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ABSTRACT

This Multiclient project "Characterization of Low Sulfur Fuel Oils (LS&@gw generation of
marine fuel oils" has been aykar project (2012020). The project has been funded by
MPRI/DFO Canada, ITOPF and the Norwegian Coastal Administration.

In order to meet new requirements for lower sulfur oxides (SOx) emissions to the air, nev
generation of lowsulfur marine fuels are now replacing the traditional Intermediate fuel oil (lik
IFO 180 and IFO 380) with "Ultra Low Sulfur @ils'T { C h.1086{m¥m), for use in the Sulfur
Emission Control Area (SECA) in Europe and North America from 2015, and a Global Sulfur
NEIdzA FGA2y 6l a AYLESYSY(dSR FNE U%mmyThis prajettK
aims to provide responders better &éwledge and preparedness for spills involving new
generation of low sulfur residual marine fuel oil on the market today. The project included
laboratory studies with focus on fate and behaviour, potential toxicity and with relevance to tt
effectiveness oflifferent oil spill response options (use of dispersants arsltinburning). Test
methodologies was also subjected to an interlaboratory study and experiments were perform
both in Norway (SINTEF) and in Canada (SL Ross) on one of the tested oils.

¢KS O2YLI yASa YSyiGAz2ySR Ay GKAA NBLEZNI
characteristics when spilled in seawater to help with the development of an industry responst
strategy for a new generation of lesulfur fuel oils. Many of the lowulfur fuels being developed
by the industry share similar compositions, so it is important to note that the findings of this
report are not unique to the fuel samples analysed. The results of this study are indicative of
generation of marine fuelibacross the wider industry. Further laboratory analysis of$oNfur
fuel oils from other suppliers is needed to give a clearer understanding of the characteristics
behaviours of individual products.
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1 Executive summary

Objectiveand introduction

The mainobjectiveof this Multi-client projecthas beerto providebetter documentatioof the variability of
the weathering properties and behaviour of dew sulfur marine fuel oils when spilled at sea, atod
determineamitigation effectiveness of different oil spill response options.

New generation dfUltra Low Sulfur Fuel Qils" (ULSFQ(S00.10 % m/m) marine fueloils were from2015
replacing the traditionaintermediate fuebils (like IFO 180 and IFO 380) for use in tislfur Emission
Control Area (SECA) in Europe and North Ameri€utside thesalesignated emission control areasew
Global Sulfur Cap regulatiowas implemented MO/MARPOL convention, Annex \JIfrom January2020
for "Very Low Sulfur Fuel Oils (VLSFO, $20.50 % m/m).

To reducethe amounsulfur oxides (SOx)emissioms to the atmosphergthe shipsglobally will now haveto
uselow sulfurmarine fuebils with asulfur00.50 % in contrast taheformersulfurlimit of 3.50 %. As referred

by IMO, this reduction of sulfur in marine fuel oBkould have major health and environmental benefits for
the world, particularly for populations living close to ports and codsis. project contributes to provias

spill responderanincreased knowledgand preparedness for spills involvittiesenew generation of low
sulfurfuel oils thatarecurrentlycomingon themarket

Selection of test oils
Spilled oils undergo changes when weathering on the sea surfacs thiédate andbehaviour andhe oll
spill countermeasures in various waybe dl weatheringprocessesaries over timalepending orboththe
parentcomposition of thapilledoil itself andtheenvironmental conditiongn this projectthree different lav
sulfurresiduafuel oils (LSFOs)wereselectedandcharacterized for their weathering properties, dispersibility,
toxicity of watersoluble fractiorin addition toignitability / in-situ burning (ISB)

f VLSFO from Chevron, Singapore@3.50 % m/m)

f  VLSFO from Shell, The Netherlands®8.50 % m/m)

f ULSFO from Shell, The Netherlandsd®10 % m/m)

Theaimwasto selectrepresentativenarine residudiuel oils usedrimarily by vessels operating European/
Norwegian and Canadiamvatess. However, there was a limited access to residual low sulphur fuel oils
(VLSFO) in 2019. This was because the timing for the selection of oils had to be taken before the 2020
compliantSulfur Cap A sample of VLSFQwvasa blendof residual type of fuel oBupportednainly fromthe

big Chevronjoint-venturerefinery in Singaporgn additionto two differentmarine residuaiuel oils provided

from thewell-known EuropearShell refinery in RotterdanThe oil tested in this project wemvaluatedas
relevantLSFOsbased oravailableCertificate ofAnalysis(COA).

