

0.0022

0.0015

0.0010

0.0005

0.0000

Prior

Likelihood

0.0021

Posterior
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PFD of IPLs with inform ative prior (o & p) (HP pump)

Frior Distribution
{Beta)

I

EIReDA

Frior kean 00002

N

prior e

38 prar

44700

Likelihood Function
{Binomial)

|

LMG facility failure data

Mo, of failures

) !
test interval
() 00833
MTEF 4 7454
demands
e 2x xMTEBF | 797 2222

f

bAazimum likelihood estim atol

i= 00088

Ela

Fosterior Distribution

(Beta)

gy = £+ X i

16,8

,%‘,S:F {';3 _x} +J%n’¢

44390, 2222

h

Mean of Posterior PFD

o,
Mo = 4 A
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90% Bayes credible interval

5= Fo03200 /R it o0 02

st 31,6
7l (2a,,,) 18,49
Aons 0.0002

ﬂagszfﬂgﬁ%m)f%f"fﬂgﬁ(z%:

2, 31.6
2’2095 (yp5) 43 77
Ass 00,0005

PFD

PFD comparison

0.0100

0.0088

0.0090
0.0080 -
0.0070

0.0060

0.0050
0.0040 -
0.0030 -
0.0020
0.0010

0.0002

0.0004

0.0000

e

Prior Likelihood

Posterior
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Pr(A B) = Pr(d) + Pr(E) — Pr(d) < Pr(EB)

Frior 000149
Likelihood 0,0109
Fosterior 0, 002k

PFD

PFD comparison of IPL 1

0.0120

0.0100 -

0.0109

0.0080

0.0060

0.0040 -

0.0019

0.0020

0.0000

Prior

0.0025

Likelihood

Posterior
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C.3.2 LOPA SPREADSHEETS
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
HP pump cavitation and damage due to low
3 pressure of recondenser resulting from BV-32 2
failed closure. Possible leakage and fire.
Date Description Probability Frequency
(per year)
Consequence HP pump damage leading to
Description/Category possible leakage and fire
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event BV-32 spurious failed close 5.51E-03
(frequency)
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 5.51E-03
Consequence
Low pressure alarm and HP pump 5 48E-03
Independent trip
Protection Layers
Total PFD for all IPLs 2.48E-03
Frequency
of Mitigated 1.37E-05
Conseqguence (/year)
Risk Tolerance NO

Criteria Met? (Yes/No)

Actions
required to meet
Risk Tolerance Criteria

1. HP pump should be tripped in
case of low—low level of
recondenser.

2. It is better to have HP pump of
auto circulation type to control the
pump out and prevent cavitation.

3. The test intervals of pressure
alarm and HP pump should be kept
1 month, respectively.

Notes

References
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Scenario No. Scenario Title: Generic data (Prior) Node No.
HP pump cavitation and damage due to low
3 pressure of recondenser resulting from BV-32 failed 2
closure. Possible leakage and fire.
Date Description Probability Frequency
(per year)
Consequence HP pump damage leading to
Description/Category possible leakage and fire
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event BV-32 spurious failed close 5.53E-03
(frequency)
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 5.53E-03
Consequence
Low pressure alarm and HP pump 1 95E-03
Independent trip
Protection Layers
Total PFD for all IPLs 1.95E-03
Frequency
of Mitigated 1.08E-05
Consequence (/year)
Risk Tolerance NO

Criteria Met? (Yes/No)

Actions
required to meet
Risk Tolerance Criteria

1. HP pump should be tripped in
case of low—low level of recondenser.
2. It is better to have HP pump of
auto circulation type to control the
pump out and prevent cavitation.

3. The test intervals of pressure
alarm and HP pump should be kept 1
month, respectively.

Notes

References
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Scenario No. Scenario Title: Plant specific data (Likelihood) Node No.
HP pump cavitation and damage due to low
3 pressure of recondenser resulting from BV-32 failed 2
closure. Possible leakage and fire.
Date Description Probability Frequency
(per year)
Consequence HP pump damage leading to possible
Description/Category leakage and fire
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event BV-32 spurious failed close 5.50E-03
(frequency)
Enabling Ie'vent N/A
or condition
Frequency of
Unmitigated 5.50E-03
Consequence
Low pressure alarm and HP pump trip | 1.09E-02
Independent
Protection Layers
Total PFD for all IPLs 1.09E-02
Frequency
of Mitigated 6.01E-05

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

NO

Actions
required to meet
Risk Tolerance Criteria

1. HP pump should be tripped in case
of low—low level of recondenser.

2. It is better to have HP pump of
auto circulation type to control the
pump out and prevent cavitation.

3. The test intervals of pressure alarm
and HP pump should be kept 1
month, respectively.

Notes

References
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Frequency of incident scenario
Class.
(/year)
Prior 1.08E-05
(only generic)
Likelihood 3 6.01E-05
(only plant specific)
Posterior
(with Bayesian) 1.37E-05

Frequency comparison of incident scenario
7.00E-05
6.01E-05
6.00E-05
§  5.00E-05
s
> 4.00E-05
& 3.00E-05
g_
© 2.00E-05
L 1.08E-05 1.37E-05
1.00E-05
0.00E+00
Prior Likelihood Posterior
(only generic) (only plant  (with Bayesian)
specific)
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C.4 SCENARIO 4

C.4.1 BAYESIAN ESTIMATION SHEETS

Initiating event

Frequency of initiating event with informative prior (FCV-33 spurious full open)

Prior Distribution Likelihood Function
(Gamma) {Poisson)
k4 L
COREDA LMG facility failure data
Mea?u;alue 0.0273 Mo, of(;ailures 4 0000
Standard time to failure
deviation (o) 0. 0550 & vear) 7266204
a:pn'arzé_é 0.2461 baximum likelihood estimator
Voo
Voo X
o — 0 1109 A=— 0. 005R
MM t

Posterior Distribution

{Gamm a)
{:{,::a.stz L+ C{pn'a:- d 2'&'6 1
B =t + Ly, 0 735.6339

kMean of Posterior Frequency
(/year)

