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U.S. Chemical Safety and Hazard Investigation Board

The mission ofthe U.S. Chemical Safety and Hazard Investigation Board (CSB) is to
drive chemical safety change through independent investigations
to protect people and the environment.

The CSB is an independent federal agency charged with investigitegnining and reporting to the
public in writing the facts, conditions, andaimstances and the cause or probable cause of any
accidentathemicalrelease resulting in a fatality, serious injury, or substantial property damages.

The CSB issues safety recommendations based on data and analysis from investigations and safety
studies The CSB advocates for these changes to prevent the likelihood or minimize the consequences
of accidental chemical releases

More information about the CS8dCSB products can be accessednaiv.csb.govor obtained by
contacting:

U.S. Chemical Safety and Hazard Investigation Board
1750 Pennsylvania Av&lW, Suite 910

Washington, DC 20006

(202) 2617600

TheCSBwascreated by the Clean Air Act Amendments of 1990, and the CSHmstasinded and
commenced operations in 199%e CSB is not an enforcement or regulatory bbbty part of the
conclusions, findings, or recommendations of the Board relating to any accidental release or the
investigation thereof shall be admitted as ewitk or used in any action or suit for damages arising out
of any matter mentioned in such report. 42 U.S.C. 8 7412(r)(6)(G).
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Executive Summary

On April 26, 2018at approximatel@:58a.m.,an explosion and subsequent fire occurrddats ky Ener gy 0 ¢
Superior Refining Company L IHGskyrSaperiomRefinedy j TheincBenp er i or |,
occurred during planned maintenance event, called a turnarowmitidl approximately 80®00 peopleon site

including employees and contractods. a result of the explosion and fire, @8inery and contract workers

were injured angought medical attention, including fp&oplewho sufferedOccupational Safety and Health
Administration(FOSHAO) recordable injuriedn addition, the chemical disaster causpgroximately$550

million in property damagedusky Superior Refinergeported that it released 39,000 pounds of a flammable
hydrocarbon vapor mixture during the event.

The explosion occurred while the refinery was shutting dowftuits catalytic cracking fFCC0) unit for the

turnaround Two FCC unit vesselshéprimary absorber anthe sponge absorbegexplodedat approximately

9:58a.m, shaking buildings up to a mile away gmpellingover 100metal fragmentssome several feet long,

up to 1200 feet from their original locatidnto the surrounding operating asExplosion debris punctured a

nearby asphalt tardt the refineryspilling hot asphalkhat fowedo ut si de of the tankds co
Approximately 17,000 barrels of hot asphalt spread through the refinery and igripga@timatelyl2:00

p.m, causing fires to erugt multiple operating areas of the refinefhe City of Superior evacuat@gb07

residents withir2 miles north 3 miles to the east and west, al@imiles south of the refineryoTprotect its

residents,te City of Duluth Minnesotajssued a sheltdn-place advisory at 8:00 p.nihefires were

extinguished before midnight. The sheliteiplace and evacuation orders were lifted at 6:00 a.m. thedagxt

In addition to concerns about smoke from the fires at the refineritii of Superior evacuation was based on

the potenti al ri sk of a release of hiHudkySupetiooxi ¢ hy
Refineryand used in the r efAlhoehthetHs stdtdge tank wag hoadamaged b uni t .
debris from the explosion and no release of HF occurred, the asphalt tank punctured by the explosion debris was

| ocated farther away from the point of the expl osic
explosion could have punctured th& Btorage tanlgiven itscloserproximity to the point of explosioh

The Superior Fire Departmeiie City of SuperiortheU.S. Coast Guard, thg.S. Environmental Protection
Agency(AEPAD), and the Wisconsin Department of Natural Resourc&@sWD N fiegpgnded to the incident.
Additionally, OSHA and the U.S. Chemical Safeind Hazard Investigatiddoard iCSB0) investigated the
accident.

aThe incident occurred on the day shift. The refinery woikedo 12-hour shifts, a day shift and a night shift.

b Husky Superior Refineryeported that the flammable mixture contaimeethaneethanegthylene, propane, propylene, butane,
isobutanel-butene, Zbutenecis, 2-butenetrans,pentaneand isopentane.

“TheFCCprocess described in this investigat i of®SM)8&tsa ncdoavred ealn b yt hOeS
Risk Managerant Plan fiRMP0) Rule.

YHF is a highly toxic chemical that can fatally damage major internal organs if contacted through bfeéijing

€The CSB extensively addressed issues associated with facilities with HF alkylatios uni i n ¢ l-midd sndy ifimeiadent s, i n
report on the 2019 explosion and fires at the Philadelphia Energy Solutions rEfsiEry
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Safety Issues
The CSBOs i nvestfollgnngsafetpissuiedent i fi ed t he
1. Transient Operation Safeguards

At the time of the incidentlusky Superior Refinerwas shutting down the FCC unit, a transient operation
mode.Transient operatiorsrea grouping of operating modesuch as shutdowns, startups, standby, and
emergenciesyhere a process @hanging oveand is not irits normal operatiomode Transient operations can
pose unique hazards thmtly notoccurduring normajprocesoperations.

During an FCC unit shdbwn, it is critical to separatair fromhydrocarbongo prevent an explosive mixtyre
because unlike most refinery operations, an FCC unit processes both air and flammable hydrocarbons inside
interconnected process equipmenctreasing the likelihood of an explosidrhis separatiofs typically
achievedusingFCC technologyspecific safeguards. Most of these safeguards &irernot implementear

not effectiveat Husky Superior Refinergluring its April 26, 2018FCC unit shutdownThis report discusses the
following safeguards

1 Reactor stearbarrier: Husky Superior Refinerglid not establish or maintaareactor steam barrier
between air and hydrocart®during the shutdowrBy controlling the steam flow into the reactor
during a shutdown, the FCC reactor can be maintained at a highererbssboththe air sideandthe
hydrocarbon side of the procesmsd keep the air and hydrocarbons separétedbing so, the reactor
can serve as a fAsteam barrierdo to help prevent
hydrocarbons.

1 Main column gagurge: Husky Superior Refinerglid not properly purge the main column overhead
receiverduring the shutdowto remove oxygen from the systeBy adding a continual supply of non
condensable gas to the main colymhis safeguard helps sweaip out of the system to prevent the
potential hazard of accumulatiigmmable concentrations okygen within this hydrocarbefilled
equipment.

9 Catalyst slide valveddusky Superior Refinergelied entirely orcatalystslidevalves to keep the air and
hydrocarbon systems separhtiiring the shutdowr-CC catalyst slide valves are known in most of the
refining industry asnsufficientsafeguards to stop all flobetween the air and hydrocarbon systems
because they are not dgsed to act as positive isolation devicksaddition, eéspitetheirample
physical size and the robust thicknessheir metal componentgne of the slide valvdsetween the
regenerator and the reacaiHusky Superior Refinerlgad worn from five yes of operation. As a
result, even though refinery operators properly closed this thlwe/alve hacgrodedandprovided an
open path thatllowed a large flow of air to enter the reactor and migrate into the hydroei@iedn
equipmentT h e r e procese haza@ assessmsamd layer of protection analysis syudid not
identify that the slide valveslonewere not adequate safeguardgiteventan incident of this
magnitude.

HadHusky Superior Refinerimplemented the safeguards above, the incident could have been presénted.
the safeguards discusseduld have required adequately trained operators followitegghnically accurate
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written operating procedute shut down the FCC ur(itliscussed furter in the following safety issuedh

general, most safeguards necessary for safe transient FCC unit opeaegipnocedurbased and rely heavily

on operator action®decause not every action can be automated during arsii@dbwn Theseprocedural
sdeguardffer weakerprotectioncomparedvith engineered safeguards such cases, hands operator

training, such as drills and simulators, is crucial for hazardous operations that are controlled primarily by
procedural safeguards, such as transiel@ B@erationln addition, thepetroleum refining industry should

continue tadesign andmplements af eguar ds t hat are hi gtoenproveprocéeshe A hi
safety in FCC units during transient operation.

2. Process Knowledge

Husky SuperioRefinerg s F CC t-gpeclimpootessdknowledge was safficientto safely shutlown
theFCCunitfor a turnaroundT h e r e émployeasid ac adequately understaodknow how to
effectively controtheF CC uni t 6 s t r an s Aseamesultldupke Superiar Refinerwas noa r d s .

awarethatit¢§ CC unit shutdown procedure was not aligned w
been in placand provided to the refinesince the unit wadesigned in 1960~or examplegontraryto the
technob gy | i guBameewhiclorequired pressure in the reactor to be higher than in the regenitor

r ef i shatdoywiprocedure instructed operatorgdimthe opposite antaintain the regeneratat a higher
pressure than the reactor, which drove air into process equipment that contained flammableantreaked
the dangerous conditions that enabled the explosion to.occur

Formuch ofHusky Superior Refinelys hi st or y, i tmsstlyinbdiseandwithminimale was
engagement with other refinerid®h i | e key i ndividuals attended the |
individual training did not establish sufficient knowledge or competency within Husky Superior Refinery to
preventthe April 2018 incidentHusky Superior Refinelys management encouraged i nq
industry eventsbutsuch participation was not mandatdryaddition,Husky Superior Refineys use of
externaltechnical experts was limitedédos sessi ng the FCC unités perfor man
AlthoughHusky Superior Refinersequired itsoperations departmetu reviewand recertiy its operating

procedures annuallfjusky Superior Refinerglid notpeiform a technicateviewof its FCC unit operating

procedures witlits process engineerthe licensor, or outside consultants for at |@&sgears prior to the

incident and possibly since the unit was commissioned around H@{a multidisciplinary team reviewed the
operatingprocedues, with guidance from subject matter experthe technical errors and omissions could have

been identified and resolved to match the process technology information provided by the licensor, and the
explosion could have been prevented.

3. Process Safety Maagement Systems

O S H ARraxess Safety Managemé¢riSMo Btandarda n d  t h RiskiMBnagemment PlgnRMPO Rule
require facilities likeHusky Superior Refinerto implementprocessafetymanagement systents identify,

aThe National Institute for Occupational Safety and He@itH@SH) defi nes the hierarchy of control
actions will best control exposures [to hazards i reletelef wor kpl
actions to reduce or remove hazards. The preferred order of action based on general effectiveness is: 1. Eliminatitutjdh; Subs
Engineering controls; 4. Administrative controls; and 5. Personal protective equipment (PPE). Usiegaittisyhcan lower worker
exposures and r edu c[@9] Procedkral safeguardisifall tndestheacategarynof administrative cdbgofs 10]
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evaluate, and contrdieir process hazard$his report discusselefollowing elements oHusky Superior
Refinenyd process safety management systématcontributedo the incident

1 Process safety informatiortusky Superior Refinerglid not maintairs o me of t he FCC 1| i c
critical safety technology as part of its process safety informétidrP $dckayewhich provides the
fundamental basis for identifying and evaluating process hazzsdsntial information describing how
toshutdownan FCCui t safely was not i aperatingpracedaresgratess nt ot
hazard analysié i P H Anal pperatotraining material.

9 Operating procedureddusky Superior Refinetys FCC wunit shutdown procedu
instructions for siely conducting activities consistent with tR&L In addition,Husky Superior
Refinerydid notidentify thatrecentchanges to theperating procedurthat weredesignedo minimize
venting to the atmosphere during this shutdaalong withthe absence of steps to pumegenout of
the system, made it even more likéhatoxygenwould accumulate in the FCC unis a result, during
the April 2018 FCC unit shutdownseof the FCC unid most recenshutdown procedurereated
dangerous conditions that led to the explosion.

1 Process hazard analysistusky Superior Refinefys F C BHAteamsdid not specifically evaluate
t he hazards of fnooktlecenshutdgwn pricedure @ dthemvise ugetasnethodology
that enhanatidentification oftransient operations hazards. As a result, the refinery did not identify,
analyze, and control transient operation hazards that led to the explosion.

1 Operator training:Husky Superior Refine s oper at or training program
operators to shut down the unit safetyespond to abnormal situations propefiiie lack of known
FCCrelatael safety concepts inthree f i rvittenytréiring manual, combined with the lack of trainer
gualifications and hanelsn practice opportunities, led to poor operator training and contributed to the
incident

4. Industry Knowledge and Guidance

Husky Superior Refinerincident occurred lesidanoneyear after the CSB released its investigation of another
FCC unit transient operation explosion in California. In 2015, an explosion occurred in the ExxonMobil
Torrance, California refinery while workers were attempting to isolate equipment fdrathded maintenance
while the FCC unit was in an idled mode of operation. Preparations for the maintenance activity caused a
pressure deviation that disturbed the reactor steam halt@ring flammablénydrocarbon to backflow from

the main columrthrough the regeneratoandinto the electrostatic precipitatofifSR), a pollution control

device where it ignited and exploded

After the CSB released iEsxxonMobil Torrance Refinery investigatioeport anda safetyvideoin 2017, the

American Fuel andé®t r o c he mi ¢ a | fARBMD)assacatiometpeddissémingtehelessons from

the ExxonMobil Torrance Refineryncidentthroughits industryconference later that yedbespite these

educatioml efforts, Husky Superior Refinergmployeesvere not aware of or did not learn lessons from the
ExxonMobil Torrance Refinery incidei a way that could have helpdtemto preventthe April 2018

incident The workforce appeared to understand that flammable hydrocarbons had flowed fEomah®dil
TorranceRe f i neryds main column into the regenerator and
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not recognize that the revedsair flowing into hydrocarbon systems downstream of the main c@uwas
also possible. In additioemployes responsible foHusky Superior RefinerffCC unitdid notdiscuss or
appear to understand that the failure of the reactor steam barrier was a caugecabriivdobil Torrance
Refineryexplosion A recent industry survey covering FCC operating practioggesis that similar process
knowledge gaps may exist at other refineries.

FCC technologys developed and licensed by more than six companies, eaclswittn designs and
configurations. Furthermoreprtions ofmanyolder FCC units in the Unite@tateshave been revamped by
multiple technology licensor€urrently, there is no industpublicationthat establishesommonbasicprocess
safety expectations f@ll FCC unis. In addition, FCC process safety messages from publicly available industry
publications are inconsistent. Masfinery technologyextbooks do not adequately cover FCC unit process
hazards or critical safety learnings from past FCC unit incid@otprevent future chemical disasters, the

refining industry must addresise FCC it process safety knowledge gaps that may still existhatrfacilities.

5. Brittle Fracture During Extreme Events

The primary absorber and sponge absorber veissitle Husky Superior Refinery FCC ufailed by brittle
fracture(shatterindike breakingglass) which sentmore than a hundred piecesnaétal debris throughout the
refinery, striking workers and operating equipment. These vessels were constriiceedroerican Society of
Testing and MaAR2RamA20] gratleSsTeds) Wwhich ame longer recommended for new
equipmentHad the vessels been constructed néwergradeof steelwith better toughness properti¢ksey
should have ruptured by ductile fractytearing opetike a zipper or fish mouthyith a reduced impact ahe
suroundingarea

6. Emergency Preparedness

The explosion debris struck an upper portion of an asphalt tank, which caused asphalt to spill outside the
containment areandinto the refinery. The likely ignition sourt¢katignitedthe asphalivas pyrophoric

mateial inside the storage tank that smoldered when expogdbd &ir that entereithrough the punctured tank
wall. Husky Superior Refinergould not prevent the hot asphalt from igniting due to the unexpected extent of
the spill, competing priorities of responding to the FCC unit explosion, and uncelpirgfinery employees
about how to properly mitigate a large area of spilledipnitableasphalt.

Cause

The CSB determinetthatHusky Superior Refinergxplosion, which occurred during the shutdown of the FCC

unit, was caused by inadvertently directing air inside the regenerator through the reactor, and the main column,
and then into the gas concentration unit. As the air continued flowing into thergantration unit, oxygen
accumulated and formed a flammable mixture inside the primary and sponge absorbers. The oxygen also reacted
with existing pyrophoric material inside this equipment, creating the ignition source for the exftigioa

1).

The failure to control thair flow during the shutdown was the resultfsky Superior Refinefys def i ci enc
in FCC unit process knowledgdoutcritical FCCunit transent operation safeguartisat could have prevented
the inadvertent mixing of air and hydrocarbons during a shutdblese safeguards includstablishinga
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reactor steam barri¢éo separate the air from the rest of the hydrocafiled equipmentnd purging the main
columnto the flare systerwith a noncondensable gas to prevent oxygen accumulafioese vital FCC unit
safeguards are generally known and broadly applied within the refining industry. Not applying these safeguards
allowedoxygento enter and accumulate in process equiproentainingflammable material, which ignited and
exploded Husky Superior Refinergiso failed to ensure the integrity of its FCC unit slide valeesise during
transient operatiarA severely erodedide valve contributed to the incident by allowing more air to pass from

the regenerator into the reactor.

Husky Superior Refinerglid not effectively implement process safety management systems, which also

contributed to the incidentheseneffective maagement systemiscludedHusky Superior Refinelys pr oc e s s
safety informatiowhichdi d not i nclude the FCC technology I icen
analyses that did not effectively identify or control hazards inh@rdf€C unit transienbperation, operating

procedures thaimitted key stepdacked clear instructionandwerenot technically evaluated, and an operator

training program that did nefffectively prepare the operators to shut down the FCC unit safely.

The process vesselsattexploded were constructed from a grade of steel that was susceptible to brittle fracture,
contributing to the severity of the incident. The force of the explosion shattesedstieelessels and sent large

metal fragments throughout the refinery, afievhich struck and punctured the nearby asphalt tank. Had the

process vessels been made ofiore ductilesteel, the explosion would more likdtave tornopen (fish

mouthed) the vessels with fewer, if any, dangerous metal projectiles. Also contribatihg severity of the
incident was the fire that resul ted hotigotableasphalt r e f i n e
spill.

Flue Gas

Main Column
Overhead
Receiver

Gas
Concentration
Unit

Main Column
Lower pressure
than Reactor

Regenerator
Higherpressurs
than Reactor

Reactor
Lower pressure
than Regenerator

Wet Gas
Compressor

Air Blower

Legend:

Mostly air ]

Steam Water |
| Muaostly steam |

[ Mosthy hydrocarbon |

Figurel. Air flow through the FCC unit that caused the explosion. (Credit: CSB)
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Recommendations
To CenovusSuperior Refinery

2018-02-1-WI-R1

Establishsafeguard$o prevent explosionm the FCC unitluring transient operation (including startup,
shutdown, standby, and emergency procedules)rporate these safeguards into written operating procedures.
At a minimumestablistthe following specific safeguards:

a) Implementation of the reactor steam bEtror a similar inert gas flow, to maintain an inert barrier at an
elevated pressure between the main column (containing hydrocarbon) and the regenerator (containing
air);

b) Purging the main column with a n@ondensable gas as needed to prevent a darsggcoumulation of
oxygen in the main column overhead receiver;

¢) Monitoring to ensure that there is a sufficient ftmmdensable gas purge of the main column to prevent
a dangerous accumulation of oxygen in the main column overhead receiver (either timextigh d
measurement of the oxygen concentration and/or through engineering calculation);

d) Monitoring of critical operating parameters for flows, pressures, pressure differences, and catalyst
levels;

e) Documentation of consequences of deviating from the transiemation safe operatitignits and of
predetermined corrective actions; and

f) Inclusion of the above items in the appropriate FCC operator training curricula.

201802-1-WI-R2

Based on licensor input and good industry practices, determiaeghe r opr i at e point (s) i
shutdown procedures to shut down all wet gas compressor(s). Incorporate this information into all FCC unit
shutdown procedures and operator training material.

2018-02-1-WI-R3

Develop and implement a slide valve medbahintegrity program that addresses erosion and ensures proper
functioning of the slide valves during a shutdoWwhe program must include, at a minimum:

a) A slide valve mechanical integrity stand&ndtdefines monitoring and inspection requirements,hwit
acceptance criterjaequired for the safe operation of the FCC unit during transient operation (such as a
startup, shutdown, standby, and emergency).

b) Monitoring that includes process data analysis and mechanical preventive activities to evaluate the
mechanical condition of the slide valves during the operation of the FCC unit between turnarounds;

c) Quarterly presentations of process data and mechanical preventive maintenance data to refinery
operations management and maintenance management to driveisigndesuch as shortening the
turnaround cycle and/or planning a maintenance outage;

d) During turnarounds and other potential slide valve maintenance outages, evaluate the adequacy of the
slide valve mechanical integrity program for the safe operatioredf@C unit during transient
operation. If the inspection demonstrates unsuccessful performance, make appropriate corrections.
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During the next major FCC unit turnaround at Cenovus Superior Refinery, demonstrate that the slide valve
mechanical program is agieate for the safe operation of the FCC unit during transient operation. If the

inspection demonstrates unsuccessful performance, make appropriate corrections to the slide valve mechanical
integrity program.

2018-02-1-WI-R4

Develop emergency procedures fesponding to a loss of catalyst slide valve function (for example, when it
leaks excessively or fails to close on demand).

2018-02-1-WI-R5

Develop guidance faanalyzingoperating procedurds improvetransient operation hazaesaluations during
PHAs Refer to section Chapter 9.1 in tBEPSpublicationGuidelines for Hazard Evaluation Proceduy&$
Ed.or an appropriate equivalent resource to develop the guidacogporate the guidance intioe appropriate
CenovusSuperior RefineryHA procedural documents and policies

2018-02-1-WI-R6

Developand implemenan FCC unit operatpsupervisor, and manageaining pogramb ased on t he | i
guidance and on available industry guidance. Elenwdrtwe trainingorogramshallinclude:

a) A setofwritten trainingmat er i al s (such as a manual) consi st el
information, encompassing:
i) FCC equipment;
i) Normal operations;
iii) Transient operations (including startup, shutdown, staratiy emergency); and
iv) Case studies of industry FCC industry incidents, including ExxonMobil Torrance (2015) and this
incident and

b) Training delivery methods including:
i) Group and individual training; and
i) Simulator training for board operators.

201802-1-WI-R7

Incorporate lessons learned from this incident into the appropriate training materialsGentwisSuperior
Refinery Emergency Response Team. At a minimum, topics shall include the proper response to liquids
potentiallystored above tlieflash point, such as asphalt, and the ignition risk of pyrophoric material inside
asphalt storage tanks.

To Cenovus Energy

2018-02-1-WI-R8

For all Cenovus operated refineries with FCC unigsietbp and implemersin FCC unitspecificPHA guidance
documeatas part ok a ¢ h F CdahgoinghAHAupdate/revalidationycle including the Cenovus Superior
Refinery The PHA guidance document should be updated with new industry knowledge as it becomes available
(for example, from AFPMCCPSand API). The®?HA guidance documerghould includea requirement to
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review available licensor and industry guidance for FCC unit PHA scenarios and recommended safeguards and
at a minimum, include information related to transient operation safeguards listed in CSB Recoiamendat
201802-1-WI-R1.

2018-02-1-WI-R9

Develop and implement a technolegpecific knowledgesharing network program across all Cenovperated
refineries, which at a minimum includes an FCC technology peer network. The peer network(s) must include
engineers, operations management, and operations staff from each site that uses the technology, including the
Cenovus Superior Refinery. The network(s) must meet at least annually to discuss process safety topics in the
technology including:

a) Relevant inciénts and neamisses at the refineries and/or in industry;

b) Refinery learnings in implementing process safety improvements;

¢) Relevant industry tools, bulletins, and knowledtparing documents, such as those published by
AFPM, CCPS, and API; and

d) Relevant updtes to industry publications and standards.

201802-1-WI-R10

I nclude and maintain the FCC technology I|icensorso
packages for all FCC units, including the FCC uni€ahovusSuperior Refinery.

To U.S. Ocupational Safety and Health Administration (OSHA)

2018-02-1-WI-R11

Develop guidance documents for performing process hazard analysis on operating procedures to address
transient operation hazards in facilities with Process Safety Management¢B\gvhd processes.

To U.S. Environmental Protection Agency (EPA)

2018-02-1-WI-R12

Develop a program that prioritizes and emphasizes inspections of FCC units in refineries that operate HF
alkylation units(forexampleunder EPAG®&s Nat i diveadled Ramunipd RisksmfcAeciddntali t i a
Releases at Industrial and Chemical Faciliti@és part of this program, verify FCC unit safeguafus prevent
explosiors during transient operation (including startup, shutdown, standby, and emergency prycétares

minimum the program will verify the following specific safeguards:

a) Implementation of the reactor steam barrier, or a similar inert gas flow, to maintain an inert barrier at an
elevated pressure between the main column (contamyidigopcarbon) and the regenerator (containing
air);

b) Purging the main column with a n@endensable gas as needed to prevent a dangerous accumulation of
oxygen in the main column overhead receiver;

¢) Monitoringto ensure that there issafficient noncondenshble gas purge of the main column to prevent
a dangerous accumulation of oxygen in the main colowenheadeceiver(either through direct
measurement of the oxygen concentration and/or through engineering calgulation
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d) Monitoring of critical operating pameters for flows, pressures, pressure differences, and catalyst
levels;

e) Documentation of ansequences of deviating from the transient operation safe operating parameters and
of predetermined corrective actiomsid

f) Inclusion of the above items in the appriate FCC operator training curricula.

This recommendation is in addition to tleeommendation® EPA relating to hydrofluoric acid outlined in the
CsSB6és report on the 2019 fire and explhthailiemontee at t he
CSB recommendefd) that the EPA prioritize inspections of refinery HF alkylation units to ensure units are
complying with APl good praate guidance, (2) to require petroleum refineries with HF alkylation units to

evaluate inherently safer technology, and (3) to initiate prioritization and, as applicable, risk evaluation of HF
under the Toxic Substances Control Act.

To American Petroleum|nstitute (API)

2018-02-1-WI-R13

Usi ng AP lesiocsdetgrmiree the apgropriate safety product, develop a publicly available technical
publication for the safe operation of fluid catalytic cracking (FCC) units. The document should be applicable to
both rew and existing units. Include the following topics at a minimum:

a) Description of typical FCC unit hazards, including air leaks into hydrocarbon systems or hydrocarbon
leaks into air systems that could form a flammable mixture during transient operatiturp(st
shutdown, standby, and the actions required to transition between these mhoeesled, include
differences between possible reactor/regenerator configurations;

b) Recommended practices for safeguards to control FCC unit hazards;

¢) Recommended monitioig for process safety during FCC unit transient operations;

d) Recommended emergency operating procedures fordp€€ific scenarios;

e) PHA guidance for key FCGpecific scenarios, including transient operation;

f) Recommended FCGE€pecific field and boardperator process safety training topics and methods;

g) Guidelines for process safegsessmentsf FCC units;and

h) Incorporate lessons learned fréinis CSB investigatioand theC S B BxgonMobil Torrance Refinery
Electrostatic Precipitatdexplosioninvestgationthroughout the document and include references in the
document 6s bibliography.

201802-1-WI-R14

Modify the appropriate existing recommended practice (for example, API RIR&BBery Valves and

Accessories for Control and Safety Instrumented Byste include information about the purpose, design,
maintenance, and testing of additional FCC catalyst slide valve components, including the slide valve body. If
an API product other than API RB®%is modified, APl RP 53 should guide the reader to thaference.

2018-02-1-WI-R15

Incorporate lessons learned from the FCC Unit Explosion and Asphalt Huslag Superior Refinerincident
into the appropriate API products (for example, APl RP 2G28de for Safe Storage and Handling of Heated
PetroleumDerived Asphalt Products and Crude Oil ResidoiAPI RP 2021Management of Atmospheric
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Storage Tank Firgs At a minimum, topics shall includge flammability of heatethaterial such assphalt and
the ignition risk of pyrophoric material inside asjtsibrage tankdnclude a reference to this CSB
investigation in the documentos bibliography.

To Honeywell UOP(Universal Oil Products, UOP)

2018-02-1-WI-R16

Participate in the API committee that develapschnical publicatiorior the safe operation of FCC units.
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1 Background

1.1 Husky Energy

HuskyEner gy | n ¢foundedirHl938)as/ad integrated energy company headquartered in Calgary,
Alberta[1]. It had two core businesseft) the Integratedorridor, which includel Upstream and Downstream
operations in Western Canada and the United Statel$2) Offshore production in the Asia Pacific and
Atlantic Canada Regiori8]. Thecompany marketdand distributd a range of petroleushased products,
including crude oil, natural gas, gasoline, diesel, jet fuel, asphalt, lubricants, and ancillary g&jducts

The I ntegrated Corridor business produced heavy oi l
refined them intanarketablp r oduct s at the companyds Downst[dheam as
5]. Huskyd Bownstream business included three refineries in the United States: Lima, Ohio; Superior,

Wisconsin; and Toledo, Oh{6]. Husky ha a 50 percent ownership of the Blusky Toledo refinerythrough a

joint venturewith BP p.l.c. [7]. Husky Marketing and Supply Company (HMSC), based in Qinaghtand

soldthe petroleumproductsproduced by affiliates and purchased from third paf8gs

Cenovus Energy In€. A C e n pavQargadian oil and natural gas compamgtged withtHusky Energyon
January 1, 2021. Husky was amalgamated into Cermvi¥archl, 2021 [8, 9, 10] In addition to the Lima,
Superior, and Toledefineries,Cenovus haa 50 percenstake intwo additional U.S. refineries in Roxana,
lllinois and Borger, Texathrough a joint ventureith Phillips 66[7].

1.2 Husky Superior Refinery

Husky Superior Refinergnow called Cenaws Superior Refinerypuilt in 1950[11], is the only refinery in
Wisconsin and processes up to 50,000 barrels per day of criii2]olt employsabout200 workers and

allowed Husky to service the U.S. Midwest market with its products including asphalt, gasoline, anfll8iesel
14]. Murphy Oil Corporation ownethe Superior Refineryrom 1958 until its sale to Calumet Specialty

Products Paners L L P ( AIC2011[A%n &6 Hu3kyd s s u bSupedor Refining Comparny$RQ ,)
acquiredthe Superior Refineryrom Calumet on November 8, 2017, 170 days before the April 26, 2018 incident
[17].

The Superior Refinerpperated under multiple owners throughout its history. Calumet desariaddtter to
theU.S. Chemical Safety and Hazard Investigation BOa®iBB0 )ts previous relationship with the refinery:

During the timethat Calumet owned Calumet Superior, LLC, the vast majority

of policies and standards addressing process safety [...] were maintained at the
local Superior level by the plant management team of Calumet Superior, LLC,
not Calumet Specialty. Murphy Oil, wdti owned the refinery before Calumet

(as well as all of the prior owners of the refinery), took a similar, local approach
to such policies and procedures. As a result, the refsmgegific policies and
procedures were consistently and continuously maietaby local leadership
since 1958. These policies and procedures were part of the Calumet Superior,
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LLC books and records which transferred, along with the entire workforce, to
Husky upon the sale.

When Huskyp s s u BRCbdughdtite Buperior Refineryn 2017, it brought into the refinelfu s ky 6 s

policies, which included corporate standards for coc
corporate standard document s, AHuskyb6s Opfdda ati onal
framework for identifying hazards and estabthéeshing

Huskyand Cenovus mergeCenovuseportedapplyinga similar operatioal excellerte management system
across its organization, referringit@s Cenovus Operations Integrity Management System (COIMS)in a 3
quarter 2021 corporate presentatid®, p. 7]Jand on its website in 20229].

Wisconsin is under feder@lccupational Saty and Health Administratiéné @SHAO )urisdiction, which
means thaCenovus Superior Refinefformerly known as Husky Superior Refinergsubject to federal
OSHA regulations including the Process Safety Manage(fie&ivid) Standard20].2 CenovusSuperior
Refineryis also regulatednderE PA 6 s Ri s k Pla(iRBIRD)eRole n t

1.3 Surrounding Area

Husky Superior Refinerig located in the city of Superior, Wisconsin, which covers 45 square miles and has a
population of over 27,00[21]. Superior shares a harbor wibuluth > Minnesota and both cities form a single
metropolitan area calledehTwin Port422] (Figure 2).

429 C.F.R.§1910.119
b buluth has a population of about 87,J@00].
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Figure2. Aerial image of Superior, Wisconsin. (Credit: Google Mdéisannotationsby CSB)

While Husky Superior Refinerig surrounded primarily by industrial facilities, there are some residences, a golf
course, and an airport within approximately one mile of the refilrégure 3 shows the census blockgithin
approximately three miles éfusky Superior Refineryrable 1 summarizes the demographic information of the
population residing within thiabeled blocksThere are more than 18,000 people residing in more than 8,500
housing units, approximately twthirds of which are single units, within three miledHoisky Superior

Refinery In general, the population in the area is predominantly whitke, 22 percent of the population below

the poverty levelAppendix C contains further demographic information for each census block.
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Figure3. Census blocks in an approximately thrade distance fromHusky
Superior Refinery(Source: Census Repor{28] with annotations by CSB)
Tablel. Summarized demographic data for the populations watthie census blocks
shown inFigure3. (Source: Census Repor{2B])
Number
. Raceand Per Capita % of , .
Population Ethnicity Income Poverty | Housing Types of Housing Units
Units
White 90% Single Unit 66%
Black 1% Multi-Unit 31%
Native 1% Mobile Home 3%
i 0 0
18.625 Asian 1% $ 27.738 12% 8.538 Boat, RV, Van, etc. 0%
Islander 0%
Other 0%
Two+ 1%
Hispanic 2%
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1.4 Fluid Catalytic Cracking (FCC) Unit

The explosion atlusky Superior Refinerg c cur red in the refi MRCCOYudiIsTheé | ui d
FCC unit converts heavy, lewalue hydrocarbons into lightdrigh-value products such as gasoline and diesel

usinga chemical rea@n.? The chemical reaction thiteakdarge hydrocarbon molecules into smaller

molecules is called a cracking react[@d, p. 120]

FCC teclmology uses a powddike catalyst that behaves like a liquid whersit aer at ed, Figure Af | ui
4) [24, pp. 1, 233, 25, p. 5Catalyst continually circulates between a reactor, where it interfaces with flammable
hydrocarbons, and a regenerator, wfasesathigh@mperatmresby pr «
in the presence of aiFigure 5 shows the catalyst circulation loop with blue arr¢@8&, p. 5] During normal

operation, the only thing that separates the mixing of flammable hydrocarbons from the air within the

regeneratois a tightly controlled pressure balance that enables a continual catalyst circulation between the

reactor andheregeneator[24, p. 245]

Figure4. Left: FCC catalysRight:A bubbling fluidized bed. (Credj26], [27])°

21n a typical refinery, the crudenit separates crude oil into various products by boiling ranges. Transportation fuels, such as gasoline
and diesel, have lower boiling points than heavier material such adggasd residuum. Typical FCC feed is called gas oil. In addition
to gasolineand diesel, the FCC produces olefinic gases such as propylene and butylene, which are building blocks for alkylate, a high
octane gasoline component, and/or other petrochemicals. Refptamszet hei r FCC wuni t sd opeproductimon t o n
goals[29, pp. 1, 164165, 28, pp. 1.

® This short videalemonstrates the fluid behavior of the aerated catalyst

26



https://www.youtube.com/watch?v=VMENI4_wix4

Investigation Report

Flue Gas to
Atmosphere Process Gas

Location of Explosion

Gas

Spent Catalyst
slide valve
. Wet G -
Regenerator Reactor Concentration
Unit
Catalyst
Circulation
<l
Regenerated Catalyst
slide valve
Hydrocarbon . Gasoline and LPG
Legend: Foed Cycle Oil Products Products

| Air-rich system |

| Hydrocarbon-rich system |

Figure5. Simplified process flow diagram ldfisky Superior Refineya C/ / dzy AdG® 6/ NBRA

The cracking reaction takes place inside the reactor(Rggure 6) [25, p. 5] After the reactor separates the
catalyst from the products,dlhydrocarbon produatapor continues to the main colunihe main column and
gas conentration unif{ i G a s €epanate the hydrocarbons coming out of the reactor into various product
streams. The explosion occurred in the gas concentration unit.

1.4.1 Reactor and Regenerator

Husky Superior Refinerljcenses its FCC technology from Honeywell UQ@Riversal Oil Productsj UOP 0 ) .