Physicechemical propertieand weatheringf oil

Benchscale studiesf chemical composition, physical properties and emulsifying properties were investigated
on the three lovsulfur fuel oils. The testingvas performed divo seawatetemperatures,epresentingold
climate /arctic condition& °C) andtypicalsummer conditions in the North S@3 °C). Thetesttemperatures

are also relevant foCanadianwaters andwas decided inagreement with thenulti-partner clients.
Experimental datavas further customizedin tablesfor use as input to numerical Oil Weating Model
(OWM), to obtain reliable and robust weathering predictions of spill scendmesitu burning (ISB)
experiments weralsoincludedon the fuel oils As part of aninter-calibration ofmethodologiesselected
analysisvasperformedboth at SINTEFOceanand in Canada /SRosson one of the fuel 0ilsSLSFO Shell

2019.

Theresidualuel oils testecexpressdverylow evaporativdossin the range of 8 vol.% of the250°C+ topped
residue for VLSFO Shell 201%nd ULSFO Shell 2019The VLSFO Chevron 2019however, showed a
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negligibleevaporative lossand the tests were only conducted on the fresfmoievapaation). The densites
of these residual fudils arein the range of 0.928.99 g/mL (15.5C). The pour pointaried anong the oils
(+3to+24°C, fresh oil3. High pour pointsmply solidificationat sea typicallyith pourpoints 515 °C above
theseavatertemperatureULSFO Shell 201@xpressed the highgsbur point(+24°C) among the tested oils.
Moreover, he oil testedn this projectareresidualfuels(i.e. no distillates)ased onhe contentof the heavy
asphalteng Theasphaltenand wax contentalsoshowed tdiffer betweerthe oils The ULSFO Shell 2019
expresssa high waxcontentof 21 wt.%anda lowasphalteneontent (0.14 wt.%)that reflects the high pour
point VLSFO Chevron 201%nd VLSFO Shell 2019%ontainsimilar wax conterst (~5 wt.%), while the
VLSFO Shell 201%hasa high asphalteneontentof 4.8 wt.% compared with the other tested fuel oils.

The oils exhibit different hydrocarbon profiles (gas chromatography) reflecting variations in the physico
chemical propertiesthe VLSFO Chevron 2018hows paraffinsri-alkanes) in the range o to nCso with

minor content of compounds lower tha@i7 (b.p. 300 °C)thatreflected the minor evaporative lo§he
VLSFO Shell 201®xhibits high peaks of naphthalenes relative to paraftiren¢alkanesarealmost absent)
ULSFO Shell 201%as a broad rangd paraffins in the range afCy-nCss thatreflectsthe high wax content
from nCoo.

The oils express higliscositiesat 2and13°C (higherviscositiesat lower temperaturef\ temperaturesweep

from 50 to 0°C was measured/LSFO Shell 201%howedsimilar viscosiy developmenas a heavypunker

fuel oil (IFO 380. Theviscosityat 50°C wasabout350 mPa.$or VLSFO Shell 2019VLSFO Chevron 2019
andULSFO Shell 201%rebothlowerviscousoils (2080 mPa.sneasuredt 50°C), buttheir viscositiesalso

increasd significantlywith decreasingemperature

The fuel oilstestedshowedemulsifyingpropertiesi.e. theycanincorporatewater (up to 30-60 vol%) upon
weatheringat seaThe oils expresselbwer emulsificationat 2 °C comparedo 13 °C. However, thewater
uptake rate was sloat both temperatureghe fresh oils also expressed higher water uptake thavetithered
residues at both temperatur@fe emulsion formed were stapEndadditionof emulsion breaker (Alcopol
60 O)was attempted threak theemulsionto release wateNo effectwasobservednVLSFO Chevron 2019
andULSFO Shell 2019%andasslight effectwas observedntheresidue oVLSFO Shell 2019at 13°C. This
is in accordance tpreviouslyobservation®f limited effectiveness odddingemulsionbreakeron heavy fuel
oils (e.g.IFO 180/38(). However,a previouslybatchof ULSFO Shell 2016 showesbme effecbf emulsion
breaker at high dosages (2000 p@h2 and 13C.

Dispessibility and dispersaneffectiveness

Thevery high viscous emulsiongarticularlyformedfrom VLSFO Shell 201Gt 2°C, will highly influence
on theresponsestrategyfor mechanical recoverfchoice of skimmesystem)in a spill operationlULSFO
Shell 2019hassolidifying properties due tohe very high pour points that also may pose achallengefor
mechanical recoverin oil spill respons at seaIn general,the fuel oils tested fklimited dispersibility
efficiency by addingdispersants to thigeshoilsin addition toemulsifiedfresh andveatheredesiduesUse
of dispersant®n VLSFO Chevron 2018ndVLSFO Shell 2019evealedo havea potential tdoreak up the
surface slick intasmallerpatchesat 13°C with use ofthe high energy test (MNS) reflecting breaking waves
conditions bushowedo efficientdispersion(i.e. notformingsmall oil droplets)Overall Corexit 9500A was
shownto beaslightly more efficiendispersantompared with OSF2 and DasidNS. However Jargerlumps
lthreaddormedafter treatmenof dispersantse-surfacedyuickly afterthe appliedwaveenergywas stopped.
However,ULSFO Shell 2019vas not shown to be disrsible neitheat 2°C nor 13°C, mainly due tohigh
pour points