_ Cl’pa:r
-"5'{_;'05: -
-'Spasr




|

90% Bayves c

redible interval

);Uﬂj :fnﬂj(mpos;'";: Past

Ly 84922
Izn-nj(zapaﬂ) 27330
Aops 0.0019

)-595:/?; 095(.} o.s) ":rz’-‘(%o.s;
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2y g,4922
Fo93(2et) 15,5100
Aaos 0,0105
Frequency comparison
0.0300
0.0273
0.0250
S 0.0200
()
>
>
© 0.0150 -
()
>
] -
T 0.0100
0.0055 0.0058
0.0050
0.0000
Prior Likelihood Posterior
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IPL 1
PFD of IPLs with informative prior (L)-high temperature alarm
Prior Disfrib ution Likelihood Function
{Beta) {Binom ial)
OREDA LMNG facility failure data
kean value Mo, of failures
() 2 30E-03 () 2
test int I
Lower (5% ) 1 08E-05 ES(L” E)”’a 0.0833
CEs
Upper (95%) 2 TBE-03 FMTEF 152,193
T, o aemangs
e 1 x = MTEF T305 BEEREG
t
P Ll Y 05171 Maximum likelihood estimator
PR W - Ll 224 2ER1 is= ni 00003

Fosterior Distribution

(Beta)
Ky = X+ & iy 25171
B =1+ 8, Th27.8106
h

Mean of Posterior PFD

o,
Ao S a v 4.




h 4

90% Bayes credible interval

Auns= F00520 3 it Ho05(20) ]

2o 5.0341
2o (2a,,,) 1.145
Aops 0.0001

Ahss= 005200 0 2 Bt 2552080

209

2y £.0341
Pruss(2a,,,,) 11.07
Anos 0,0007
, |ower upper ,
Dristr, Class, &%) mean (95% ) betadist SO|ver o B
Gammal| Frequency
259E-04 | BRE-02 | 2 1E-01
Beta FFD 1.08E-0E | 23E-05 | 8. 8E-03 | B OE-02 | —1E-07 | B, 2E-01 | 2.2E+02
test

interval

00833 w
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PFD

0.00250

PFD comparison

0.00200

0.00230

0.00150

0.00100

0.00050

0.00000

0.00027

Prior

0.00033

Likelihood

Posterior
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IPL 2
PFD of IPLs with informative prior {u)-gas detector
Prior Disfribution Likelihood Function
{Beta) {Binomial)
OREDA LMNG facility failure data
bean value 5 SBE-03 Mo, of failures a4
() ()
test int |
Lower (5%) 4.75E-04 ES(L” E}”ﬂ 0.0833
& st
Upper (95%) 3 T0E-03 FTEF 43 9815
Mo, o Jemarnas
e 2x = MTEF | 45444 4444
i
P ELL L B 2 204k haximum likelihood estimator
s -z | 9440579 £eZ 0.0009

Fosterior Distribution

(Beta)
Epoy = X+ Xy 45 2245
L= =)+ 8, 47344 5023
¥

Mean of Posterior PFD

oo
Ko S v 4.




h 4

90% Bayes credible interval

Auns= Fo05C0 )/ R B it Fo0sCeg,,)]

2a

post 92 4430
200 (2a,,,) 69,13
Aups 0,0007

Foss= 3’2 095(2%9"[ [Zﬁpm"'l} 095(2%;']

212

28y 92,4490

Puss(2a,,,,) 113,1

Aoos 0,0012
Dristr, Class, l;stf; mean Fggﬁf; betadist solver o}
Gammal Frequency

1,14e-02 | 5 BE-02 | 8 9E-02
Eeta FFD 4775E-04 | 2 4E-03 | 3, 7E-03 | 5.0E-02 | -VE-08 | 2,2E+00 | 9 4E+02
test 0.0833 w

interwal
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PFD

0.0024

PFD comparison

0.0025

0.0020 -

0.0015 +

0.0010

0.0005

0.0000 -

0.0009

Prior

Likelihood

0.0010

Posterior
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
Higher temperature in recondenser due to more
4 BOG input resulting from FCV-33 spurious full open. 2
Possible cavitation and damage of HP pump
leading to leakage.
Date Description Probability | reauency
(per year)
LNG level increases and leads to
Consequence . .
o carryover into annular space resulting
Description/Category . . .
in possible overpressure in tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event FCV-33 spurious full open 5.77E-03
(frequency)
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 5.77E-03
Consequence
Independent High tempergture algrm and human 3. 34E-04
, intervention
Protection Layers - ,
Gas detector and human intervention 9.75E-04
Total PFD for all IPLs 3.26E-07
Frequency
of Mitigated 1.88E-09

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. Gas detector should shut—off the
BV-32 and BV-23 in case of gas
detection.

2. Temperature alarm and gas
detector should be independent each
other in order to be considered as an
IPL, respectively. Otherwise, one of
them cannot be credited fully as an
IPL.

3. The test intervals of temperature
alarm and gas detector should be
kept 1 month.

References
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Scenario No. Scenario Title: Generic data (Prior) Node No.
Higher temperature in recondenser due to more
4 BOG input resulting from FCV-33 spurious full open. 2
Possible cavitation and damage of HP pump
leading to leakage.
Date Description Probability Frequency
(per year)
LNG level increases and leads to
Consequence . .
o carryover into annular space resulting
Description/Category ) . .
in possible overpressure in tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event FCV-33 spurious full open 2. 73E-02
(frequency)
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 2.73E-02
Consequence
High tempergture algrm and human 5 30E-03
Independent intervention
Protection Layers Gas detector and human intervention 2.35E-03
Total PFD for all IPLs 5.41E-06
Frequency
of Mitigated 1.48E-07

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. Gas detector should shut—off the
BV-32 and BV-23 in case of gas
detection.

2. Temperature alarm and gas
detector should be independent each
other in order to be considered as an
IPL, respectively. Otherwise, one of
them cannot be credited fully as an
IPL.

3. The test intervals of temperature
alarm and gas detector should be
kept 1 month.

Notes
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Scenario No. Scenario Title: Plant specific data (Likelihood) Node No.
Higher temperature in recondenser due to more
4 BOG input resulting from FCV-33 spurious full open. 2
Possible cavitation and damage of HP pump
leading to leakage.
Date Description Probability Frequency
(per year)
LNG level increases and leads to
Consequence . .
o carryover into annular space resulting
Description/Category ) . .
in possible overpressure in tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event FCV-33 spurious full open 5.50E-03
(frequency)
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 5.50E-03
Consequence
High tem pergture algrm and human 0 74E-04
Independent intervention
Protection Layers Gas detector and human intervention 9.47E-04
Total PFD for all IPLs 2.59E-07
Frequency
of Mitigated 1.43E-09

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. Gas detector should shut—off the
BV-32 and BV-23 in case of gas
detection.