Husky Superior Refineys F C @esignedn 1960, uss UOP&6s st acked design techn
the reactor vessel is on top of the regenef@®rp. 210] SeeFigure 6 for Husky Superior Refineys r eact or
and regenerator configuratiohhe reactor is depicted in blue, and the regenerator is depicted in pgurples
showcatalyst, hydrocarbon, air, asteamflow pathsfor normal operationApproximatecatalyst operating

levels are shown in yellow.
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Figure6. Husky Superior Refineya a i O1 SR C// NBIF OG2Nk NB3ISYy SNI
configurationshowing flow pathsluring normal operation(Credit: CSB)

During normal operation, liquid hydrocarbon feed enters the bottom of the riser, a tall vertical pipe where the

liquid vaporizes as it contacts hot catalyst. The hydrocarbon cracks into smaller molecules whitewviithow
the catalysto the top of the riser over about two seconds. Cyclones separate the vapors from the catalyst at the
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top of the reactor. Vapor reactor products flow into the main column for further processing, while the catalyst

collects atthe bottomf t he reactor, called the stripper. Il nsi d
hydrocarbon products from the catalystods surface. (
less active due to coKearbonrich solid méaerial) deposits that accumulate bnh e ¢ asturfade dusirig the

reaction. Before returning to the reactor, t hese ¢

The spent catalyst slide valve, located beneath the stripper, contriglgghef catalyst inside the reactor by
adjustingcatalyst flowinto the regenerator. In the regeneraair supplied from the@tmosphere through an air

blower fluidizes the catalyst and provides the oxygen to burn the coke off the catalyst at300dot 1350

degrees Fahrenheit. Air and combustion products, called flue gas, are routed to the atmosphere. The regenerated
catalyst slide valve controls the flow of hot catalyst back into the riser, where steam or process gas conveys the
catalyst up the rex to repeat the cycle. The unit operates in a tightly controlled pressure balance where the
catalyst loops continually throughout the systeniven bydifferential pressurbetween the regenerator and

reactor vesselR9, p. 39, 25, p. 8]

A differential pressur e irnesatcrtuome ndti fnieearseunrteisa |t hper efisrse
difference between the pressure inside the regenerator and the pressure inside the reactor, measured at the top o
each vessg(Figure 8). During normal operatiojusky Superior Refinelys r egener at or oper at
pressure than the reactor, meaning that tgerreratoreactor differential pressure is a positive value (greater

than zero), similar to FCC units in other refinefié3, p. 11]°

The flue gas system downstream of the regenerator cools down and removes partattéatieom the gas
before it is routed to atmosphekusky Superior Refineryses an electrostatic precipitatdSR)“ to remove
flue gas particulate matter.

1.4.2 Catalyst Slide Valves

Slide valves are a typical feature of most FCC unit deg@hs. 444, 25, p. 8[They are gateype valvedhat

open and close by sliding a disc across an orffitgure 7) [32, p. 1354]JAccor ding t o UOPO&s FC
General Operating Manual, the primary purpose of the FCC spent and regenerated catalyst slide valves is to
control catalysflow. FCC catalyst slide valve components need to move freely, allowing for thermal expansion

at high temperatures; therefore, their design requires clearancaliawafor a certain amount of leakagaven

when they are brand new and fully clo$g8, pp. 57, 34, p. 10, 35, p. 12T he locations ofome of the

clearances, typically around 0.04 to 0.06 inches wide, are indicated in yellow dashedHRigesdarY [33, p. 6,

30, p. 12]

8Husky Superior Refineys FCC unit had a main air blower and an auxiliary
b During normal operation, process control instrumentatipically contrds flow, temperature, pressure, and catalyst levels in FCC
unitsto maintainstable, continuous operation. A board operator typically monitors the process continually and intervenes §9needed
p. 40]
¢ Multiple FCC tehnology licensors indicated to the CSB that they also typically design for the regenerator to operate at a higher
pressure than the reactor during normal operation.
4 TheESPis a pollution control device that removes catalyst particles using chargestipéitproduce sparBspotential ignition
sourced as catalyst passes througjiring normal operatiof29, p. 289, 83, p. 4]
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Catalyst Flow Direction

1
I

I
e
I.’
\/

Sliding Disc
Figure?. Catalyst slide valvekeft: Side viewRight:View from the downstream
sidelooking up (Credit: TapcoEnpi86] [37] with CSBannotationg

UOP provides design specifications, including standards for slide valves, in its basic engineering design
packagesAccording to UORepresentativesomec o mpani es devel op their own st
specifications.

Refineries typically use differential pressurem st r ument s t o esti mate the fl uioc
becaise FCC catalyst exerts a hydraulic presssimilar to a liquid, when fluidize@0, pp. 8, 13, 24, pp. 154

160].2 SeeFigure 8 for the instrumentthatHusky Superior Refinergperators used to estimate catalyst

locations with example catalyst levels depicted in yellGe reactor level instrument measured the press

difference across the fluidized catalyst layer and displayed the catalyst height in Tiehesactor level

instrument could detect catalyst levels if they weare than 45 feet above thpent catalystlide valve and

the typical catalyst operatirievel fell withinthee n st r u me n traége dudng hoentaltopecation

aWhen FCC catalyst is not fluidized, it does not exert hydraulic pressure; it behaves as a solid like fB@ gar® 29, p. 154]
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Reactor level,
ininches
(calculated from
differential pressure)

Regenerator - Reactor
Differential Presure

Spent Catalyst
Slide Valve
Differential Pressure

Regenerated Catalyst
Slide Valve
Differential Pressure

Figure8. Husky Superior Refineya C/ / NBIF OG2NJ RAFTFSNBYGAFf LINBa
instruments(person for scale)Credit: CSB)

At the bottom of the spewttalyst standpipe, the slide valve differential pressure instrument reported the

pressure differenceal so known as the fApressure drop, O[2% pr es st
pp. 155159]) acrosghe spent catalyst slide valve. Ttii&erential pressuracross both slide valves was

positive during normal operatidg9, pp. 155, 245]Thelevel of fluidized catalyst above the slide valves
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created a pressuferce,contribuing to thedifferential pressuracross the vahsand driving the catalyst
circulation[29, pp. 154156]. In a 2015 operating study, refinery employees measureduhatgtypical
normaloperation

1 theregeneratgressur@peratedd ounds per psoghighertwan therreadtor gradsure;

91 thepressure at the top of the spent catalyst slide valve was higher than the pressure at the top of the
reactor by about 9 gsind

1 thedifferential pressur@across the spent catalyst slide valve alasut 6 pst.

Thedifferential pressuracross the catalyst slide valv&@wuld always be a positive (greater than zero) value

during normal operation, and the catalyst should flow in the directtboated inFigure 5 andFigure 6. If

slide valve differential pressures are too kavsustain catalyst circulatipthe plant could be at risk of a
Areversal 06 event: where t he c atreadrsg directiomfrintendedflew f | ui di
potentially forming a dangerous explosive mixture of air and hydrocg28op. 245F The control system was
configuredwithi a d vi s or ysall3@psta nadl aircm i &rimsata?18 psi to aledt theabloard operators

to a low pressure differential condition across each of the two catalyst slide Viedvglgde valve differential
pressurgeached 2 psHusky Superior Refinerlf CC uni t 6s computer control sys
automaticallystartclosingthe spent and regenerated slide vateegduce the risk of a reversahdcompletely

closing the valve once differential pressure reached © @sbp catalyst circulatioffhis automated safeguard

was called the Control Override Protection Systé8OP ).

1.4.3 Main Column and Gas Concentration Unit

During normal operation Mdrocarbos flowed from Husky Superior Refinefy s  Fe&c@r into thenain

column whichcondensé and gparate the productsinto liquid and vapostreams' Gasoline and lower boiling

point productdeft the main column as a vapotto the overhead systetdp to three compressors, called the wet

gas compressofsiit WGEran) i n a parallel configuration to incre
pressure from 15 tabout 20Qoounds per square ingauge(psig) into theGas@n (Figure 5).

Husky Superior Refiney gas concentration unit further sepadagasoline from the lighter hydrocarbon
products, such as process gampane, and butanEigure 9). Gasoline and lighter products fledfrom the
high-pressure receiver vessel through the primary absorber, sponge almodsripper columns. These

aDuring the 2015 operating study, an FCC consultant visited thenste an ot ed i n t he fi nal report: AThe
catalyst standpipe was less than half of the industry average. The catalyStidized[..]al ong thi s rather | ong s
®|n a reversal, the slide valve differential pressuienegative value (less than 2ef29, p. 245]

‘The fadvisory |l owd alarms were configured at 3.3 pstdlidef or the

valve.

d Similar to other FCC unitsf its kind, there were no valves or other pressure control devices between the reactor and the main column
during normal operatiof29, pp. 4142].

€Husky Superior Refinely s B Gsedreciprocating wet gas compressors. Reciprocating compressors are positive displacement type
compressors with pistons, unlike centrifugal compressors, which use impeller blades. Reciprocating compressors caghaehieve hi
compression ratios and their perhance is not as likely to be adversely affected by changes in molecular weight or excessively low
flow rates[203].

frcc process gas contains hydrogen, methane, ethane, ethylene, some propane, propylene, butylene and hydrogen sdfide, and tra
amounts of oxygen, nitrogen, carbon monoxide, and carbon dioxide.
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vesselsvorked together to ésactethane and lighter materials and $émem to the refinery process gas fuel
gas)system whichfueledboilers and fired heaters in other refinery operating areas. The debutanizer deparate
the rest of the liquid products into gasoline and a liquefied lpetrogas fLPG0O) mixture that the downstream

units processdfurther into gasoline components.
Location of Explosion %
Sponge

Absorber ——> Process Gas System

rimary

Main Column Wet Gas Absorber

Overhead Receiver Compressors

High Pressure
Receiver

LPG Treating and
Stripper Alkylation Unit

r— 9

Debutanizer

\—> Gasoline Treating Unit

Figure9. Simplified block flow diagram of tHeéasCon(Credit: CSB)

Thevapor outlet of the primary absorb&as connected to the inlet of the sponge absofigufte 9). The
explosion occurred inside these two vessels durinqtigent?

1.4.4 FCC Units in the United States

As 0f 2017, FCC gasolineccounted foB5 to 40 percentof the United States gasoline p$88, p. 7] In 2018,
the United States had a total refining capacity of about 20 million barrels per stream day, afatdiitic
crackingunits processed almao8imillion barrels(Figure 10) [39, pp. 45]. With the projected increase in
worldwide petrochemical demand, many refineries also use FCC technology to produce petrocficals
Global FCC capacityexceeded 21 million barrelper dayin 202Q with furthercapacityexpansions anticipated
in Asia and Africg41].

@ According toHusky Superior Refineys d o ¢ u me retredief valae sqt 1o eeliegeatr250 psig on the high pressure receiver
protected this system. The two vessels that exploded both had a design pressure of REfirpsigydata from the day of the incident
did not record a pressure increasthe spong@absorbeimmediately befor¢he explosionand accordingo Husky Superior Refinery,
the FCC uniprocess instruments stopped providing process data when the explosion cacapmwximately 9:58 a.m.
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Figurel0. Catalytic cracking units and their capacities in the United States.
(Source: Canada Energy Regul{i@i)

The first commercial FCC unit came on stream in 1942 in Baton Rouge, Loy&tama 1] Since then,
numerous companies have developed multigdetor/regenerator configuration designs, which they license
others to opeta? As FCC technologgvolvesand facilities age, refineries have revamped many older FCC
designs to incorporate moddaatureq43, pp. 1716, 1717, 25, p. 5]About 500 FCC units operate globally,
with about 90 in the United Statgst, 12]

1.5 FCC Unit Shutdown Steps

The explosion that initiated the incident on April 26, 2@&urred whileHusky Superior Refinergperators
were shuttinglown the FCC unit for planned maintenance activities.

aSome of the companies that have participated i@ BE&velopment include ExxonMobil Research & Engineering Company, Honeywell
UOP, Kellogg Brown and Root, Technip Stone and Webster, Lummus Technology, Shell Global Solutions, apBotipers716,
29, p. 1]
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1.5.1 Typical UOP FCC Unit Shutdown Sequence

In its GeneralOperatingManual for agenericUOP-licensedFCC unit of thisconfiguration; UOP describeshe
typical shutdown steps as follows:

1. Hydrocarbon feed is diverted from the reactor to the bottom of the main column. Steam flow to the
reactor is increased #ssist catalyst circulatipiontrol the reactor pressure, atebe the catalyst from
the riser.

2. With steam flowing into the reactdhe regenerateareactor differential pressure is slowly decreased
until the regenerator pressure is about two pounds per square inch lower than the reactor pressure. This
vital move rases the pressure inside the reattabove both the main column and the regenedator
establish the reactor steam barrier, an essential safeguard. Thdilktelamactor provides an inert
barrierseparating the air (regenerator) and hydrocarbon (maimeglsystemgFigure 11).
Establishing and maintaining theactorsteam barrier is a critical safeguard to prevent an explosion.

3. A small flow ofnon-condensable gas, such as natural gasaporized LPG, is sent into the main
column to control its pressure as gas production from the reactor(Bigpse 11).

4. Wet gas compressors are shut down as needed as gas profilactitme reactor stopg&igure 11).

Catalyst continues circulating for regenerationc®the catalyst is adequately regenerated, the
circulation is stopped by closing the regenerated catalyst slide valve.

6. The catalyst in the reactor is transferred into the regenehaibarghthe spent catalyst slide valve. Once
the reactor is emptied as ofuas possible, the spent catalyst slide valve is closed. Outside operators
transfer as much of the regeneratorés catalyst
time, the air blower gradual |l y ,260am3D0sdegrehse r egene
Fahrenheit{F) over several hours. The air blower is shut down weeperatureneasurementsside
theregenerator reach about 308

7. The following is done concurrently with the step above: As the main column coolswilvateam
from the reactor flowingo the main columnljquid hydrocarbons are pumped out of the main column
into storage tanks. Hydrocarbon liquid levels inphessurizedjas concentrationesselsareroutedinto
the main column or directly to storage tankke remainder of the hydrocarbon in the main column and
associategiping isdepressured artiensteamed out to the flare systémough steam lines that attach
to theequipment

8. When thereactor andnain columnaresufficiently steamed out and the blower can be shut dowa
spectacle blintlis insertedbetween the reactor and the main columisolatethereactor and
regenerator from the main column and gas concentration unit

8T he General Operating Manual relevant to this investiBglati on a
Regenerator, Main Column and Gas HuskySweriorRefihepyemais ndtrsédspegificc onf i gur
More background ol OP 6 s s durtheradiscussed later in this report (in Sectighl.).

b Natural gasonsists primarily of metharj@97].

‘The term fAsteam ot & ersesfed rossy steam typicaly gegormedonequipnm to purge hydrocarbons
before opening, or air before commissioning.

4 A plind is a metal plate inserted between flanges to ensure positive isolation of a vessel from the process. A spddtaale blin
combination of a ring spacer and a blind. The spéetalind isusuallypermanently installed in the piping system and rotated as needed
[191].
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9. After the spectacle blind is inserted, the main column can be figtémned out and cleaned while the
reactor and regenerator manways are opened to continue cooldown and catalyst removal. The gas
concentration unit vessels are depressured and steamed out to the flareQysethe vessels are
depressuredteamed oytandwater flushed as needdtie equipment can be isolated from hazardous
energy sourcésand opened for maintenance work

On the day of the incident, the shutdown appeared to be progressing as planned. Operators were working on
items6 and7 above approximately two houraway from inserting the spectacle blinghen the incident
occurred

Flue Gas Relief System
A

Reactor X’ Main Column
Steam Gas Purge
Barrier

Reactor Main Column Gas
B Higher pressure Wet Gas .
Air Blower Regenerator = Overhead Concentration
than Regenerator . Compressor .
Receiver Unit

and Main Column

(off)

Legend:

| Mostly air |
Natural Gas Water | Mostly steam |

—_—

_____ | Mostly hydrocarben |

Figurell UORrecommended pressure relationships and flow directions during
an FCC unit shutdown. (Credit: CSB)

1.5.2 Changes to 2018 Shutdown Procedure

Husky Superior Refinerincorporatedraporp has e chemi cal c¢l eaning into man:
proceduresincluding the FCC unifor the first timeduring the 2018 turnaroun@hemicalcleaningtypically

removes residual hydrocarbons using a detefijenthemical and neutralizes pyrophoric material in the

equipment.

3 OSHA requires performing lockout/tagout to protect employees performing servicing and maintenance ptéivities

® Chemical cleaning is typically performed by injecting chemicals into the equipment along with steam oFtveatézaning solution
removes volatile hydrocarbons from the equipment more effectively than steam or water alone, redtwgingrthend downtime
[174].

¢ Pyrophoric materials are chemicals that ignite spontaneously when dry and exposed tdaSymetd] They form as deposits in
many hydrocarbon refining proses in the presence of sulfur compounds in iron and steel equif8ept 1] It is a common
practice in industry to keep pyrophoontaminated equipment wetted with water to avoid spontaneous combustion when exposed t
oxygen[63, pp. 1517]. Typically, refineriesalsouse chemicatleaningto neutralize pyrophoric materigis74, p. 771U O P §eseral
operating manual does not mentiemical cleaning but requires water flushing the main column and gas concentration unit
equipment that would be opened for entry and work.
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According toHusky Superior Refinergmployeestheupdated proceduregould have helpe@stablish hovihe
refinerywould comply with ERA 6 s ReteoleunmRefinery Sector Rulewvhich they anticipated would take
effect later that yed&fChangesothe FCCunib s s h ut d o vion thipturmaowenécludesl the following:

1.

3.

Husky Superior Refinergio longer allowedteaming equipment out through atmospheric vesis
previous shutdowns | nst ead, most equi pment needed to be
and the flare.

Liguids had to be drained out of the equipment. This led the refinery to attaabraeynpiping and
hoses so that refinery operators could drain and route liquids to tanks through enclosed systems.

A chemical cleaning contractor would inject chemicals into the equipment after the unit was shut down
by refinery operators. The chemicaldjieh circulated through the equipment with steam, would

remove residual hydrocarbons from inside the equipment before they could be opened and vented to the
atmosphere.

The chemical cleaning contractor develop®sl chemical injection portion of the proced using information
provided by t he r e fHuskysSupgridraRefipargmplayeesdevetopedghe shetdownssteps

to prepare the equipmefur chemical cleaningwhich included shutting down, steaming, venting, and draining

the equipmentrigure 12is an example of nevinformatonadded t o t he FCC wuihatt 6s s h
explains theventing and chemical cleaning changes.

NOTE: WHEN STEAMING, THE MAIN COLUMN WILL BE VENTED TO THE FLARE INSTEAD OF
ATMSOPHERE. MONITOR THE MAIN COLUMN OVERHEAD PRESSURE AND ADJUST
wITH I TO MAINAIN PRESSURE < 10-15 PSIG AT ALL TIMES.

NOTE: THE VAPOR PHASE CHEMICAL CLEANING WILL BE DIRECTED BY HUSKY TECH
SERVICES PERSONNEL IN CONJUNCTION WITH THE CHEMICAL CLEANING
CONTRACTOR. THE OBJECT OF THE VAPOR PHASE CHEMICAL CLEANING IS TO
PURGE THE UNIT OF HYDROCARBONS WITH CHEMICALS, COLLECTING THE
CONDENSED MATERIALS IN FRAC TANKS, LETTING THE NON CONDENSIBLE
PORTIONS GO TO THE FLARE. ONCE THIS IS COMPLETE, THE UNIT WILL BE VERIFIED
HYDROCARBON FREE BEFORE ANY STEAM IS PUT TO ATMOSPHERE.

Figurel2. Notes added to the FCC unit shutdown procediarethe 2018turnaround?
(Credit:Husky Superior Refinéry

aEPAfirst publishedts Petroleum Refinery Sectoule in 2015 and finalized it in 202@n its website, the EPAated that this rule

Awill further control toxic air emissions from pet swmtheum refi
public and neigH®dring communitieso

® The valve and instrumentadtification numbers are redacted.
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21l ncident Description

2.1 FCC Unit Shutdown

The incident occurred on Thursday, April 26, 20dipproximately9:58 a.m.while operators were shutting
down the refinery for maintenang@he planned event, called a turnaround, typically occurs once every five
years aSuperior Refinery Operators had started to shut down anéhgentory the units in a planned order
begiming with the alkylation unit, on Monday, April 23, 2018.

At the beginning of the day sHifbn April 26, the FCC unit was operating normally, except that several of its
products were directed to storageks instead of other process units downstream. The alkylation unit was
nearly finished shutting down, and tlewnstreangasolinetreating unti was in the final steps of shutting down
the morning of the incident. The next unit to be shut down was the FCC unit.

2.1.1 Start of Shutdown

The operations team had one board operator working thatBfigtwashis first time shutting down the FCC

unit,andt he head operator assisted him through the init
up two keyboards and we had three screens and [we] were the ones that had brought everything down for the
firsthouranda-h a | f t o0 g et h e iortoid CEBhirerestigataasd Thetwaeopeaators split the work so

that the board operator could focus on the reactor/regenerator sgatithey stayed in communicatioas they
checked off completed steps i n t h.elherhead aperatoe explainéd, t h e
iHe deal t wstructoréanmad ntl tye tshlei de val ves, and | deal t wi

Eventually, the head operator left the control board area to troubleshoot a pump issue, talk to the contractors

aboutworkpermits nd assi st with the alkylation unités turn
periodically check in with the board operator aedewthe screens with him.

A manager was overseeing various activities at the FCC unit that morning, boghaindidutside the control

room. As a former FCC operator and superintendent, he had more than thirty years of experience on the unit,
including previous turnaround experience. Al want ec
fl..Jansver i ng questions and things |ike that. o He woul
through what to expect while performing some of the shutdown procedure steps.

Operators began shutting down the FCC unit immediately after theirwshifiver meetingsnthe morning of

April 26. Husky Superior Refinefys s hut down procedure directed the of¢
stopping feed to the reactdihis wasHusky Superior Refineys f i r st t the20l8~COuwnih d si nce
incidentin aTorrance Californiarefinerywherean ESFhad exploded45, p. 6] In the 2015California

aSeeAppendix B for a timelinesummary of the incident.

b According toa paper summarizingurrentFCC process technologghallengesthetypicalindustryaverageun lengthbetween FCC
unit turnaroundsvasfour to five yearsas 0f2011[170, p. 3]

¢ The FCC unit operating crews transitiorfeain night shift to day shifstartingat 5:00 a.m.

d Husky Superior Refingr e f erred t o @t he,tetegeneaigrand ther asscciated lequipmeat such as slide valves
and steam connections.
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incident,while the FCCunit was down for maintenance, hydrocarbon backflowed from the main column into
the regenerator, found an ignition source inside the ESP that was still energized, and ¢4p|qulekb]

The board operatat the Huslk Superior Refinerghut down the ESP at around 5:30 a.m. He explained to CSB
investigators why it was important to shut down the ESP early in the shutdown:

[E]specially after the incident in California, when the ESP blew up, it was much

reiterated to us\wer and over again by [managemeatid everybodyhat if

anything bounces or anything kind of seems w
thatoff We 6d rather fill out t andgeppanpleedwor k wi t h e
than blow it upSo pretty muchfist t hi ng, l' i ke when web6re shu
was like first thing you d.2

The board operator stopped feed to the reactb@it5:40 a.m. by closing a control valve and increasing

steam flow to the risérHe allowed thecatalyst to continue circuiag, thensentsignalsthrough the coinol

system to clostheregeneratedatalyst slide valve at 5:45 a.andthe spentcatalyst slide valve at 5:48 a.m.

The main air blower continued running to cool down the regenerator system while operators transferred catalyst
into a hopper for the next several hours as part of the shutdown procedure.

2.1.2 Catalyst Levels

In the control rom, the control system indicated that the spent catalyst slide valve heldseut successfully
The board operator noticed that it was still two percent cehthathereactor catalyst level was decreasing.
At the boar d afeldopaatowendtsthevavgackess it manually aabout6:05 a.m., buthe
reactor level continued to drofnother operatowent out and tightened the valve furthisingits handwheel.

By 6:16 a.m., the reactor level indicator showed that there was atys@temaining in the reactorhough the
reactor level instrument indicatetbse to zerauring most of the shutdown, it also occasionally indicated some
level readings someitmesup toalmost40 incheslater in theshutdowrf Theboard operator recalls

I know | looked at [the reactor level] a couple more tiniés] [IJt went up and
down a couple times. So like in my mind, it was just kind of there and that when
it gets so low, a lot of indications stop workirig.] So | just kindof assumed,

okay, there was something thereButbut | &d&m not
the temperature in the reactor looks good. All the temperatures in the unit looks
good. So I d&dm not going to worry about it anyrt

So nothing to worry about.

8TheCSB6s r epor tExxbnMobihTotranoe Refitfery Bicident can be foumere[108].
® The reactor had continual steam injection into the riser and the stripper through the shutdown.
¢ According toHusky Superior Refinedy documentation, the reactor operated at 110 inches of level during normal operation.
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2.1.3 System Pressures and Flows

As the catalytic cracking reaction stopped and gas production dropped, operators turned off two of the three wet
gas compressarSeeFigure 13 for a simplified pressure control scheme that the board operator used during the
shutdownPressure controllers (yellow squares) adjust control valve positions to achieve the target pressures
measured at theorrespondingpressure indicators (yellow circles).

Main Column Butterfly Valve Sponge Absorber
Pressure Controller Pressure Controller

8

_liH Relief Svstem Primary Absorber

|

I

I

I

| ,‘[
: Wet Gas Compressors

I
I
I
I
]
]
|

_ Process Gas
Main Column

Overhead Condensers

Location of
Explosion

Main Column

,,,,,, I

Main Column Spillback
Pressure Controller Sponge Absorber

A
Main Column '
______ Overhead Receiver
High Pressure
,,,,,, o Receiver Downstream
From Liquid water Columns and

Reactor (Condensed steam) Processes

Figurel3. Simplified main column and sponge absorber pressure control scheete
during the shutdown(Credit: CSB)

The board operataontrolled thanain columi® s  p rusisgene wed gas compressor ahé spillback
pressure controllefhe spillback pressureontrolleris typically configuredo adjustthe amount of gas recycled
through thewet gas compressor to achieve the target pressure in the main column ovestigad46, p.

120]. The FCC shutdown procedure specified a main column pressure target of 2gdr3 gese of high
pressure upsets, the main column butterfly vam@chwas normally closedywasconfigured to automatally
opento the refinery relief system to relieve pressure quickly (purple secti@igume 13).2

The sponge absorliepressure controllareniedto the process gas system (green sectidiigare 13). During
normal operationhe sponge absorber typically opedsd¢ about 190 psig.

When the board operator initially stopped feed to the reactor, he had intrégnoedjencysteand’ to the riser

ataround the same tim@fter feedhad been out of the unit for about 15 minutesytreef i preceduré said

ton Cut Steam to Riser to 85% open. jostBefores:0beaomalHed oper at
explained his understanding of the intent of this step to the CSB investigators:

The oil ds out, everythingbds out. We shoul dn
i ssues. We donét need c d.Lt]edcyngdnynore.y mor e becau

aA butterfly valve is a valve that stops, regulates, and starts flow using a disk that[idtajes
b Emergency steam &n additionakteamsupply to the reactaiserthat is typically only used in startups and shutdowns.
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So cbse the spent, close the regen, cut the steam back t¢.8b&hd then move
on with the rest of...] the shutdown.

Theshutdownpr ocedur e continued: 0 ke e pouMips]ioweCtbdnthenn Recei \
Regener at dWhilethe mardpenaterdiséussed this procedure step with the Q8Rexplainedhow

challenging it was to control the reactor, main column, and regenerator pressures in the first few hours of the
shutdown: f#fAltods har d[.Wwandthe ptessed theiragenisdctmmwand tise predswewf n g
the maincolumn]..]i t s hard to just keep |i ke a one pound pe

Husky Superior Refiney s  F C shutdown ptocedure was organizedvayious sections of the FCC unit,

where operators had perform actions in the reactor/regenerator, main column, gas concentratipanahit
otherareasconcurrently as discussed in Sectiohl. The main columrsection of the shutdown procedure
instructed: ABri ng Ma i3npsigl®Al fustthe bpardeogesatdraddifficdlly wn t o 2
keeping the main column pressure lower thaen5 psig. After some troubleshooting, operators identifilbalt

hydrocaibon vapors were inadvertentijrectedfrom the sponge absorhbiato the main columthrough a liquid
returnpipethat had been draine@ncethe operatorslosedthe s ponge absor beat@arsund i qui
7:30 a.m.the board operatavas atetor e duce t he mai wsing thepressurmdrarollgrs e s s ur e

Figure 14 showsa representative snapshot of the pressure profile in the first few hours of the shidewn.
arrows point in the flow directiorlhe air blower directedir into the regeneratpand the flue gas valve
directed flow out of the regeneraiato the flue @s systemSteam was entering the reactwndensing in the
main column overhead systeamd coming ouas water fromthemain columroverhead receiveithe wet gas
compressor was continually directing flow from the main column overhead receiver igasthencentration
unit. The sponge absorbpressureontrollerwasclosed during most of the shutdoandonly openedvhenthe
sponge absorber pressuvas greater than 175 psig

Flue Gas

Relief System Process Gas

b b

Main Column
Overhead
Receiver

3 psi

Gas
Concentration
Unit
175 psi

Regenerator

Compressor

13 psi

Legend:

| Contains mostly air |

I Continuous flow I | Contains mostly steam | Steam Water

Intermittent flow ] | Contains mostly hydrocarbon |

Figurel4. Pressure profile in the first few houos the shutdown. (Credit: CSB)

Ther ef i sduyd®wn procedure instructed operators to e
pounds higher than the reactor pressureodo when cl osi
flue gas valve and the air blower to control thesreagator pressure. He maintained the regenerator pressure
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between 10 and 15 psig from the time feed was pulled around 5:40 a.m. until the main air blower was shut down
sometime after 9:00 a.rfFigure 15). During this time, the regenerator pressure remained higher than the
reactordés pressure by at |l east 3 psi, and wup to 10

The board operator explained t hatl ohwe fiwsaon ttehda tt ow ek edeoy
worry about reversal or anyt hHilng,dbecthatseot Hereéscr
managed the systembs pressures to CSB investigator

It was more squst keep the main column at like two or threeipds of pressure

rather than like watching both the main column anfithe regen and likg..]

tweaking them and trying to maintain a one pound [differef@egjause you still

have your main air blower and your aux blower going into the regen. Saiilyou

have quite a bit of pressufSBo @ | ong as youdbre at single diog
column,[...]you 6 r dhatfyo m&r. e wel | bel ow [tthe at |l east
pressure of the regen section.

[.]

[T]he pressure [of the main column and regenersittiouncing quite a bif...]
So | figure as long as [the main column pressure is] at least lower than
[regenerator pressure], the trend should be at least one pound.

]

| kind of just rather err on the side of caution than try to maintain a perfect
balance.

Figure 15 shows theressure trends of the regenerator, reactor, and main column overhead receiver from 5:00
a.m. until theexplosion? During the approximately fodmour period betweewhenthe hydroarbon feed was
divertedfrom the reactountil the explosionthe reactor pressure operated at abaepsi higher than the main
columnoverheadeceiverpressuré and he regenerator pressure was higher than the rqaessuralmost the
entiretime.® The yellowtrianglesmark notable events during the morning of the incident:

1) System pressures drop (as expected) when operators stop feed to the FCC reactor.

2) Operatorsegainstablemain column pressuientrol

@ According toHusky Superior Refinerythe explosion prevented the process instruments from proydingss datdetailingthe
conditionsof the plant immediately aftéhe explosion.

® Fromavailable process data, the CSB calculated the mediaminute averagegressure difference from the top of the reactor to the
main columnoverheadeceiver over the time range from 5:43 a.m. to 9:59 atabe0.9 psi

¢ The only time the reactor was at a higher pressure than the regenerafor aviagal of about 15 minutes at around 9:10 a.m. when
operators shut down the main air blower and increased the auxiliary air blower rate to regain pressure control.
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3) Two pressure spikes occurtire main column overhead receider.

4) Operators shut down the main air blower and continue to maihtaegenerator pressure higher
than the reactor pressure using the auxiliary air blower.
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Figurel5. Pressure trends from 5:00 a.m. until the explosion. (Credit: CSB)

2.1.4 Process Gas System Fluctuations

On the morning of the incidenhe refinery was operating four boilers in a different operating @reaboiler
operatoreported to his superintendent teatnetime before 8:00 a.nal] four boilers éxcess oxygen
concentrationwhich typically operated at three percent, mexdeagd up to six percent. The boiler operator
called the instrument technician to troubleshoot the oxygen analyzers, but the problem had, sulasttded
oxygen readings had come back down and were gig8e30 a.m.

According to the instrument technicidithe only times thatHusky Superior Refinerlias]problems witHthe
oxygen analyzersg when the fuel gas composition changes in the plafiSo something was going on with
the gas system. 0

According to FCC unit process trends, the sponge absorssyse controller, which remained closed for most
of the morning, opened between 6:49 and 7:06 a.m. and between 7:38 and 9T0®&a.apor from the sponge
absorber is routed into the refinery process gas system, where it combines with profress gé®r plants.
Boilers and furnaces in other refinery operating areas use this refinery process gas as a fuéhsd0&##did

aFCCunit operators were purging liquid hydrocarbons into the main column using fstetira firsttime  when t wo fbangs o
heardThe main col umnés over he a8 °Rjuatpaiore this activityehegar andrdecreasadssudden!y durmgl
both pressure spikemdicating hydrocarbon vaporization but no ignitidine CSBdetermined thathis process anomaly was not
causal to the subsequent explosion and fieeauséadHusky Superior Refinergrevenedhydrocarbon vaporization inside theima
column the explosiorand firelikely would have still occurretbased on theafety issuedetailed in this report.
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not identifyother nonroutine activity outside of the FCC unit shutdown that morning that could have contributed
to change in process gas composition.

2.1.5 Main Air Blower Shutdown and System Depressure

Shortly after 9:00 a.m., operators shut down the main air blower and continued cooling down the regenerator
with the auxiliary air blower. The auxiliary air blower had a lowewfltapacity than the main blower, but the

board operator was able to maintain the regenerator pressure greater than the main column pressure over the
next hour At this point, operators were aholding pattern, waiting for the regenerator temperaturedb c

downso that they could shut down thexiliary air blower.

Meanwhile, field operators began to depressure the debutanizer to the flare system usirigyessarg.inide
theinterconnectedasCorequipmentincluding the sponge absorbdecrease as operators ventdts

contentsThes ponge absorber ds pr es s urabou®:00rmimruatil thevexplosior. r e ma
The one wet gas compressor was still running during this operation.

Process data from the shutdown did indicateany sudden changei® pressure or temperaturethe GasCon
prior to the explosionrAn employee who was in the control room at the time told CSB investightifst h e r e
really [was] no indication [that] there was anythir

2.1.6 Concurrent Work in the Plant

Operators were lowering temperatures, draining liquids, steaming out equipmerenting pressute the

relief systento prepare for insertintne spectacle blind. The blind would isolate the main column from the
reactor, at which point the chemical cleaning could begirsky Superior Refinergmployees estimated that
theymighthave beemeady to install the blind around nodWultiple refinery personnel and contractors told the
CSB that they understood not to hook up the chemical cleaning equipment and open them to the process until
after the spectacle blingas installed

In the GasConfield operators drained liquid levels out of most ofithssels but had not yet finished
depressuring the rest of the flammable hydrocarbons to the flare.

Husky Superior Refinergnanagement staff and the FCC unit operaticsvedsomemaintenance staff and
contractordo enterthe FCC unitoperating area durg the shutdowrMaintenancdrought in scaffold builders
to help them accesschemical cleaning injection point on the sponge absdtiparators requested
instrumentation technicians to enter the unit to troubleshoot level instrumentation issuesaah tbelumn
overheadeceiver.Husky Superior Refinergmployees weradding fittings to pumpsinlocking valves on low
point drains, angreparing to deenergizke level indicators on th@rimary and spongabsorbes.