Oil weathering model predictions

The SINTEF OWM relates oil properties to a chosen set of conditions (oil/emulsion film thickmexs,
speedsind sea temperature) and predicts the cheatgeftheo i | 6 s  omtleesea rsurfaceith time.
In this report, the presented predictions span a period from 15 minutes toliadagison atandard release
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rate The mass balansérom the OWM predictionsshow that thduel oils testedarevery persistenbn thesea
surfacein non-breaking wavegonditions (25 m/s wind speedsit higherwind speedf 10-15 m/s the
predictedlifetime of the oilsat seawasless persisterds the oilsalso"naturally dispersd" into the water
caumn by increagig wave energy |t should beemphasizedhat "naturally disperset here should be
consideredas entrainmentue tothe formation of larger lumps threadsinstead ofsmaller oil droplets.
Moreover, such large lumpthfeadsnayeasily resurfacein calmconditions Other oil weathering properties
at seavere also predicted with OWksed on the input data generated from the laboratory stuatydition
comparisonof predicted oilweatheringpropertiesshows both a spanof variety (e.g. pour points and
viscosities) but also similarities (e.dlashpoint) among theested fel oils.

Ignitability T in-situ burning

Theignitability (i.e. time to ignite the oils, using a "progressive" ignition stratefthe three LSFO residual
fuel oils weretestedby SINTEFin mesoscaletraysat RelyOn Nutecin Trondheim.The waterfree (non
emulsified oils wereall ignitable, but de to thdow content & volatiles, the oils neededa prolongedtime to
be heatedby an ignitor (Qelledgasoline/diesehixture) before theburnspread to theil layer. Among thethree
oils, ULSFO Shell 2019vasthe easiest oil to ignitewherethe burninggd neededo burn for3 min before
the burnwasspreado thesurroundingoil. For thetwo VLSFO oilsthis "heatingtime" was evenlonger (i.e.10
min. for theVLSFO Shell 2019and18 min. for the VLSFO Chevron 2019 30 and50 % w/o-emulsionsof
the ULSFO Shell 2019were notpossibleto ignite by burning ge$ withoutadding significanamouns (1 mm
and 3 mn of diesel on thdop of theemulsions Theseignitability tess indicate therefore that evenlow
content ofwater incorporaton (w/o-emulsification)makesthe oils not ignitable by the presentoperative
ignition methodologesin an ISB response operatiaithout application obignificant amount of primer (e.g.
diesel)on theemulsifiedoil slick.

Water accommodatddactions (WAF) T _chenistry andtoxicity

Water accommodateflaction (WAF) of he treeLSFO residuafuel oils were studied with emphasis on
chemistry and acute toxicity. Leenergy WAFssolutions were preparediunder controlled conditions
following theguidelines establishdny the CROSERF forumwith an oitto-water ratio of 1 to 40Two pelagic
species representing primary producers iftlaeine alga&keletonempseudocostatupand invertebrates (the
marinecopepodCalanus finmarchicyswere testedAdditionally, the Toxic Unit (TU)of the WAFs where
computed based on tiesbemical composition of thé&/AFs, wherea TU > 1 for the total WAF implies that it
is expected to cause more than 50% mortality in the test orgafislefor VLSFO Shell 201@ndULSFO
Shell 2019wverebelow 1 (0.51 and 0.24, respective). TU ¥uSFO Chevron 201%vas 1.02, indicating that
the WAF could cause mortality to more than 50% of the test organidrasyverallresultsfrom the relative
and specific toxicities valudsr thethree oilswere inaccordancavith the relativerankingof the TU values.
Howeverthe WAF toxicity of the tested oilarelow and is in the same rangsother previouslyestednarine
distillatesfuels (TU<1), exceptfrom the DMA Shell diesgl2016)that had a significant higher Téaluedue
to the its high content of seraoluble naphthalenes and PAHs (aromatics).

Interlaboratory comparison studies

The interlaboratorgomparisoron ULSFO Shell019conducted at SINTEF and SRossshowedacceptable
results of the physical parametersHowever, he proceduresand methodsused may differ since both
laboratoriesusal their standardgorotocolsfor generating weathering datifferent weatheringprocedures
explain thedifference inthe evaporative losbutalso dueo theverylow evaporatiorof this high pourpoint
oil. The discrepancyon the emulsifying properties/as probablyrelatedto variationsin the experimerat
performanceand proceduredetween thelaboratories.However, loth laboratoriesconcluded alow
dispersibilityon ULSFO Shell 201%vith Corexit9500A tested with the MIS-test atSINTEF andthe BFT-
test at SLRoss.