2. Temperature alarm and gas
detector should be independent each
other in order to be considered as an
IPL, respectively. Otherwise, one of
them cannot be credited fully as an
IPL.

3. The test intervals of temperature
alarm and gas detector should be
kept 1 month.

Notes
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Class. Frequency of incident scenario
(/year)
rior ; 1.48E-07
(only generic)
Likelihood 3 | 43E-0
(only plant specific)
Posterior
(with Bayesian) 1.88E-09

Frequency comparison of incident scenario
1.40E-07
% 1.20E-07
< 1.00E-07
>
©  8.00E-08
S 6.00E-08
o
T 4.00E-08
2.00E-08 1.43E-09 1.88E-09
0.00E+00
Prior Likelihood Posterior
(only generic) (only plant  (with Bayesian)
specific)
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C.5 SCENARIO 5
C.5.1 BAYESIAN ESTIMATION SHEETS
Initiating event

Frequency of iniiating event with informative prior {rollover due to stratification)

Prior Distribution Likelihood Function
{Gam ma) {Poisson)
v L
Comparative risk assessment LMG facility failure data
Mea?u;‘alue 0.0130 Mo, of()l;ailures 4.0000
Standard time to failure
deviation (o) e (. vear) 209, 3750
‘::x»m.m:é:E 5.3830 baximum likelihcod estimator
Voo
g X
Voww = — = 0, 0024 A= — 0.0121
MM t

FPosterior Distribution

{Gamm a)
& =X+ O 9.3890
Lo =t ¥, 623.9168

Mean of Posterior Frequency
(/vyear)

arpa.sz

5 posr

e pos




’%D5 = ZzDDS(Mposé‘:”’Z st

2y 18,7781
2o (2a,,,) 10,1200
Aons 0.0081

/%95: .2-;'395(’) osgf{%os;

2y e 18,7781
o952t 30,1400
Ayos 0.0242
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Frequency (/year)

Frequency comparison

0.0300

0.0250

0.0191

0.0200

0.0150

0.0100 ~

0.0050

0.0000 -

0.0130

Prior

Likelihood

0.0150

Posterior
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IPL 1
PFD of IPLs with informative prior (¢ & p) (FCV)

Prior Distribution Likelihood Function
{Beta) {Binomial)

: v

EIReDA LMG facility failure data

Mo, of failures

()
test interval

L)

bTEF 181,6972
MO, Of demands

Frior kean 0,00028 q = 2% MIBF | 1452.7778
£

il

1,0000

prior 16 Maximum likelihood estimator

B rior 56936 i=

3'5.4

0,0028

Fosterior Distribution
{Beta)

LY =x+a

post priar

Bos= =0+, | BS384.7778

203

r

Mean of Posterior PFD

o
Ha . + 8




!

90% Bayes credible interval

ot 40.6
g‘gnns(Efl_mg) 26,51
Ayns 0,0002

hgs= 2; UPS(E%N [27‘?}:05:"'2; 095(2%0;?:

2,y 40,6
Proos (28, 55,75
Aous 0, 0005

PFD

0.00300

PFD comparison

0.00275

0.00250

0.00200

0.00150 +

0.00100

0.00050

0.00028

—

0.00035

o

0.00000

Prior

Likelihood

Posterior
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Density monitoring swstem failure rate (KGS, com parative risk assessment)

PFDilower)

FFDimean) | PFD{upper) SD

4 00E-D3

2, 00E-03 1.60E-02 4,00E-03

Pr(Au B) = Pr(d) + Pr(B) — Pr(d) x Pr(B)

000228
Likelihood 001073
Fosterior 000234

PFD

0.01200

0.01000

0.00800

0.00600 ~

0.00400 ~

0.00200

0.00000

PFD comparison of IPL 1

0.01073

0.00828 0.00834

Prior Likelihood Posterior
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IPL 2
PFD of IPLs with informative prior (p)—high pressure alam
Prior Disfrib ution Likelihood Function
{Beta) {Binomial)
COREDA LMG facility failure data
bean walue Mo, of failures
() 1, 76E-03 60 ]
test int I
Lower (5% ) 7 20E-06 ® (t'” E;“’a 00833
tast.
Upper (95%) B, 74AE-03 MTBF 18,3287
T, o e anas
Y- 2x = MTBF 4175, 0000
t
Y 1L L S T 0 5037 Maximum likelihood estim ator
b oeqAlos | 2862143 A=l 0,0022

Fosterior Disfribution
{Beta)

gy = £+ L 95037

Boi= =2+ B 4452,2143

L

Mean of Posterior PFD

(23

e T, + 4.




v

90% Bawes credible interval

5= Fo0A 200 P8 it Hrod 20,

2z 19,0074
77005 (20, ) 10,12
Ayps 0.0011

ﬂbgs = fm{?%)f%#fﬂss@%}:

224

28y 14,0074
27085 (26,00 30,14

Aaos 0,003
Dristr, Class, l{%";?}r mean Fggff; betadist solwer v B
Gammal Fregquency

1, 73E-04 | 4 2E-02 | 1,6E-01
Beta FFD 7. 20E-06 | 1,8E-03 | 6,7E-03 | 5, 0E-02 |-9,0E-C7| 5,0E-01 | 2 9E+02
test

interval

00833 w
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PFD

PFD comparison (Pressure Alarm)

0.0040

0.0035

0.0030

0.0025

0.0018 0.0022

0.0020
0.0015 ~
0.0010 -
0.0005 +

0.0000 -

Prior Likelihood

0.0021

Posterior
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PFD of IPLs with informative prior (o & p) (ESVY)

Prior Distribution Likelihood Function
{Beta) {Binomial)
EIReDA LMG facility failure data
Mo, of failures
(59 24
test interwval
00833
(Fror)
bTEF 30,3241
demands
Frior Mean 00012 e 2x < MTEF | 17466 BEBT
y
L 5 baxdmurm likelihood estim ato
B price 4290 i-Z 0.0014

Fosterior Distribution
{Beta)

Epoy = X+ X 28,97

B =1+ 8, 217326667

L

Mean of Posterior FFD

o
ST




|

90% Bawes c

redible interval

5= Ao0 5200 P it o0 2rg]