Additional work continuedas normaln other unitdn the FCC unitoperating aredsuchas the alkylation unit
and flare area, whictefinery personnel considered outstde FCC unit itself Adjacent operating areas, such

@ According toHusky Superior Refinefy documentsand employee statementse FCCArea operationscludedthe FCC unit, the gas
concentration unit, the alkylation unit, a gasoline hydrotreater, the flare, the caustic scrubber, and a cooling tower.
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as the crude unit andility plants, continued to operatéusky Superior Refinery estimated that approximately
800 to 900 people including employees and contractors were working at the refirtheyday of the incident

2.2 Explosion in the Gas Concentration Unit

2.2.1 Asphalt Storage Tank Damage

Explosion debris punctured asphalt storage Tank 101, which was approximately 200 feet away from the primary
absorbef.Figure 17 shows the relate positions of the amaged equipment.

Primary Absorber and
Sponge Absorber

7 \ T
N R, X4
S \

Reactor and
Regenerator

Figurel?. Locations of equipment involved in the incide(@redit: Google Maps wittnnotationsby CSB)

8The HF tank was 150 feet away from the explosion location.
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Theresultinghole was sufficiently below the tank's liquid level, but hegtough above the ground for the
asphalt to gush out onto the surrounding befigure 18). The hot asphalt, typically maintained between 320
and340°F, began to pour out the tamkidover the containment wall, and spread into the FCC and crude unit
operating areas.

Figurel8. Asphalt tank puncture and lea{Credit: CSB [left], Duluth News Tribune [right])

222 Refineryods I nitial Emergency Respons

Soon after the explosiohlusky Superior Refinergmployees began to evacuate contractors from the operating
areas and their offices in the blassistant modules mergency muster points.

As the FCC operators were evacuating all workers from the unit, a refinery manager shut down the one running
wet gas compressor using the emergency stop button. Openatorsl the refinerppegan to depressure the

equipment safg to the flare The FCC operators assisted in transporting injured workers to a safe location,

walked through the plant to assess additional leaks or damage, then reconvened at a muster point. The crude unit
operators shut down the crude unit and depredgheirequipmento the flareThe oil movement operators

shut down the natural gaspply to theheaters irthe asphalt tank farm.

Husky Superior Refinergmergency responders focused on puttingrotiél fires from hydrocarbons leaking
from damagegiping at the FCC process area. The initial fire was limited to the general area wherm#ng
and sponge absorbdrad been and took about 45 minutes to extinguish. \kédileery emergencyesponders
were extinguishing the initial fire, their fireutk got stuck in the asphalt.

Within an hour of the explosiofusky Superior Refinergersonneket upan incident command system in the
refinery6s admiheingdent emmnaodritearh was toohinumigating with the contractor
companies, the rgfery emergency response tedhg Superior Fire Department, and other agenciesdke
notifications,collect informationaccount for peoplenanage logistics, and allocate resources where needed.
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When the Superior Fire Department arrived on sagngrimary responsibility was to manage the injured.
Within about an hour, all injured people welithercared foror taken to another facilifyncluding six who
were transported by ambulance to hospitals.

2.3  Asphalt Spill and Fire

2.3.1 Primary and Sponge Absorber Explosion

Process trends confirm that the refinery operators had drained liquid from the major pieces of the gas
concentration unit, including the sponge absorber, high pressure receiver, and debutanizer reboiler and
overhead. The sponge absorber pressumérued to decrease during the hour leading up to the explosion and

had reached 166 psig. Then, just before 10:00 a.m., the primary and sponge absorber vessels exploded. Persons
near the refinery felt the explosion shake buildings up to a mile vy

One operator, who was facing the absorbers -approxir
boomod and sHgure I6). Andtherenbaeby dmpldyee on an overhead platform remembered hearing
a sharp Acrack. 0 The shockwave knocked nearby peopl

Figurel6. Surveillance camera image of the explosion. (Credit: WDIO ABC News)

Falling debris forced workers around the refinery to find shelter. An operator recounted:

| ducked and | hid underneath [a vessel] for a couple of seconds, for ewegrythi
to pass. And then | ran to the control room
room, | turned around and it was a big ball of fire.
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In the FCC control room, witnesses reported hearing two nearly simultaneous explosions that shook the
building. The light went out, and their immediate response was to go outside to see what happened. An
operator recounted the initial moments in the control room:

[1] went to the north door of theontrol room, opened it up. One of the operators
screamed, A GaosvifidbwaseF odaivapor élaud. k..hWe all met

in the middle of the control room and thought we were trapped in there. One of
our operators [...] came stumbling in. He was outside during the time of the blast.
[...] So we opened the north door. We sagvack of daylight. We saw the asphalt
coming from [Tank] 101 hitting the road to our left, vapor cloud to the fight|

ran.

The explosion happened to occur during a scheduled contractor break time, and many workers had already
moved into blast resistant buildings or away from the praseis8 The explosion knocked down and injured
workers in the FCC unit and propelled metabris across the entire refinery. Approximately a hundred metal
pieces, some up to several feet in length, were thrown up to 1200 feet from their original location. Contractors
and refinery employees evacuated to muster points around the refinery.

2.3.2 Asphalt Spill Response

Hot asphalt continued to spread into a large portion of the refinery while emergency responders completed their
firefighting in the FCC area and managed the injufée. asphalt spill, outlined in the solid yellow lime
Figure 19, covered the entirety of the FQ@it and a portion of the alkylation and crude units.

aThere were white vapors coming from the spilled hot aspFRigti(e 18).

b Husky Superior Refinery completed several facility siting projects, which included building upgrades-202010h addition, Husky
Superior Refinery had moved caattor trailers out of the refinery in the early 2000s, and beginning in 2013, requirecebisisint
trailers for contractor use during turnarounds. This was an industry recommendation from the CSB as a result of theeX@385 BP T
City incident, where aeries of explosions killed 15 workers and injured 180 others during a startup from a turfa@@iinan FCC
operator told CSB investigators, Al happened tlmombwhendwenta good
of f. [...] The money they spent right away we said was worth
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Figurel9. Asphalt spill shortly before it ignited. (Creditusky Superior Regrywith modifications by CSB)

As Husky Superior Refinergersonnelind emergency responders convened to discuss the next steps, they
hesitated to spray water onto the asphalt due to the water's potential to vaporize violently upon contact with hot
0il.2 A manager recalls,

[Tlhere was discussion on whether or not weobd

You know, weodve 4dl][]lt bseea vialeertd neactobon, 1
expansion, and so we were agonizing over to put water on dr.gqt]t was a
tough call, because youbdbve got asphalt in yo

Refinery employees attempted to contain the asphalt leak by transferring some of the liquid level out of Tank
101. An operator opened a valve on a transfer line to drain as much asphadilele frosn Tank 101 into a

nearby, empty storage tark.witnessr e c a [THe eefinery dinployees were concerned about the

accumulation of asphalt on the ground and were focused on applying sand and containment booms to limit the

a\Water is more dense than @hd expands up to 1700 times its volume when it vaporizes. Adding water toibatasigerous because
the water could vaporize almosstantaneously and spray the hottoilts surroundingscreating a more dangerous situati®aethis
videoby The Royal Institution for a demonstratiohwhat happens when a small amount of water is added to burn{i@3jl
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spread However, asphaltontinued to spread through the refinery, up to 10inches thick in the FCC
operating area.

With no moreapparenmeans left to stop the leak and unsure of how to manage the hot asphalt, refinery
employees decided to retreat and reassess the situation

2.3.3 Asphalt Fire

Around 1200 p.m., the asphalt igniteat the storage tank withesswho had evacuated the FCC unit to a
muster poinand was watching the asphalt spread across the refealed,

[A]ll of a sudden, [a coworker] looks over and he gié#h) at 6 8And riglat t ?

where that hole is, there was fire coming out df.if. It was coming out of the

hole [on the storage tank].]I t wasndét going up into it. It v
Because there was a lot of volume still coming out. Bubfall sudden, it was

coming out in like lumps of fire.

An emergency responder recounted,

The fire was inside the tank in the very beginning. As | was watching it, we had
discussion about what to do and how to introdicre extinguishinglagent
into thetank because it was never on the ground.

Theflamesthen began tepread across the grourapund asphalt storage tanks, throughout the crude unit, and

in the FCC unit. Upon seeing the asphalt fire begin, a refinery manager activated the deluge system around the
HF tanks andevacuated the area. Around this time, the incident command teachfoaléefull evacuation of

the refinery.

Once the asphalt caught fire, Superior Fire Department personnel ftiis&yl Superior Refinefys i nci dent
command post at the administratiomlding® There, theteamevi ewed t he police depar:
footage to assess the fires and develop a firefighting strategy.

Shortly after the asphalt ignited, wind blew the smoke from the incident towards the command post at the
refineryods administrati on -bouthebsdaf thegitelrhewrtideatlcommand | oc a't
team movedts command post upwind to offices behind a shopping center, about two miles north of the

refinery.

aThe deluge system is a safety device that creates a flowing wetsn@round the tank, preventing it from overheatiFige water
mitigation systenis also designed to minimize the amount of HF released to the atmosphere in a loss of containméetis&yent.
Superior Refineryeported that no HF was released duringitmiglent[55].
®The National I nci deNiMSO Madaffjemenst aSynat Emé@@Mheoammane 4 afnololnewsa g
incident jurisdiction, or when incidents cross political jurisdictions, the use of U@ifiadmand enables multiple organizations to
perform the functions of the Incident Commander jointly. Each participating partner maintains authority, responsibility, and
accountability for its personnel and other resources while jointly managing and difeciitent activities through the establishment of
a common set of incident objectives, strategies, afedl a single
command may include law enforcement, fire, public health, public worksytaed entitie§169, pp. 22, 35]
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The widespread, burning, spilled asphalt drove back the emergency response teams. The spilled asphalt kept
them from drivihg firefighting apparatuses in from the north, #melfirefighters believed théthe intense heat

from the firewould haveevaporated their foam solution so quickly thatauld have beemeffective at

smothering the fire.

For the remainder of the afteyon,the Superior Fire Department aHdsky Superior Refinelys e mer gency
response team worked to extinguish the smaller fires around the refinery, brought in additional foam and
firefighting apparatuses from a nearby airport, and contained the largretfieeFCC and crude units.

At about 5:00 p.m., the wind changgidection andthe Superior Fire Department and Husky Superior
Refineryo6s e mer gezedcthg oppoesity toatsaek the largertank fire. Their initial attack
cooled thespilled materials and surrounding areas with water. Then they switched to foam to smother the fire
(Figure 20). The main asphalt fire waxtinguishedshortly before 7:0¢p.m.[48]. The massive fire had been
extinguished in a matter of hours, as opposed to days as irdtiitjpated

Figure20. Tank fire during and after extinguishmer€redit:Left: CSBRight:Superior Police Departmef49))

In 2019, the CSB released an Emergency Response Safety Message video about the firefighting strategy and the
collaboration betweeHusky Superior Refinergnd the Superior Fire Departm¢#®]. The videcaddressethe

difficulties of extinguishing an asphalt fire as well as the benefits experienced from a close working partnership
between the Superior Fire Department &lugky Syerior Refinery

2.3.4 Community Evacuations

As the asphalt burned that afternoon, the plufigufe 21) was visible from DuluthMinnesotaOne resident
repated smelling burnt rubbdrom the University of MinnesotBuluth campug50, pp. 9394].
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Figure21. Smoke from the fire atlusky Superior Refiner{Credit: WDIO ABC News)

The incident occurred on a clear day with an average temperature of approximaelWA8d speed was 15
mph towards the easbutheast direction at the time, but shifted to the south direction by the time the asphalt
fire began at around 12:00 p.m. Wigdsts ranging from 2tb 26 mph began around 10:00 a.m. and did not
subside until after 5:00 p.m., when firefighters could make better progress on extinguishing the Iggg fire

TheDouglas County Emergency Management Sysssued its first community evacuation noticeuwaiund

1:00 p.m[52]. By 1:35p.m., based oplume modelingthe unified command updated tkeacuation zont®

span2 milesnorth,3 milesto the east and westnd 10miles southof the refinery Figure 22) [53]. The

evacuation zonserved two purposet protect the public from the smogkime andasa precautionary

measurée n case the incident es c aHHFequpden{adl. diterche mgdend, mi s e d
Husky Superior Refinerseported that theafety measures for itdF Alkylation unit operated as designed

during the incident and that mtF was releasefb5].
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Figure22. Evacuation Zone on April 26, 2018. (Credit: Douglas County, Wisconsin)

Husky Superior Refinerseported that th€ity evacuate®,507 people Many of the Superior residergathered
at the Duluth Entertainment Convention Center. At 8:00 p.m., the city of Duluth issued aishelee
advisory, as winds were predicted tofsavernight[48].2

The incident command post relocated several times after the asphalt fire began, upwind of thBysmoke.
evening, the unified command had seits@mergency operations center at the Superior Government Center,
about three miles away from the refinery. The unified command, which included representatiidagkym
Superior RefinerySuperior Fire Department, Superior Police Departpief, and othes, monitored air

quality overnight. The evacuation orders were lifted at 6:00 a.m. the next mfs4]ng

awind direction was predicted to shift in the direction of Duluth in the evediy however, thishift did not occur until 6:00 a.m. the
next morning, after the Superior evacuation and Duluth skielglace advisories were liftdd62, 54]

53




Investigation Report

2.4 Incident Consequences
Injuries

Husky Superior Refinerseported that thexplosion and fire on April 26, 2018 resultedlihOSHA recordable
injuries none of which were lifehreatening Overall,36 refinery and contraatiorkersreceived medical
treatment, predominantly f@omplaints ofacerations, contusions, fracturesast injuriesandsymptoms
related tasmoke inhalationThere were no fatalities.

Environmentalmpact

Husky Superior Refinergeported that it released 39,000 pounds of a flammable hydrocarbon vapor mixture as
well asapproximatelyl7,000 barrels of asphalt during the event.

Husky Superior Refinergollaborated withth&E nvi r on ment al PEPAO parcCtheiWisconslhg e n c y
Department of Natural Resourcé&®(DNRO) to address the incident's environmental impacts, including air and
water monitoringThe EPA alsavorked with theAgency for Toxic Substances and Disease Registry

Wisconsin Department of Heal8ervicesand the Douglas County Health Department to provide information

to the public.

Husky Superior Refinergonducted a significant community monitoring program and shasedts of that

monitoring with the public through the Douglas County Department of Emergency Management. Air monitoring
readings were collected 24 hours/day, 7 days/week in the community and at the refinery through May 25, 2018.
Through June 19, 201Blusky Superior Refinergollected over 88,000 air monitoring readings in the

community and over 48,00@0readings at the refinery. All results from this air monitoring were within

regulatory guidelines.

Some of the firefightingoan? and petroleuncompoundsnigrated into Newton Creek, whidbeds irto Lake
SuperiorHusky Superior Refinergaptured andvith WDNR6 s a p p r o areuhd,21 millior galloesaf
firefighting water used on the day of the incident to remove contamiaadtgrevent a larger egdse A year
after the incidenty?/DNR reported that impacts to aquatic life appear to have been mifgéjal

Refinery impact

Husky Superior Refinerseported that this incident resulted in $550 million ofsite and $110,000 of ofite
property damage. In its 2022 report, Malsi SpecialtylistedHusky Superior Refinerincident in ts 100

3 OSHA requires many employers with more than 10 employees to keep aoéseribus workrelated injuries and illnesses.
Recordable injuries are fatalities or injuries and illnesses requiring medical treatment beyond first aid. More detaitaucaiorin
OSHAOGs [i&88hsite

® Some formulationsfdirefighting foam contains peand polyfluoroalkyl substances, known as PFAS, which EPA is evaluating as a
water contaminant that may be linked to cancer and other health [§8@gNewton Creek is not a source of drinkingter for the
city of Superiof56].
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Largest Losses in the Hydrocarbon Industportas havig the 33 largestadjustedoroperty damagmssin
the hydrocarbon extraction, transport, and processing incsistrg1974[57, p. 50¢

Husky sent additional resourcesHasky Superior Refinerto help the refinery recover fiothe damage over
the next several monthidusky Superior Refinergersonnel spent the following months stabilizing and
chemically cleaning the refinery equipment. In additBRA worked with the State of Wisconsin and the
Husky SuperioRefinery tohelpclean up the asphalt and other petroleum streams from damaged piping that
spilled into the refinery.

SRCobtained a permit to rebuildusky Superior Refinerin September 2018nd begaronstruction soon after
[58]. As 0f2022, the Superior Refinerhad spent $1.8illion on its rebuild project to start up in 2053, 60,
18, p. 21, 61]

8The Marsh report explains how the adjusted property auaafage | o
loss as of December 31, 2021. This involves the usedifindices to allow likdor-like comparison of losses that have occurred years

ap albrt p4]

® The Marsh report explaif®ow the incident ranking is determined iLosses ar e or der properydamageldssng t o
values. These loss amounts include property damage, debris removal, antpateats. However, costs related to business
interruption, extra expenses, workforce [b7npd4ries or fatalitie
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S3TechnAral ysi s

3.1 The Explosion

Below is adiscussion of thexygen fuel, and ignition sources that combined inside the FCC unit during the
shutdown, making the explosion possible.

Oxygensource

The regenerator operates with air during normal FCC operationsasdir to cool down the regeneratas part
of the normal shutdown process. Most of the air exits through flue gas piping into the atmosphere.

In an FCC unit, the air inside the regeneratdypically separated from flammable hydrocarbon inside the
reactor by pressure differences created during catalyst circul@tiotine day of the incidentftar the shutdown
began and catalyst circulation stopped, the regenerator continued to aperhigher pressure than the reactor.
Because gas flows from high to low pressurefrain the regenerat@nteredhe reactopast thecatalystslide
valvesthrough the flow pathpictured inFigure 23.
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/To Main Column
/Reactor
4 psi

_~Flue Gas

_-Regenerator
13 psi

Spent Catalyst
Slide Valve

Air from Blower

Regenerated Catalyst
Slide Valve

Figure23. Air flow paths from the regenerator to the reactor on the day of the
incident (Credit: CSB)

Steam was also being injected into the readiwing the shutdownlhe air and steam continued through the

reactor and flowed into the main colun8ee Figure 24 for a comparison between U@Rtended and actual

flow paths during the shutdowms is typical diring the initial hours of an FCC unit shutdown, the reactor and

the main columnverestill interconnected without a means to block flow between them. In the main column
overhead systenthe steam condensed to watethivi the main column overhead condensers (not pictured), but

the air remained in the vapor phase and migrated into the gas concentration unit through the wet gas compressor,
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along with other nortondensable, but flammable hydrocarbon gases. Dtiisdour-hour perioddescribed in
Section2.1.3, the air entering the gas concentration unit mixed with the flammable hydrocarbon ®»apors.
refineryoperators were logring thepressure within thgas concentratioanit as part of the shutdown process,

t he sponge absor ber 0s stgopirgshe flow & no@andensabte vapar exitingéhe c | 0 s e ¢
system and trapping ttaér entering the gas concentrationtdrom the main column overhead receiver to

remain in the systenWith nowhere to go, thair accumulated and mixed with the flammable hydrocarbon

gases, creating the dangerous conditions for an explosion.

Desired flow directions during shutdown (UOP guidance)

Flue Gas Relief System

Reactor
Higher pressure
than Regenerator
and Main Column

Gas
Concentration
Unit

Main Column

Wet Gas
Compressor

Overhead
Receiver

Air Blower Regenerator

(off)
Steam Natural Gas Water
Actual flow directions during shutdown on day of incident (Superior Refinery guidance)
Flue Gas Process Gas
Regenerator Reactor Main Column Main Column
. ) Wet Gas .
Air Blower Higher pressure Lower pressure Lower pressure Overhead | Concentration
. Compressor
than Reactor than Regenerator than Reactor Receiver

Legend:

Mostly air I

Steam Water |
‘ Mostly steam |

‘ Mostly hydrocarbon |

Figure24. Comparison oORrecommendedabove) and actual (beldvilow directions
during the shutdown(Credit: CSB)
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Hydrocarbon source

During normal operation, most of the propane and heavier hydrocarbons are in a liquid phase within the gas
concentration unit. At the time of the explosion, the prinzarg sponge absorbers had been emptied of liquid
but were pressured up to about 166 pgity a dangerous gas mixture thiely contained methane, ethane,

some propane, oxygen, and nitrogelethane, ethane, and propane, which are all flammable gases, can only
ignite if the oxygen concentration is greater than about 11 percent of thedvessel ¢4B3]8 The CSB

calculated that if only about 0.2 percent of the cumulative air flowing into the regenerator was able to migrate
into the gas concentration uttiroughouthe first four hourgollowing the start oftte FCC unishutdown,

sufficient oxygen could accumulateside the primary and sponge absorber vessalsvelop explosive

conditions”

Ignition source

Husky Superior Refinerljad planned to chemically clean the gas concentration unit to remove hazards before
opening up the equipment for maintenance or inspection work. One of these tab&rdsmovedvas

pyrophoric materialssuch as iron sulfide (FeSyhich can smoldervhen exposed to asnd generatenough

heat to start a fire or trigger an explosion inside equipment. In 2003, an investigakoohGlitscH into 56
incidents of fires inside distillation columns during maintenance activities found that most of ttodvednv
pyrophoric ignition62].

Refineries typically inject an oxidizer, such as sodium permanganate, into equipment to neutralize pyrophoric
material thahasaccumulatd inside equipment befoiieis opened and air can enféR]. At the time of the
incident,Husky Superior Refinerfiad not yet started this chemical treatment dtefhis case, the air came not
from opened equipment but from the air blowers supplying air to the FCC regernostancidentchemical
analysis confirmed the presenceroh sulfide compoundsntheexplosion debris from the primary absorber.
Some of théron sulfidecompounds that were found, such as troilite, pyrrhotite, and mackinaxeitenowrto

be pyrophoric substancaseaning that they are subject to spontaneous combustion when dry and exposed to
oxygen[63, pp. 89].

The CSB concludes:

1 The primary absorber and sponge absorber explosion resulted from the ignition of a flammable mixture
of oxygenand hydrocarbon vapors that formed inside the process equipment.

aThe limiting oxygen concentration (expressed in units of volume percent of oxygen) is defined as the minimum concewobgtjen of
below which combustion is not possible, independent of the fuel concentrationmiftiveglioxygen concentration depends on pressure,
temperature, and the type of inert §#3]. Some experimental studies show that the limiting oxygen concentration for a flammable gas
could be lower at higher pressuf231].

b Because some of the gases were purged out of the system prior to 9:00 a.m., CSB also calculated that about 1.4 pertegnt of the
regenerator air in the final hour leading up to the incident would have been enough to ateumtd a minimum explosive limit of
11 percent oxygen in the vessels and piping in the gas concentration unit up to the explosion location.

¢ Koch-Glitsch provides equipment and services related to mass transfer and separations egugraanical, ptrochemical, refining,
gas processing, pharmaceutical, and specialty chemical industries, such as refinery distillation[20R]mns

4 Chemical analysis indicated the presence of multiple iron and dfaning compounds ithe scale samples as well as the {oaide
compound magnetite (Fe304) and maghemite (Q * Fe2@B¥cales were identified on the sponge absorber fragments.
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1 While Husky Superior Refineys FCC uni t wa segenératdr ¢comtinugd odecatingata t h e
higher pressure thasoththe reactoand the main columms a result, some air continually flowed
from the regeneratpthrough the reactor, amato themain columnfor approximately four hours.

1 During the shutdownyhi | e air was entering the main col umn
continued operating and directed the air coll ec
gas concentration unit, where it accumulated until it created an explosittgeniith the flammable
hydrocarbons. Oxygen from the air likely reacted with the pyrophoric deposits inside the primary and
sponge absorbgrgenerating heat and providing the ignition source for the catastrophic explosion inside
the equipment

3.2 Transient Operation Safeguards in FCC Units

Shutting down a process unit is dype of operatingnode known astransient operationsThe Center for
Chemical P r cCP&sjisfines mahséent pperatidns as:

The operating mode when the procesmisransition and is not in its normal
operations mode.

Note: Transient operations include process sfpst and shuetiowns, product
transitioningin betweennormal operations, neroutine activities performed
during normal operations, and activities adated with the project life cycle
(e.g. commissioning and starp of new capital projects, mothballing, and
decommissioning)64, p. 5]

Transient oper at thaarsse di mocpleu dae | foprsa coengderTerding @ sgepwisg p i ¢ a |
procedurd65,p.28] such as in a startup or shutdown. I n an
t wo authors from the ExxonMob irdutin€dperations ad n dC ofmgpkamo/r mad
unpl anned operationso under their definition of tr:

A common element in transient operations is the requirement for increased
human interaction with the process. Often the operator and the procedural
controls are the key layer of protection in preventing an incif&gjt

Transient operations can pose unique hazards that are not applicable during the normal operations of a process
unit. A series of studies by I. M. Duguid (192805) showed that although a typical refining or petrochemical
facility spends less than 10 percent of its time in transient operations, about half of major process safety
incidents occur during these transitigéé, 67}

A typical FCC unit can operate safely for yedusing normal, continual operation; however, transitioning the
unit down during a turnaround introduces unique and potentially hazardous conditions. During normal,
continual FCC unit operation, pressditerences created and controlled in part through catalyst circulation
keep the air and hydrocarbon systems mostly sepd@ieg. 8, 29, p. 42]During a shutdown, catalyst
circulation typically stops, eqoiment pressures change, dne potential foan explosive mixture of air and
hydrocarbon remainstezard util the reactocan be physicallisolated from the main column
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A typical FCC unit shutdown requires a number of operational steps before maetevarkers can
mechanically isolate the FCC unités air and hydr oc:
piping connecting the two systentntil mechanical isolation is possible, operational practices are necessary to
prevent the hazaoadis mixing of air and hydrocarbons.

Table 2 compilessome of the mostcomménn dustry practices and UOPG6s Gen:
to protect against the air and hydrocarbon mixing hazard during FCC unit transient opesatiorss startups,
shutdowns, andtandby operation68]. Though some of the safeguards are active (automated) controls, some

of the most important safeguards are procedural, meaning that they require operator datiglesient69, p.

10].°

8FCC units can transit i whilehydiocavbariedd is stsppell ® tha FCA kegciortiqublestioatingeois
maintenanc¢l94].

®Board and field operator actions vary based on the FCC unit technology and unit confightatgmme fieldperatoraction examples
may includefield-verification that the valves required to close are clogpdning the reactor vapor line vent vatvegening themain
air blower discharge ventstarting anaturalgasinjectioninto the maircolumn switching purge media on reactor catalystetihtial
pressure instruments between nitrogednaturalgas
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Table2. Typical FCC unit safeguards to prevent explosive process conditions during transient operations.

Safeguard Description " Implementation | Control Type
Reactor eam | Sufficient stearfiflow into the reactor | Operators set the pressure inside the Procedural
barrier maintains the pressure inside the reactor higher tharboth the regenerator

reactoras the highest pressure point i| and main column pressures using flow a

the system This critical steam barrier | pressure control valvel85, p. 11]

separatesthe air and hydrocarbon Operators take emergency actions if

systemson either side of the reactor | target pressure differences between the

by flowing outward from the reactoy | equipment cannot be achieved. These

preventingthe air and hydrocarbons | actions are not automated in mo§tCC

from forming an explosive mixture. units.

Main column | A @ntinualvapor flowthroughthe Operators introduce nowwondensable gas Procedural

gaspurge main columninto the flare system to the main column to maintain a slightly
prevensoxygen accumulationinthe | 2 LISy LR aAAGA2Y 2y
main columnsystem pressure controlalve.Somesitesmonitor

the equipment's oxygen conterturing
this operation.

Catalyst slide | Closed slidealves reduce gas flow Spent and regenerated catalyst slide Active/

valveg between the reactor and the valves close automaticalbased on Procedural
regenerator.Thesevalves are not predetermined process conditions (such
designed to be gasight. Small aslow differential pressure across the
amounts of vapor continue to flow valveg. During shutdows, operatorsalso
through the valves from high to low | close the valves manually
pressure.

Catalyst levels| Catalyst remaiimgin the reactor, Typically, iis difficult to monitor and Passive/
regenerator, and standpipes reduce | control unfluidized catalyst. Procedural
gas flow between the reactor and the| The effectiveness of catalyst levels, and
regenerator.Small amounts of vapor | whether they are fluidized, depends on
continue to flow throughthe calyst | i KS dzy A 1 Qa O2 y F A 3 dz
from high to low pressure.

Wet gas Stopsvaporflow from the main Operators shut down the wet gas Procedural

compressor column to downstream equipment. Arj compressor soon after gas production

shutdown explosion hazard could still exist in th{ insde the FCC reactatops.
main columnbut is eliminated in
downstream equipment.

Electrostatic | Eliminate ignition sources from the | Automated or operatoiinitiated Active/

precipitator electrically charged equipment in the | shutdown of the electrostatic precipitator] Procedural

shutdown flue gas system. (ESP) during @ansient operatiorf.

Process block | Various valves isolate hydrocarbon | In many units, the isolation valve(s) closq Active/

valves sources from entering the reactor, automatically when the unit shuts down. | Procedural
such as liquid feed. Operators can alsolose them manually.

Before its FCC unit shutdown on April 26, 2018)sky Superior Refinerflad not developed or implemented

some essential safeguards needed to shut down an FCC unit safely, which are discussediigrtbatieiy

Issues section of this report:

aSteam is most commonly used, lamly inert gas, such as nitrogen, could also be used to create an inerirsideécthe reactor
® The applicability ofthe catalyst slide valveafeguard varies by unit configuration; some FCC designs do not have slide valves.
¢ Applicability depends on unit configuration; some FCC units do not have ESPs.
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T Using the reactor as a f Otygeaflow fiora therrégeneratorintothep r e v e
main column (Sectiod.1.1).

1 Adding norcondensable gas floimto the main column to purgexygenfrom the system and to prevent
oxygenfrom concentrating (Sectich1.2).

1 Monitoring the amount of oxygen in the process paugnt to provide an alert of potentially dangerous
oxygenaccumulation (Sectioa.1.2.

1 Shutting down the wet gas compressor to prevent seodigeninto the dowstream gas
concentration unit (Sectich1.2.

The only safeguard that Husky Superior Refinerglementedn the day of the incident was use of the catalyst
slide valves, which limited but did npteventair flow from the regenerator into the rest of the FCC (e

lack ofthe otheressential FCC safeguaristed aboveallowed air and hydrocarbon to create a flammable
mixture inside process equipment angblode upon finding an ignition source inside the gas concentration unit.
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4 Safety | ssues

This section discusséise safety issuebie CSB identified in its investigatipwhich include:

1. Transient Operation Safeguards At the time of the incidentlusky Superior Refineryas shutting
down the FCC unit, a transient operation mode. During an FCC unit shutdown, it is critical to separate
air from hydrocarbons to prevent an explosive mixture, because unlike most refinery operations, an FCC
unit processes botir and flammable hydrocarbons inside interconnected process equipment
increasing the likelihood of an explosiorhis separation is typically achieved using FCC technelogy
specific safeguard#dost of these safeguards were either not implementedteffective atHusky
Superior Refinenguring its April 26, 2018, FCC unit shutdown.general, most safeguards necessary
for safe transient FCC unit operations are procetiased and rely heavily on operator actions, because
not every action can be autot@d during an FCC shutdown. These procedural safeguards offer weaker
protection comparedith engineered safeguards. In such cases, hamdperator training, such as
drills and simulators, is crucial for hazardous operations that are controlled prinygpifgcedural
safeguards, such as transient FCC operation. In addition, the petroleum refining industry should
continue to design and implement safeguards that are higher on the hierarchy of controls to improve
process safety in FCC units during transigpetration (SeeSection4.1)

2. Process KnowledgeHusky Superior Refinefys F CC t-gpechimpootessdnowledge was not
sufficientto safely shut down the FCC unit for a turnaroutslemployeeslid not adequately
understanar know how to effectively controltieCC uni t 6 s t r ans Asamesultbtoper at
Husky Superior Refineryvas not aware that its FCC unit shutdown procedure was not aligned with the
technology l|licensordés guidance that had been in
designed in 196@or much ofHusky Superior Refiney s toty,iits FCC expertise wamsostly ir
house, and with minimal engagement with other refinevidsle key individuals attended the

|l icensorb6s FCC training classes, this individua
competency within Huskyuperior Refinery to prevent the April 2018 incident. Husky Superior
Refineryds management encouraged individuals to

mandatoryIn addition,Husky Superior Refineys use of e xt er asédinhitedttoec hni c al
assessing the FCC unitods p(BeeSediodmiance during nor

3. Process Safety Management Syster® S H ARBSM Standard n d  t h BMPERRI&réqgsire
facilities like Husky Superior Refinerto implement process safety management systems to identify,
evaluate, and control their process hazatdsky Superior Refinerglid not effectively implement
process safety management systems, wdilit contributed to the incident. These inclutiedky
Superior Refine s process safety information that did n
operating manual, process hazard analyses that did not effectively identify or control hazardstmherent
FCC unit transient operation, operating procedures that lacked clear instructions and were not
technically evaluated, and an operator training program that did not properly prepare the operators to
shut down the FCC unit safel{seeSection4.3)

4. Industry Knowledge and Guidance Husky Superior Refinerincident occurred less than one year
after the CSB released its investigation of another FCC unit transient operation explosion in California.
Despite the refi ni ngHuskyp®Uupesar Refinérg employees aereinat aware 6ff o r
or did nd learn lessonBom the2015 Torrance incident that could have helped them to prevent the
April 2018 incident FCC technology is developed and licensed by more than six companies, each with
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its own designs and configurations. Furthermore, portions of rolaey FCC units in the United States
have been revamped by multiple technology licensors. Currently, therésishmicalindustry safety
document that establishes common basic process safety expectations for all FCC units. To prevent
future chemical dsters, the refining industry must address the FCC unit process safety knowledge
gaps that may still exist at their faciliti€SeeSection4.4)

5. Brittle Fracture D uring Extreme Events The primary absorber and sponge absorber vessels failed by
brittle fracture (shattering like breaking glass), which sent morelib@pieces of metal debris
throughout the refinery, striking workers and operating equipment. Thesss/e®re constructed of
the American Society of DREandiA20fgraaesteeldyhehicthaceche (A A
longer recommended for new equipment. Had the vessels been constructed of a newer grade of steel
with better toughness properties, tisfpuld have ruptured by ductile fracture (tearing open like a
Zipper or fish mouth) with a reduced impact on their surround{8geSectiorn4.5)

6. Emergency PrepaednessThe explosion debris struck an upper portion of an asphalt tank, which
caused asphalt to spill outside the containment area and into the refinery. The likely ignition source that
set fire to the asphalt was pyrophoric material inside the storage taskiblaered when exposed to
the air that entered through the punctured tank Waikky Superior Refinergould not prevent the hot
asphalt from igniting due to the unexpected extent of the spill, competing priorities of responding to the
FCC unit explosionand uncertaintpy refinery employeeabout how to properly mitigate a large area
of spilled hotjgnitableasphalt(SeeSection4.6)

The graphical causal analggiAcciMap) is inAppendix A.

4.1 Transient Operation Safeguards

The following sections discuss key deficiencieslirsky Superior Refinefys s af eguar ds surrou
uni t 6 s s h utrimitedinthetexplasio.he safeguards discussed in this report are:

1) Reactorsteambarrier (Sectiort.1.D);
2) Main columngas purge $ectiond.1.2); and

3) Catalyst slide valvesSéction4.1.3.
4.1.1 Reactor Steam Barrier

4.1.1.1 Factual Information

UOP recommendadding steam tensurehe reactor pressuremainsabove the regeneratpressure during

FCC unitstartups anghutdowrs. This actiorcreates the reactsteam barrier between the main column and the
regeneratorFigure 25illustrates how theeactorsteam barrier (in gray) works duringysical FCC shutdown.
Steam is continuallgdded tdhe reactoto keep the pressure inside the reactor above the regenerator pressure
and slightly above the main column pressure. By dsmgdhe steam pressure in the reactor works as a barrier,
keepingthe air (in blue) and hydrocarbon (in yellow) away from each ¢8@mp. 11] Adjustingsteam and air
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flows to ensure the reactor is held at a highesgares than the regeneratamegative regeneratogactor
differential pressupds typically controlled byoperatoractions[30, p. 13, 70, p. 6]

Flue Gas

Regenerator-Reactor

Differential Pressure
————— B Main Column Overhead
Receiver Pressure

Flue Gas Valve

Regenerator

-
Pressure &4

Main Column
Inlet Pressure

Main Column
Overhead
Receiver

Air Blower Regenerator Reactor

Steam Water

Figure25. FCC unit steam barriand instrument configuration in typical industry practi¢€redit: CSB)

Inthe 2016version ofUOPG s Gener al Odp teermmdt riecery vetdiamaskysSuperior Refinerkiad
at the time of the April 201Biciden® UOP providesthe following guidance in the shutdown procedure section
after removing the oil feed and injecting steam into the:riser

T ASI owly decr e ameatortdifieeential prgssuneeta gett acslightly higher
pressure in the reactor than in the regenerat@

1T AKeep the regenerator pressure | ower than the r
di fferenti al pressure between the regenerator a

UOPdoes not specificallgall out the reactor steam barrier safeguard or otheexisiain the safety purpose

behind its guidance to maintain the reactor at a higher pressure than the regangmashutdown section of

itsmanugl however, UOP states that AThe shutdowm of t hi
As discusse previously, e transient operation safeguaditscussed in Sectid® 2 typically apply to both

shutdowns and startugdsOP provides the following explanation the startup procedure section:

The differential pressure between the reactor and regenerator should be
maintained at a negative 0-0Q20 kg/cni[1.4-2.8 si]? (reactor pressure higher
than regenerator). This will ensure that any leakage through tkeevalicks will

put steam into the regenerator rather than air into the reactor.