2

/?‘L'IDS

yast 57,94
7l (2a,,,) 41,45
Aons 0.0010

*ﬂbgszfﬂpﬁ%y%f"fﬂﬂﬂ(z%}:
20 e 57.94
7nes(2a,,,,) 76,70
0.0018

PFD

0.0020

PFD comparison (ESV)

0.0018

0.0016 -
0.0014 -
0.0012 -

0.0012

0.0014

0.0013

0.0010
0.0008

0.0006

0.0004 -
0.0002

0.0000

Prior

Likelihood

Posterior
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Pr(Au B) = Pr(d) + PriB) — Pr{A) x Pr(E)

Likelihood 0,003E3
Fosterior 0, 00345
PFD comparison of IPL 2
0.00400 0.00353 0.00346
0.00350 -
0.00291
0.00300
0.00250
Q i
L 0.00200
0.00150
0.00100
0.00050 -|
0.00000
Prior Likelihood Posterior
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IPL 3

PFD of IPLs with informative prior (& & p) (PRW)

Prior Distribution
{Beta)

ElReDA

Frior bMean

0, 0005

prior

259,00

llﬁ prioy

62000

229

Likelihood Function
{Binom ial)

LMG facility failure data

Mo, of failures

) 4
test interval (v) 2 0000
(ty )
FTEF 181,972
o, O Gem anas
"= x x MIBF T26,3889

f

faxm um likelihood estimator

is=

:$|3-4

0, 005G

Posterior Distribution

(Beta)

(4 =X+

Post priar

33

}%asr: (.?E—X:I +/:%n'a

62722, 3889

b

Mean of Posterior PFD




!

90% Bayes credible interval

Hhos= A 05200 P nit H o032

2

ot 66
7l (2a,,,) 43 32
Aogs 0,0004
’%95:32095@%;"([ :+f095(2%;'
2y 66
20952, 85,95
0,0007

’a‘L'IDS

PFD

0.00600
0.00500
0.00400
0.00300
0.00200
0.00100

0.00000

PFD comparison

0.00551
0.00047 0.00053
] e
Prior Likelihood Posterior

230



231

Case 1! two PFEVs with a comm on pipeline connection to storage tank

PFDyy, = (PFDMOJE +B(PFD, )

f 0.3
PFD, ,.2(Prior) 1.41E-04
PFD,,..{Likelihood) 1.68E-03
PFD, sootPosterior) 1.58E-04

PFD

PFD comparison of two PRVs with a common pipe

1.80E-03 1.68E-03

1.60E-03

1.40E-03

1.20E-03

1.00E-03

8.00E-04

6.00E-04

4.00E-04

2.00E-04 - 1.58E-04

0.00E+00 ‘
PFDloo2(Prior)  PFDloo2(Likelihood) PFDloo2(Posterior)
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Case 2 ! two FEVYs with an independent pipeline connection to storage tank

PFDII]EIE = (PFDIOOIJE +ﬁ(PFD1001)

B 0,001
PFDy ,oolPricr) 6.91E-07
PFD,,..(Likelihcod) 3,58E-05
PFD, .o(Posterior) & 02E-07

PFD

PFD comparison of two PRVs with independent pipes

4.00E-05

3.50E-05

3.58E-05

3.00E-05

2.50E-05

2.00E-05

1.50E-05

1.00E-05

5.00E-06

6.91E-07

| —

8.02E-07

1

0.00E+00

PFD21oo02(Prior)

PFD1loo2(Likelihood) PFDloo2(Posterior)




PFD

6.00E-04

5.00E-04 -

4.00E-04

3.00E-04 -

2.00E-04 -

1.00E-04 -

0.00E+00 -

Comparison of PFD with no. of PRVs

5.26E-04

1.58E-04

8.02E-07

PFD1ool(one PRYV) PFD1oo2(two

PFD1o02(two

PRVs, common  PRVs, independent

pipe)

pipe)
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
Overpressure in tank due to rollover resulting from
5 stratification and possible damage in tank 3
Date Description Probability Frequency
(per year)
Consequence Overpressure in tank and possible
Description/Category damage
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Rollover due to stratification 1.50E-02
(frequency)
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 1.50E-02
Conseguence
Density mgmtormg and jet 8.34E-03
nd dent mixing(FCV)
ndependen - —
, High pressure alarm and trip inlet line _
Protection Layers valve(EMOV) 3.46E-03
Two pressure relief valves 1.58E-04
Total PFD for all IPLs 4 .56E-09
Frequency
of Mitigated 6.86E-11

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. If each PRV has its own pipeline
connection to a storage tank to be
independent each other, the PFD of
two PRVs can be reduced.

2. The logic solver of density
monitoring and pressure alarm should
be independent to get full credits of
IPLs. Otherwise, one of them cannot
be an IPL.

Notes

References




235

Scenario No. Scenario Title: generic data (Prior) Node No.
Overpressure in tank due to rollover resulting from
5 stratification and possible damage in tank 3
Date Description Probability Frequency
(per year)
Consequence Overpressure in tank and possible
Description/Category damage
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Rollover due to stratification 1.30E-02
(frequency)
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 1.30E-02
Consequence
Density mgmtormg and jet 8 28E-03
I mixing(FCV)
p ndepenclj_ent High pressure alarm and trip inlet line 2 91E-03
rotection Layers valve(EMOV) .
Two pressure relief valves 1.41E-04
Total PFD for all IPLs 3.41E-09
Frequency
of Mitigated 4 . 43E-11

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. If each PRV has its own pipeline
connection to a storage tank to be
independent each other, the PFD of
two PRVs can be reduced.

2. The logic solver of density
monitoring and pressure alarm
should be independent to get full
credits of IPLs. Otherwise, one of
them cannot be an IPL.

Notes

References
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Scenario No. Scenario Title: Plant specific data (Likelihood) Node No.
Overpressure in tank due to rollover resulting from
5 stratification and possible damage in tank 3
Date Description Probability Frequency
(per year)
Consequence Overpressure in tank and possible
Description/Category damage
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Rollover due to stratification 1.91E-02
(frequency)
Enabling Ie.vent N/A
or condition
Frequency of
Unmitigated 1.91E-02
Consequence
Density mqmtonng and jet 1 07E-02
I mixing(FCV)
P ndepen?_ent High pressure alarm and trip inlet line 3 13E-03
rotection Layers valve(EMOV) .
Two pressure relief valves 1.68E-03
Total PFD for all IPLs 5.65E-08
Frequency
of Mitigated 1.08E-09

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. If each PRV has its own pipeline
connection to a storage tank to be
independent each other, the PFD of
two PRVs can be reduced.

2. The logic solver of density
monitoring and pressure alarm should
be independent to get full credits of
IPLs. Otherwise, one of them cannot
be an IPL.

Notes

References




Class.

Frequency of incident scenario

(/year)
Prior 4.43E-11
(only generic)
Likelihood 3 1 08E—09
(only plant specific)
Posterior 6.86E-11

(with Bayesian)

Frequency comparison of incident scenario
1.20E-09 1 08E-09
_ 1.00E-09
®
£ 8.00E-10
>
% 6.00E-10
S 4.00E-10
et
" 2.00E-10
R 4.43E-11 6.86E-11
0.00E+00
Prior Likelihood Posterior
(only generic) (only plant  (with Bayesian)
specific)
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C.6 SCENARIO 6

C.6.1 BAYESIAN ESTIMATION SHEETS

Initiating event

Frequency of iniiating event with non—informative prior (human errors)

Prior Distribution Likelihood Function
(Gamm a) (Poisson)
Jeffrews non—-informative prior LMG facilitvfailure data

Mo, of failures

) 19
time to failure 553 1250
., year)
oo 0.5 kAaxdm um likelihood estimator
i 0 A= 0,0344

Posterior Distribution
(Gamma)

g o =x+ 0.5 19.5

8. =t 553, 1250

r
kMean of Posterior Frequency
/year)




|

90% Baves credible interval

Aogs = Zznus (2x+1)/ 2t

2x+1 29
Pops (B + 1) 56 51
Aans 0. 02AQ

Aogs = X Y095 (2x+1) /2t

2x+1 a9
Floes(2x+1) 55,75
oo 0,0504

Frequency (/year)

0.0600
0.0500
0.0400
0.0300
0.0200
0.0100

0.0000

Frequency comparison

0.0344

0.0353

Prior

Likelihood

Posterior
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IPL 1
PFD of IPLs with inform ative prior (u)-high level alarm
Prior Disfrib ution Likelihood Function
{Beta) {Binom ial)
OREDA LMG facility failure data
hMean value Mo, of failures
(W) 2 01E-02 () 9
test interval
Lower (5% ) B, 39E-03 (tona) 1.0000
aat
Upper (35%) d Q0E-02 MTBF 19 3237
T, oT QEmangs
Y- 1 x x MTEF 347 9167
£
N St Ll T 3 RE2D kaximum likelihood estimatar
I A el T T 174, 7422 i= ni 0, 0259

FPosterior Distribution

{Beta)
Xt = X+ By 12,6822
B =20+ 8, 513,6588
w

Mean of Posterior PFD

@,
Mo = T+ 4.




Y

90% Bayes credible interval

Ahns= 00520 0/ R i Ho05C05,)]

2a

vost 25,1644
20 (2a,,,) 14.61
Aops 0.0140

A= 100520 2 Bt 2052080

241

28y, 2E, 1644
20328, ) 37.65
Anos 0,0354
, |ower upper \
Distr, Class, (5% ) mean (95%) betadist solver i B
Gammal Frequency
1,28E-02 | 4.0E-02 | & 0E-0Q2
Beta FFD 5 39E-03 | 2.0E-02 | 4 0OE-02 | 5 0E-02 | —4E-07 | 3.6E+00 | 1, 7E+02
test
interwval 1.0000 v
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PFD

0.0400

PFD comparison

0.0350

0.0300

0.0250

0.0259

0.0200
0.0150
0.0100 -
0.0050

0.0000 -

0.0201

0.0239

Prior

Likelihood

Posterior




Case 1! twoindependent high lewel alarms

PFDy, = (PFD,,)" + B(PFD,,)

B 0,05
PFD,,,.(Prior) 1.41E-03
PFD,,..¢Likelihood) 1.96E-03

243

PFD

2.50E-03

PFD comparison of two level alarms

2.00E-03

1.96E-03 1.77E-03

1.50E-03

1.41E-03

1.00E-083

5.00E-04

0.00E+00 -

PFDloo2(Prior)  PFDloo2(Likelihood) PFDloo2(Posterior)
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Operator fails to shutdown on high level alamm (KGS, Compartive risk assessment)

[oweer Upper
(5%) mean (95%) L.
2, 00E-04 8 0E-0D4 3, 0E-0Z 1.3E-03

Pr( A B)=Pr{ A)+ Pr{ B) — Pr{ A) x Pr{ B)

Likelihood 00028
Faosterior 00026
PFD comparison of IPL 1
0.0030
0.0028 0.0026
0.0025 -
0.0022
0.0020
E 0.0015 -
o
0.0010
0.0005 -
0.0000
Prior Likelihood Posterior
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IPL 2
PFD of IPLs with informative prior {(u)-high high level detector
Prior Disfrib ution Likelihood Function
{Beta) {Binom ial}
OREDA LMG facility failure data
hean walue Mo, of failures
() 2 01E-D2 6 9
test int I
Lower (5%) 6.39E-03 Bt nena 1,0000
(eet)
Upper (95%) 4 00E-02 FTEF 19 3287
T, o denmang
o 2 x « MTEF 347 9167
t
P L L Y 3 RE2D bMaximum likelihood estimator
PR R - L T 174, 7422 is= ni 0, 0259

Fosterior Distribution

(Beta)
Rt = X+ i 12 5g22
B =2+ 8, £13,6588
L 4

Mean of Posterior PFD

o,
P
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\ [ower Upper \
Distr, Class, (%) m ean (95% ) betadist S0l ver v B
Gammal Frequency
1.28E-02 | 4, 0E-02 | 38 0E-D2
Beta FFD 6 39E-03 | 2. 0E-02 | 4 0E-02 | &.0E-02 | —-4E-07 | 3.6E+00 | 1, 7E+02
test
interval Rt
PFD comparison
0.0400
0.0350 -
0.0300 0.0959 o
0.0250 .
a 0.0201
L 0.0200 4
o
0.0150
0.0100
0.0050
0.0000
Prior Likelihood Posterior




Case 1 two independent high high level detectors

PFI’?DDE :(PFQOO].)Q +ﬁ(PFaool)

B 0.05
PFD,,.(Prior) 1.41E-03
PFD, ,..(Likelihood) 1.96E-03

PFD

PFD comparison of two level detectors

2.50E-03

2.00E-03

1.96E-03

1.50E.03 1.41E-03

1.00E-03 -

5.00E-04 -

0.00E+00 -
PFD1002(Prior)

1.77E-03

PFD1o02(Likelihood) PFDloo2(Posterior)
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PFD of IPLs with inform ative prior (& & p) (ESW)

Prior Distribution Likelihood Function
{Beta) (Binomial)
EIReDA LMG facility failure data
Mo, of failures
) 24
test interval
(ty 00 0, 0833
FMTEF 30 3241
I, o7 Qe andg
Frior Mean 00012 e 2 x » MTEF 17466, BEET
3
L 5 baximum likelihood estim ator
B rior 4290 i-1 0.0014

Posterior Distribution

(Beta)
Xt = X+ By 28,97
Bpor= =0+ 8, 21732.6667
r

Mean of Posterior PFD

@
o =G T+ 4.