NOTE: The steam in the riser and stripper acts as a buffer between the
regenerator containing air and the main column which contains some fuel gas.

80.1-0.2 kg/cn? converts to 1.£.8 psi.
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Husky Superior Refinefy s esfintluded an oldétCC unit manualThough the CSB was unable to determine

what year it was publisheahd by whomsimilaritiesto U O P 8046documentsuggest thathis wasan earlier

ver si on Gereral Og2rating Manupbssibly dating backto he pl ant 6 s 196QiTlgs n a | de
oldermanual] referred t o as t h ealsdidéseribeddl thensafety muipase for establishing r e
and maintaining a reactor steam barrier during a typical startup:

The differential pressure between the reactor and regenerator should be
maintained at a negative Ip5ig? Thiswill [ensure] that any leakage of the slide
valves will put steam into the regenerator rather than air into the reactor.

In the shutdown procedure sect, thel960manual first instructed operators to reduce the regeneardotor
differential pressure (but keeping it above zero), empty the reactor (including the spent catalyst standpipe), and
then to further reduce the regeneratmctor differentiapressure to obtain a negative differential:

With 1 psi differential pressure between the reactor and regenerator, milk the
remaining catalyst out of the stripper until the spent catalyst slide valve will no
longer build any differential pressure. Adjusetvessel differential pressure to
assist this procedure.

Close the spent catalyst slide valve and leave the flue gas slide valve on automatic
control to obtain a negative [Regenera®®mactor] differential [...].

Referbackto Figure 25for typical instrumentation used to manage the steam bgfiep. 11] The

regenerater eact or di fferenti al pressure controller adjus
desireddifference between the regenerator pressure and the reactor pressure. When hydrocarbdineged is

from the FCCreactor UOPrepresentatives told the CSB that UQRrently recommends raising the reactor
pressur@pproximately2 psi above the regenerator presSUs@©P discusses these concepts in its werg

classroom training that it offers its clientdOP representativ@alsotold the CSB thaFCC operators should

take emergency actions if they cannot maintairré¢laetorsteam barrier when needed

Some ofHusky Superior Refinergmployees did not appear to be aware of using the reactor steam barrier as a
safeguard durigman FCC unit shutdown. In faeimployees told CSB investigators that the reason for injecting
steam into the FCC reactor during a shutdown was |
with oil. Operators, engineers, and managérs had worked on the FCC unit did not mention or appear to
understand the safety purpose of establishing and maintaining the reactor steam barrier to prevent the dangerous
mi xing of air and fl ammabl e hydr oc ar bmendationtGSkeepe e mp |l
the reactor pressure higher than the regenerator pressure with steam only after the diallysadter Husky

completed itsncident investigation

As an example of one refinery operator who did not appear to understand the concept of the reactor steam
barrier, a boardjualified operator described the initial steps used during the shutdown. The operator stated to
CSB investigatoosthéaéaoti afoer édblabBéinigser at the be

8 Negative 1.5 psigo umbahpsighighe thanthéregenemtarpressure. pr e s s
' f the differential pressure is outside of tchuddbe nmositoredu ment 6s r
individually.
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you can cut t hat back and then, at t hat point, | 6m
going in.o

Below areHusky Superior Refinefys 0 p procadure stegs that instructed operators to adjust steam flows
into the reactor during the FCC unit shutdown:

T AnBIl ast Ri ser with steam a few times to drive ca
1T ARai se Reactor Strippi ng tsenhleaekno 100dpoungextiowhum f or 1
f ACut Steam to the Riseperhboup) adomini mum (1000 [ pou

In addition to specifying constant steam flow rat#issky Superior Refined shutdown procedur@struced

the board operator to set the regeneratorspreshigher than the reactor and main column presshees

opposite of what the UOP guidance prescribégure 26is an excerpt from the shutdown pedcre used on

the day of the inciden®.he highlighted sections are the only places that mention pressure relationships between
the regenerator, reactor, and main column in the shutdown procedure.

3. Cut Steam to Riser to 85% open, keep Main Column Receiver Pressure 1 pound lower
than the Regenerator pressure.

4. After 15 minutes of catalyst circulation with steam, close the Regenerated Slide Valve,
put on manual control, take Slide Valve off hydraulic control, put on hand-wheel, and
close valve.

NOTE: WHEN DOING # 5, AL WAYS KEEP THE REGENERATOR PRESSURE A COUPLE POUNDS
HIGHER THAN THE REACTOR PRESSURE. YOU MAY HAVE TO HAVE SOME CATALYST
IN THE REACTOR STRIPPER TO HOLD A SEAL ACROSS THE SPENT SLIDE VALVE. A
SHARP TEMPERATURE RISE {N THE REACTOR WILL INDICATE A REVERSAL.

5. Close Spent Slide Valve, put it on manual if you haven't already done so.

Figure26. Excerpt from the shutdown procedure used on the day of the incident. (Credit:
Husky Superior Refinewith annotationsby CSB)

Figure 27 illustrates the pressure instrants available to the board operators: pressure instruments at the
regenerator and at the main coluowerheadeceiver, and a differential pressure instrument that measured the
pressure difference between the regenerator and the reactor.
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Flue Gas

Regenerator-Reactor

Differential Pressure
_____ - Main Column Overhead
Receiver Pressure

Flue GasValve

Regenerator e
Pressure

Main Column
Overhead
Receiver

Reactor

Air Blower

Regenerator

Figure27. Husky Superior Refinely@ressure instruments on the reactor, regenerator, and
main column systemgCredit: CSB)

Husky Superior Refinetys FCC wunit normally operated with a higl
during its contimous, steadgtate operation. The original instrument data sheets from 1961 specified a
regeneratereactor differential pressure instrument that did not read negative ranges; that is, the indicator would
display zero if the regenerator pressure was |dkgr the reactqoressuréThi s i nstrumentds r a
unchanged from 1961 to 2018. The instruments did not functionally change over the life of themdking

refinery did not add new pressure instrumentation around the reactor and theategene

4.1.1.2 Analysis

The reactor steam barrier is created by increasingthee am f |l ow t o the reactor so
pressures kepthigher than the pressures inside both the regenerator and main column. Thetdghere

steam inside the reactor should ensure that the air and hydrocarbon systems do not mix within the FCC unit;
however, the refineryds apgoftbetindidemt mstrpctedticedbahrd operatarsoe d o n
Aimai ntain the regenerator at a higher pressure thar
guidance. In addition, thehutdowrnpr ocedur e sai d to fAkeeplpdandlowelCol umn
than t he r eg eFolewingthese inspucters setithegefiriery on a path towards disaster. Instead

of separating the air and hydrocarbon equipment usi
shutdownproceduredirededair from the regenerator into the main column and the gas concentration unit
equipment filled with flammable hydrocarbons.

Figure 28 compares the steam and aovil directions throughusky Superior Refinefy seactor and

regeneratoas they weren the day of thancident (left) anl as they would have been hadteam barrier been
establ i shed p éight).bh@P léfsimagey stedm floflack arrows)s confined to the reactor

and downstream equipment, because the pressure inside the regenerator is too high for steam to enter it. In the

aUOPrepresentatives told the C$BatUOPhad beenecifying its reactoregenerator differential pressure instruments to read down
to -5 psi forat leastthe past 15 yeaysrior to the incident

Dur i ng the revamp project in 1994, the refinery upgraded the
(ADCSY). The project included instrumentation upgrades to meet the specificatitthresnew contrasystem A Husky Superior
Refinery employeedold the CSB that the new instrumentation calibration and range information was likely copied from the original
design datasheeffhe i nstrument ranges at the time of the incident mat
instrument data sheets in 1960.
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right image theair (turquoise arrowsjs confined to the regenerator, because the speassure inside the
reacta is too high for air to enter. As a result, when there is a reactor steam barrier, thpressame directs

the air inside the regenerator towards the atmosphere through the flue gas system.

UOP-recommended flow directions

Actual flow directions on day of incident

_—Te Main Column
o

//Reactor

Higher pressure than
Regenerator and
Main Column

-To Main Column
______.-""
_-‘f

//Reactor
4 psi

N

-

|~ Flue Gas | |~ Flue Gas

5 Stpam F 4 Steam

. ~Regenerator
b

_~Regenerator

I 13 psi

1)

Spent Catalyst

Spent Catalyst
Slide Valve

Slide Valve

? iT/IV Air from Blower

Regenerated Catalyst Regenerated Catalyst
slide valve

?/J/Slide Valve
|

Air from Blower

Figure28. Comparison of flow directions through the reactor and regenerator
without the steam barrier (left) and with the steam barrier (right). (Credit: CSB)
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According to industry FCC experts, the reactor steam barrier is the

KEY LESSON most important FCC unit safeguard to prevent a catastrophic explosion
During FCC unit transient during transient operatid68]; however this safeguard was missy
operations, which include entirely fromHusky Superior Refinefys i nst i t utand nal Kt
startup, standby, anghutdowns, ~ operatingorocedures
the reactor should be the point ) ) ) )
. . Based orthe1960manualand discussions with UORpresentatives
of highest pressure in the systen . :
S _ and other industry FCC experthereactorsteam barrier appeared to
until it is isolated from the main A
_ have been part of UOP&6s technol ogy
cglumn to prevent mad-vc_artent theSuperior Refiner§y s F CC desighdd in wok®Glowever,
air and hydrocarbon mixing. critical safety information it O P #960and 2016nanuas, which
Operators should understand were bothin Husky Superior Refingd s p o s wae osréflected
how to manage pressures and inther e f i w©uerenyopesating procedures.
flows to avoid entering exploge
process conditions. The CSB concludes thibtusky Superior Refiney ECC unit
shutdown procedure contradicted UO
instructing refinery personnel to operate the regeoeedta higher pressure than both the reactor and the main
column. Following this procedure directed air into the hydrocafitled main column and downstream
equipment, creating an explosive atmosphere within the equipmenHuiskg Superior Refinergligned its
shutdown procedure with UOPOG6s guidelines or industrtr

instructed operations personnel to keep the air and hydrocarbon systems separate using a reactor steam barrier,
which could have prevented thecident

Establishing and maintaining an effectreactorsteam barrier safeguara shutdownan FCC unit safely

requiresa certain minimurevel ofinstrumentation tallow operators to closelyonitorand controthe

pressure inside the reacttre regyeneratarand the main columfiFigure 29).2 Many FCC units have a

differential pressure instrument that measures the difference between the reactor and regenerator pressures, but
this instrument is not required if the operators campare independent pressure measurements for both vessels.

aFor the steam barrier to be effective, the pressure inside the reactor must also be higher than thexgickssueeniain column.
Typically, the FCC unitdéds main column pressure contr evr e
industry experts recommend monitoring t he vpntpotenialhydrocarbera r
insidethe main column from backflowing into the reactor, as was the case201ib@orrance refinery FCC incideft5, 68]
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————— ﬂ Main Column Overhead

Reactor Pressure .
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Figure29. Missing steam barrier instrumentation Blusky Superior Refiner{Credit: CSB)

Husky Superior Refinelys FCC uni t narmaly operasevitlytineaedpnetator pressure higher than
the reactor pressure, and thee f i wliferemtiél pressure instrument was not configured to measure or display
thenegative numbenseeded to establish and maintain the steam bauiérg a shutdownThe original UOP
project files specified an independent pressure transmitter for the regenerator, but not for theVahotaran
independent reactor pressure instrument, and with a regereyattor differential pressure instrument that did
not measure values lower thaeropsi, the original plant design did not allow for operatorssiablish a proper
reactor steam barrier as UOP described in its General Operating MEmgahstrumentation deficiency was
never identified and corrected before the April 2018 expiodihe CSB concludes that O P 6ériginal design

for Husky Superior Refinety s  F Clackad a imihimuntevel of instrumentation to shut down its FCC unit
safely using a reactor steam barrier as a safeguard.

In apostincidentdiscussiorin 202Q UOPrepresentativewld the CSB thaboth the reactor and the regenerator
pressuraneasurementareviewable fromthe consolén U O P dusrentFCC unitdesigns In addition, UOP
representativestated thaUOP has been specifying regenerateactor differerial pressure instruments that
shouldmeasuralown to-5 psi for at least the past 15 years.

BecausaHusky Superior Refinerliad developed its own practice for shutting datsr-CC unitthat did not
include thereactorsteam barrierthe sitelikely nevertried to maintainthe reactor with a higher pressure than
the regenerataituring a shutdowAHadHusky Superior Refineridentified the need to incorporate the reactor
steam barrier into its operating procedures, the gaps in instrumersiadioldl have become appardmtcausé
would not have been possible to set the regeneraaator differential pressure to a negative valleemeet its
minimuminstrumentation needs, the refinery could helvengedhe existing differential instrumeist
configurationor added a separate pressure instrument for the reactor.

HadHusky Superior Refinerincorporated the reactor steam barrier safeguard into its operating procedures
sometime betweethe original commissioning around 1960 and the incideB018 it likely would have
equi pped the FCC wunit with the critical pressure ir

aThe Husky Superior Refinery did n@itainprocess data fronrevious shutdowngherefore, the CSB could not make comparisons
with past shutdowns
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that air and hydrocarbon could not mix during a shutdown, and the April 2018 explosion could have been
prevented

Since this incidentthe Superior Refinery BECC rebuild project team plans to instadlditionalinstrumentation
to allow operators to establish and maintain a reactor steam piaeclading but not limited to the following:

1 anindependent reactor presstnansmitter

1 anew regeneratareactor differential pressure instrument that will measure from approximatpsi
to +7 psi

9 instrumentation to monitor the pressure of the main column and the reactor with an alarm; and

1 safety instrumented system to plabe reactor/regenerator in a negative regeneratmtor pressure
difference.

According tothe Superior Refiner§ s  u p d apg readc e290sl 9h a zZPalAdJtraimimgavlll glso besin (A
pl ace fAfor Operati ons t dfferential betivgen thelRegereratorg...]andthea oper |
Reactoro for transient scenari os.

In CSBRecommendatio201802-1-WI-R1, the CSBmakesa recommendation to Cenovus Superior Refinery
to demonstratéhat the newCC unitequipment, operating proceduresd amperator trainingncorporatehe
transient operation safeguards discussed in this rdpamtt (a) of this recommendatispecificallyaddressethe
implementation oaireactor steam barrier during transient operation.

4.1.2 Main Column Gas Purge

4.1.2.1 Factual Information

UOP andHusky Superior Refinefigequirements for Wet Gas @pressors

U O P 8046General Operating Manual describes the importance of purging gases into the flare system to
prevent air accumulation in the main column dustaytups and shutdowr3uring normaloperationthe wet
gascompressocontrolsthemainc o | u presgusby removinggasfrom the overheadeceiverandsendingt

to the gasconcentratiorunit. In its shutdownguidance UOP recommendshuttingdownthewet gas
compressorsarlyin theshutdownsequencandcontrollingthemainc o | u presgusisinga continualpurge
of non-condensablgassuchasfuel gas®

UOPbGs 2016 manual recommends g HUWMGtGownr) after deedvisrstofgpdddéo we t
the unit:

aNon-condensable gases are gases that do not change phase from vapor to liquid in the process. In this application, typical non
condensable gas sources include natwas) gitrogen, and vaporized LFLY5]. Steam is a condensable gas in the main column system
because it condenses to water when it passes through the main column overheaf86pplet8]
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When oil is bypassed, the gas production in the reactor will decrease very
rapidly? Sh u t down the wet gas compressor accord
instructions and block it in.

The1960manual was more specifebout when to shut down the wet gas compressor and how to control the
system pressure:

When both catalyst slide valves are shut, and the flue gas slide valve is on control,
the gas compressor can be shut down. Continue controlling reactor main column
pressire with the makeup gas from the fegbtem.

Husky Superior Refiney s F CWas aguipped witthree reciprocatingvet gascompressors configured in
parallel. The e f i shatdoywd mocedure did not specify when to shut deagh of thehree wet gas
compressors. In addition, it did not specify how to control the main column pressure during the shutdown. The
following Husky Superior Refinerghutdownprocedue step, after stopping feed to the reactor, states:

As gas make drops off, unload Gas CompmressTake one off the line when it
is no longer required. Shut it down and block it in.

UOPrepresentativemld CSB investigators that the wet gas compressor shutdown timasgnitspecific and
depenédon t he compr es s o reprasentat@scdnirmech that thexe are 0telP FCC units that

use reciprocating wet gas compressors, which they can run for longer into the shutdown because they are not
susceptible to surde.

UOP andHusky Superior Refineigequirements for Main Column Gas Purge

UOPO® s FEGCpeésigrs Includea natural gas or vaporized LPG connection to the main calomn
specificallyprovidepressure control and purgiegpabilityduring startups and shutdownRefer toFigure 30

for a simplified illustration of the main column gas purge. Adding a small streaatuilgas or other nen
condensable gas into the main column (oramga\g is typically a manual operator action. This ©ion
condensable gas allows a pressure control valve, typically on the main column overhead receiver outlet, to

8UOP does not define fAvery rapidl yldusky Superior Refire@mployees explainedthap r et e d
they perform many of the initial shutdown steps fAriromthe off t
reactor, such as increasing steam flow to the riser and shutting down wet gas compressors. Another employee estiesgeghthat th
other initial actions occur within approximately 15 minutes after feed is diverted.

® While most FCC units in indtry use centrifugal compressors, some older FCC units still use reciprocating wet gas conJi@ssors
29, p. 27] Reciprocating compressors are positive displacement type compressors with pistonsentrifikgal compressors, which
use impeller blade€ld 76, pp. 22, 29]Centrifugal compressors are more reliable than reciprocating compressors during normal
operation, but stable operation is limited at low flow satae to an aerodynamic condition known as s[#g&, 178] Extended
operation in surge can cause serious damage to a centrifugal comfrééspp. 69, 8B3]. In contrastreciprocating compressors do
not experience surges and are less likely to be adversely affected by changes in gas composition or excessiveglR08wAtpp.
10-44,1045, 176pp. 70,81 JUOPO6s 2016 Gener al Operating Manual states, AA ce

h

compressor] service. o0 Although the ol der manual doefesstonot expl
surgecodi tions in various instuagees cwimp hBethewmions a hantahual ieter. thie acader

to the manufacturero6s instoructions for operating the compress
¢ During normal operation, gases produced from the FCC regmibaide pressure into the main column, and a supplemental gas is not

needed.
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continually vent a small gas flow to the flare. In doing so, small amounts of air that magnienesl this
system are swept or otherwise purged out of tfhe sy

Main Column
Pressure Controller

Main Column Gas
Reactor Overhead WGC (off) Concentration
Receiver Unit

Flue Gas Relief System
Steam Natural Gas Water
(or other non-condensable gas)
Figure30. Gontinual gas purge at the main column during a typical FCC shutdesdOP
guidelines’ (Credit: CSB)

Figure 31 shows a more detailed depiction of the pressure control scheme that UOP recommends during
transient operation/apors from the reactor enter the main column and pass thtibegbndensers dhe top of
the columnDuring a typical FCC unit shutdown, thuaporflow mostly consistef steam, which condenses to
waterand comes out the bottom of the overheambivervessel Thesmall stream of natural gas injected into
the main column does nabrdenseThis norcondensable gas exits the system through the pressure control
valve, along with other nogondensablgases such as oxygen and nitragen

a8UOPrepresentativemld CSB investigators that this pressure control valve is typically sized for finer control of small gas rates during
startups and shutdowns.
P WGC standgor wet gas compressor.
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Main Column
Overhead Condensers

Main Column
Pressure Controller

? % > Relief System
y

______ A

Main Column
—————— Overhead Receiver

Main —
Natural gas—— Column

Liquid water
______ (Condensed steam)

From
Reactor

Figure31. Typical main column pressure control scheme with the wet gas
compressors shut down. (Credit: CSB)

In its 2016 General Operating Manual, UOP desdrhe intent of the fuel gas injection in the startup
procedure section (emphasis in original):

NOTE: Fuel gas injection [...] should be enough that the pressure titbersomi

the main column receiver will automatically keep the overpressure control valve
to the flare open a small amount {5%) at all times. This will ensure that any

air that might still remain in the system will be purged out to the flare.

In addition,Husky Superior Refinedy $960manual included these additional notes in the corresponding step:

Also, the air from the aeration poifitm the reactor will be carried by the steam

in the reactor into the main column and into the [overhead] receivbis Hir is

not purged out, the concentration of oxygen can build up in the receiver to a high
level. (Some units use dry nitrogen or fuel gas instead of air in these aeration
points so as not to introduce air into the reactor.)

In its shutdown sectiorjusky Superior Refinefy eriginalma n u a | included the guidel|
main column and contr ol pressure with [the controll
compressor can be shut down. Continue controlling reactorenhimn pressure with the makeup gas from the

8FCC units typicallyrequire aeration points in tinestandpipeso optimize catalyst circulatiorandaeration ininstrument purge points to
measure pressurear the slide valvgd84, pp.420, 423424].
bHuskySuperiorRefinefys FCC unit used asr to purge the instrument
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fuel system. o0 This guidance is also mentioned in t1l
column] if needed to maintain main column pressure
Husky SuperioRefinerd s s hut down procedure did not include i n:
col umn. Furthermore, this was the first turnaround

entirely into the flaresystem In previous shutdown#heyhadsteaned out the equipment to the atmosphere
instead of into the flare system.

Husky Superior Refinelys FCC wunit was equi pped t o aptartupgoea ai r f r
shutdown For example, this could have been done by routimgadl stream of process gas from the sponge
absorberdos outl et piping imdfoi FEOepedmsariraining manualmn. AcC C

How can pressure be maintained on the Main Column when oil is out of the riser
and we want to keep the Ma@olumn [in] standby condition with a Wet Gas
Compressor in service?

Crack open th2-inch] gas line from the High Pressure header at the outlet of
the Sponge Absorber Pressure control valve into the Sponge oil return line to the
Main Column. Adjust as neled to maintain pressure.

Figure32i | l ustrates the setup for contr olderithegOt he mai n
guidelines The green arrowsepresenthe sponge opiping to and from the main colummhich circulates

liquid during normal operatiorThe blue dotted linendicates piping for routing process gas into the main

column. Ths piping is typicallyisolated or otherwise removed fragarvice during normal operation.

Primary Absorber Process Gas

|
4[T|—> Relief System

Main Column

QOverhead Condensers
‘Wet Gas Compressors Y
1P

Main Column

o p—

Sponge Absorber

Main Column L———

Overhead Receiver 5

D

High Pressure
From | " Receiver Gas from
Reactor Downstream Process Gas header
NS Columnsand | (normally closed valve)

Processes

Figure32. Process gas routing to the main columrHatsky Superior RefigQa C/ / dzy Ald @ 6/ NB

aHusky Superior Refinergy hanged the way it vented its equipment due to EPAD
in 2015 with amendments due to be finalized later in 2018 at the time of the irfd¢idejt
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Only the startup procedure referred to the use of this piping, in the following step:

Open gas line from the Sponge Absorber to the Main Column a couple of [valve]
turns with gas compressor running which will give us a congtassure on the
Receiver.

Neither the refineryds startup nor its shutdown pr ¢
column into the flare system.

Operators shutting down the FCC unit on the day of the incident did not talk abtotlicgnthe main
columnds pressur e uppingnimfact dperatasspvotimegmnge dil Fetumiping notran

an aid, but as an i mpedi ment Oneoperatordesaoibed their thoughh e ma i

process:
Oncete | iquid [in the sponge absorber] és gone,
[psil of pressure going back into the main col
Il i ke 3, 4 5 pounds of pressur e. And we <cou!
mess with the compressoreth s pi | | back, trying to get it,
wasnot wor ki ng. And then after a while of, I
hour , about that much, we were |ike, iAWait
empty, that pressursedd had mion@nltaec kve Icé to& e dc li
was | i ke, oh, everythingés flatlined, | ook s

Husky Superior Refinergersonnel told the CSB that they have typically controlled the main column pressure
with one wet gas compressor at minimum rates until they are ready to isolate the columinlinitifa metal
plate) One employee described the typical shutdown practice in further detail:

Hi storically, webdbve always kept the gas comp
from the uni t . No w, naturally, y ou know, y
compressor just barely off and pn].

[W]ith the flaring regulations and everything, you try to minimize any flaring

youdo.SdéJas youdre gassing off, as you shut do
bump that gastoits normal rodtejunt i | you get to a certain poi
steameff forawhile[...]j ust bef or el[..)potthéspestacteblinchg t o

in. Then the gas compressors would be shut off@ndyou [...]woul dnét need

them anymore.

[.]

We were getting close to the point where we were going to be shutting the
blowers off, shutting off thethe gas compressors. And then, you know,
continuing on with the shutdown process of, you know, getting ready to put the
blind in.
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Operators continued to run one of the threegastcompressors at a minimum rate well pasexipéosion at
approximately 10:00 a.m., until they shut it down during the unit evacuation.

4.1.2.2 Analysis

Main Column Gas Purge

The regenerator normally operates with a continual supply of air during normal FCC operation, and air is used
to cool down the regenagor as part of the normal shutdown process. According to available induitance

many FCC units implement safeguards to limit air accumulation in the main column overhead system during
transient operation. A typical method is to purge the main aolith a noncondensable gas, such as natural

gas or nitrogeffi30, p. 13]

Both versions of the UOP General Operating Manuglusky Superior Refinefys p o srefez t9 purgingn

the main column with fuel gas during dtaos andshutdowns. Oneource of available necondensablgasthat

the refinery could have used was the process gas from the sponge abimkeSuperior Refinedy s

procedure and operator training matecialed for usinghis process gas source for controlling pressure in the

main column overhead receiver only during startups. The shutdown procedure did not contain steps to purge air
from the main column using this n@ondensable gas sourde.addition,Husky Superior Bfineryd s o per at i n
procedures and training documents lacked information about the askwahulatingair within the main

columnand its interconnected equipmeiuiring an FCC unit shutdown.

UOPOGs Gener al Operating Manu agas compessorseanydnaheg shetthowrt t i n ¢
sequence and controlling the system pressurestablishing anain column gas purge. The purge gas would

exit the system from the main coluromverhead ecei ver i nto the refinereyds re
flare.Husky Superior Refinely nst ead used its wet gas compressor to
the shutdownBecausehe wet gas compresscontinuallydirected theeontents othe main column overhead

receiver into the gas concentratiomit, the pressure control valve on the main column overheazaver

remainecclosed andlid not vent gases into the flare systémdoing so, the wet gas compressor operation
inadvertentlymoved theair from the main column intthe gas concentratiomit, leadingto the explosion.

The CSB concludes thatusky Superior Refineriiad the ability to purge air out of its main column during a
shutdown to prevent oxygen accumulation inside the FCC unit, but the refinery had not incorporated this
safeguard irg its operating procedures or its operator training programHdally Superior Refinery

established a necondensable gas purge of the main column during the FCC unit shutdown, as recommended
by UOP, theoxygencould have been swept out of the systemygméng the explosian

Postincident,CenovusSuperior Refinerplans to add a natural gasasrequivalent stream routed to the main
column to control the pressure during transient operation and ufdaperating procedures accordingly part
of the FCC unit rebuild project

In CSBRecommendatio201802-1-WI-R1, the CSB makes a recommendatioenovus Superior Refinery

to demonstrate that the new FCC unit equipment, operating procedures, and operator training incorporate the
transient operation safeguards discussed in this reportbPafithis recommendation specifically addresses the
implementation of anain column gas purg#uring transient operation.
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Oxygen Monitoring

In the hours leading up to the explosidrere were a few process indicators thatgenwas accumulating
within the FCC unit equipment; howeveétyusky Superior Refinergperators were not equipped to recognize
and monitor foroxygenwithin thar process

When the boiler operator reported problems with excess oXymérs supervisor prior to 8:30 a.on the

morning of the incidenthe FCC unit had already begun shuttilegvnd with the regenerator operating at a

higher pressure than the reactor and the main colkigarg 15). Process gas from the FCC unit was routed to
the refinery process gas system via the sponge abs&iperg 13 andFigure 14), andprocess trend data
showedhat the sponge absorber pressure comtilvle was open during part of that timEhe CSB is not aware

of other process abnormalities at the refinery on the morning of the in@déime FCC unit activities were

likely causing the oxygen fluctuations in the process gas sy&iéemv en t he compl exity of
interconneatd utility systems, employees may not immediately recognize that an anomaly in one process unit
could be related to a potentially hazardous event in another unit in a different operatinigeu@saB

concludes thabnthe morning of the incidentusky Superior Refinerglid not recognize the elevated oxygen
readings in the boiler flue gas as a potential indicatiamxgfienentering theefinery process gas systérom

the FCC unit as it was shutting down

About an hour before the explosion, when operators began to slowly

KEY LESSON depressure the system from dd&nizer vent downstreanmeisponge
During transient operation for absorber 6s pr echsdWwibthigccontrdivaheel v al ve
any process involving flammable closed, air would no longer be exiting the sponge absorber into the
materials, operators need to refinery process gas systeét this point, he refinery process gas
understand how air (or oxygen)  Systemlikely stoppedhaving fluctuating oxygen concentratiomsile
could enter and accumulate oxygencontinued to accumulate in the gas concentrationwittibut

inside equipment, and how affecting the rest of the refinesystems

oxygen should be purged out of
the system to prevent the
development of dlammable

Husky Superior Refinerglid not have a means to detect the presence
of oxygen in its equipment during the FCC unit shutdddaeme
refineries measure the oxygen concentration at or near the main
mixture. The effectiveness of a2 ¢ojumnoverheadeceiver during"CC unittransient operation to

purge should be verified by ensure that dangerolevels ofoxygenare not accumulating $idethe
engineering calculations or direc  systenf Based on industry discussions, many refineries do not test for
measurements of oxygen oxygen inside the main column overhead system, while others have
content insidethe equipment. mandatory testing requirements. The industry does not appear to have

data for how many refineries measure the oxygen content, but the CSB
is aware that it is not yet a widespread safety praf@itle

Furthermore, not all FCC technology licensors currently recommend oxygen andly2€x21 anl 2022 the
American Fuel and P AFPMo hssodiatioli Kmadeuassacation thae repseseftsifuel and
petrochemical manufacturers in the United Stdtested multiple online webinars and issued good practice

aTypically, some excessxygenin the flue gass required to ensugropercombustiorof thefuel in boilers, but too much excess
oxygencould lowert he boi | efl88s ef fi ciency

b Operators can reduce high oxygen rates by changing the purge bbsitenaking other operational adjustments.
¢ AFPM is a trade association that represents fuel and petrochemical manufacturers in the UnitéudtStatesw.afpm.org
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guidancedocuments that reed awareness around methods for calculating purge requirements and measuring
the oxygen concentration in the main column overhead sydtieimg FCC unittransient operatiorisWhile

there is currently no industgccepted limit and each company is exeéddo setts own process limits, many

sites target less than two percent oxygen in the main cabwenheadeceivergas whether that is a calculated

or a measured value.

The CSB concludes that hatdisky Superior Refinerlgad the ability tononitorthe oxygen concentration in the

main column and established a safe operating limit for oxygen, operators could have identified the dangerous
oxygen levels accumulating inside the process equipment and taken the predetermined actions needdd to preve
the incident

Postincident,CenovusSuperior Refinerplans to install an oxygen analyzer at the main column receiver to
detect potentiabxygenaccumulation in the main column overhead system.

In CSBRecommendatio201802-1-WI-R1, the CSB makes acemmendation to Cenovus Superior Refinery

to demonstrate that the new FCC unit equipment, operating procedures, and operator training incorporate the
transient operation safeguards discussed in this report. Part (c) of this recommendation specifiealigsatioy
implementation of oxygen monitoring during transient operation.

Wet Gas Compressor Operation

Husky Superior Refinergmployees expressed to the CSB that they wanted to minimize flare activity while
shutting down the FCC unit to comply wighvironmentalregulations limiting allowable flaring activitydusky
Superior Refinenhadbeen accustomed running the wet gas compressors for as long as possible during the
shutdown, avoiding the need to rogtses from the main column to the flare. Whilis tlecisiorikely resulted

in less flaring, iultimatelyroutedoxygento the gas concentration unit, creating a dangerous explosive
atmosphere inside equipment.

One regulation that affectdlring atfacilities such aglusky Superior Refineriook effectin 1990, when the
EPArevised and expandede Clean Air Acto implement and enforce regulations reducing air pollutant
emissiong71, p. 2] ManyU.S.refineries faced challenges complying withgtreegulations and had to reach
individual settlements, callecbnsentdecrees, with the EPAAccording to the EPA:

Since March 2000, EPA entered into 37 settlements with U.S. companies that

refine over 95 percent of the Nationbds pet
settlenents cover 112 refineries in 32 states and territories, and on full

implementation will result in annual emissions reductions of more than 95,000

tons of nitrogen oxides and more than 260,000 tons of sulfur digxifi& P A 6 s

investigations focused ondhour most significant Clean Air Act compliance

challenges for this industry and the emissions units that are the source of most of

its pollution[72].

aWebinars tha\FPM hosted includ@ FCC St artup, Shutdown and i OxtygemMobitwrighio miFIC&r i ng |
NonrRoutine Operati omsndStidrcdhy FCoiDpahdetstsdt AF®@MVapuliishen IndefiProcess Safety
Bulletin: Flammable Nkture Accumulation in FCC Unitduring Nonrroutine Operatiors and fA 02 Moni tori-ng in F
Nor mal Operations. 0
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In 2010,Murphy Oil entered a Consent Decree with the EPA, the LouiSlapartment of Environmental
Quality, and the State of Wisconsin to resaleenpliance challenges the Clean Air Act at its petroleum
refineries in Meraux,-ouisianaand SuperiofWisconsin[73]. The consent decree documeasdribes how
Mur phy Oi I should follow the EPAGs Good Air Polluti

Murphy shall at all times and to the extent practicable, including during periods
of Startup, Shutdown, and/or Malfunction, implement good air pollution control
pracices to minimize emissions from its Flaring Devices as required by 40
C.F.R. 8 60.11(d)74, p. 36]

Many refineries, likeHusky Superior Refineryare typically expected to minimize flaring both during
shutdownsandstartp s t o comply with EPA®&s good A&Howevgr,ol | uti or
refineriesalsoneed to find ways to abide by their environmental agreements without jeopardizing the process
safety of their units, as flare systems jienarily designed as safety devicessemtprocess equipmesafely
andhelppreventcatastrophic incident:he r egul ati on all ows for fAminimizi
eliminating themUltimately, each refinery needs to evaludgewn units for envionmental and process safety
considerationsbaseddau ni t sd equi pment and THelC@Brcenclwlgsshbluskp conf i ¢
Superior Refine s approach to minimize flaring |ikely cont |
operation durg the shutdown, which directedtygenfrom the main column into the gas concentration unit

containing flammable hydrocarbon, creating the dangerous conditions that enabled this explosion

U O P @eseral operatinghanua$ werewritten mainly for FCC units
with centrifugal wet gas compressors, which could not operate well | KEY LESSON
low flow rates. Sincélusky Superior Refinelys we t prgssoss ( During FCC unit shutdowns,
were reciprocating compressors, they could continue operating at la facilities should asseské timing
rates through the shutdowrhhe CSB concludes thetusky Superior of shutting down the wet gas
Refinerydid not identify or control the potential explosion hazard frot compressor to minimize or
accumulating air within the ga®ncentration unit containing otherwise prevent sending air
flammable hydrocarbon when its reciprocating wet gas compressors

) . i ) into the gas concentration unit.
operate for extended periods during transient operation

Most FCC units have centrifugal

According toCenovusSuperior Refinerythe new version of its FCC compressors, which are typically

unitds shut down ctpperatoretashut downihie et Shut down earlier due to surge
gas compresssearlier inthe processhowever, the operating concerns; however, reciprocatin
procedures are not yet finalizékthe CSB make€SB compressors can operate at low
RecommendatioB01802-1-WI-R2 to Cenovus Superior Refinery to = rates for prolonged periods.
incorporate wet gas shutdown timiggidanceanto all FCC unit
shutdown procedures and operator training material.