A= Hond 205, 26t oo 20y,
Ly 57,94

770 (2a,,) 41,45
Aogs 00010

hos=¥ 00320 ) [Zrﬁmsz"'f 005(20%,)]

’aﬂgj

2y 57.94
Puss(2a,,,) 76,70
0,001
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PFD

0.0020

PFD comparison (ESV)

0.0018

0.0016

0.0014

0.0013

0.0014

0.0012

0.0012
0.0010

0.0008 -
0.0006

0.0004

0.0002 -

0.0000

Prior

Likelihood

Posterior
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Prf Avw B) =Pl A)+ Pril B) - Pri A) = Pre{ B
[EotEIREDeRIRE o 0.0026
Likelihood 00,0033
Fosterior 0,003
PFD comparison of IPL 2
0.0040
0.003 0.0033
0035 0.0031
0.0030
0.0026
0.0025
- i
o 0.0020
0.0015
0.0010
0.0005 -
0.0000 -
Prior Likelihood Posterior




C.6.2 LOPA SPREADSHEETS
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
LNG level increases and leads to carryover into
6 annular space of LNG because operator lines up the 3
wrong tank. Possible overpressure in tank.
Date Description Probability Frequency
(per year)
LNG level increases and leads to
Consequence . .
o carryover into annular space resulting
Description/Category ) . .
in possible overpressure in tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
[nitiating event Human errors (operator lines up the 3 53E-02
(frequency) wrong tank)
Enabling 'elvent N/A
or condition
Frequency of
Unmitigated 3.53E-02
Consequence
Two mdependem level glarms and 5 57E-03
nd d human intervention
p n ePe” Lent Two high—high level detector and ESD 3 10E-03
rotection Layers of BV=40 .
Total PFD for all IPLs 7.94E-06
Frequency
of Mitigated 2.80E-07
Conseqguence (/year)
Risk Tolerance YES

Criteria Met? (Yes/No)

Actions
required to meet
Risk Tolerance Criteria

1. The test intervals of level alarm and
detector should be kept 1 year and
BV should have 1 month test interval.
2. Level alarms and detectors should
be independent of each other in order
to keep the risk value.

Notes

References
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Scenario No. Scenario Title: Generic data (Prior) Node No.
LNG level increases and leads to carryover into
6 annular space of LNG because operator lines up the 3
wrong tank. Possible overpressure in tank.
Date Description Probability Frequency
(per year)
LNG level increases and leads to
Consequence : !
i carryover into annular space resulting
Description/Category . . .
in possible overpressure in tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Human errors (operator lines up the undefined
(frequency) wrong tank)
Enabling Ie.vent N/A
or condition
Frequency of
Unmitigated undefined
Consequence
Two mdependeht level a}larms and 5 21E-03
Ind q human intervention
P ndaepen Lent Two high—high level detector and 5 57E-03
rotection Layers ESD of BV-40 .
Total PFD for all IPLs 5.66E-06
Frequency
of Mitigated undefined

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

Actions
required to meet
Risk Tolerance Criteria

1. The test intervals of level alarm
and detector should be kept 1 year
and BV should have 1 month test
interval.

2. Level alarms and detectors should
be independent of each other in order
to keep the risk value.

Notes

References
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Scenario No. Scenario Title: Plant specific data (Likelihood) Node No.
LNG level increases and leads to carryover into
6 annular space of LNG because operator lines up the 3
wrong tank. Possible overpressure in tank.
Date Description Probability Frequency
(per year)
LNG level increases and leads to
Consequence : .
o carryover into annular space resulting
Description/Category , . .
in possible overpressure in tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event Human errors (operator lines up the 3 44E—02
(frequency) wrong tank)
Enabling Ie'vent N/A
or condition
Frequency of
Unmitigated 3.44E-02
Consequence
Two mdependeht level glarms and 5 76E-03
Independent human intervention
) Two high—high level detector and ESD 3
Protection Layers of BV=40 3.33E-03
Total PFD for all IPLs 9.21E-06
Frequency
of Mitigated 3.16E-07
Consequence (/year)
Risk Tolerance YES

Criteria Met? (Yes/No)

Actions
required to meet
Risk Tolerance Criteria

1. The test intervals of level alarm
and detector should be kept 1 year
and BV should have 1 month test
interval.

2. Level alarms and detectors should
be independent of each other in order
to keep the risk value.

Notes

References
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Frequency of incident scenario
Class.
(/year)
Prior . undefined
(only generic)
Likelihood N 3 16E-07
(only plant specific)
Posterior
(with Bayesian) 2.80E-07

Frequency comparison of incident scenario
3.50E-07
3.16E-07
2.80E-07
3.00E-07
§ 2.50E-07
2
> 2.00E-07
§ 1.50E-07
© 1.00E-07
LL
5.00E-08 -
undefined
0.00E+00
Prior Likelihood Posterior
(only generic) (only plant  (with Bayesian)
specific)
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C.7 SCENARIO 7

C.7.1 BAYESIAN ESTIMATION SHEETS
Initiating event

Frequency of initiating event with informative prior (BV-45 spurious trip close)

Prior Distribution Likelihood Function
{Gamma) (Poisson)
v h
CREDA, LMG facility failure data
Mear{wugfalue 0. 0055 Mo, of(;]ailures 4.0000
Standard time to failure
deviation () 0.0085 & veor) 726.6204
%n-orzé =£ 0, 7282 bMaximum likelihood estimator
Voo
oo SRR o
Vi = — = — 0, 0076 A=— 0,0055
LA b

Posterior Distribuion

{Gamm a)
B pir™ X iy 47282
ﬁposr =t+1/ ?pn'a? g2he 3076

kMean of Posterior Frequency
CSyear)

_ ":Ipa.st
."["{pr:ljt -
-ﬁpaﬂ




.