The refining industry is moving towardsinimizing flaring, especiallyduring FCC unittransient operations.

AFl areless startup is far more common today than it
AFPM FCC transient operationgebinar. During the 2021 AFPM Summit, a speaker from UOP presented a talk
titled, AFCC: Ré&l airred etslse SDwrrdatuipon and Magnitude of

@The good air pollution control practices are referencei@.F.R.§ 60.11(d)and40 C.F.R.§ 63.6(e)
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Though the tal k f oc udanahertype ohtransientdperatiomany®fshe bazaads t u p
also apply to a shutdown. The talk included discussions on purging the main edathrfurel gas, venting
entrained oxygen to the flare, main column overhead pressure control, and wet gas compressobagheration
same considerations that are needed for safely shutting down an FCThar@SB concludes th#terefining
industry shouldaddress both shutdowns and startups in FCC unit flare minimization discussfoss by
identifying and providing the controls needed to prevent explosions Wetwsingeffortson minimizing the
environmental impact of these operations

4.1.3 Catalyst Slide Valves

4.1.3.1 Factual Information
Accor di n g20166Geneth0pérating Manual, catalyst slide valves have two purposes:

1. control catalyst flow between the reactor and regenerator during normatiogeaind
2. stop catalyst circulation when needed.

In a discussion with the CSBIOP representativealso commented thaluring a shutdowrthe main purpose of
closing catalyst slide valves is to minimize the steam flow into the regenerator.

4.1.3.1.1 Husky Superior Refineryd s Sl i de Valve Standard

Superior Refinergeveloped its own FCC unit slide valeagineering standayd documentittedA FCCU Sl i de
Valvesoin 2016.Husky Superior Refineriold the CSB thathestandardwhichc ont ai ned fimandat o
requirementgoverning the design, fabrication, inspection, and testing of new slide valves for Fluid Catalytic
Cracking Unitowas based on UOMRdesgineepng standamsoraferéncedCalumet

Engineering Practiceg\merican Society dle c ha ni c a | ASME® jiodes andmeridari Society of
Testing anASTMbddpecificatmiss ( A

Husky Superior Refinetys s | i d e desdribee thesspeatardl aegederated slide valves to be in
Aithrottling and Iedigoed foiconmplets shotfv i c @ £Itafelagoud .rdail t hat @
components subject to erosion due to direct impingemergaby, turbulence, or any other source shall be

provided with erosioprotection suitable for the design life at the designcamitio | n addi ti on, #
mi ni mum corrosion/ erosion all owance shal/l be 1/ 8 i
opening across which the disc slides).

a8 ASTM International, formerly known as the American Society for Testing and Materials, is an international standardsionghaizat
develops and publ®s voluntary consensus standdidS].
®The refi neryds engineering standard also referreduvedrtioal icl ear an

clearances between the disc and the guides and orifice plate (hotami collc cor di ng t o t hi s ledance onment , i
these clearances shall be +0.010 incf0t0 inch 0
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4.1.3.1.2 Slide Valve Use During the Shutdown

When the CSB askddusky Superior Refinergmployees how they kept the air inside the regenerator separate
from the hydrocarbon in the main column during an FCC unit shutdeaahpf them responded with slide

valves or catalyst | evels. One o0pervetusthavesthisspeati ne d,
slide valve and the regen slide valve shut. So itod:c
s t a Bdverabother employeghhomthe CSB interviewed, from FCC operators to semanagerstold the

CSBthatt | osing sl ide valves for med areverdethiaffomn Howingifrene al 0 ¢

the regenerator into the reactor.

In preparation for closing the spent catalyst slide vahesky Superior Refineys s hut down proced
iYw may have to have some catalyst in the reactor s
Husky Superior Refinergmployee explained that he would typically look at the differential pressures across the
slide valves apdpesstuirget hgbuinkhewdr iex plhacogmherde, afn yt
spent, for instance, the differential pressigranportant. It takes into account your reactor pressure plus your
catalysthead,..]Jand anything positiere twoan dt hree arne gyeoruedrr aet diri gy
instrumentation was not configured to measure negative differential pressures and could not report any

differential pressure less than zero.

On the morning of the incident, the spent catalyst slide valve differpnéisgure instrument displayed readings
ranging from 0 to 7.8 psi. In thehours and®0 minutes from the beginning of the shutdown until the explosion,
the differential pressure across the spent catalyst slide valv@ faaabout 34 percent of the time.

Operators told the CSB that the instrument air and differential pressure instruntebéehanostly reliable

during normal operation; however, it was normal to lose readings on the spent catalyst slide valve differential
pressure during a shutdownl t 6 s been my experience over the years
thath i nhuat down [ é] wusually the differential in the sp
have a hard time reestablishing it until we get sor
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4.1.3.1.3 History of Known Slide Valve Erosion

Superior Refinerynanagemernttad planned to replace the spent catalyst slide valve with its spare in the 2018
turnaround. The refinery owned several spare spent catalyst slide valvesitwdpetiredoetween turnarounds
and replaced during each turnaround every five ydaestosomeexpected erosion damage

After the incident, in July 2018, the CSB coordinated with the refinery to inspect the value lefore

sending it to a thirgbarty laboratory for further examination. Before dismantling piping to extract the valve, the
investigation teamkada probewith a cameransertednto the spent catalyst standpipe to look at the slide valve
from above. There was only a thin layer of debris remaining on top of the slide Migluse(33).

Figure33. Spent catalyst slide valve-gitu. (CreditHusky Superior Refinewith annotations by CSB)

Laboratory testing included natestructive and destructive materials evaluation, including chemical analysis.

Figure 34 shows the extent of erosion damage found on the upstream side of the slide valve. According to the

| aboratory report, visual examination indicated t he
showing. 0o

dSuperi or Ref itypealysidusdowri@ @quipnment inspectiorance every two to three years until the early 2000s.
Beginning in 2003, the FCC unit turnarourmtsurred once eveffive years. Sedppendix B for a historical timeline.
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Figure34. Spent catalyst slide valwgew of the upstream sidéCredit: CSB)

Husky Superior Refinergmployees recalled that the spent catalyst slide (8@&V)had a history of similar

erosion wear in past turnarounds. In its own investigation report of tigei€idlent,Husky Superior Refinery
concluded that AThe SCSV removed during the 2013 F(
erosion as the SCSYV FigureB®d aplotbgrapmof thelspest catalyst slidk gailve as 0

found during the 2013 turnaround.

aThe CSB noted that refractory was missing from the slide valve when it was removed in 2018 and had likely not beeaririballed
valve during the 2013 turnaround. Because the extent of damage was sirhitréported from previous turnaroundsis report does
not furtherdiscusshis finding.

86




Investigation Report

Figure35. Spent catalyst slide valve as found in the 2013 turnaround. (Ckéatitky Superior Refinry

The2012 ur naround slide valve inspection report docume
condition.o In addition, the A[s]pent valve orifice
the orifice, approximately 85 percent oéth met al and hard facing in this ar

A refinery employee told the CSB that they did not notice adverse impacts of erosion on the slide valve control
during normal operation. Accordi ng stiutionahntemarythate ws , 't
all catalyst in the standpipe was inadvertently lost during a shutddwsaky Superior Refinerglid notretain

process data from previous shutdowns to confirm this history.

Uponcompletingits postincident inspection 2018 OSHA citedHusky Superior Refinerforin [ d ] ur i ng t h
2008 and 2013 turnarounds, where inspection findings by outside contractor on treatgest slide valve

showed erosion, the employer did not ensure generally accepted good engineering practices before placing the
spent catalyst slide valve back in service.o

4.1.3.1.4 Layer of Protection Analysis

Husky Superior Refinerlgegan to require Layer &frotection Analysisfl.OPA0) starting in 2010. LOPA uses
a semiquantitative,risko ased approach to analyze the dhfppetivene
2].
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Husky Superior Refinergonducted a LOPAIN206 as part of ?THeeOPASGWyrepari t 6 s P
explained:

The LOPA study was conducted in order to ensure adequate Independent
Protection Layers (IPLs) have been specified in the equipment design, and to
determine the Safety Integrity Level (Sllrequirements of any Safety
Instrumented Functions (SIFs) that may be required to reduce process risk to a
tolerable level.

The CalumetLOPA procedure thdtlusky Superior Refinerysedfor this 2016 studyecommended initiating
event frequencies and kiseduction credits for independent protection layi3L(Gs). According to the
guidanceanyIPL tied to human interventiowasassumed to fail at least p@rcentof the time.In addition, the
procedure provided the following guidance éperator intervention using standard operating procedures:

If an operator action is the initiating cause, no IPL should be assigned to any
operator action that solely relies on the same operator to recognize the problem
and quickly correct it. [...] In altases, the operator must have sufficient time to
recognize the problem, determine the solution, and take action.

The 2016 study team performadl OPA oneach ofthe PHA scenarios that they qualitatively ranksdaving

the most severe consequenddissky Superior Refinerylefined an FCQeverse flow (reversaihcident to

potentially cause lost time injuries, evacuations, and equipment dé@agrers500000 ands5 million, or an

extended plant shutdown, makingiiss i g ni f iconsquéncedut ofthe d26 scenarios that the LOPA

team studied, initiated by events such as equipment malfunction and human error, the team identified 39
scenarios that could cause fiupset of pressure diffe
opeition. None of these reverse flow scenarios covered startup or shutdown opéhtiensf these reverse

flow scenarios only listed theOPSas an IPL{automated closing of the slide valves below a certain slide valve
differential pressure valyasdiscussed in Sectidh4.2), with operator responses to slide valve differential

pressure alarms as additional safeguards.

Regarding the adequacy of its IPLs, tH@RA team reported,

When existing IPLs were insufficient, a recommendation was typically suggested
by the team as a possible course of action to improve an existing safeguard to

aThe 2016 PHA is further described later in this report (Seétidr3.

b Definitions of IPL, SIF, and SIL from the CCPS glossHi§3]:
Independent Protection Layer (IPL): A device, system, or action that is capable of preventing a scenario from proceeding to the
undesired consequence without being adversely affected by the initiating event or the action of any other protectsoclajeat as
with the scenatrio.
Note: Thee are specific functional criteria for protection layers that are designafiedlapendend A protection layer meets the
requirements of being an IPL when it is designed and managed to achieve the following seven core attributes: Independent;
Functionaj Integrity; Reliable; Validated, Maintained and Audited; Access Security; and Management of QiT&jge
Safety Instrumented Functions (SIF):A system composed of servers, logic servers, and final control elements forghsepof
taking the process to a safe state when predetermined conditions are yidated
Safety Integrity Level (SIL): Discrete level (one out of four) allocated to the SIF [Safety Instrumented Functions] for specifying
the safety integrity requirements to be achieved by the SIS [Safety Instrumented $386dm]

©Husky Superior RefinerPHA teams did identify some other transient operation scenarios, further discussed in4Sg&ibr2
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qualify as an IPL, or to add new devices, instrumentation, or administrative
controls that could qualify as an IPL.

For 33 of the fAreverse fl ow0 scensggstemasanl|PLwlheecare t he |
made the following recommendation:

In the Emergency Operating Procedure for the FC@éscribe the conditions
under which the COP takes over and the operat
over.

In 2017,Husky Superior Refinerg e vel oped a new proceduiudest i(tClopd)@SItil
directed operators to shut down the FCC unit in the event of autoiidgiwalve closure. These new
procedures did not incorporate U@&commended safeguards such as the reactor steam barrier.

Husky Superior Refinerladalsohadan operating procedure titleid S1 i de Val ve Operati on:
Emergency, and Troubleshootjngince at least 199%Vhile thisproceduresxplained theperation

troubleshooting, and emergency procedures (such as loss of power) of the actuator syksestidevalve, it

did notcontain guidance favhat steps to take in the FCC winibperationin the event that a slide vall@st its
functionality or was otherwise not availablten needed

4.1.3.2 Analysis
4.1.3.2.1 Catalyst Slide Valve Purpose

Catalyst slide valves are an F@@it-specific technologyused taontrol catalyst flow during normal opeicat.

In FCC units that haveatalyst slide valveshe valvesare typically configured tolose automatically to stop
catalyst circulation during abnormal conditions. Some refinery FCC aisithave redundant slide valves
whose only function is to clogiuring an emergency. However, slide valves typically act in concert with other
safeguards, such as the reactor steam barrier, to transition the FCC unit to a safedynasgutr@nsient
operation70].

The catalysfacing slde valve parts are typically protectaith erosionresistant materidlecausesome

erosion caused by the flowing catalydtiring normal operatigrs expected over the life of the val\6].

Some slide valve components cahhe serviced on an operating unit; therefore, refineries typically inspect,
repair, or replace the slide valves during each turnaround, typically once every four to six years.

Following the FCC safe operating practices industry survey that AFPMdsadiafteHusky Superior
Refineryincident AFPM summari zed the respondentsdo view of sl

21n the 1970s and 1980s, tmelustryaverage run length between scheduled maintenance shutdowns for an FCC unit was about two
years;by 2011 typical turnaroundun lengthshad increased tfour to five year§170, p. 3] There are numerous factors that determine
the interval between FCC unit turnarounds, such as FCC cyclone and refractory reliability, rotating eqel@hbdity, regulatory
inspection requirements, and others. In a 2006 FCC industry survey by Solomon Associates, slidbalalitg determined
turnaround timing onlyhreepercent of the timglL70, p. 4]

® The AFPM sirvey is discussed in further detail later in this report (in Sedti®ri.2.).
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The responses indicate that slide valves are expected to close on demand but are
not designed to seal gas tight. The majoritsesponses [indicates that refineries]
manage gas leakage of the slide valve by controlling the pressure balance and
maintaining an inert [such as steam] barrier in the reactor.

Thepetroleunrefiningindustry uses terms | i keofiprfii@s@sserleal ance
di fferentialsodo to describe the relative pressure di
the regenerator, reactor, main column, and otteilits summary of the survey resuléssPM stated,

filiindustryusea v ari ety of techniques thatweemahe RGCainitcompdments.p r e s
AFPM c on fijtisirdperthnt to finderstand that the majority of the responses make use of the entire
pressure profile [across the FCC unift just a sigle elemenfsuch as a slide valvey prevent the hazardous

migration of hydrocarbons armkygerj . 0

4.1.3.2.2 Slide Valve Standards

Typically, the slide valve manufacturer is responsible for the mechanical design of the slide valve, incorporating
the FCCtechnolpy | i censor 6s s pspecific $pectfietionsparitsown icternalp a n y
specificationsHusky Superior Refineys F C dide ualvéséngineering standakscribed the slide valves

to be in Athrottling andcompleesthid nfy cfer vl ckowevathdd s é W le ¢
document mentioned valve clearances between the slide disc and associated parts, implying they could not be
gastight.

The CSB concludes thetusky Superior Refinery slide valve standardid not propédy describe the flow
isolation capability of slide valves,n d i ¢ at i n gincorhpiete knevfledge armbgtribsting to theack
of recognition bymostHusky Superior Refinergmployees associated with the FCC unit that catalyst slide
valves werenotan adequate safeguard for preventing a catastrophic explosion

The CSB make€SBRecommendatio@01802-1-WI-R3 to Cenovus Superior Refinery develop and

implement a slide valvenechanical integrity program that addresses erosion and ensures proper functioning of
the slide valves during a shutdown. Part (@) of this recommendatiresses developinghde valve

mechanical integrity standatiat definesnonitoring and inspectivacceptance criteria for the safe operation of
the FCC unit during transient operations.

The Calumet Engineering Practices, ASME codes, and ASTM specificatiomtuiigt Superior Refinefy s
engineering standar@ferenced do not apply to FCC catalydiesivalve bodiesThe American Petroleum

Institute( API0 YRecommended Practi¢ei R B58,Refinery Valves and Accessories for Control and Safety
Instrumented Systenmontains recommendations for FCC catalyst slide valves, but these recommendations
focus only on the actuating systems of the valve, not the valve body AB&l€ould improve this guidance to

better explain their purpose, function, capabilities, and limitations to ensure that refineries understand the design
intent of FCC catalyst slidealves.The CSB concludes that hadlustry guidance effectively described the

function and limitations of FCC unit slide valve bodidsisky Superior Refinergnay have not relied on the

slide valve as a gagyht barrier, which could have helped prevent the incident

8 APl is a standardsetting organization that represents all segments of Andeca n at ur al g §l85]. and oi | i ndustr
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The CSB issue€SB Recommendatio201802-1-WI-R14to API to include further information on FCC
catalyst slide valve body design, maintenance testihg in APl RP 558r another appropriate API product

4.1.3.2.3 History of Known Spent Catalyst Slide Valve Erosion

AlthoughHusky Superior Refineys s | isthmdard & lgwé r ed a fimi ni mum corr osi
1/8 incho for the slide val ve afterthd 3018 inpidemt shovwsed devere m t h
erosion on these components far exceeding 1/8 8ioke the erosion exceeded the allowas®tebyHusky

Superior Refineryeither hecomponentgrotecting the valve from erosion wearessiblynot suitable for its

design life, or theormal operating environment was more severe thadesign conditionsad accounted for

Husky Superior Refingraccepted and normalized the excesslige valveerosion wear damageenover
consecutivdive-year rurs even though the erosion exceededahgineeringst andar dés speci fi ce
the erosion did not appear to employees to i mpact
stop catalyst flow durinthe incident shutdowrHusky Superior Refineys ma n ehadplaneed to replace

the slide valve components during every turnaround, knowing that the slide valve had a history of erosion. Yet,
according tdHusky Superior Refinelys haz ar d atheahlysaféegsardstd protect &mn,many of the
reverse flow scenarios duringetburnaround wasutomatially closing theslidevalves which needed to be

replaced

The CSB concludes thalusky Superior Refiney spent catalyst slide valve was eroded and damaged such that

it could no longer maintain a catalyst level in the readtoaddition, the severely eroded slide valve allowed

more air to pass through from the regenerator into the reactor than it would if it were in good cdidétion.

Superior Refinelhad nor mali zed or ot her wi se aosieneapetoverdtst he sp
five-year turnaround cycles likely because its staff believed that it did not impair normal operation

CenovusSuperior Refinerys redesigning the spent catalyst slide valve as part of the rebuild pidject.
refineryinformed the CSBhat the new slide valves will have different construction materials suited to the new
FCCdesign conditiond-urtherchanges related to slide valve management are discusSection4.1.3.2.6

Cenovus Superior Refinepfans tamplement additional testing and monitoring on the slide valves, but these

plans are not yet finalize@he CSB make€SBRecommendatio801802-1-WI-R3 to Cenovus Superior

Refinery to develop and implement a slide valve mechanical integrity prograadirasses erosion and

ensures proper functioning of the slide valves during a shutdownbPafttiis recommendation addresses
developingmonitoring and preventive maintenance activities to evaluate the condition of the slide valves during
operation ard part (c) addresses usitfys data to drive maintenance outage decisiPag (d) of the

recommendation addresdtesre r ef i neryds evaluation of the effecti
program based on turnaround and maintenance ingpsofithe slide valve bodies

41324 The nACat aMignemer Seal 0

Many of Husky Superior Refinergersonnel that the CSB interviewed, from FCC operators to management,
believed that <closing slide valves f ontardrdmflawingc at al \
into the reactor, even with the regenerator operat.
used within the petroleum refining industry to describe the flow restriction that FCC catalyst can cause between
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twoves el s . However, unl i ke what the term i mplies, F C(
equipment.

AfCatalyst seal o can have multiple meanings dependir
contexts, the Q&sBibed aswfiuldized katalyst |&vel ecattolied inside the vessel above a
slide or a plug valve. Other sources define it as
standpipes when slide valves close and catalyst circulatiog®sIbgs investigation report refers to the latter

definition, which both UOP andusky Superior Refinerp er sonnel described as the
investigators.

Figure 36 providesa sketch of catalyst in a vertical standpipe. During normal operation of a typical FCC unit,
due to its physical properties, fluidized catalyst creates a pressure difference a&cstasdhipe (P2 is greater

than P1). This pressure difference keeps gases below the slide valve from flowing against the catalyst flow
direction. However, when FCC catalyst is defluidized, there is little to no pressure difference across the catalyst
(P2 lecomes the same as P1) within min{i#gs 78]° and vapor will always flow from higher to lower

pressure.

77N
{ P1

N P1, P2 >P3
Non Fluidized or Flow
Missing Catalyst A
P1=P2
BEL
P2 Y
S ow P3 > P2,P1

Normal clearance
Between gate and
Orifice is 0.04-0.06”

Gas flows from higher pressure to low

Figure36. Sketch of a standpipe with a closed slide va{@redit: AFPNB8])

8The term fAcatalyst sealo is also mentioned in FCC cthaidootne di s
of the scope of this investigati¢h73].

® Unaerated FCC catalyst typically defluidizes in min{ives.
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Representatives from multiple FCC technology licensors have told CSB investigators that catalyst and slide
valves are known to allow the flow of gases through them, even when the equipment is in new or good

condition? Based orthis understanding, industry experts advise managing vessel pressure differences and flows
as the primary method for safeguarding the unit, such as through the reactor steam barrier and the main column
gas purgé.Though a stagnant level of catalyst cocildate a restriction that limits the rate of air flowing

through the standpipegerf er ri ng t o FCC cat al y st somesrefiiery employees, a s e
including operators, engineers, process safety practitioners, and maimgéehsnkingthat the catalyst acts as

a barrier that prevents all flow, leading to inadequate process risk assessments.

The CSB concludes that FCC practitioners should eliminate or

ot herwise dispel the misleadin KEY LESSON t seal
discussionsThis term contributed to the lack of understanding at FCC catalyst slide valves and

Husky Superior Refineryrhe enployees atHusky Superior Refinery catalyst levels are not gdgght.

took this term at face value abdlieved that closing the slide valves | They should not be relied upon

adequate protection from inadvertent reverse flow events. Their flaw layer inhazard assessments.
understandingaf he sl i de valves®d6 purpo their

on a single safeguard, which alone proved incapable of preventing
oxygenaccumulation in the main column and contributed to this catastrophic event.

To i mprove the Cenovusun&wstiaming obimporRe FAGCrtacephe @58 makesr s 0
CSBRecommendatiof01802-1-WI -R6 to Cenovus Superior Refinetg develop and implement training for

FCC unit operators, supervi sor s guidahoecandromavalaple industry h at
guidance.

4.1.3.2.5 Understanding Process Indicators

Based orinterviews, available equipment information, and process trend dataaitter catalyst level was

likelybel ow the instrument 6s dneidertshutdowniigureBnilpsratasthe i ng mo
approximate detection range of the reactor level instrument. The yellow shaded areas show potential locations
where catalyst could be present but undetectable during the shutgowerid5 feetiboe the spent catalyst

slide valve and up to 20 feabovethe regenerated catalyst slide valve.

@Industry experts stress that some vapor flow is inevitable even when FCC catalyst is tightly[@@lch@efluidized FCC catalyst
typically has a void fraction of arourdd percent: the spaces around the tiny catalyst pastinkke up about 40 percent of the total
volume[78]. Fluidized catalyst beds, such as the levels of catalyst in the reactor and regenerator during normal operation, could have a
vapor space of up to 70 percg®8]. If the pressure beneath the slide valve is higher, gases will flow up through the slide valve and
catalyst, passing between the small, spherical particles regardless of how tightly packed they are.

b UOPrepresentativeld the CSB that/OP specifies more than enough steam to be able to maintain the reactor at a higher pressure
than the rest of the system even in the absence of catalyst in the standpipes during transient operations.

93




Investigation Report

Reactor level
instrument
detection range
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B
Figure37. Potential undetectableatalyst levels within theeactor and
regeneratorduringa shutdown(person for scale)Credit: CSB)

Someo f t h e apedtorsnvere agcaistomed to using slide valve differential pressure as a proxy for level
indication during transient operationagd on interviews with the board operd&ection2.1.2, because the

board operator saw nonzero numbers, he believed that some catalyst still remained on top of the slide valve and
that it was keeping the air oot the reactor.
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During trend analysis, the CSB could not account for many of the fluctuations in the slide valve differential
pressure measurements in the four hours leading to the inti@atalyst in the standpipes could have

defluidized minutes aftecirculation stoppel78], making the instrument readings inaccurbdewever, even

the positive slide valve differential pressures the board operator observed, which ranged from 0 to 5 psi, would
not have been able to overcemme 9 psi vessel pressure differebetveerthe regeneratandthe reactor.

In February 2020, AFPM hosted an hdoing recorded webinar where two FCC industry experts discussed
challenges and good practices for safeguarding the FCC unit during ttammseationf68]. The webinar
featured the safeguards outlinedriable 2 and the rest of this repoRCC industry expertsautioned the
webinar attendees about misleading instrumentation while the FCC is in transient ofp@8tiontheir
presentation, they explained that it may not be possible to verify the presence of catalyst while it does not
circulate as in normal operation. The differential pressure instrumentdésigned for fluidized catalyshay

not adequately refleché pressures in the standpipes and the vessels, especially around the slid®walves.
presenter said

There are times when our instrumentation [ é]
can give us bias into what wethetghsi nk i s goin
flow through these [differential pressure instruments] starts to affect our readings

[68].

Regarding instrumentation typically used to assess catalyst presence in a spent catalyst standpipe, the speaker
explained:

Thesest andpi pes are |l arge. [€é] | tds back to hov
have on this catalyst phase in these shutdow
got might work fine, but it only tells you w
youdve gaotlatt .ofAntdhe ti mes [ é] itdéds really n
want the information at. And so, seeing wh
instrument for the stripper may not tell us
[68].

The CSB concludes th&CC catalystlifferential pressure instrumen®uch agatalyst level and slide valve
differential pressure indicatonfiay not be reliable process indicators duarsiutdownHusky Superior

Refineryd s o p sstaf® welianceon these instruments led them to believe that both standpipes were full of
catalyst and air was not entering the reactor. Had operators understood the limitations of these instruments and
been trained on monitoring other process indicators, such as rageneeactor, and main column pressure
indicators, theynayhave been able to recognize that a substantial amount of air was entering the main column
and taken the necessary steps to prevent this incident.

In CSBRecommendatio201802-1-WI-R1, the CSB rakes a recommendation to Cenovus Superior Refinery

to demonstrate that the new FCC unit equipment, operating procedures, and operator training incorporate the
transient operation safeguards discussed in this report. Part (d) of this recommendatioalgpadifiesses
monitoring of critical operating parameters during transient operdemts (e) and (f) address defining

aThe instrument connection points have constant air guygehem to keep catalyst from plugging the tubing; howelesky Superior
Refinerydid not have process trend data available for instrument purge analysis.
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predetermined corrective actions femaining within safe operating limits during transient operation and the
incorporation of thisnformation into FCC operator training at the refinery.

4.1.3.2.6 Safeguard Analysis

Husky Superior Refineyy 2016 LOPA study team identified 39 potential reverse flow scenarios. For most of
them, the only independent protection layers or safeguards availableunmreated slide valve closures and

operator actions in response to alarms. For 33 of these scenarios, the LOPA team made a recommendation to

i mprove the operatorsd response to automated slide
team dedled that the COP by itself was not a strong enough safeguard to bring the process risk to a tolerable
level.

Typically, human response safeguards have the highest probability of failure complanedre robust

engineered and automated safeguards. Funtber e, Cal umet 6 s LOPA guidance di
human error is possible 100 percent of the time while performing-aomine task. Shutting down the unit for

a turnaround or responding to an emergency are typicalauime taskslf slide valves failed to function as
requiredandno additional safeguards were considetied,only safeguard that remained vaaseffective

response by theperator.

The CSB concludes thbecausédusky Superior Refinergepended on catalyst slide valtesnsure safety by

keeping the air and hydrocarbon systems separated during all operating modes, the refinery lacked adequate
safeguards to reduce process risks to a tolerable level in the PHA scenarios that they identified. During the April
2018 FCC unishutdownHusky Superior Refinefys overrel i ance on catalyst sl
more robust safeguards, such as the reactor steam barrier and main column gas purges, resulted in the ingress of
air from the regenerator into downstream gas eotration equipment containing hydrocarbons, and ultimately
caused the explosion

During most FCC unit transient operations, the spent and regenerated catalysts are closed and operators
performing process moves are likely the same opertoespond toasulting issues. THRHA and LOPA

study did not evaluate these A@utine operation scenarios that could lead to process upsets resulting in
unintended flow of air from the regenerator into the red@dtor example, the automated slide valve override
sdeguard would not apply because the valves are already closed. Additionally, an operator response would not
have been a valid independent protection layer since the operator making the process moves would likely be the
same operator to respond to the moBerause the PHA and LORAudies did not includdhese scenarios, the

studies did not address gapsafeguadsfor transient operations

Evaluating theconsequences of a PHA scenario anceffectiveness afhe relevansafeguardsnay sometimes

require quantitative analysisDuringthe 2022 AFPM Summit conferencepr@sentation title@lide Valve
Malfunctionsprovided example mitigation strategies a failure of a slide valve to close on deméd#ar.

example, if thespent catalyst slide valailed to close on demand during a critical eysoth as during an

emergency shutdown initiated by the safety instrumented systamjefinery definethe safety scenario as

AAir ingress to React olhisrefimed/ hadl oalkulaskthatifethe sperd catalysiside nt . o

aScenario identification is further discussed in Secti@3.1.2
® Some companies perforsafetybased maximum allowable leakage rate calculations to cotiferaffectiveness of a valve as an |PL
as discussed ia paper cauthored by employees at thew Chemical Companjl99].
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valve did not close on demamndthis scenarigthe time it would take tdrain the catalyst from the spent catalyst
standpipe into the regenerator atlialize pressure across the spent catalyst slide a@hle: typicaly be 90-

240 secondsThis speaker recommendedthae f i neri es fAunderstand the hazar
safetytimess peci fic to [their] system, 0 and fdAsdrntheappropr
p r e s eaxameletliissefinery determined thahe hazard couldometimede mitigated byncreasing the

reactor pressure to 1 or 2 psi above the regenerator presgusteamand monitoring for air ingresato the

main columnin other more severeases, theresenter recomended shuttingown the air blowerthough this

action presents additional hazabdsusky Superior Refinedy kazard evaluations and emergency procedures

did not contain this type of information before the April 2018 shutdown.

The CSB concludes thetusky Superior Refinerglid not identifysafeguards beyond operator action to prevent
unintended flow from the regenerator into the reactor during transient operation, because both catalyst slide
valve® the only other safeguards théditisky Superior Refineridentifiedd would already be closedlthough

Husky Superior Refinerigentified its catalyst slide valves as an important safeguard to prevent catastrophic
scenarios, it had not evaluatedr definedhecessary actions to takethe F CC uni tindle evenitbat at i o |
a slide valve lost itassumedunctionality or was otherwise not available when needed.

Since the incidentlusky Superior Refinergonducted a new PHA/LOPA study as part of the FCC unit rebuild
project and involved the technology licensor for input. These studies resulted in new recommendations to
incorporate intadheSuperior Refinel§ s FCC uni t TheSuperior Refingpstated thaicthe new

FCC unit will include a safety instrumented system that automatically brings the unit to a safer operating mode
in response to scenarios that could causverse flowor low slide valve differential pressur&dditional
recommendatins include classifying the slide valves as Safety Critical Equipfi@nd ensuring that operators

are trained to verify a proper pressure difference between the regenerator and the reactor.

In CSBRecommendatio201802-1-WI-R1, the CSB makes@commendation to Cenovus Superior Refinery

to demonstrate that the new FCC unit equipment, operating procedures, and operator training incorporate the
transient operation safeguards discussed in this report. In addis@makesSBRecommendatioA01802-
I-WI-R3to Cenovus Superior Refinery to develop and implement a slide valve mechanical integrity program
that addresses erosion and ensures proper functioning of the slide valves during a skuidlogrmorethe
CSBissues<CSB Recommendatiof01802-1-WI-R4 to CenovusSuperior Refineryo develop emergency
proceduregor responding to a loss of catalyst slide valve functionexample, when leaks excessively or

fails to close on demand.

2n one2016process safety paper, the authdre f i ne fAprocess safety timed as fAthe amount
process to move it to a safe state after arobabntrolc ondi t i on has been obdl85 w8d to occur in

® The hazards of shutting down the air blower may include accumulation of hydrocarbon in the regenerator, lack of sedfiniéotst
from the reactor tahe main column, and the generation of flammable hydrogen inside the regenerator when steam is injected into the
regenerator for an extended time.

¢ According to its corporate risk management policies, Husky redjilir@usiness units to implement a barriganagement system for
safety critical elements. Husky defthe s af ety criti cal el ement as a fA[barrier] who:
accident event], or the purpose of whicloiprevent or limit the effect of a [majoraceiht event] . 0o According to
Safety Case provides a comprehensive document that demonstrates that the appropriate plans have been developed addamplemente

manage significant risks to as | obarieamanagerers systemb incdgepfarraance,i cabl e
assurance, and verification activities that the facility personnel monitor, follamup and possi bly i mprove thro
lifecycle.
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4.1.4  Hierarchy of Controls for FCC Transient Operation

AHI erafr choynt r ol s6 and Apreventi on t hhighighghe desi gno a
prioritizationof engineered controlsver procedural controls as more robust safegdardsntrollingprocess
hazardsThe National Institute foDc c upat i onal Safety and Health (ANI OF
as fa way of determining which actions whigure38best c ¢
[79]. The NIOSHwebsite explains

The hierarchy of controls has five levels of actions to reduce or remove hazards.
The preferred order of action based on general effectiveness is:

1. Elimination

2. Substitubn

3. Engineering controls

4. Administrative controls

5. Personal protective equipment (PPE).

Using this hierarchy can lower worker exposures and reduce risk of illness or
injury [79].

Procedural safeguards fall under the gatg of administrative contro[§9, p. 10]
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w  Hierarchy of Controls

effective
Physically remove
the hazard
Replace
the hazard
Engineering Isolate people
from the hazard
Controls
Change the way
people work

Protect the worker with
Personal Protective Equipment

Least
effective

Image by NIOSH
https://www.cdc.gov/niosh/topics/hierarchy/default.html

Figure38. Hierarchy of controls. (Credit: NIO&19])

fiPreventiot hr ough desi gnodo was a concept first introducect
(AASSPO)( aisn fils9a9% 4e t yo) andhwasolaieg definedesain mdustry standard through the

Ameri can National St andaBS3PZ59D.8Peventionuhroagh OgsigniNS|I 0) 1 n ¢
Guidelines for Addressing Occupational Hazards and Risks in Design and Redesign P86essds The
standard provides gui danc etodvad, elifindte sedugenancacantrol mazaie s i g r
through a systemb6s | ife cycle, fA osnysittesmobisniltiifael cdyecs
encompasses the poperational stage (design and construction), operational stégeded use of the system),
andpostoperational stage (decommissioBCPS alsaliscusseshese concepts in its publicatibrherently

Safer Chemical Processe® Life Cycle Approacf69].

U.S. refiney unitshave a long operational st&geccording to 2014 article most U.S. refineriewere

between 50 and 120 years old, andrtawest U.S. refinery with significant downstream unit capacity was built

in 1977[81, 82] About 90 of these refineries operate FCC ymitany of which were likely initially constructed

many decades agbor exampleHusky Superior Refineys FCC unit operated from a
57 years, with at leasine major revamm 1994since ts initial constructionThe prevention through design
conceptshould be applied continually through the entire life of tlaggegrefinery units?

aThe CSB has advocated for inherently safer degiggvention through design) in several of its previous investigations, including
Williams olefins plant explosion and fire (201/8D7], Tesoro refinery explosion (201[1)06], Chevron Richmond refery fire (2012)
[164], Exxon Baton Rouge chemical release and fire (2(68], and others.
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The refining industry hasignificantly improved safety in FCC units since UOP desidhe&uperior

Refineryd s F CC u nMany FCQunits &eéndw armed with automated safety shutdown systems that

bring the unit to aaferstandby modén certain scenaridsy stopping hydrocarbon feedosing the catalyst

slide valvesand injecting additional steamto the rise{70]; however, subsequent actions to maintain the unit

in that mode&or to transition it to another mode (such as shutdown, startup, or another standby mode) still rely

on human (procedural) controfSor example, once typical modernautomated shutdown systarhoses catalyst

slide valvesand injects a large amount of steam into the reaitisrthen up to the operatais establish and

control the desired pressutiferences between the reactibreregenerator, anche main columnMost of

these systemsurrentlydo notautomaticallycontrol pressure differences between equipment to establish an
effectivereactorsteam barrief70].> UOPrepresentativemld CSB investigatrs that the reactor steam barrier,

whichit consides to be one of the primary safeguards during transient operation, is difficult to automate due to

the controlled manner required for adjusting the vessel pressures. During transient operation, tpelaiard

are expected to adjust the reactor and regenerator pressures in small increments until they achieve a target
pressure difference between the reactor and the regenerator. If vessel

pressures are adjusted t ool igfutid KEY LESSON i zed
out of the regenerator or reactor, sending large amounts of catalyst
the main column or owf the atmospheric flue gas stack, causing
further process upsets and environmental impacts. Other FCC
technology licensors expressed similar conceres completely

Technology licensors should see
to continuallyimprove the
inherent safety of their

automating a shutdown sequence where many actions involving equipmer]t designs and clearly
different parts of the entire unit require outside operatonsaoually communicate process safety
perform certain tasksThe particulars of FCC operations are unit hazards to the owners and

specific, and any automation would needée engineered specifically = operators of their technology.
for that wunitdos design.

Although FCC technology has matured significantly since its first commercialization in the th@4@gining

industry continues to findrevention through design opportunitiesr exampleafter the 2015 Torrance

incident, where flammable hydrocarbons ignited inside&et8Bei n t he FCC wuni to6s fl ue ga
responded with some facilities automating ESP shutdowns in the event of upset conditions. In tu@sg so,
refineriesshifted from a procedural safeguard (operabitiated ESP shutdown in response to process

conditions) to aengineeredafeguard (automatic ESP shutdown based cdgfired criteria), moving towards

a more robust approathat ishigher within the hierarghof controls[83]. This transitiorinfluencedthe EPAto

updateits air emissions regulationacknowledgingthat emissions may need to be higher in certain FCC

transient operations to enable safer operd8dnp. 18, 85, 86, pp. 7524%222]¢

@In theExxonMobil TorranceRefineryi nci dent, the FCC unit was initially in a fAsaf
rates during safe park, which compromisedrtreetorsteam barrier and caused hydrocagtorbackflow from the main column into
the regeneratdd 08, p. 21]
b The CSB is aware of at least one refinery that has added automation capability to continually control the main columbeiosgsur
the reactor pressure during transient operation.
¢ Board and field operator actions vdrgsed on the FCC unit technology and unit configuration, but some field operator action examples
may include: fieldverification that the valves required to close are closed; opening the reactor vapor line venbpeahieg the main
air blower dischargeents starting a natural gas injection into the medtumn;switching purge media on reactor catalyst differential
pressure instruments between nitrogen and natural gas
440 C.F.R. 863.1564(a)(5)
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In addition to thenew safeguarddusky Superior Refineris planning to implemenh its FCC unit rebuild
project asdiscussed in previous sectioiBjsky Superior Bfineryis installing a new positive isolation valve
betweents new FCC reactor and the main colurarmore advanced engineering contrbhis valve, intended
for startup, shutdown, and standby use, could allow the re@generator system to be ideld from the main
column earlier in the shutdown procedure. This would reduce the amount of time tedindgwy needs to rely
on the reactor steam barrier to separataithand hydrocarbon systems, which is a weaker safeguard than
mechanical positi isolationvalve or blind® iThere [are]a few suppliers now that supgdheactor overhead

i solation val ves] AG Paiepruacy@0 webimafil leey're detirig to dalmoie n
common, and they do offer a lot of flexibility in yoistartup, shutdowrgndstandby procedureg[68].

As discussed previously in this section and in Se@&igngenerally accepted practices for safe FCC transient
operation rely heavily on operator actiolsfact,an FCC unit i&s dynamic, complex system comprising
chemicalshardwaresoftware humans, ad the interfaces between these compondtitsdiscipline that
incorporates human factors within the engineering process is called human factors endBiggoint3] The
Prevention Through Desigstandard defines human factors engineering as:

The application of human factors information to the design of tools, machines,
systems, tasks, jobs, and environments for safe, comfortable, and effective
human use. Human Factors is a body of knowledge &lbooén abilities, human
limitations, and other human characteristics that are relevant to {@3jgn 14]

When a hazardous process is primarily controlled by procedural safeguards, such as transient operation at an
FCC unit, training the operators to understand and execute the procedures with high reliability becomes crucial.
Furthermore, FCC units typically shut down for a turnaround approximately once every fivdiygtang, the
opportunity for operators tacquie handson experience in performing the required procedural steps used to

shut down the FCC unit safely. Although operational competence can be strengthened by employing a robust
operator training prograntusky Superior Refineys o p er at o rm lacked hamdsmpgactiper o g r a
opportunities, such as using simulators, to prepare operators for planned shutdowns. Se¢. Sdftion

further discussion on operativaining atHusky Superior Refinery

Console and alarm designhanimportantelemenif human factorengineeringand should be considered for all
operating modegkffectivehumanmachine interfaces can help operators identify and address procesmproble
quickly. For example,fia process technology requires a separate set of operating limits dtrangiant

operating modealarmsthat are in effect only when they are applicable inthosemodey hel p t he ope
performanceFacilities could impove humarmachine interfaces during transient operation with diated

alarms that are only active during transient operation, special graphics for transient operation, control logic to
allow or prevent certain actions in transient modes, or otheli@muilhese alarms would need to be evaluated
uniquely for each unit and align with the operating procedures and operator trame#gNSI| and the

International Society of AutomatiofilSAQ) standargublished in 2016ANSI/ISA182-2016: Management of

aTypically, a major driver for installing this valvetis reduce human exposuto the dangerous flammable atmosphere inside the
processas the large blind is being inserted. On its website, TapcoEaopeomanufacturer dhis type ofFCC unitvalve)s t at es, A The
manual insertion and removal of the blind flange is one of the imaste¢ at eni ng oper d200.ons in the refin
b While thereactorisolation valve is a good practice, the CSB did not conclude that not having this valve was causal to theAincident
typical FCC unit shutdowstill involvesstepsthatrequire transient operation safeguards beforeghetor isolation valve can be
closed thereforethe incident might havstilo ccurred i f Husky Superior Refineryods FCC u
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Alarm Systems for the Process Industriganindustry standarthat provides guidelines famplementing an
effectiveprocess alarm system, includiaghanced and advanced alarm metli88 Somerefineries are
alreadyimplementing dynamically managed alarm systeémduding in FCC unitg89]. In 2022, AFPM hosted

a webinattitted FCC Dynamic Alarm Managementhic h di scussed topics scuch as
Alarming to automatically enable or disable certain alarms when the unit is in startup, recycle, run, or other
oper at i f99). PostitidentdHusky Superior Refinerseported upgrading its alarm management
systemsandprocessesand itsinvestigation report oits April 2018 incident recommendéldat Husky Superior
Refineryprepare critical alarm lists specifically for shutting daer=CC unit.

The CSB concludes that tpetroleum refining industry shoutsbntinue todesign andmplementsafeguards

that are higher on the hierarchy of controls to improve process safety in FCC units during transient operation
document and inforrthe refining industry oturrent practices in FCC unit design for preventibr CSB

makes a recommendation to ABldevelop a technical publication for the safe operation of FCC units,
including a discussion of recommended safegufamdsansient operatio(CSB Recommendatio201802- -
WI-R13).

4.2 Process Knowledge
4.2.1 Factual Information

4.2.1.1 FCC Technology Licensor

Husky Superior Refinerlhy i censed its FCC technology from Honeywe
in1960UOPG6s s er vi c eHuskygSumeronRefinerincluded geriodic visits, reviews, and
consultatonswt h UOPG6s ser vi ce r dedpskyesSsperiot RefinersneellOP Accor di ng
representativesJOPwould typically assisthe refinery with engineering studies, small scope projects,

turnaround inspection support, and general consultatiornbgileNeither Husky Superior Refinergor UOP
employeegouldrecalla t i me when UOP reviewed the FCC unitods e

UOP offes varioustraining coursedor its FCC technologj@1]. Training material typically cows startup,

shutdown, and emergency procedures as described in the UOP General OperatingfbtatsiBICC units

The CSB identified at least thrékusky Superior Refinerg mpl oyees who had individua
oneweek FCC Fundamentals trainingucse over the past 20 years: one in the 1990s, one in the early 2000s,

and one in 2014. These employees were either engineers who were not involved in overall operating procedure
and operator training development, or former operators without a tectiegreke Although someefinery

technical stafhad attendethe oneweek UOP FCC Fundamentals training course, most recently in 2014, they

were not involved in writing or reviewing the operating procedures.

4212 UOPGO6s Gener al Operating Manual

According to UORepresentative2JOP includes a General OperatiMgnual as part of the basic engineering
package for each new FCC unit or major FCC revamp project. This document provides a general operating
philosophy for the FCC unit, including generic procedure descriptions that clients use to adapt to their units.
Over a fifth of the 30pluspage manual discusses normal startup, normal shutdown, emergency, and special
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procedures, incorporating guidelines to prevent inadvertent air or hydrocarbon reversals during transient
operationsAccording to UORepresentativeshe General Operating Manual itself is part of the UOP
technology.

UOPrepresentativeassertdthat the client is responsible for writiitg own operating procedures that are

based on the guidance within the UOP General Operating Manual. The cliehtoosililt with UOP or an

alternate technology expert to reviége/procedures to ensure that key points are highlighted; however, UOP

does not require this review. UOPOGs approach is sir
with the CSB .Typically, the FCC technology licensgpsovide similar FCC manuals as part of their technology

license agreements but the licensor is typically not responsible for developing or overseeingeeiite

operating procedures.

In 1994,Husky Superior Bfineryrevamped a portion of the FCC unit to improve its regenerator efficiency and
emissions performancéeA refinery employee told the CSB that the revamp project did not change the FCC
unités overall operation and that the project did not requirensixte procedure rewrites. In addition, the CSB

did not find evidence that UOP included a new General Operating Manualsilii®4revampproject.

UOP had been keeping technical information in its General Operating Manual updated and making it available
to its clients, by request, as part of the technical license agreehSamtetime during or afté2016, UOP sent

Husky Superior Refinergin updated General Operating Manual in response to a general regweser the
CSBcould notdetermine th@urposeof this request. Furthermore, the CSB did not find evidence that the 2016
manual was used to evaluate or update the operating proceddieskptSuperior Refinerlgefore the incident

The 2016 manual was not mentioned in the process safety informagicklishfor the 2016 PHA study.

Prior to recei vi Hugky Bupdridr Refirie@ldobadithd @ 6 &1 ver si on of UOP
Similar to the 2016 version, tH®60manualdescribed a generic stacked UOP FCC technology design and

contained discussions of normal startup, normal shutdown, emergency, and special procedures. A refinery
manager told CSB investigators that in recent yearspthisousmanualwasusedls fiancef emanual 0
contained fAgener althat apdratorsicoalt rieviem additon, thi2B0page document

was not cited as part of the process safety information package documented for the unit nor was it referenced in

t he r e fCC operator thagingHprogram.

aThe revamp project, designed by UOP, improved heat integration in the flue gas section and improved flue gas emissiaith eontro
newESPand flue gas stackhispr oj ect enabl ed the regenerator to ropfalyate in a
regenerate the catalyst without requiring additional downstream combustion equipBento]

b UOPrepresentativemformed the CSB thdtl O P practice is to send an advisory to its clients wihemakes safetycritical updates to
the GeneralOperatingManual. UOP requires each client to acknowledgeitmateived the advisorfJOP issued only two service
advisories to its |Iicensees that owned/ oper ahn andgad @hcantrdtiend FCC
unit[s]o since around 202 ccording to UOP, neither of these advisories appligdusky Superior Refinerynit.
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4.2.1.3 Husky Superior Refineryo s FCC Unit Operating Pr

Husky Superior Refineiy policies' held thearea superintendents responsible for operating procedures in their
areas. The area superintendents were typically formeatops, like in the FCC unif refinery employee
characterized procedure management as #dAprimarily ar

Husky Superior Refinery e qui red its operating procedures to be
inputs from galified operators or personnel with direct experience and knowledge regarding the process in
which the procedur es ar dlushyeSuperpr Réfimeyes| pmd d .cd eAScg c drheei
superintendent reviewed, approved, and initially certifiecbfierating procedures. After initial certification, the

area superintendent annuallyaertified all operating procedures in his or her &rea.

Many of Husky Superior Refinefy ECCunit procedures used leading up to the day of the incident indicated
thatthey were written in 1993; in realitgpme oftheir content wapotentiallymuch older. According tone
employeesomeFCC unit procedures already existed in paper format pribd®@‘fi [ t he early 690s
had two thingsyouhad PSM coming frplus you had the computage¢ he explainedt n 199 3, it he p
writers were basically takinghe old procedures that had been in place for many yieans]the typewriter

version into a computerized version so that we could fulfill our PSM regeira tthe endployeexplained.

Mu r p h y Sugeridr Refinerpperations department took some operators off shift to write formal procedures

in the 1990s. At the time, according télasky Superior Refinergmployee, the operations department did not
solicit further input fromits engineers ofrom UOP on the procedures. Engineer involvement in reviewing or
contributingtotheor ocedur es during this period in the 1990s

For the 2018 turnaround, the process engineer was respongdblg f&tr the chemical cleaning portion of the
shutdown procedures in the FCC aa@a was not monitoring threst of the=CC unit shutdown on the day of

the incidentThe CSB did not find evidence that the key process sadédyed steps inther partof the FCC
shutdown procedure used on the day of the incident had been reviewed by UOP or by other entities outside of
the operations department for at least 25 years leading up to the 2018 incident.

Husky Superior Refinergrovided the following explanatihr e gar di n g polltiesand eperatinge r vy 6 s
procedurest the time of the incident:

Please note that the shutdown procedures were onefSth@drior Refining
Company]SRC inherited from Calumet and, prior to that, Murphy Oil. As the
planning for he 2018 turnaround was well underway when Husky purchased the
Refinery, SRC did not have sufficient time to implement the Husky HOIMS

aThe Superior Refinerpad last updated its PSM Policy and Procedurejerating procedures in December 2016.

b Operators aHusky Superior Refinertypically did not have technical or engineering backgrounds.

‘Bot h OBIM/Stasdara nd ERMR&sdehave similar requirements Theoperatrgyvi ewi ng
procedures shall be reviewed as oftes necessary to assure that they reflect current operating practice, including changes that result
from changes in process chemicals, technology, and equipment, and chdfeygkties (PSM Standardstationary sourcefRR(MP
Rule)]. The[employer(PSM Standardowner or operatorRMP Rulg] shall certify annually that these operating procedures are current
and accurate 89 C.F.R.81910.119(f)(3)40 C.F.R.8 68.69(c)

d Husky Superior Refinerglid not provide procedures that dated earlier than 1993 for the investigation.
€The OSHA regulation29€R.§1 910, AProcess Safety Management of HE8ghly Haza
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[Husky Operation and Integrity Management Systenthoroughly review and
revise the FCCU (and other SRC) shutdown procesl prior to the
commencement of the 2018 turnaround.

4.2.1.4 External Knowledge-Sharing

While Murphy Oil operate®uperior Refineryor 53 years, it owned only one other refinery in the United States
with minimal communication between the two facilitj@§]. When Calumet acquire®uperior Refineryn

2011, it was the only fuels refinery that the company owned. Calumet bamughditional refinery in Montana

in 2012, which also had an FCC ujgi2, B]. Husky Superior Refinergmployees indicatetthatlittle to no

FCC knowledgesharingwas conductedith their new sister refinery while working under Calumet.

While Husky owned two other refineries wheadiquiredSuperior Refinerythere was minimal knowledge
sharing across sité®fore the incidenCenovugprovidedt he f ol | owi ng expl anation r
acquisition ofHusky Superior Refinergrior to the April 2018 turnaround:

While Husky had a culture of sharing technical services across sites, Husky
elected not to implement its processes and procedureh@foperior Refinery
immediately post acquisition because a substantial change in such processes and
procedures immedialy prior to a turnaround was deemed a safety risk.

When the refinery brought outside experts to evaluate the FCGtsiniifveys focused mainly on process
optimization during normal operation. i Toptieized®re db ac |
being such an old unit, o6 a refinery employee told t

4.2.2 Analysis

4.2.2.1 Discrepancy Between UOP Guidance and Husky Superior Refinery
Operations

The CSBcould not determine whether the original FCC unit procedures had been reviewed dyn UOP.

addtion, the CSB did not find evidence that the procedures ever underwent a technical review to confirm that
they were consistent wiForexatpheh@srepéematriydg phhielras omi
the regenerator pressure higher ttiareactor pressure during a shutdown, which contradicted UOP guidance,
possibly existed since its original version from 096

Even if the original procedures had not initially I
deviated from the aginal design intent over timéjusky Superior Refinergould have identified the

discrepancy between the General Operating Manuaksiogerating procedured some pointluring the 57

years from the initial commissioning until the explosidowever,Husky Superior Refineys pr ocedur e
management policies did not require robust, periodic technical reviawisechnical staff reviewed the

ref i shatdoywdmocedurand compared it ,thdytohldHavederdifeedtigeui dance
discrepaciesand ncor por at ed UOP gwhichscould hatvgreventedjthe idahgerows enixing of

air and hydrocarbon during the shutdown. FurthermoreHustty Superior Refinergudited its procedures
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with an FCC technical subject matter expert, thmeey could have identified and addressed critical gaps in its
shutdown procedure many years before the incident.

OSHA asserts in its PSM guidelines that fAoperating
operating personnel to ensure treeic ¢ u r9d]cHpweverHusky Superior Refinefys engi neer s wer
expected to be familiar with startup and shutdown procedures of their assigned units, because refinery
management considered procedures as primarily antmpergroup function.

For many yeargiusky Superior Refinergelied solely on the
operations staff to ensure operating procedure accuracy. However, KEY LESSON

faciit y6s operating practice can {dzoeaS0dG YI GGSNJIdASUESLIS N
practices over time for various reasons. Facilities are more likelyto 02 yadz G+ yiaQ NBEOJASsa
proactively catch technical errors in critical procedtifethey engage | dzy' A G Q& LIS NJF 2 NXY |
multidisciplinary teams to review the proceduresiquically, ideally limited to normal operations.

with a technical subject matter exp&tme refineries are supported
by centralFCC subject matter expgrersonnebssociated with their
parent companyOthersare limited in FCC expertise and rely on local
staff to be the technicaluthority. These refineries could consider
hiring consultants for periodic, independent procedure reviews

Even old and established
operating procedures might
contain errors, inadequacies, or
deviationsfrom current generally
accepted industry practices. For

The CSB concludes that becatiesky Superior Refinefys p o | i SPecialized technologies,

did not require periodic technical review of its critical operating companies should consider

procedures by multidisciplinary tearmsajorerrors and omissions LISNRA 2 RAO | dzRA 0 ¢
remained undetected in the FCC processsafety information,suchng pr ¢
decadesHadamultidisciplinary teanreviewed the operating as operating procedures, by

procedureswith guidance from a subject matter exp#rg techrgal subject matter experts.

errors and omissions could have been identified and resolved to ma Companies that do not hav
the process technology information provided by the licensor, and th¢ centralized subject matter exper

explosion could have been prevented. departments to review process

safety information should

In 2020,Husky Superior Refinerypdated its operating procedures ) .
y>Uup yp P gp consider hiring consultants.

policy torequire technical reviews by the unit engineer on all
procedures. In addition, the new policy now requires a PHA for unit
startup and shutdown procedusgsl recommends the use of available vendor technical or instruction manuals
to develop the procedurasith a LOPA as needed to address risks above an acceptable thrAslalihd.

operating procedures to the PHA cydbould ensure that the study teams evaluate the risks in these procedures
at least once eveffijve years keeping them relevant and contitiy improving.

aCritical procedures may include startup, shutdostandby emergency, and other noautine procedures deemed by the facility to
have severe process safety consequences if not executed properly.

b Refinery personnel brought in an independent consultant to assess the health of the FCC unit operation invgs &;ah#&me
visit and procedure review was not part of the scope.
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4.2.2.2 Transforming Information into Knowledge and Competency

To effectively identify and control hazards, process safdgtymationmustbe transformed into knowledge and
competency at the worker level. The CCPS publicaBaitdelines for Risk &ed Process Safedgserts,

AKnowl edge management, not information management,
remain c o98pedt]i ti veo

Although maintaining a reactor steam barrier to sepanatait and hydrocarbon systems is a critical safeguard

in an FCC shutdown, the refinery employees that the CSB interviewed were not familiar with this concept
(discussed in Sectich1.1). None of the employees mentioned the need to purge the main column with a gas to
prevent air from accumulating in the overhead sygt#istussed in Sectiohl1.9. In addition, many employees
believed that slide valves and catalyst levels completely isolated the air from the hydrea#rbothe unit
(discussed in Sectich1.3. These shortcomings were apparent in the procedures, training, and hazard
assessments thidusky Superior Refinerlgad in place.

The CSB concludes thalusky Superior Refineys F C C t-gpecliimpomotessdnowledge did not

adequately address unit safety in transient operations, including shutting down the unit for a turnaround. Gaps in
knowledge management filtered through procedures, training,aaadchassessments, leaving refinery

empl oyees unequipped with the knowledge necessary t
hazards, such as the inadvertent mixing of air and hydrocarbon that could lead to an explosion inside process
equpment.

Husky Superior Refinerflad employees with many years of

KEY LESSON experience working at the FCC unit. Multiple levels of operations
Facilities should participate in supervisors, superintendentsgdananagers had started their careers as
process safety knowledge FCC unit operatorer engineersAs theseemployeegained
sharing with their peers. Each experience and advanced in their careers, they were promoted into the

site should focus on expanding ~ foles responsible for managing the training programs and procedure
revisions.As a resii, the erroneous proceduéesiot aligned with

UOPOGs Gener al O p e rdawerie mgitutivhealizad ad gui
part of the training program for all FCC unit operators for decades.

its process knowledge and draw
on sister sites and industry
organizations to avoid siloes. Th

refiningindustry has many An organi zationds competency depen
opportunities for technology training.In Guidelines for Risk Based Process Safe@@PS saysi T h e
specific process safety competencglement focuses primarily on organizational learning
information-sharing networks. whereas théraining element addresses efforts to develop and maintain

the competence of [¥aco]ThomgdHusky d u a l
Superior Refiner§ management encouraged individuals to attend training classes and industry events, the
training was not enough to increase the organizat:i

The CSB concludes &t formuch ofHusky Superior Refinedys hi st or y, i tmestlyinbhdusee x per t
with minimalengagement with other refineridhoughHusky Superior Refinefys management enco
individuals to attend i dadsassthigindividual eamingsdidaotestabis®@P 6 s t r ¢
sufficient knowledge or competency within the organization to prevent the April 2018 incident
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For some technologically advanced processes, CCPS
for transforming information into organizational knowledge:

In some cases, more advanced portions of the [process] knowledge are developed

and maintained by a Atechnology stewardo wh
understanding and documenting this informatforo r al | of the compan)
facilities that operate a particular type of yai, p. 174]

Many companies that operate multiple refineries have technology stewards responsible for the FCC competence
of their organizationdn companies that do not have centralized technical resources, such as Murphy Oil and
Calumet, the technology steward is typically a local emplayezhas experience working with the technology.
However, relying solely on thouse expertise may leadtobhd spot s i n the oHBvenani zat
matureoperating procedures might contain errors, inadequacies, or deviations from current generally accepted
industry practices unbeknownst to the technology stewardvercome siloe$;CPS recommends

Sdicit knowledge from external sources. A single individual or single
organization rarely has a monopoly on knowledge or possesses all of the answers
related to a particular operation. Even if a facility has no direct counterpart,
management systems and aggehes used to manage risk can be benchmarked
against those of other organizations, both within the company and within the
industry[95, p. 99]

Whenthe Superior Refineryprought outside experts to evaluate the FCC their surveys focused mainly on
optimization during normal operatiowhile refinery employees believed that the FCC unit operated well, the
process safety competence gaps for transient operations became a blind spot for the organization, ultimately
leading to a catastrophic incident.

The CSB concludes thalusky Superior Refiney s  uexternale€hnical experts was limited to efforts

ai med at assessing and i mproving the FCC unités per
effectivelyassesed its FCC unités operating procedures wit|
comparable industry knowledge, it should have identified and addressed tstdonding process knowledge

gaps around its FCC wuni t 6andthearcident cauld lravedéer preveniad er at i ¢
aid refineries in identifyingrocess safety opportunities in FCC unitee CSB recommendkat API develop

guidelines for process safety assessmeinE<CC units in a new industitgchnical publicatiorior the safe

operation of FCC unitin CSB Recommendatio201802-1-WI-R13.

CenovusSuperior Refinerys rebuilding its FCC unit with the support of UGEenovusSuperior Refinery
engineers, Cenovus sen@nrgineers, and external consultafistthermore, Cenovus Superior Refinery is now
part of a larger network of expertise and experience within the comipaayetter to the CSB, Cenovus
explained:

Postincident, Superior has been incorporated into themp any 6 s t echni cal
collaboration and safety culture, which included sharing information and
technical expertise across the companyds mul
coll aborative cul ture and technical expert
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Downstream @€ c hni c al Service function (ADTSO0) . DT S
reliably r un [facilities]. DTSmipvaragesd sand supports

implementation of common improvement efforts as well as enhancing local
capabilities across t heurngopemtonsyThhis downstrear
function also provides a broad range of services, including technical expertise

relating to FCCUs and other refinery process units.

ConnectingCenovusSuperior Refineryo a wider support network that was not available under MurphgrO
Calumet should help strengthigew o r kK f or c e 8 s 0 VIiaer CSB hakes tvonem@mneendatipms t
improve FCC competence and knowleddparing across Cenovus refineries, including Cenovus Superior
Refinery developing an FCC unit PHA guidancecdment to bémplementedat all refineries with FCC units
drawing from available industry guidan@@SB Recommendatia?01802-1-WI-R8), and implementing
technology peer netwasi(includingan FCC technologyeer networkwhere engineers, operations
management, and operations staff meet to digelsgant process safety topics at least annu@liBg
Recommendatio@01802-1-WI -R9).

4.3 Process Safety Management Systems
4.3.1 Process Safety Information

4.3.1.1 Factual Information

In its processsafetyinformation( fi P $alidy,Husky Superior Refinersequires thatprocess technology
informationbe documented for each procdadasky Superior Refinergiefines process technology as
Aii nformati on concerning t htleechemitahcondeosiors ghichdre e c hnol o g

accomplished in the designated process. 0 Document at
Aiprocess flow diagrams, process chemistry descriopti
consequenes of deviation, and material and energy bal a
The refineryds PHA policy also stated, AProcess Saf

available and wpo-d a t Husky Superior Refinergnaintained these documents for the R@@. However
nether thel960nor the2016 UOP manualsverecited as process safety information referenced in any of the
PHA studies.

4.3.1.2 Analysis

Feder al process safety regulations require refineri
to the hazards, the technology, and the equipment in their processes. ThePSBHRtandaréxplains
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The compilation of written process sgfénformation is to enable the employer
and the employees involved in operating the process to identify and understand
the hazards posed by those processes involving highly hazardous ch&micals.

OSHA, EPA, and CCPS define three types of process safetyniation:
9 information pertaining to chemical hazgrds
9 information pertaining to process technolpayd
{1 information pertaining to process equipmi@a, p. 176
In its Process Safety Management Guidelines for Comp§aOSHA advises,

The process safety information package helps to ensure that the operating
procedures and practices are consistent with the known hazards of the chemicals
in the process and that the operating parameters are édpct

While the regulations provide minimum requiFrements,
based nature allows facilities to determine the appropriate set of process safety information needed for their safe
operation, including piess safety information beyond the minimum requirements specifically called out in the
PSM Standarsl For exampleQSHA contended that for facilities at risk of flooding, fleiated documents

such ag-ederal Emergency Management Age(dgEMAO jlood maps and Flood Insurance Studies could be
considered process safety informatiBarthermoremodificationsto this process safety information could

prompta managemerdf-change revievj96, pp. 9899].€

The C3B met with three FCC technology licensors to understand how they communicate process technology
information to their clients. These licensors told the CSB that, similarly to UOP, they provide an operating
philosophy document that describes their technglpgycess hazards, and recommended operating methods.
The licensees are expected to use this information to develop their own procedures, hazard assessments, and
training programs.

OSHA issued it®SM Standarth 1992; in responséjusky Superior Refinery i kel 'y compi | ed t he
process safety information package sometime beforimitisd PHA study in 1995At the time, thel960
manualwaslikely the only written document &tusky Superior Refinerthat described general FCC

229 C.F.R. §1910.119(d) (2019)
29 CF.R. § 1910.11¢d) (2019) 40 CF.R. § 6865 (2020)

¢ The CSB discusses this topic further in its investan ofthe chemical decomposition, release, and fire incident at the Arkema Inc.
chemical plant in Crosby, Texas following a hurricane in 2087.
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technology conceptsich asspecialty equipment, catalyst circulation, and general procedure guidHmise.
manual may have be@ised as aeference book in the past, hiuappeared to have been phased out when the
refinery developeds owntraining materials in later yeatdadU O P thanualbeen maintained as process
safety informationHusky Superior Refinergould have ensured that its FCC technology information was-up
date and available to its employees.

The CSB concludesthatmdstCC t echnol ogy safety informatd on in U
includinga previous versiolikely publishedaround1960 and the more recent manual published in 2016

applied to the current configuration of the FCC unit at the time of the in@deshould have been included in

the unitds pr oc.éadblusly SdperiorRefineryfincromagtoiran ed UOPOGs t ech
into its process safety management systems for the FCC unit, such as operating procedures, process hazard
analyses,andr ai ni ng material, more appropriate safeguard
shutdown to prevent the explosion and.fire

The CSB issue€SB Recommendatio201802-1-WI-R10to Cenovus Energy toclude and maintaiits FCC
technologyliensor sé6 operismEC@gumiansal prooess siacfudgingthe i nf or m
Cenovus Superior Refinery

4.3.2 Operating Procedures

The explosion occurred while the FCC unit was proceeding through a normal (planned) shitamen.
publication,CCPSdefines a normal shiowrfas fda pl anned series of steps t
normal operations, taking the process equipment from its normal operating conditions to an idle, safesand at

s t a[@7g020] For activities such as normal shutdowiesleral safety regulations requaempanies to

fidevelop and implement written operating procedurespiftatide clear instructions for safely conducting
activities[..]Jconsi st ent with the pr oceans essa faedtdyr eisrsf dirorpaetriaad
consequences of deviation, and °§CCeapitshurdengiovolvead t o cC ¢
complicated sequence of steps and typically occur only once every five years.

aWhi |l e UOP6s Gener al Operati ng Ma topmtect againstinaddegent aip and hydrotarbore g ui d a
mixing, it does not always explain why the guidance is important. The operating manual is written in a way that assheegthaih
reading about the shutdown procedure has already read the pramskihfrmation contained in the startup procedure section. For
example, the startup procedure section discusses keeping air and hydrocarbon systems segregated and keeping air ftioig iaccumula
the main column; however, the shutdown procedure secties ot mention the same inadvertent air or hydrocarbon reversal hazards.
I'n addition, the manual s Emergency Procedures sectnuausn | i mits
operation only. While UOP offers classroom tragtio its clients to teach them the importanciésaechnologyspecific process
safeguards, such as establishing the reactor steam barrier during transient operation, this information is scattenettiierougho
operating manual.

' n the cited reference, CCPS di fch ietheenodevheaaethe mocds®is net@merating, and wo r d
fis hkduotwno (with a hyphen), which refe97sp.4f o the activity of shut

€29 CF.R.§1910.119f) (2019)and40 CF.R. § 68.52(2020)
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4.3.2.1 Clear Instructions
4.3.2.1.1 Factual Information

During interviews, CSB investigators asked refinery employees #iwitindividual understanding tfie
following instructions in the FCC unit shutdown procedure:

T "nAl ways keep the Regenerator pressure a coupl e

=14

1 You may have to have some catal yatrossthkeerepel

f AMaintain even pressure between Main Column and

Refinery employees had slightly different explanations for what these instructions meant. One employee said

that the regenerator needed to be at least amedduigher than the main columinother employee said that he

would expect the regeneratore act or pressure difference to be fisome
twodo during a shutdown (with the rwagnetaveareaftapressucep er a't

di fference that would be too high. One other said t
theybébre...theyodre pretty close, so that youdre not
ar . o

According toHusky Superior Refineys PSM Pol i cy and Procedure, the re
professional thirebarty team to audits chemical Process Safety Management and Risk Management Programs

at least once every three years. The lastaudits from 2013 and 2016 both contained operating procedure
findings across the site. The 2013 audit findings i
measurable steps)o and Aconsequenc e sreporf, hodevaer,imadei on o
no recommendations. In the 2016 report, the auditors reported that the 2013 audit findings concerning the lack

of clear instructions had Anot been addressed. 0 The
developingand mpl ementing a standard template and for mat

Following the 2016 audit, in 201FAusky Superior Refinergonverted its FCC unit shutdown procedure into a
new format. Comparedith its previous 2014 version, some bétlonger steps were broken down into smaller
actionable steps, but tistructionsfor the beginning of the shutdown remained the same.

4.3.2.1.2 Analysis

Husky Superior Refineys FCC unit shutdown pr oc eodsepamtinglthecir not gi
and hydrocarbon systentisatcouldprevent an explosiotror instance, the shutdown proceddie not define

pressure relationship targets for the reactor, the regenerator, and the main column to create a steam barrier,
leaving vague statements upetachoperatoés interpretationT he r ef i neryés shutdown pr
describe howio purge anctontrol the main column pressure witbn-condensabl@rocess gas.

While UOPdid not prescribe specifiequipment operating pressures inGsneral Operatg Manual and
training materiglit did explain how to achieve certain relative pressure differences between multiple pieces of
equipment during shutdownSor example, écause the reactor and the main column are typically
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interconnected during the staifta shutdown, they operate as one system, and their pressures cannot be
controlled individually. Therefore, one factor that contributes to a stable pressure inside the reactor is a stable
pressure inside the main colunthOP 6s 2016 ma n u théreastar atd higher presaurenharethe n
regeneratorin addition,UOP s&d to maintain the main column pressure control using fuel gas at various points
in its General Operating Manual and classroom training material.

Husky Superior Refineys F C @wnsptoceduck did n@ddress or otherwise cover how to maintain steady
control of the main columnds pressure usi gigplya pr oc e
defined a main column pressuegget of 2to 3 psig. On the morning of #nincident, the board operator could

not lower the main column pressure below % psost of the time, and his attempts to lower the pressure

resulted in unstable main column pressure confiigufe 15). Given the unstable main column pressure

control, the board operator set the regenerator pressure conservatively high to prevent potential hydrocarbon
backflow from the main column.

In the absence alearinstructions for managingressure differences between the regenerator, the reactor, and

the main column during a shutdowthe board operator set a steady regenerator pressure that was at least 3 psi
higher than the reactor at all times, atdome pointap to 10 psi higher, potentially resulting in a greater than
typical driving force that pressured air into the reattdad Husky Superior Refinergrioritized steady main

column pressure control instead of exact pressure targets, the unit could have operated with a lower regenerator
reactor pressure difference, thereby reducing the driving force for inadvertent dimtficive system. Thus, the

same amount of air would have taken longer to accumulate in downstream equipment, and the explosion might
have been avoided.