90% Bayes credible interval

’i'ﬂﬂj = /f; ':'Dj(:’ar po.sf) /2 post

2y 9.4564
7l (2a,,,) 3.3250
Ayns 0.0019

)-595:/?2095(1 o.sﬁ)":;l posi

2y 94564,
Foss (et 16,9200
Ayos 0.0099
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Frequency (/year)

Frequency comparison

0.01200

0.01000 -

0.00800

0.00600 -

0.00400

0.00200

0.00553

0.00550

0.00551

0.00000

Prior

Likelihood

Posterior
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PFD of IPLs with informative prior (u)—low pressure alam

IPL1
Prior Disfribution
(Beta)
OREDA
kean value 1 76E-03
()
Lower (%) 7.20E-06
Upper (95% B.74AE-03
" - ,--_[g- 1] 05037
PR Bt 286,2143

Likelihood Function
(Binomial)

}

LMG facility failure data

Mo, of failures 9
()
test interval
(o) 00,0233
FMTEF 19, 3287

| [T e s LY A=

L _ 27 MTBF 4175, 0000
r

kaximum likelihood estim ator

is= 0, 0022

x|>-e

Posterior Distribution
{Beta)

Doy = L+ X i

9.6037

/l“o}mt: I:'JE —I:I +/%n'¢:'

4462 2143

b

Mean of Posterior PFD

m L

Ha T, + 4,
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Distr, Class. l(OE\’;E}r mearn ?ggf; hetadist S0|ver 5] i
Gammal Frequency
1.73E-04 | 4, 2E-02 | 1.68E-01
Beta FFD T.20E-06 | 1.8E-03 | 6, 7E-03 | 5. 0E-02 |9 0E-07| 5 0E-01 | 2. 9E+0Z2
test
interval 0.0833 »
PFD comparison
0.0040
0.0035 - _
0.0030
A 0.0025 0.0018 0.0022 0.0021
L 0.0020 -
o
0.0015
0.0010 -
0.0005 -
0.0000
Prior Likelihood Posterior
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PFD of IPLs with informative prior {(x & p) (BOG compressor)

Prior Distribution Likelihood Function
{Beta) {Binomial)
EIReDA LMG facility failure data
Mo, of failures
(59 116
test interwval
() 00833
bTEF 2.1991
demands
Frior kMean 00,0002 e Ix < MTEF | B122 2220
i
L g baximurn likelihood estim ato
B i 36970 i-Z 0.0189

Fosterior Distribution
{Beta)

N 124.6

Bo=n—R+5, 429762222

h

Mean of Posterior PFD

2

Ho T +4.




¥

90% Bayesc

redible interval

Ahos= R 04250 PG o052 rd]

Ja

ot 249 2
2h00s (20,0 213.47
Aons 0.0025

%95=fmﬁ%f%ﬁf°9{2%>:
28,00 249, 2
2hes(2a,,,,) 286,62
0.0033

’aﬂgj

PFD

0.0200

PFD comparison

0.0189

0.0180

0.0160
0.0140

0.0120

0.0100 -
0.0080

0.0060

0.0029

0.0040
0.0020

0.0002

0.0000

N .

Prior

Likelihood

Posterior
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Pr(A B) = Prd) + Pr(E) — Prid) < Pr(B)

261

Frior 0, 0020
Likelihood 00211
Fosterior 0, 00sD

PFD

PFD comparison of IPL 1

0.0250

0.0211

0.0200

0.0150

0.0100 -

0.0050

0.0050

0.0020

0.0000

Prior

Likelihood

Posterior
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Likelihood Function
{Binomial)

|

LMG facility failure data

Mo, of failures

) 9
test interval
t) 002833
MTEF 19,3287
o, of dem anos
4175, 0000

2x = MITEF
n:—
f

Maximum likelihood estim ator

=

IPL 2
PFD of IPLs with informative prior (u)-low pressure detector
Prior Disfribution
{Beta)
CREDA
hean value 1 76E-03
L
Lower (5% T.20E-06
Upper (95% ) 6, 7T4E-03
s - ,"_['u'l::'__ 'Il'l-l] 0.503T
P B - Ul T 285.2143

RS|>1

0,0022

Posterior Dislkribution
{Beta)

oy = X+ X

96037

-’%astz I:'}E_x:l +/l%n'c:'

4482 2143

b

Mean of Posterior PFD

a L

H T x, + 4.
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Distr, Class,

[ower
(5%

Lpper

mean | g5y

betadist

solver

Gammal Frequency

1, 73E-04

4,2E-02 | 1,8E-01

Eeta FED

T 20E-06

1,8E-03 | B, TE-03

5, 0E-0Z

-9,0E-07| 5,0E-01 | 2 9E+02

test
interval

0,0833 wr

0.0040

PFD comparison

0.0035

0.0030 -
0.0025

0.0022

0.0018

PFD

0.0020
0.0015 -

0.0021

0.0010

0.0005

0.0000

Prior

Likelihood

Posterior
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PFD of IPLs with informative prior (¢ & p) (LP pump)

Prior Distribution Likelihood Function
{Beta) {Binomial}
EIReDA LMNG facility failure data
Mo, of failures =
()
test interval
t) 00833
bTEF 4,754
demands
Frior Mean 0,000z . 2x =MTEF | 797 2200
f
& prior g baximum likelihood estim atol
B pricr 44100 i-Z 0,0088

Posterior Distribution
{Beta)

Xy = L+ Ly 15,8

Bo=n—R+5,] 448902222

h

Mean of Posterior PFD

&

Ho e + 4.




v

90% Bayes c

redible interval

A= H 00120 Bt 05205

2

yose 316
2005 (2@,) 18,49
Aons 0,0002
%psszﬁ%)f%#fﬂgiz%g:
2y 316
2095(26,,,) 43,77
Ayss 0,0005

PFD

0.0100

PFD comparison

0.0090 -

0.0088

0.0080
0.0070

0.0060

0.0050
0.0040 -
0.0030 -

0.0020

0.0002

0.0004

0.0010

0.0000

—

Prior

Likelihood

Posterior
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Pr(Au B) = Pr(4) + Pr(E) — Pr{A) x Pr(B)

Frior 000719
Likelihood 00109
Fosterior 0, 002k

PFD

0.0120

PFD comparison of IPL 2

0.0109

0.0100

0.0080

0.0060 -

0.0040 -

0.0019

0.0020

0.0000

Prior

0.0025

Likelihood

Posterior
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IPL 3
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PFD of IPLs with informative prior {c & p) (VRW)

Prior Distribution
{Beta)

|

EIReDA

Frior bMean 0, 0005

o prior 29,00

B e 52000

Likelihood Funclion
(Binom ial)

.