Husky Superior Refinergould not provide data from previous shutdowns for comparison, but one reatsan th
similar incident did not occur in the unitds histor
interpretation for fimaintaining even pressure bet we

The CSB concludes thedusky Superior Refingrhad not determined safe operating limits for pressure

differences between the regenerator, the reactor, and the main column during a shutdown. In addition, the
refineryés shutdown procedure provi dedlt-te-achiave i nst r
main column pressure targets. The absenaagementablegy ui dance in the refineryos
|l i kely contributed to the regenerator operating up
without a reactor steam baer, and driving a dangerously large amount of air from the regenerator into the main
column

In 2019,postincident,Husky Superior Refinergdopted a new approach called Usability Mapping for its
operating procedurefccording to Usability Mapping, thigpproach uses language simplification and
document formatting tbelpcomprehensiofB8]. In 2020, Husky Superior Refinery updated its operating
procedures standard (policy) to require this Usability Mapping technalbgSuperior Refinerhas since

been rewriting over 1,200 @k procedures using this approadihe CSB makes no further recommendations on
this topic.

aHusky Superior Refinergould not provide data to compare typical main column pressure during previous shutdowns. Therefore, the
CSB could not conclude whether the main column pressures observed on dfi¢hdaiycident were abnormal.
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4.3.2.2 Operating Limits for Transient Operation

KEY LESSON
4.3.2.2.1 Factual Information Transient operations, such as
startups, shutdowns, and
Husky Superior Refinerigept safe upper and lower limits, standby operation, mayequire a

consequences of deviation, and corrective actions for each unit on &
spreadsheet that operators could access through a refinery informal
server, along with other process safety information. The spreadshee
contained nrmal operating levels, pressures, temperatures, and flow

. P g .p : P o shutdown, and standby
for each equipment as well as their design upper and lower limits. _ _

. . . . operating modes, consider
According toHusky Superior Refineys oper ating ptr _ | 2
spreadsheets were Atroubl egohoo EEENY SETETES CEnEelE 0 UuUsSe-l
with the Operating Procedures to respond to process deviations tha SCT€ens and stateased alarms

have initiated dconsolela | ar m. o to help operators manage critica
process variables foransient

The FCC unit shutdown procedure included warning language for = operation. These parameters
recognizing a hydrocarbon reverse flow into tbgenerator budid not | should be incorporated into
provide guidane for steps required to correct or avoid the deviation. operator training and operating
The following procedure excerpts describe abnormal situations procedures.

warning of air in the reactor and hydrocarbon in the regenerator:

different set of safe operating
limits compared with normal
operation. For startup,

T A"A sharp temperature rise d9n the reactor wil!/ [
T ' Wwatch Flue Gas Stack for color. I f yellow, <chec

During CSB interviews, some current and former operators could not explain how air could have entered the
main column during a shutdown. One operator said that haanethithe temperature indicators to detect
reverse flow during the shutdown. Others explained
configuration, the air inside the regenerator would flow out of the atmospheric stack, not into the reastor. T
operators did not mention hawey coulddetect air flow into the main column.

In its postincident 2018 inspection, OSHA citétlisky Superior Refinerfor several violations related to
operatingprocedures, including:

[..] the standardperating procedures did not contain the operating parameters, consequences of
deviation from those parameters, and the steps required to avoid and correct the deviations [...

[...]the operatingprocedures referred the operators to other documents trahatalways readily
available [...]99, pp. 13, 15]

@A Refinery employee clarified that this note applied to the initial stages of the shutdown, and that after an hourmthevo int
shutdown, fAthereds no real indicator. 0
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Whil e most of OSHAOG6s recommended a btareconmenmdatisnfover e s |
operating procedur es wa satidno thé éperatihgprdcedurastha refmeryiasn c e s ¢
wel | as, the steps required to [WoprBlect or avoid de\

4.3.2.2.2 Analysis

Husky Superior Refinergnade itss C C  upmocessisafety informaitn, such asafe upper and lower

operating limits, consequences of deviation, and corrective actieaigablefor the operatorgo reference

However, this information only applied to normal operation and resided in documents outside of the shutdown
proaedure. According to the UOP General Operating Manual, the FCC reactor, which operates at a lower
pressure than the regenerator during normal operation, should have been at a higher pressure than the
regenerator during transient operatidhis informationwas missing fronthe operating procedure aitsl

associated troubleshooting tools.

OSHAG6s PSM compliance guidelines explain the i mport
procedures:

Operating procedures provide specific instructions aildedtn what steps are to

be taken or followed in carrying out the stated procedures. The specific
instructions should include the applicable safety precautions and appropriate
information on safety implications. For example, the operating procedures
addressing operating parameters will contain operating instructions about
pressure limits, temperature ranges, flow rates, what to do when an upset
condition occurs, what alarms and instruments are pertinent if an upset condition
occurs, and other subjects. Aher example of using operating instructions to
properly implement operating procedures isanting up or shutting down the
process. In these cases, different parameters will be required from those of
normal operation. These operating instructions needb clearly indicate the
distinctions between startup and normal operations|..] [94] (emphasis
added).

Husky Superior Refinetys FCC s hut down p r soreeofithe basic ahd essemigbtating p e c i f
limits for the shutdown, such as keeping the reactor pressure higher than the regdteratantdown

procedure should have explained why this step was important and what to do if it wekieetble. Had

Husky Superior Refinelf s oper ating procedures specified UOPOs 1
reactor at a higher pressure than the regenerator, with the appropriate wapengsrs could hawestablished

and maintained reactor steam barrjeand the explosion could have been prevented.

Vaguelanguage and missing information inthe FC@ i t 6 s woceduredaer® symptoms of a refinery

wide operatingorocedure quality problem for many yeaeforethe incidentHusky Superior Refinefy s

operding procedures were known to lack clear instructions, consequences of deviation, and the steps required to
correct and avoid deviations. The past two PSM and RMP compliance audits in 2013 and 2016 had highlighted
these concerns to refinery managemBetpite finding these previousafety gapson the day of the incident,

Husky Superior Refineys FCC wuni t s rstil tidotyprovidp effectve shie operating limits,

identify the consequence of deviating from these limits, or provide cleatostnuinstructions tevorkers.The
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CSB concludes thaiusky Superior Refineys r esponse to the 2013 and 2016
findingsregardingheoverall quality ofthe e f i ner y 6 s o0 pwas iadffactiveyancpultimatety didi r e s
notimprove the quality of theCCunibs oper ating procedures enough to F

In its PSM Guidelines, OSHA explains the importance of operating procetluragtraining:

Operating procedures and instructions are important for rigaioperating
personnel. The operating procedures are often viewed as the standard operating
practices (SOPs) for operatiofg!].

Husky Superior Refinelys t r ai ni ng materi al and shut dadamgergus o cCc e d
air and hydrocarbon mixtures from formingn accor danc e wBetaduse the©wRities praceduresa n c e
did not include clear instructions, consequences of deviation, and steps to avoid or correct deviations, operator
discussions about predures also lacked this depth of detail.

The CSB concludes thatusky Superior Refiney BCC unit operating procedures wei@ an effective
training tool. Not only did t fkkmewnrsadguarde bulytiieg alsplacked e d u r
clear instructions, consequences of deviation, and steps required to correct or avoid deviations that operators
should be able to discuss during their training

Husky Superior Refinelys 2020 wupdate to its odadditieal reqirgmeptsforc e d ur
operating limits and consequences of deviation. According to the updated policy, operating limits and
consequences of deviation will be contained within operating procedure steps, as notes, cautions, and warnings
within the operating procedes, unit key operating variable tablasdpre-job reviews, and within the
refineryébs computer control system help | o0ogs.

In CSBRecommendatio201802-1-WI-R1, the CSB makes a recommendation to Cenovus Superior Refinery
to demonstrate that the new FCC unit equipment, operating procedures, and operator training incorporate the
transient operation safeguards discussed in this report. Part (e) of this reconunespitifically addresses the
documentation of consequences of deviating from the transient operation safe operating limits and of
predetermined corrective actions. Par@iplies to incorporating this information irgperatortraining

material

4.3.2.3 Changes to Operating Procedures
4.3.2.3.1 Factual Information

Husky Superior Refinelys oper ating procedure pol i ci sadificatorggui r e d
to existing operating procedures. The policy required the same process for changing its operatingegrased
developing a new operating procedurie subject matter expert would review/edit the procedure, the area
superintendent would certify and approve the procedure, and the procedure would be distributed and filed upon
approval. The area superintendeoiuld forward the certified and approved operating procedures to the PSM
Administrator for archiving.
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According to the e f i openmatingdpsocedure policy, the area superintendent determined the level of training
required for operators after proceduhaoges. Training obothminor and major changes to operating
procedures required, at minimum, written instruction with giffrdocumentation.

The refineryods clamemandgememlicydd aatspedificallyeaddress or otherwise mention
aneed to create Management of Charfg@Co) tracking for changes to proceduregen though the

ref i separagddCC policy described changesdperatingorocedures alseingwithin its scope. In addition
to area superintendent approval and trainingr@stioned in the operating procedure polithg separatmOC
policy would havealso required a design review and safety and health réeredWOCs, hadrefinery

employees deemeth MOCapplicable for this type of chande.

Husky Superior Refineriold the CSB thait used its operating procedure policyincorporatether e f i ner y 6 s
new venting requiremensdf or t he contractorés chemical <clteaning
turnaroundHowever, theefinerywas unable to provideignoff documentatiortonfirming thathe employees

involved in the 2018 shutdown acknowledged communication and training on changes to the shutdown
procedureWhile some operatorgported receivig the updatedshutdownprocedure ahead of time, laast one

operator said that he did not realize that they would not be able to vent the equipment out to the atmosphere, like
in previous shutdowns, until the morning of the incident.

4.3.2.3.2 Analysis

T h e E RinénsSedor Rule, first published in 2015 and finalized in 2020, issued requirements to further
control toxic air emissions from petroleum refineli&80].> Some of thaupdatedprovisions applied to potential
emission points that the ERMaracterizeads maintenance vents. April 2018,the EPA describedhe new
requirements for maintenance vents in a Federal Register publication about its proposed rule:

Under 40 CFR 63.643(chawner or operator may designate a process vent as a
maintenance vent if the vent is only used as a result of startup, shutdown,
maintenance, or inspection of equipment where equipment is emptied,
depressurized, degassed, or placed into service. Thepedifies that prior to
venting a maintenance vent to the atmosphere, process liquids must be removed
from the equipment as much as practical and the equipment must be depressured
to a control device, fuel gas system, or back to the process until oneeddise
conditions, as applicable, is met (40 CFR 63.643(c)(D}, p. 15463]

A

TheEPA initially set the refineriesd compliance dat e
to August 2017, and latet,anuary 2019. At the time of the inciden
was August 1, 2017, but according to the EPA, fiman)
compliance, including applying for and receiving an additionainb@dth compliance extension. This [made]
their compliance dl®2 p. Blo4Rlelusky Superisr Refiderwasdile bfghgerefineries

@ According toHusky Superior Refineryit did not hae MOCs relevant to the turnaround.
b 40 C.F.R Part 60 Subpart, 0 C.F.R Part 60 Subpart J40 C.F.R Part 63 Subpart G&nd40 C.F.R Part 63 Subpart UUU
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to receivethe 12month compliance extensiom July 2018, th&PA poposed extending the compliance date
to January 2019. The rule became effective in February 2020.

Driven by anticipated EPA Refinery Sector Rule requiremerg®Qh8 turnaround washe first time that

Husky Superior Refinersequired its equipment teelvented to the flare system instead of venting directly into
the atmosphere while shutting down. According to employee interviews, this was a proactive action to prepare
for compliance when the rule became effective, anticipated at the time as August 2018

In previous shutdowns, FCC operators usedetitsome ofthe

contents of the main colundirectly to the atmosphere usiagpam. KEY LESSON

During these venting activities in previous shutdowns, some of the = The piping from process

oxygenthat had likely migrated to the main column durkhgsky equipment to a refinery flare

Superior Refines shut down sequence | i system is a critical safety systemt he

atmospherginstead of bi@g routed to the gas concentration unit as
occurred during this incidenthe CSB did not find evidence that
Husky Superior Refinergmployeesecognized how venting changes
to its FCC unit shutdown procedure impacted the air accumulation r
inside themain columroverheadeceiver.

especially during startups and
shutdowns. Refineries should
understand why and how to vent
and purge equipment to their
flare system to start up anchat

The CSB concludes that whitdhanging its FCC unit shutdown down a process unit safely.

procedure for the 2018 turnarouttlsky Superior Refinerglid not Changes to venting and purging

recognize that eliminating the use of atmospheric vents made it mor procedures must be evaluated

likely for oxygen to accumuta in the main column and increase the = for their impacts on the process
potential for an explosion. Be units. eryos
process knowledge of oxygen accumulation risk in the FCC unit durmg

transient operation, they may not have identified the risk even had theyetedh@lmanagement of change or

risk assessment on their procedure changes

CenovusSuperior Refinely s F CC r e pupdatesdo itp proogssesafety management systems post

incident andthe CSB recommendatiorisr the refineryshouldaddress some difie knowledge gaps that

previously existed regarding FCC unit operatitiveg led to the April 2018 incidenn additionther ef i ner y 0 s
updated operating procedures pplic 2020requires all changes to approved procedures to fahew

r ef i stendayddGC process, and any changes to a procedure step to be risk asbkege8B makes no

further recommendations.

4.3.3 Process Hazard Analysis

PHA is a systematic, teaivased effort to identify and evaluate hazards associated with processes to enable their
control[103]. PHAs became a federally regulated requirement for certain progessedJnited States,

including & | refineri esRSM&wmndgpdam d ERMR &g hed1990S.A PHA must

identify and control process hazards that could occur during normal routine operations-amatinen

@29 C.F.R. §1910.11@)and40 C.F.R. § 68.67168].
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(transient) operations, such as startups and shutdowns. Giespaust use an appropriate hazard analysis
methodologyto identify, evaluate, and contrptocess hazardsuch as explosions and fires

4.3.3.1 Factual Information
4.3.3.1.1 Refinery Policies

Husky Superior Refinerysed a risk matrix, similar to the one showirigure 39 below, to relate each PHA
scenario to defined risk boundaries and risk reduction requirefi®dtsp. 220]Husky Superior Refinefy s
severity criteria werbased on potential injuries, environmental impacts, cost of equipment damage, or
production/quality impacts. Severity was rankesthigh, significant, mediungr low risk.

SEVERITY

LIKELIHOOD

Figure39. Generic risk matrix. (CredRrocess Improvaent Institute[105])

In its 2016 PHA and LOPA study, the team performed LOPA for PHA scenarios that the team identified to have
a fisignificant o t o (febardipdsoflikeliboo®dr ity consequence

CalumetSuperior Refine§ s  PHAp50 | i cy required all PHA studies to
hazards of the process during all modes of operatic
undergone an initial PHA, covering the haisaof the process or area during all modes of operation, utilizing
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the Hazards and Operability (HAZOP) technique as defined in the CCPS publiGatidelines for Hazard
Evaluation Proceduregl04, p. 115F

4.3.3.1.2 Husky Superior Refineryds FCC Unit PHASs

Mu r p h ySugeridr Renere ompl et ed the FCC unitdés initial PHA
studies in 2000, 2005, and 2011 were revalidations of the original study. In 2016, the refinery conducted a PHA
i r-deo 0 itafinstLOPA study on the FCC unit.

The initial (1995) PHA team included four current FCC operators, a process engineer, and one former FCC
operator with at least 10 years of experience, totaling many years of collective experience dpeeitinghy

Oil Superior Refinegs FCC wunit. This core team also called up
engineering, and operations to participate as neddiedteam consisted of only Murphy Oil employees except

for a thirdparty PHA facilitatorThee port descri bed the study teambds ap
analysis:

The scope of the hazard analysis was limited to a review of the pfpi@Eeg]

and instrumentation diagrams (P&l DO6s) under
conditions for theFCCU. Certain stattip, standby and emergency shutdown

conditions were considered if they presented additional hazards not identified

during the discussion of steady state conditions.

The 1995PHA teamidentifiedthe following scenariothat could cause air ftow from the regeneratanto the
reactorunder steady state normal operating conditions

T "nReversal of flow from the regen to the reactor
vavemad f uncti on) o

T AReactor | evel controller or spent slide valwve
T A"Reactor/ regen [differential pr essFiguee]d0)contr ol |
8HAZOPi s one method that can be used to conduct PAbpstesdtiadi es. I n

qualitative technique to identify process hazards and potential operating problems using a series of guide words testudy pro
deviatiors. A HAZOP is used to question every part of a process to discover what deviations from the intention of the design can occur
and what their causes and consequences may be. This is done systematically by applying suitable guidewords. Thistis a systema
detailed review technique, for both batch and continuous plants, which can be applied to new or existing processeshiazialeigtify
[103].

® The OSHAPSM Standardequires that PHAs argpdated and revalidated at leasteevery five years49 CF.R. 1910.119(e)(6)
(2019). Companies use several approacldssep PHAs ujo-datebased on theirneeds A A r e v a lareviossly completet i n g
PHAdocument and adevelopndaoawPHAsas if it were an initial PHAL96].
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. .
DEVIATION CAUSES | CONSBQUENCES SAFBGUARDS S LR RECOMMENDATIONS
No Level 1. Reactor level (1.1 Reverse flow 1a. dP over-ride on the 1 4 2 :Safeguards

controller or thru the spent level controller to shut |adequa:.

spent slide valve valve and regen the valve

mal function or gases in the

misoperation (LC- reactor - possible 1b. Low level and low dP

i flammable atm in alarn I

the reactor
1c. Manual jack, wheel,
and pressure accumulator
to operate slide valve

1d. Dual valve position
indicators with deviation
alarm

Figure40. Excerpt from the 199PHA? (Credit:Husky Superior Refinéry

The1995PHA team did identify several transient operation scenarios, which included issues such as
Ainsufficient draining of water/moisture prior to ¢
fadding fuel gas t o tthhee [isgtnairttdFipe Phllecapbkedidotidescmoe t or  wi
how the team identified these and other startup, standby, and shutdown scenarios.

The next three PHA studies were revalidations and updates of the initial PHA study, where the documented
scenariogvere similar to those from the original studye 2016 PHA ralo study report defined the following
scope: AStartup, -stae), shatdowrg ane emergenay shutdow opesiationsmelieitly
studied in the PFhA205 PHArMgarhcamsprised offisedatuchetSuperior Refinery
employeesepresenting management, process engineering, operations, anddsdfiety identifyadditional
scenarios relevant to the April 2018 incident than those already mentioned in this section.

4.3.3.2 Analysis
4.3.3.2.1 Transient Operation Hazard Identification in Husky Superior Refinery

The April 26, 2018explosion occurred while the FCC unit was shutting dovable 3 summarizes some of the

major process differences between an FCC unit in its normal operating mode and a transient mode in which
catalyst circulation is stopped during a shutdolifferences between the two operating modes include flows,
pressures, properties and behavior of defluidized catalyst, and the positions and configuration of equipment such
as slide valves.

aInstrument names are redacted.

® The study team identified that
1 Inadequate draining of water/moistymeéor to a startugould lead ta possible overpressucd the main column
T A plugged spent <catalyst | i nengdfthereactgr amsl taaryoveuopcatalystuoltree méire ad t o
columno and @ p o ghydrobarben fronetigeeaactor entering tiseadgeneratutjoverheating of the
regeneratof equipment damage
1  Adding fuel gas to thetartup heatewith theignt or bl ocked in could cause fApossible f
line and flammable mixture inthe heafei r € hazar d. o
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Table3. Process differences between normal and transient FCC unit operations at Husky Superary Refin

Normal Operation Transient Operation
(During the Shutdown)
Catalyst circulation Continual Stopped
Slide valves Open, controlling Closed
Reactor catalyst level Normal operating level Low or empty
Catalyst fluidization Fluidized Not fluidized
Standpipe flow direction Spent:From reactor to regenerator Both standpipes flow in the same
RegeneratedErom regenerator to direction: from the vessel with the higher
reactor pressure to the vessel with the lower
pressure
Reactorcontents Mostly vaporized hydrocarbon Mostly steam
Regenerator contents Mostly air Mostly air
Regeneratorreactor Regenerator pressure is higher than Operator s¢s a constant flue gas valve
differential pressure reactor pressure. Automatic controller | position and adjusts as needed
adjusts flue gas valve position

While the Superior Refiner§y BHA teams studied disturbances during normal operation that could lead to
catastrophic events, such as a flow reversal of air from the regenerator to the reactor, the studies did not evaluate
hazards during the transient operation conditibos.exampleasdiscussed in Sectichl1.3.2.6the PHA
identifiedautomatic slide valve closures as a safeguard, but during a shutdown, the slide valves would already

be closedSimilarly, the reactolow level alarmand catalyst slide valMew differential pressure alarms

designed to alert operators to abnormal commitduring normal operatianay not baneaningfulduring a

shutdown because the reactor level may already be empty and the catalyst dedlpigtized As this incident

shows, analyzing the hazards in the context of these altered conditions is ndoessantyolling hazards

during all modes of plardperation.

OSHA citedHusky Superior Refinerased on requirements in29R. 8191 0. 119 (e) ( 3) (i ) : i
hazards of the processo in PHA studies. OSHA wrote,

[Tlhe employer did not adequatelyddress the hazards associated with
shutdowns, including but not limited to, the hazards associated with operation in
manual mode, [...] deviations from procedures, inerting and purging of
equipment, and other abnormal conditions and situations experienced
shutdowng99].

Prior to the incidentdusky Superior Refinedgys PHA pol i cy required study tea
the hazards of the process during all alondleosthavf oper
to evaluate all mode3hough the most receB016 PHA study report said that the team considered startups and
shutdowns, most of the scenarios appeared to be derived from normal operating conditions. None of the PHA
study reports explaindabw the team identified transient operation hazdrdihe absence of a formally

documented method, the PHA study tsdikely generated the startup, standby, and emergency shutdown

8Husky Superior Refineys s hut down procedure instructed the operators to m
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conditions based on personal experiences and team discu¥¥lolesthePHA teamsdentified some transient
operation hazard#hey did not identify and discussher possiblescenariosnvolving flow reversals thtamay
occur during startups, standby, and shutdown

Husky Superior Refinergould have benefited from UOP or an FCC process technology expert to participate in

its PHA studies to identify additional transient operation hazandsguide them on how to address them in a
PHA.According to the CSBGGtectalogydiaerssargthoughtheyitypidally sfierv e r a |

PHA patrticipation as an additional service, the decision to involve the technology licensor in a PHA has been up
to the clientsUOP did not participata any oftheSuperior Refinely s P HA st u dinadsnt. BHAIi or t o
studies were not a common practice when UOP desitpectliperior Refinerl§ s F CC u pandPHAsn 1960
did not become a federal requirement until 19%er the April 26,2018,incident, UOP did participate in

Husky Superior Refiney s  FoHitd& FCC rebuild project.

Husky Superior Refinergould have also benefited from written guidance outlining common FCC unit scenarios
that should be evaluated in PHAs. At the time of the incidkistjnformation was not available U OP 6 s

manual orm amore generatonsolidatedndustrydocumenthatHusky Superior Refinergould have

reference.

The CSB concludes thdhe Superior Refinel§ s PHA st udy t elecensordrindastrnguidlaneed e q u a
t o eval uat etechnolagysgedfiCransiant dpéragion hazards.

In 2021, AFPM developeda e sour ce f or its members titToemurdf FCC PH
that more refineries are aware of common transient operation bazd&@C units, industry groups should

continue to develop general guidance documents for analyzing common FCC transient operation hazards in
PHAs.In CSB Recommendatio201802-1-WI-R13, the CSBrecommendshatAPI develop PHA guidance for

FCC unitsin anewindustrytechnical publicatioffor the safe operation of FCC units

To ensure that Cenovus refineries, including Cenovus Superior Refimagporate available industry

knowledge into their PHAs, the CSB mak&SBRecommendatio801802-1-WI-R8 to Cenovus taevelop

and implement an FCC PHA guidance document that is updated with new industry knowledge as it becomes
available (for example, from AFPM, CCPS, and ABlpe applied all its refineries that operate FCC units

4.3.3.2.2 Transient Operation Hazard ldentification in Industry

Transient operation hazards exist in many chemical processing technologies, not just FQGauQisB has
investigated numerous incidents in the past that occurred due to an incomplete analysis of EackEssksa
during nonroutine and transient operatioi®6, 107, 108, 109]n 2018, the CSB published a safety digest
summarizing lessons learned specifically from incidents during startups andvehsitti10]. In January 2021,
CCPS publisheuidelines for Process Safety During the Transient Operating Mode: Managing Risks During
Process Startips and Butdownsdueto the prevalence of process safety incidelntsng transient operations
[97].

In 2008, CCPS added guidance specifically for transient operationg3unidslines for Hazard Evaluation
Procedureg104], with the following justification:
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During the period 1970 to 1989, 60 to 75% of major incidents in continuous
processes occumpuedneor mmgeBnoh operati on; [
phases other than the continuous operation of the processtaftup. [...] Many

facilities have applied hazard evaluation techniques only to the continuous

operation of a process and not to procechareed aspects such as st

shutdown, emergency operations, sampling, and catalyst cbhahde.]

Personel may have less operating experience with proceblased operations

that are heavily dependent on task performance and operator decaion. In
addition, safeguards may be bypassed or not fully functional during some modes
of operation such as starp of a continuous procegd4, p. 257]

A 2016 paper written jointly by authors from Process Improvement Institute, Inc. and OSHA highlights the gap
bet ween the intent of the OSHAfP&EKMer pgokastisonand a
process faciliiesT he paper, titled fANecessity of -fenalModesmi ng
of Operation (Startup, Shutdown, & Online Maintenar
procedures. The authors identify that most PHA studies limit the majority of their analysis to the (steatht

state mode for continuoue per ati ons despite OSHAG6s implicit requi
be analyzed. They explain:

Paragrah (e) of the US OSHA regulation on PSM, 29 CFR 1910.119 and similar
requirements in US EPA's rule for risk management programs (RMP), 40 CFR
68.24 specifically require that PHAs consider and address hazards of the process,
i.e., all hazards regardless bétmode of operation (routine or rosutine).

29 CFR 1910.119(e) (1) states that the PHA, i
the hazardsi nvol ved in the processo

29 CFR 1910.119(e)(3)(i) states that the process hazard analysis shall address
fiThe hazards of the process .

29 CFR 1910.119(e)(3)(vi) states that the process hazard analysis shall address
human factors.

Appendix C to the OSHRSM Standardtates that both routine and Rautine
activities need to be addressed by the PHA of the coveoeggs.

There is no qualifier that limits the OSHA PHA requirement to only routine
modes of operation. PSM requires tladlt hazards related to the process be
addressed, regardless of the mode of operation or activity (routine-coutare)
[111].

Thorough analysis of all operating modes is an induside challengd one author estimates that Rautine
modes are not analyzed at all in possibly more than 80 percent of fafllitidsCCPS andthers recommend
performing HAZOP study, simplified HAZOP study, or WAiBAnalysis on procedures to analyze process
hazards during all modes of operat[66, 112, 104, p. 258PHAs on procedures areone commonly
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performed on batch chemical processes, wtienee is more human involvementtire process onfaequent
basis[113]; however, most refinery processee continuous processthatshut down fomaintenance once
every several years

As mentioned in Sectiof.1.4 human factors engineering is an imporgaaitt of evaluating transient operations
that requiresignificant operator involvemerfsome industries use systems engineegjmgroacheso plan for
operational safetjl14, 115] For instancethe U.S. Department of Defenselitary standardMIL -STD-882E
(System Safg), Task 206equiresanOperathgand Support Hazar d albsgstein gatety s
fields, such adlight tesing andmunitions manufacturintacilities,? that have high reliance on administrative
(procedural) controlsThe O&SHAO s pur pose i s specifically to di
operational and support activities and procedarBisetask descriptiommphasizes human fact@s integrato
thistype ofanalysisi The human shall be considered an el ement
initiating out p(ltdsp.5]Hazard Analysis Eechaiquaslfoy SystesndSdfeiglifton A.

Ericson, Il is one source that providestherguidance for how to perform an O&SHAL6, pp. 177198]. The
chemical processing industry could draw on these and other systems enginaeaittgnalysismethod<€o
improvehazard identification during transient operation.

(A0

dent

The CSB concludes thiatusky Superior Refinedy policiesdid not
includerequiremerg orguidelines foperforming PHAS on its

KEY LESSON

Most process hazard analysis
(PHA) studies for continuously
operating prazesses focus on
hazards during normal operatior
However, a significant portion of
process safety incidents occur
during transient operations, suct
as startups, shutdowns, and
standby. Companies should
perform PHAs on critical
operating procedures to bette
identify hazards that arise during
transient operations with an
interdisciplinary team of
operators, engineers,
maintenance, management, and
other relevant disciplines.

SB

operating procedureslad therefineryperformed a PHA oiis FCC
shutdown procedureith a multidisciplinary teanit could have
identified andcontrolledtransient operation hazardsch as
inadvertent air and hydrocarbon mixing during a shutdown.

The CSB makeCSB Recommendatio201802-1-WI-R11to OSHA

to develop guidancéocuments foperforming process hazard analysis
on operating procedures to address transient operation harzards
facilities with PSMcovered processes.

Since the incidenthe Superior Refineryipdated its policies to require
PHAs for startup and shutdown procedures for each proces3ainit.
ensure that transient operations are adequately evaluated intRElAS,
CSB makes£SBRecommendatio201802-1-WI -R5 to Cenovus
Superior Refinery to develop guidance for analyzing operating
procedures during PHASs using available industry guidance
incorporating this into its PHA policy.

apsSMcovered Department of Defense facilities are required to follow MtthSTD-882E and the OSHA PSM Standard.
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4.3.4  Operator Training

4.3.4.1 Factual Information
4.3.4.1.1 Operator Training Curriculum

Husky Superior Refinelys t r ai ning policy in place at the ti me ¢
through three weeks of ethejob training and pass a written test before qualifying for their jobs. The policy

requed each operating area to devel op anthejgopteamiagt or tr
with access to process flow diagrams, piping and instrument drawings, operating and emergency procedures,
and training manu dobpsratdrshware trameddmouse \byaothér ageraters. 0 A |

Oneoperator described that when he was being trained for a new assignment, he came in for work every
weekday during the thregeek training period, following the curriculum and learning from eacheofatr

rotating crewsThe FCC unit had five levels of operator assignmériis.least experienced operators started as
a field operator, and gradually advanced to board operator, then head operator ptgitaaily over the

course okeveralyearsperassignmentHusky Superior Refiney BCC unittraining manual outlinga

curriculum for eachevel of FCC unibperator assignmentThemanualincluded reading material, lists of tasks
to be learned from more senior operators through discussions lahdifironstrations, artdaining questions

and answers about the process

According toHusky Superior Refineys PSM Pol i cy and Pr oeveelt onthejgh at t he
training, a trainee was supposed to take a written test to qualify for tHé tjod trainee passed the test and the

area supervisor believed the trainee was ready to take full responsibility, the ojoetatmmother test aft&0

days on the jolo ensure training retentiom addition, he policy gave the supervisthe ability to retest the

trainee any time after taking over the job or to disqualify an operator. Thereafter, operators were expected to
receive refresher training at least once every three years. According to one operator, each operator had to gain
proficiency inone assignment to qualify for the next level, building up to the board operator, then the head
operator positions.

Operators would begin to learn fundamentals of operating an FCC unit beginning with the board operator
curriculum, where they learnedbout the pressure relationships between the reactor, regenerator, slide valves,
main column, and other equipment. While the f i n e ropeteitramiG@gCnanual described typical

refinery equipment, such as pumps, valves, distillation columns, and vessels, it did not explajpeE@i€

concepts, such as specialized FCC equipment, pressure balance, and catalyst circulation, in writing. Neither
UOP6s 2016 Gener al Operati ng Man keylFCQspercific techr®logy,9 6 0 ma
equipment, chemistry, and operational concepts, was incorporated inteetliei foemal yrdingng curriculum.

Instead, the training manual served asecklist of topics to cover each day, relying on the trainer to teach the

FCC concepts to the trainee verbally and through live demonstrations.

4.3.4.1.2 Trainer Qualifications

Husky Superior Refinefys t r ai ni ng pol i cy s twiél beeahdutel laythe anlhheado p e r at
operator and the operator wor ki nhepolrcy dldwed fop @gperatorsi o n ¢
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to train others as soon as they had qualified for the assignment themAekfasery employee illustrates how
this pdicy could sometimes lead to inexperienced operators training others on their current job:

Letds just say, for ipassddayn ctee s tl gnuds tn otw alionne d
wor king the job. Itdéds my first day. Now they
| could be his trainer.

[.]

Il 6m al so very inexperienced so therebds a | ot
youdbre only going to | earn from years and ti

The 2013 PSMand RMP compliancaudit reported one trainiaglated finding, regardingfresher training.

The audit team reported that t-to-daterandffielchirdervigvdssndidateda i ni r
that Athe employees feel adequately trained to saf e
audit team appered to have only interviewed contractors and emergency responders, not operators or other
refinery employees, about training.

After its onsite inspection following the 2018 incident, OSHA descrited b s er vat i ons of t he
training program ints Citation and Notification of Penalty letter to the refinery:

The inspection team identified through interviews and documentation that
training of operator personnel was not adequate. It was noted that newer and less
experienced operators were trainingwnoperators, and that training was not
always consistent as the most experienced operator would not always train the
new individual for the entire period of trainif@e, p. 24]

AnOSHA lettetat t ac hed t o italiéhldmi dlatific2&iOnloBPenalty identified the issues with
training and urged the refinery to implement recommendationsitiely Superior Refinerliad previously
issued after a 2018017 norPSM internal incident investigation, noting:

- consi dethetar afitnrer 6 program to certify traine
- strong operators should be trainers;
- there should be some type of performance evaluation;
- the head operators should be responsible for proper training, operator
performance, and monitoring of the training psx;e
- consider developing a competency test in addition to the written test for
operator training99, p. 24]

@1n addition to issuing its citations following the 2018 incident, OSHA issued a letter with recommendations to enhanee saigkyy
and health for situations to whidhfelt no OSHA standard applied aitdlid not believe it was appropriate at that time to invoke
OSHAGs Gener d99,p2Rlty Cl ause
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4.3.4.1.3 Training on Operating Procedures

Husky Superior Refiney s -@afelnrhouse FCC unit operator training mandetlicated only half of a page
to operating procedures:

Knowing and using the FCCU Operating Procedures are the primary ingredient
to becoming a successful FCCU Operator. You must read and understand these
procedures, ask questions about areas that areannahd know how to apply
these practices to real situations.

An operator described the procedure training he received during thenbe&eraining program for qualifying
as a board operator:

[Y]ou have th¢...] procedures fofstartup and shutdowngnd you look through
them, and...] everybodykind of orally describes, you kno#, Tis is what you're
going to do for shutdowns, and startups, anaif...we need you for anything
else then wa! let you knowo

But we have thetheprocedures all written up, and then you kind of just read
through them.You...weGe not actually officially trained on shutdowns or
startups. Thds just kind of a part éf a small part a the training.

An operator described how his crew revieweddigtdown procedure one week before the 2018 turnaround:

And then the week before, at least on our shift, [...] we printed one off for
everybody and went through it, just ourselves.

[.]

And then we basically just kind of went through it page by page, likéi Ok ay , [ . . . ]
do you understand what youdll be doing? You

[.]

[K]ind of just talked about what each of the steps were [...] SO we have an idea,
at | east , of what wedre doing.