LMG facility failure data

Mo, of failures

) 4
test interval (v 5 0000
(hyg o)
FMTBF 12164972
TG, OF GEm anas
o 2x x MIEF T26,3889

f

baximum likelihood estimator

i-=

:uls-g

0, 005

Posterior Distribution
{Beta)

b =X+ 33

post Proy

Bo= -0+ 8, | ©2722 38849

Mean of Posterior PFD

(2
Ha o+ A




90% Bayes credible interval
Aps= 0052, VPG it Fund25,3]
e 66

7l (2a,,,) 43,32
Agns 0,0004
Ahos= X132 28 it FroA 204
2y G5
20ss(2,,,) 85.95
Ay 0,0007

PFD

0.00600

0.00500

0.00400

0.00300

0.00200

0.00100

0.00000

PFD comparison

0.00551
0.00047 0.00053
—] I
Prior Likelihood Posterior
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Case 1 two VEVs with a independent pipeline connection to storage tank

PFDII]DE = (PFD1001)2 +ﬁ(PFDlool)

B 0,001
PFD, ,00(Prior) 6.91E-07
PFD,,..(Likelihood) 3.B8E-0F

PFD

4.00E-05

3.50E-05

3.00E-05

2.50E-05

2.00E-05

1.50E-05

1.00E-05

5.00E-06

0.00E+00

Total PFD comparison

3.58E-05

8.02E-07

 —

6.91E-07

PFDZ1oo2(Prior) PFDloo2(Likelihood) PFD1oo2(Posterior)




C.7.2 LOPA SPREADSHEETS
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Scenario No. Scenario Title: Posterior (Bayesian estimation) Node No.
Underpressure in tank due to pump—out without
7 BOG input resulting from BV—45 failed closure. 3
Damage of tank
Date Description Probability Frequency
(per year)
Consequence Underpressure in tank and possible
Description/Category damage of tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event LP pump-out without BOG input due 5 51E-03
(frequency) to BV—25 spurious failed closure '
Enabling Ie'vent N/A
or condition
Frequency of
Unmitigated 5.51E-03
Consequence
Low pressure alarm gnd BOG 5 01E-03
Independent compressor trip
Low—low pressure detector and LP
i i 2.48E-
Protection Layers pump trip 8E-03
Two vacuum relief valves 8.02E-07
Total PFD for all IPLs 9.98E-12
Frequency
of Mitigated 5.50E-14

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. The logic solver of pressure alarm
and detector should be independent
to get full credits of IPLs. Otherwise,
one of them cannot be an IPL.

Notes

For two vacuum relief valves,
common cause factors were
considered, but the PFD of them is
still very small because the common
cause factor is only 0.1% according
to expert judgments.

References




271

Scenario No. Scenario Title: generic data (Prior) Node No.
Underpressure in tank due to pump—out without
7 BOG input resulting from BV—45 failed closure. 3
Possible damage of tank
Date Description Probability Frequency
(per year)
Consequence Underpressure in tank and possible
Description/Category damage of tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event LP pump-out without BOG input due
. i 5.53E-03
(frequency) to BV—25 spurious fail closure
Enabling .elvent N/A
or condition
Frequency of
Unmitigated 5.53E-03
Consequence
Low pressure alarm gnd BOG 1 99E-03
Ind dent compressor trip
p rt] etF’e” L Low—low pressure detector and LP 1 95E-03
rotection Layers oump trip )
Two vacuum relief valves 6.91E-07
Total PFD for all IPLs 2.67E-12
Frequency
of Mitigated 1.48E-14

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. The logic solver of pressure alarm
and detector should be independent
to get full credits of IPLs. Otherwise,
one of them cannot be an IPL.

Notes

For two vacuum relief valves,
common cause factors were
considered, but the PFD of them is
still very small because the common
cause factor is only 0.1% according
to expert judgments.

References
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Scenario No. Scenario Title: Plant specific data (Likelihood) Node No.
Underpressure in tank due to pump—out without
7 BOG input resulting from BV—45 failed closure. 3
Possible damage of tank
Date Description Probability Frequency
(per year)
Consequence Underpressure in tank and possible
Description/Category damage of tank
Risk Tolerance Criteria Action required > 1.00E-3
(Frequency) Tolerable < 1.00E-5
Initiating event LP pump-out without BOG input due 5 50E-03
(frequency) to BV—-25 spurious failed closure '
Enabling Ie'vent N/A
or condition
Frequency of
Unmitigated 5.50E-03
Consequence
Low pressure alarm gnd BOG 5 11E-02
Ind dent compressor trip
P T et‘?e” Len Low—low pressure detector and LP 1 09E—02
rotection Layers puUMp trip )
Two vacuum relief valves 3.58E-05
Total PFD for all IPLs 8.24E-09
Frequency
of Mitigated 4 . 54E-11

Consequence (/year)

Risk Tolerance
Criteria Met? (Yes/No)

YES

Actions
required to meet
Risk Tolerance Criteria

1. The logic solver of pressure alarm
and detector should be independent
to get full credits of IPLs. Otherwise,
one of them cannot be an IPL.

Notes

For two vacuum relief valves,
common cause factors were
considered, but the PFD of them is
still very small because the common
cause factor is only 0.1% according
to expert judgments.

References
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Class. Frequency of incident scenario
(/year)
Prier ; 1.48E-14
(only generic)
Likelihood 3 4 5aE11
(only plant specific)
Posterior
(with Bayesian) 5.50E-14

Frequency comparison of incident scenario

5.00E-11
4.54E-11

4.50E-11

4.00E-11

3.50E-11

3.00E-11

2.50E-11

2.00E-11

Frequency (/year)

1.50E-11 -
1.00E-11 -

5.00E-12

1.48E-14 5.50E-14

0.00E+00
Prior Likelihood Posterior
(only generic) (only plant (with Bayesian)
specific)
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