Husky Superior Refinefys F CC u n gemenadidenat scinedule @a formal meeting with the operating

crews to review the updated FCC unit shutdown procedure. One operator told the CSB that his crew informally
reviewed the procedure together to familiarize themselves with the steps. This urreffiela was limited to a

general overview of the steps, with the underlying assumption that all the steps would happen correctly, and that
the unit would respond as anticipated. For most of the operators, this was the first time they had worked a
turnaround in their current rolé@ An operator recalls:

aThe turnarounds adusky SuperioRefinerywere typically scheduled once every five years. The FCC operators that the CSB
interviewed appeared to be advancing into their next operator assignment typically once every two to three years.
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A lot of thelike head operatorand stuffhave been through it a lot. So, | mean

in[..] at least in my mind, itwas just A Okay, this is going to ha
know, this is whiake wedOkay,0.i0f I[tthiwasmadppeéns,
this, o or, you know, nlf something goes bad
di dnot really go into detail about t hat be
happened. I mean t hat . .ardt.JHAS [Dlshazerd nd of what
anal yses] are kind of for. We do that on som
like an official gethrough and...and do step by step, understanding of exactly

what to do.

It was more so, AWebve s$Butwhaeawmweldefeomg®e, nygo
be doing. You know, this is what you should see. And then, you know, this is

what o6l | happen. 6 But nothing |ike, you know,
l ook for this, o0 or anything |Iike that, no.

Regarding training he receivedrfconsole alarms, he explained:

[ N] obody ever went through specific alar ms |
this oneds not so much i mportant. o But it wa
and low alarms are kind of an indication that somethingaigiisy to go bad or

is not quite in the parameters we want it to be. And then thehigghand low

|l ow alarms are the critical. You need to ju
going on. o [...]

But startup and shutdown Inévergealiygoter really Db
to see ones | feel like were more critical versus less critical. And so, in my mind,

it was always justéjust keep an eye on al/l C

togotothae what ever that page i s amdn?j ust try to

During a turnaroundilusky Superior Refinergioubled the operator staffing by adjusting the schedule so that
there was one 1RBour day shift and one dt#our night shift instead of four rotating-h®ur shifts. The increased
staffing allowed neweand senior operators to team up as they performed the increased workload involved with
shutting down the unit and preparing the equipment for maintenance.

The board operator assigned to shut down the FCC unit the day of the incident had only beeoelaiard

since the previous yeas ofFebruary 2017. The acting head operator, who was assisting him in shutting down
the plant the morning of the incident, had been a board operator for four years. Similarly, a supervisor
overseeing turnaround actiws both inside and outside the control room had never acted as a board operator
during previous turnarounds. The manager who was also overseeing the activities and advising the board
operator had not personally worked a console job since the refinernpbeatiad its computer control system

a1n its postincident investigationkusky Superior Bfinerydetermined that its inability to manage critical alarms contributed to the
incident. According to the investigation report, practical alarm management was difficult in part due to the old comsddgyech
which Adid not prabvide yt iort eptemiad @lr scamp address [...] the is
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and consoles in 1994. Other head operators with more years of board operator experience were assigned to
outside or preplanning tasks for the turnaround.

4.3.4.2 Analysis

FCC unit shutdowns introduce unique process safety timtaat are not present during normal operation.
Furthermore, a typical FCC unit shutdown occurs approximately once every five years at many refineries. To
prepare their operators for these rare and highkractivities, many companies emphasize crymiatedure

related process safety concepts in their training programs, typically using simulator training, drills, and
hypothetical exercises. In the AFPM February 2020 FCC webinar, a presenter explained the challenges behind
training FCC operators for abmoal conditions:

In a lot of ways, as long as you've got stable circuldti@nmal operation]to

me thafs lower risk than the standby operation wheredy@got no circulation,

but it,s hard All these scenarios are difficult for the operations pedmeause
therds not a lot of exposure to these modes, right? The FCCs are very reliable.
And there are numerous locations around the world, where, tdvgogot a
turnaround run length ...[of] about five years, you've got cases where operations
departmentdaverit seen outages. They've not seen feed trips in years. And so,
we have to practice these things, sort of offline, [with] simulators, and upskilling,
and those sorts of training classes. That's when we have to really hammer out
theseprocedures to get people some practice doing it. We jugt dame much
exposure to it. [...]

These operation times represent greater risk than normal operation. This is the
moment where we make a mistake, and | mean, it can have ramifications that last
for month468].

To ensure that FCC unit operators can safely and successfully shut down the unit, they need to review crucial
process safety concepts during initial training, through handzractice opportunities, and througtfresher
training at appropriate intervals. Guidelines for Risk Based Process SaaBPS recommends:

Consider timing. Training, particularly refresher training, is best scheduled just
before the task will be performed. Thus, the best time for redfrdshining on
unit shutdown procedures is just before a planned shutf&jn

Not only didHusky Superior Refineys oper at or training program not ap
transient operating procedures, the refinery also did not provide jtisi-time refresher training in preparation

for the turnaround, leaving the crews to study the shutdown procedure on their own. According to operators, the
discussions were limited to a cursory review of the stepuiitiully understanding what actions to take if they

do not go as planned.

FurthermoreHusky Superior Refinerlad no console training available outside oftloajob training for
shutting down the FCC unit. On the day of the incident, neither the heeatapnor the board operator had
shut down the FCC unit for a turnaround before, because they were not yet qualified to be board operators
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during the previous turnaround five yearsor in 2013.Due to the lack of hanesn practice opportunities

availabk between the fivgear turnaround intervals Biusky Superior Refinerynone of the employees

working on the day of the incident had sufficient board operator experience for safely shutting down the FCC
unit for a turnaround.

API Publicatiemdg7@yi diédd tManBgduci ng Human Errors, o
skills, such as through drills, tatkroughs, whatf challenges, and simulator trainingigure 41), and asserts:

If workers only receive otthejob training, they will not be prepared to deal with
problems they have not yet seen. ... Practice will not only arrest the rapid loss of

a workeros new skill s, buthemwiialtrhiningl so enhance
[117, p. 41]
High -
J End of initial training r — o= d ™~ o
: ~ ~I
and practice ~ ~
~
< 1 =
N ~
' 1™ < _] ~ With practice of
AN | simulated upsets

Response Skills

With no further
practice

Low

ettt

Time
(Vertical arrows represent practice sessions such as drills, talk-
throughs, what-if challenges, and simulator training)

Figure4l. Effects of practice on skills. (Credit: KFUI7])

While OSHA PSM regulations do not requpmcesssimulators as part of operator trainiitg,PSM Guidelines
for Compliance stress the benefits of providing hamdsrainingin simulated situations

Handson training, where employees actually apply lessons learned in simulated
or real situations, wilenhance learning. For example, operating personnel, who
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will work in a control room or at control panels, would benefit by being trained
at a simulated control panel. Upset conditions of various types could be displayed
on the simulator, and then the emyge could go through the proper operating
procedures to bring the simulator panel back to the normal operating parameters.
A training environment could be created to help the trainee feel the full reality of
the situation but under controlled conditiongisltype of realistic training can

be very effective in teaching employees correct procedures while allowing them
also to see the consequences of what might happen if they do not follow
established operating procedures. Other training techniques usings \ate
training also can be very effective for teaching other job tasks, duties, or
imparting other important information. An effective training program will allow
employees to fully participate in the training process and to practice their skills
or knowledge[94].

Simulators can be one of the most effective training tools for board operatofSoftral Engineering
magazine and newslettarr t i cl e titled AThe Role of Simul te or Te
autors explain:

In most cases, [oethejob training] without the use of a training simulator is
inadequate because startup, shutdown, and hazardous conditions are only
covered if they occur during a training session.-fmjob] Training is often
conductedafter an experienced operator takes over required actions and the
process is under control. This aftBe-fact approach may prevent detailed
discussions of actions and whiscenarios. Also, trainees may not have [the]
chance to perform critical tasksemselves, and actions cannot be repeated at a
later time[118].

Without a simulator or other hands training exercises where operators could practice going through

procedures, board operatordHaisky SuperioRefinerycould only learn how to execute proceduregtusjob.

In addition, the scarcity of practice opportunities also meant that the operations department did not have as many
opportunities to identify and correct procedure steps that could be condusitigleading in a real scenario.

The CSB concludes thalusky Superior Refinerglid not provide its board operators with sufficient training for
them to safely shut down the FCC unit on the day of the incidentHdskly Superior Refinergrovided

simulaor training into its training curriculum, especially with technical experts helping to develop the simulator
scenarios, its board operators could have been better equipped with the necessamny peaudice

opportunities to shut the FCC unit down safely

The CSB also concludes thatisky Superior Refinergould have identified and corrected lestginding gaps in
its FCC unit procedures and instrumentation by incorporating qualified trainers and simulators into its operator
training program.
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The FCC process in particular isdwn in the refining industry as a

relatively complex process. According to one company that develop KEY LESSON
refinery simulators, the FCC i Operatortrainingshouldinclude pr ocC ¢
the most critical, demanding and common practice processes in tert handson training opportunities

of complexityof ~operation [ ... ] i[19t h forrare but critical tasks, suchag S S |1 n

p. 2]. In their discussions with the CSB, multiple FCC technology shutting down a process unit
licensors stressed the importance of operator training for transient
operations in FCC units. kBddition, several said that they offer
simulators as an aeuh to their license agreements. Because human
evaluation of process conditions as well as human response actions
critical for procedural safeguards, many companies ensure the
competency of thieFCC operators and other staff through training progtanas reinforce vital safety

concepts such as the reactor steam barrier. Currently, each operating company or refinery decides on the
particulars ofts own operator training programs, which maymay not include training simulators.

safely for a turnaround, which
typically occurs once every five
years in many refineries.

The CSB concludes that harols operator training, such as drills and simulators, is crucial for hazardous
operations that are controlled primarily by procedural safeguards, such as transient FCC opkeaG&B
recommends that ARliscusssuggested training topics and methods for FCC operators in a new technical
publication for the safe operation of FCC unifsSB8 RecommendatioA01802-1-WI-R13).

CCPS mentionthe importance dirainer qualifications in several @$ publications. According to the
Guidelines for RisBased Process Safefyt] he training itself is typically conducted by subject matter experts
(SMESs) or outside specialists who have been trained and qualified as i [85¢ Adslitionally, Plant
Guidelines for Technical Management of Chemical Process Safeitses:

Selection of instructors is critical to the success of a training program, whether

the individual is either an employ®adio delivers training programs on a fuk

partt i me basi s or i f it is a qualified empl oy
trainefl20. cour se

Husky Superior Refinelys t r ai ni ng progr am r e |ltorsprvidegarhejole | vy on e
training to peers on their crew. As a result, according to refinery employees, training quality varied and

depended greatly on the operatmsx per i ence | evel 0 mrittentF&Q operatoetminingT h e r
manual did ot describe FC&pecific operating concepts, such as pressure balance and catalyst circulation. The
curriculum relied only on verbal explanations to teach these concepts. Wittiwem descriptions of FCC

concepts in its training curriculurhlusky Super Refineryhad no way of ensuringpnsistency iits operator

training content.

As discussed previouslidusky Superior Refinerglid not use training simulatons its operator training
programto reinforce whabperatordad learned theoretically

The CSB concludes thatlusky Superior Refinefy sperator training program did not effectively prepare the
FCC operators to shut down the unit safely and respond to abnormal situations properly. The lack of known

@Training material may include procedure reviews, drills, past industry incident discussions, and simulator exercisesojperadars.
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FCGrelated safety concepts in the written training manual, combined with the lack of ¢raatiécations and
handson practice opportunities, led to poor operator training and contributed to the incident

Federal safety regulations do not have explicit requirements for trainer qualifications ecohandstice

opportunities; therefore, the areamaynot be addressed in compliance audits that are strictly designed to

identify compliance gap3.he CCPS publicatioGuidelines for Auditing Process Safety Management Systems
offersauditguidance fofi r e |catdri@ that exceed the strict opliance requiremen{d21, p. 559]

According to the CCPS, these related critéfia] in large part represent industry good practices in process

safety knowledge, or in some cases practices in process safety knowlkdgeg hav e beSmene comnm
recommended related criteriacludethe qualification levels dhe instructors that conduct operator training

andhowthe contentsof an operator training prograisifibased on the risk as identified in [afjalytical

activities that arelesigned to identify and prioritize the haz#nd& associated with the equipment and its
operatiom[121, pp. 561, 565]The CCPS asserts tifats o me o f t h ehave redhedthe statusafa t er i a
level of acceptable practice because of their widespread, accepted, and successful use over an extended period o
time, 0 though it does not specify [I@hp.858 of the rel.:

In 2013,the thirdparty consultanthat performed a PSM and RMP audittduasky Superior Refinerfound

little issue with the training program. The audit t
to date, and field interviews indicated that fthe e
functions assignedIn 2016, the audit team appeared to have only interviewed contractors and emergency
responders, not operators or other refinery employidese audits did not identify signs that the FCC unit
operatorsnay not have been preparedeéspond tanonroutine or &normal conditions that occurred during the

April 2018 incident.

The CSB concludes that the 2013 and 2016 PSM and RI
training elementid notidentify training and instructaguality issues in its operator training program.

CenovusSuperior Refinerynformed the CSB that it has been overhauling its training programs since the

incident. The refinery has been rewriting its training manuals and the written tests. The training department

plans to include process flow diagram tests and formalized field-twadkigh tests, as well as documentation of
assessment decisions.addition,according to its newaining and competency standaittg refineryis now

incorporating training simulatoisto its operator training programt o pr ovi de bot h i niti al
to Control Room Operatorso f qaspantwofits refiperyeebudld peoppct , i nc |

CenovusSuperior Refinely s new tr ai ni nap2lpregliresdrgining aspedsars te abnduch
competency assessments of operators. The new training policy also defines requirements for competency gap
assessments, training plan development, and continuous improvement of the training program.

Cenovus Superor Ref i neryo6s F CCnotyetcompleteueatd autstanding jems, guchaasn i s
operating procedures, that are still being developed as part of the rebuild JitogeCISB make€SB
Recommendatio801802-1-WI-R6 to Cenovus Superior Refineto develop adimplement an FCC unit

operator, supervisor, and manager training progissed on available licensor and industry guidance, with
training deliverythat include written material, irperson training, and simulator training for board omesat
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4.4 Industry Knowledge and Guidance

4.4.1 FCC Knowledge and Competency Management in Industry

The 2018Husky Superior Refinergxplosion occurred just three years after another FCC unit explosion in
Torrance, California. The discussion below investigates FCC knowledge and competency at the refinery level,
company level, and industry level in the context of these two incidents.

4.4.1.1 2015 ExxonMobil Torrance Refinery FCC Unit Explosion

On February 18, 2015, an explosion occurred in the ExxonMobil Torrance, Califormi& i E®Pray 0 s
pollution control device in thECCunit that removes catalyst particles using charged plates thatogregarks
during normal operatiofL08]. The incident occurred when ExxonMobil was attempting to isolate equipment
for unschedulednaintenance while the unit was in an idled mode of operd®reparations for the maintenance
activity caused a pressure deviation tsturbed the reactor steam barri@towing hydrocarbon to backflow
from the main column into the regeneradod ignite in the ESP.

Figure 42 compares the process flows that caused the explosions ithedthrrance and Superior refineries.

In Torrance, hydrocarbon flowed from the main column, through the reactor and the regenevate flue

gas system, where it mix@dth air and exploded inside the ESP. In Superior, air flowed from the regenerator,
through the reactor and main colunmo the gas concentration unit, where it mixed with hydrocarbon and
exploded inside the equipment.

@In the Superior incident, the ESP had bekat down and was not involved in the explosion.
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Figure42. Process flows that causé&tCC explosions in Torrance and Superior Refineries. (Credit: CSB)

Upon completion of its Torrance investigation report in 2017, the CSB issued a recommendsfEBiVtm

share the incident learnings with the greater FCCcammté vy, i ncl udi ng fAtopics such
and procedur al practi ces [108)*AEPMdutilled tphree v@S$HBO sa rsd ard rhmag
by hosting several presentations that addressed these topiasith®@perations and Process Technology

Summitin October 2017. During the Summit, a CSB investigator presented facts and conclusions from the
Torrance Refinery FCC explosion investigation. Immediately after the CSB presentation, two industry experts
presented on AFCC Standby OpARPMaldoihastedsa panel df expeatstekat y Conc
discussed safety shutdown systems during the FCC Question and Answer papehelists emphasized that

the key to keeping hydrocarbon and air safely sepadiaian FCC uniinvolvesmultiple actions, such as

isolating hydrocarbon sources and injecting steam, to prevent the explosion Bagarmde of t he panel
statements included:

Realize that these [slide] valves are not-tigist valves. We should alway
assume that they leak. So, it is only through isolation of hydrocarbon, adjusting

8 SeeCSBRecommendatio@01502-1-CA-R10 in the Torrance repdt08].
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the pressure balance, and the introduction of steam that we are able to control
what and how much leaks from these valves.

We do not consider the slide valve closure asfitied element in the safety
system. We require that parallel actions occur that put the unit in a safe place.

Husky Superior Refinetys 2 01 8 s litafitstgplarwed F@Causit shutdown after the Torrance incident

in 2015. According to employee imgews,Husky Superior Refinergmployees had heard of the 2015

Torrance incident. One main message that refinery management communicated to the employees was the
importance of deenergizing ESPs to prevent ESP explosions. The workforce appeared toamttigrat

fl ammabl e hydrocarbons had flowed from the Torranceé
exploded in thé&SP, but they did not recognize that the reedrair flowing into hydrocarbon systems

downstream of the main colu@rwas also possie. In addition Husky Superior Refinerglid not discuss or

appear to understand that the failure of the reactor steam barrier was a cause of the Torrance explosion.

Husky Superior Refinerglid not havehistoricalprocess data available to compare the 2018 shutdown to
previous ones; however, based on documents and witness interviews, the reactor steam barrier was likely not
implemented in previous shutdowns, either. The CSB could not deternesedhsrom theExxonMobil
TorranceRefineryincident influenced the board operator to set a higher than historical regenerator pressure to
avoid a similar incident; however, thiisky Superior Refinerigoard operator told the CSB that he was
concerned about preventing mgdarbon from leaking into the regenerator during this shutdown, which is how
the Torrance explosion had occurred.

The CSB concludes thbeforethe April 2018 incidentHusky Superior Refinergmployees did not effectively
learn and apply key lessonsframth e CSB&s ExxonMobi |l ToreporareleasediRef i ner
2017, that could have preventddsky Superior Refinergxplosion

4.4.1.2 Industry Response to Torrance and Superior Incidents

The 2015 Torrance and 2018 Superior FCC imeidents exposed FCC process safety competency gaps within

both companies operating many refineries (ExxonMbaill companies with only one or a few refineries

(Cal umet and Husky Energy). Both eventandimgorcurred, i
unawareness of fundamental flow and pressure relationships in an FCC unit in transient operating modes.
Furthermore, crucial findingsnd lessonfom the Torrance Refinery explosiarere not learned ardid not

help preventHusky Superior Refimgd satastrophiéncident.Husky Superior Refinerglisasterwhich occurred

just months after the extensive FCC knowledbaring at the October 2017 AFPM conferemeeealedhat

more work needed to be done to protect workers and the public from Fi@énitscduring transient operations.

Bothincidentsadversely affectethar surrounding commurigs. Membersof the Superior community eve
ordered teevacuateand inTorrance, FCC catalysirifted and spread throughaiie nearby communityn
addition,both incidents sent explosion delthsoughout the refineries, includinige adjacenHF alkylation

aDefinition offinalelemenf r om t he CCPS Pr o Precess coftralforesafety déviceotmfsiemenys the physical
action necessary to achieve or maintain a safe state; e.g., valves, switch gear, and motors, including their auxiltarisetdmznthe
solenoid valve used to operate a vabjéB2].

®|n 2015, ExonMobil operated 23 refineries across the gldi&s3, p. 61]
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units. Though neither incident resulted mHdFrelease, these events raised concamsng community
residentsf the possibility of aatastrophidiF release

4.4.1.2.1 Industry FCC Survey

Following Husky Superior Refinerincident, AFPM assisted the CSB in collecting information on safe FCC
operating practices used throughout the refining industry. AFPM worked with industry experts to creatg a su
on safe FCC operating practices during startup, shutdown, and standby operation that would:

1) prevent the flow of air from the regenerator into the reactor and downstream equgmdent
2) prevent the flow of unwanted hydrocarbons into the regenerator.

According to the survey results, fda significant maj
process flowstopurgey dr ocar bons and oxygeno andFPMadinesanei ng]
of these methods as follows:

A) Monitor ProcessFlows toPurgeHydrocarbon an®xygen:
1 Inject steam or nitrogen into the reactor to purge hydrocarbons

1 Maintain proper vapor flow to build pressure and prevent ingress of air
and hydrocarbongnto] the reactor

I Maintain an inert barrier between theain fractionator (hydrocarbon)
and the regenerator (air)

B) Manage théressureBalance:

1 Understand the pressure profile between Reactor and Regenerator to
ensure inert gas flows from the Reactor to the Regenerator

1 Understand the pressure profile betwett)e Reactor and Main
Fractionator [Column] to ensure forward flow of inerts from the
reactor/stripper to the main fractionator

1 Clode] the spent and regenerated catalyst slide valves when adverse
conditions exist or when catalyst circulation is not aekir

I Monitor catalyst levels and leakage across the spent and regenerated
catalyst slide valves

U O P guidanceto maintain a reactor steam barrier and provide a main column ga$ pgheggvo most
important safeguards highlighted in this repoftllow these ley principles.
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The AFPM survey represented the FCC operating practices of nearly 75 percent of U.S. réfteeries.
conclusion that fAa si gnthefaboeanethdbds suggesthatsorneyefineriesmayn d u st r
still notbeaware of key FCC process safety concepts.

4.4.1.2.2 FCC Process Safety Resources

The 2015 Torrance incident spurred industry discussions around FCC process safety during all operating modes.
These discussions further intensified following #848Husky Superior Ritnery explosion While the reactor

steam barrier safeguard seemed to have been part of existing FCC operating foactassles prior to these

major incidentsthe Torrance and Superior incidents highlighted its criticality gaps within the indugtrAs a

result, more recent FCC process safety discussions and presentations are now emphasizing the essential reactor
steam barrier and the main column gas purge, as well asmofiatantsafeguards.

In February 2020, AFPM hosted an hdomg recorded webinar where two FCC industry experts discussed
challenges andoodpractices for safeguarding the FCC unit during transient opef[&8dnThe webinar
featural the safeguals outlined inTable 2 and the rest of this report. AFPM has since hosted several other
webinars and provided practice sharing documents over 2021 and 2022 focuBi@G anit transient operation
process safety topics.

I ndustry conferences, such as t haedsemimarsthasted b Eaklyst me et i
vendors, are good forums for sharing recommended practices and lessons learned. Thesavierums h
strengthened t he i ndu sParticipdirsg inahese meetings ard @Gplying thenlpagningsn c e .
however are voluntary.Safety information shared in conferences, seminars, and other proceedings, where
participation isvoluntary, may not reach all facilities that need the information. Bftenthe 2017 AFPM

conference, where FCC experts shageddpractices for how to avoid incidents like Torrance, someHusky

Superior Refineryechnical and operations staff wet# sinfamiliar with the reactor steam barrier concppor

to the incidentOther refineries may similarly still be at risk of having inadequate safeguards for their FCC units
during transient operatioandthey may baunaware that such safeguards éxistakingthem more vulnerable

to catastrophic accidents.

In 2010,AFPM and API jointly began the Advancing Process Safety programs to strengthen general knowledge
sharing across the refining indusfiy22]. These programs, whig¢hclude practice sharing documents, training,
industry safety bulletins, and other tool s, form a
opportunities to shar[E3ldxapeterto teerCERI Ocmbed2020,/ABRMIardd g e 0
API wrote about developing a suite of FCC process safety tools available to industry:

a8 AFPM anonymized the survey results; therefore, the CSB does not know wHethgr Superior Refinerparticipated in the survey.

® The FCC Industrial Safet@ommittee, chartered in 2014, is one venue for refiners to freely exchange information specific to FCC
safety topics in a private, namompetitive setting. Participation is closed to third parties, such as vendors and licensors. The Committee
typically meets during AFPM conferencdsutis an aghoc group not affiliated with AFPM. The Committee encourages participation
from all refineries that own and operate FCCs.

‘AThe problem with voluntary pCaolyrMenits formeCSBahdir[18)y er ybody vol unt e
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a) There are many existing resources within the Associations [...]; however,
they are not consolidated into one location (e.g.,dlec® s wor t h of [ quest.
and answer panel] transcripts, webinars, and conference presentations, etc.).

b) By developing a compendium suite of tools and practices that have already
been shared, sites can become more educated on various topics by choosing
from avariety of practices that best meet their needs. [...]

c) These tools can focus on the procedures a site should consider and point site
managers to a variety of resources to help them develop instructions,
procedures, and materials specific to their unit.

d) The process of assembling the compendium will allow us to identify gaps
and convene a working group of FCC unit [subject matter experts] to develop
additional tools.

e) A joint Association suite of safety tools (including a safety bulletin with
lessondearnedfrom the two recent incidents [Torrance and Superior])
would ensure the U.S. refining industry would have access to this important
information.

AFPM&és and APl &s joint |l etter to the CSB highlight e
knowledgg, but in its complexity and accessibility. AFTF
in a compendium should simplify the technical st ew:
In Guidelines for Risk Based Process 8af€CPS warns that the real work is in translating a wealth of

knowledge into workforce competency at each facility:

Collecting information is often relatively inexpensiviz includes activities such

as attending meetings, reading papers, supportirfigctiok projects [...], or
participating in industrwide technical committees. [...] Regardless, a work
product that consists solely of a pile of technical papers that are routed to
managers, supervisors, and technical personnel at operating facilitietyito
provide little benefit. To maximize return on investment, the information must
be evaluated, made relevant to operating units, and stored in a format that will
support learning, remembering, and when appropriate, §6%om. 92]

The CSB concludes thatthoughthe refining industry has agmulated many years 6CC process safety
knowledgefrom its membersthis information is scatteredomplex,and not easily accessilile somerefiney
employees

AFPM has already begun developing and disseminatioig specifidccCC process safety knowledge to its

membersin 2021, AFPM published two new documents into its Safety Portal: a process safety bulletin entitled
Flammable Mixture Accumulation in FCC Uniairing NonrRoutine Operationand a hazard identification

document titled~-lammable Mixture Accumulation in FCC Unita addition, AFPM recorded a webinar titled

AFCC Process Safety Resourceso in June 2du2el, with ¢
documents being developed, such as an FCC PHA scenario referefi@t]idh September 2022, AFPM
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announceda list of FCC process safety resources in a newsleiieradditional documents titlel8CC Non
Routine Operons Standby Checklisshift Handover Checklist for FCC While in NBoutine Operationg)2
Monitoring in FCCs during NomNormal OperationsandSimplified DCS Screen for FCC Nooutine
Operations which AFPM members can access in the AFPM Safety Portal

4.4.2 FCC Standards

Federal safety regulations require the owners and operators of FCC units to document that their process
equipment meets recognized and generally accepted good engineering pfiRAGRAGERY) and is operating

in a safe mannérOSHA and EPA considevidely adopted codes, consensus documentsconsensus
documents, and internal standards as examples of RAGAGEP sfise4Jnlike codes, which define
requirements under the law, compliance witmdgads is voluntary unless a regulation specificaléprporates

the standardflL26]. At the time of writing this report, there is no common consensus document or standard for
the safe operation of FCC units.

The flowchart orthe left side oFigure 43 shows howvarious standards, specifications, and guidance
documents typically interconnect within a technology frameworkoRegnce standards typically state
requirements in terms of goals that the technology should achieve, but without explicitly stating how to achieve
them. Technical or design standards then define specific methods for achieving the performance requirements.

Gui dance documents provide suppl ement al i ntfod mati or

guidance for users of technical standdfd, 128]

OSHA PSM Standard

Perforr(r;e;?ci:;t;ndards EPA RMP Rule
g Industry Standards
Technical Standards Licensor Standards

Manufacturer Specifications
Operating Company Standards

‘ |

Guidance Documents Operating Company Best Practice Guidance
(provide additional “how-to”) Industry Publications and Tools

(provide methods)

Figure43. Hierarchy otandards terminology. (Credit: CSB, adapted from a
Wisconsin Department of Natural Resources workshop presentft)

829C.F.R §1910.119d)(3), 40 C.F.R § 68.65(d)(2) and40 C.F.R § 68.65(d)(3)
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In the FCC technology landscamach technology licensor defines a particular set of performancecanictd

standards foits proprietary designs. For specialty equipment, such as slide valves, the manufacturers develop
additional technical standards to meet the I|icensor
companieglevelop, implementand maintain intern&CC unit performance and technical standards of their

own. These FC@pecific standards can informh e i r  fafety pdrfarmance equirements, such as safety

risk mitigation requirements and safety instrumented system d¢si@jns

While all FCC units have similar air and hydrocarbon mixing hazards, each technology licensor controls these
hazards differently usingso wn st andards, specifications, and oper
discussions witlseverakechnology licensors, these licensing companies improve their design standards over

ti me based on operating feedback they obtain from t
attending FCC industry events, and intenfig directly with the clients.

At present, there are about 90 FCC units in the United Statdsnost of the newer units arew beingbuilt
oversea$4l, 129] Not only are many of thU.S. FCC unitaging theyalsoemploy different technologies.

Some, often older, FCC wunits may be wusing a combi née
equipment upgrades or modifications. For these units, the refineries interface avithttwee licensors to
create their unitoés overall operating philosophy. -

standards and specifications to ensureittfatlows good industry practices, though there is not one common
FCC resourceailable for reference.

The CSB concludes that thérersity of FCC technology designs in the market has been a barrier for developing
an industry consensus document to help ensure safe FCC unit operation. As a result, tipedgisationthat
definescommonprocess safetgonsideration$or the desigrand operation of FCC usit

4.4.3 Technical Publications

Although there is a great diversity of FCC unit designs in the industry, the fundamental concept of a fluidized
catalyst that continually circulates betweenraih and hydrocarberich systems to cradkeavy hydrocarbons

is common to all FCC unit&CC catalyshasunique fluidization properties and behaviors, and each FCC unit
needgobustsafeguards to prevent the inadvertent mixing of air and hydrocarbons during all operating modes.

The Torrance anduperiorexplosionshighlighted similar FCC safety performance gaps in the refining industry.

The Superior incident, which occurred after the CSB and the refining industry widely shared the Torrance
incidentb6s causes, s h didnetkffectitely tommumitatetkegy méssagestw alli ns al «
relevant stakeholderg& more robust approach is needed to prevent serious FCC incidents.

While the CSBhas identifiedvarious textbooks dedicated to understanding refinery FCC technology, these
resourcegremainly tailored for understanding its history, chemistry, catalyst, and yield optimization methods.
These books he little discussion dedicated to hazard analysis or learnings from past catastrophic ifi2z@ents

31, 130] Some FCC books, which were even published after both the Torrance and Superior incidents, contain
information that contradistsome of the industry safety presentations referenced in this report. One book states,
Al t] he s iradides apoditiveeseallagainst & floy reversal of the hydrocarbons into the regenerator or
hot f I ue g a s[29 pn224] Anbtheeboak explairts (emphasis added):
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Recent incidents at the Husky Energy Refynier Superior, Wisconsin and the
ExxonMobil Refinery in Torrance, California had explosions occur in the FCC
unit while it was shut down. Both incidents occurred due tgpleat slide valve
being eroded and not maintaining a catalyst barrietbetween the reactor and
regenerator.

During shutdown, it is common to reverse the differential pressure between the
regenerator and reactor to prevent air from leaking into the downstream process.
With the spent slide valve not holding catalyst levelloa fpath was open for
hydrocarbons from downstream to reverse flow into the regenerator and ignite
[...] [131, p. 140F

The CSB concludes that FCC process safety messages from publicly available industry publieations ar

inconsistent. Most textbooks do not adequately cover FCC unit process hazards and learnings from past FCC
unit incidents. Some publications place too much emphasis on slide valves and do not adequately discuss other

safeguards necessary to prevent magmidents during transient operation, deviating from current industry
discussions.

As discussed previouslgpmpanies can adopt industignsensus and naonsensugocumens as RAGAGEP

to guidetheir approach tanprovingprocess safetgttheir operatingfacilites. n a paper ti tl ed

Standards vs. Design Standar ds: Facilitating a S
Mason University128], the authors describe how the Federal Aviation Auxstriation (FAA) replaceds

existing design standards with performaieased regulations in 2017. While the Mercatus paper is focused on
regul atory standards set by gover nment -basgdestardardss ,
allow regulated parties to use industry consensus standards to permit compliance fl§&Bljiyn fact,

according to the U.S. Department of Energyds web
Transfer and Advamcme nt  Act P AiNTIABAOD O continue Atransitio
Feder al Government from a devel oper of [138]tTlisisn a |

the same approach OSHA and EPRetin their regulations by allowing the regulated entities (such as
refineries) to define their own RAGAGEP sources, which could include industry cons@iaisnsrconsensus
documentg96, p. 99] The Mercatus paper comnis:

A key benefit of the FAAOGs approach is t
adaptable over time. Industryeated standards are malleable and can adjust to

changing market conditions and technological advancement. This approach also
betteraccounts for decentralized knowledge about technologies and innovations.

[...] Consensus standards can be replaced or accompanied by other means of
compliance. Even if consensus standards are more useful feestetlished

industries, they allow emergimgdustries to develop and utilize norms that align

with safety objectivefl 28, p. 30]

@ At the time of this publicatiorthe CSB Blusky Superior Refinerinvestigatiorwasongoing, andhe details behind how the Husky
Superior Refineryds FCC unit exploded on April 2018 was not
®pub.L. 104113
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Within the refining industry, AFPM and API are now developing FCC technédpgyific guidance documents

based on the operating knagge and experience of their member companies to increase sharing safety

knowledge between companiés.addition,CCPSidentified FCC operationas a potential technolody

include in itsfiProject 289Golden Rules of Process Safédy Specific Technolgies 6 Accor ding t o
website, the golden rules are fAa set of rules and |
by a team of process safety and process technology eKii#tisThis activity indcates theefiningi ndustr y és

willingness to share safety knowledge to improve FCC unit safety across the industry.

API develops and maintains numeraafnery-relatedconsensus documentacluding recommended practices,
with diverse committeesf subjet¢ matter expertsAPI has systems in place to review its publications
periodically to ensure that they reflect current industry practices and remain relevant to the jh@&spy14]

API and CCPS publications are pigly available, whereas the AFPM material, such as the Advancing Process
Safety tools, can only be accessed by its member companies.

The CSB concludes thatpublicly available technicadublicationoutlining recognized and generally accepted
goodengineering practices for safe FCC operationld helpdrive important safety improvements in FCC units
across the United States

The CSB issue€SB Recommendatio201802-1-WI-R13to the American Petroleum Institute (API) to
developatechnicalindustrypublication for the safe operation of FCC unite promote and ensure technology
licensor participation, the CSB issu@SB Recommendatio201802-1-WI-R16to Honeywell UOP to
participate in the development committee for this document.

4.5 Brittle Fracture During Extreme Events

45.1 Factual Information

The explosion inside the primary and sponge absorbers released a large amount of energy that fractured the
vessels and propelled ovEDO metal fragments into the refinetypuncturing a 54,800arrel (23 million-
gallon) asphalt storage tank.

Figure 44 andFigure 45 show the aftermath of the explosion site. Only the bottom parts of the primary and
sponge absorbers remained after the explosion. The remaining portions of the vessels were blown into
surrounding units of the refiner§Figure 46).

@A total of 106 vessel fragments were collected in addition to other pieces of metallic debris from the interior of tesuebsas trays
and other items.
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Figure44. Primary absorber, sponge absorber, and stripper before and after the incident
(Credit:Husky Superior Refineand Google Earth witlannotationsby CSB

aBefore the incident, the primary absorber was approximately 82 fewiittath 3-foot diameterand the sponge absorber was
approximately 50 feet talvith a 3Ginch diameter.
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Figure45. Primary and sponge absorbers after the incident. (Credit: CSB)
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Figure46. Large primary and sponge absorliexgment found throughout the refinery. (Credit: BakerRisk)

Fracture is the sepdi@an of a solid material, such as steel, into two or more pieces under stress. Fracture can
broadly be classified into two modes known as brittle fracture and ductile fracture. Brittle fractures occur
suddenly with little or no plastic deformation (likeebking glass), whereas ductile fractures exhibit extensive
plastic deformation as the material craffesaring open like a zipper or fish mout{Rjgure 47) [136, p. 221]

Figured7. Examples of brittléracture (left) and ductilefracture (right). (Credit137], [138])
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