The experimentaketupandtestproceduresor the ISB experimers arealsodifferentat the wo laboratories
and may explaimuch of thespan in theesuts of the burningefficiency.In both laboratoriestheburntesting
wasconducted in a batch formand with a similar starting oil layer thicknems waterof 1.7 cm (SINTEF)
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and2.0cm (SL Ros$ on water. Howeverthe burn conditions at SINTEF using a tray witte oil layer on a
"static" reservoir of water, is an attempt to simulate the burn of a "free" drifting oil slick, where the upper water
layer beneaththe burn willgraduallybe heated and eventually start to bdihis will generate turbulence,
which will influence on the burn inteitg, and promote terminatiorf ¢the burn While, by having a water
flow-through (circulation) under the burn containment ring as in the SL Ross test apjmsatudatingmore

a burn of oilwhenbeing towed in a boom behind a shimd wherethe underlayer wateis continuously
replacedwith cold water thatdelay/ avoidthe water to boil antherebymaintainng a much longer burning

time (€.9.17 min. vs 6 minin the SINTEF testand give ahigherburning efficiency BE =93% vs.47% at
SINTEF) Because these burns are conductedtateh format, a larger starting volume of oil within the test

cell should generate better calculated efficiencies if the oil burns terminate at similar final residue slick
thickness.

In general, thdJLSFO Shell 2019vas a challengingoil for interlaboratorycalibration studieslue to its
extreme high pour pot, solidifying propertiesand sickinessthatmayinfluence on the test resultdowever
there has ben a lot oflessons learnefbr both laboratorie$rom this interlaboratorycomparisorstudythat
form a goodbasis for furtheharmaisationof laboratorytest methodolags andstandardisationincluding
harmonizedaboratoryprotocols for

Oil weathering(incl. evaporaibn, emulsificatio, photooxidation, ety

In-situ burning testingboth ignitability and burning effectiveness)

Dispersant effectiveness testing

WAF / toxicity testing

Implementatiorof experimental data intoumerical models fooil weatheringpredictions

=A =4 -8 -8 -9

Furtherrecommendations

The LSFG testedin this projectindicate a high degree of persistence on the sea surface, and the oil spill
response can even be more challenging than the previous traditional intermediately fuels oils (e.g. IFO180 /
380),particularly in cold water spill situationsrom an oil spill response point of view, it is therefore crucial

to get abetteroverviewand knowledgef the variability in the weathering procesdase and behaviowand
response capabilities to the newH@@s The ongoingchangeamong refineries to comply with the new sulfur
regulations require a need for further characterization of the increasing numbers of ¢@Ri@g on the

marked Further recommendations based on findings from this project are subgs$tdlowed:

1 Smallvolume samples of LSFO marine fuels (both distillate and residual fuels) from a larger number
of refineries should be collected for a screening testing of simple oil parameters (e.g. TBP, density
viscosily, pourpoint, gaschromatogrphy, emulsifying properties) tested at relevant sea temperatures

9 Based on such preliminary screening, a selection of oils should be followed up with a more extensive

oil weathering characterizatierand mesescale / basin testing of relevant response iecies

(dispersants, ISB, different skimmer concepts etc.), and shoreline adhesion and response techniques

Further harmonization of test methodologies and test protocols among oil spill laboratories

Gain a better knowledge of the differences in the chaingomposition (e.g. key biomarkers and

UCM; unresolved complexed mixture) between "traditional" marine fuels and the new generation of

sulfur-compliant marine fuels (both distillates and residuals), by e.g. use ofrdsghlution analytical

techniques

A co-operation with the dowstream refinery industry would facilitate the possibility for refining
marine LSFO formulations with improved oil spill response capabilities

= =
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2 Introduction

The recent changes in IMnternational Maritimérganizatiofregulationsoncerning lower limits isulfur
content inmarinefuel oils have resulted in a switch to new generation®wfsulfur fuel oils, developed in
order to meet the new requirements lfower atmosphericsulfur (SOx) emissionsAs shown inFigure 21,
(.10 % m/m("Ultra Low Sulfur Fuel Oil' - ULSFO)came into forcén 2015 forthe Sulfur Emission Control
Area (SECA) from 20150utside these designated emission control aagglsbal Sulfur Caplimit of 00.50%
m/m S was implementedrom January2020. This 2020 compliantresidual fuels (called"Very Low Sulfur
Fuel OIl' - VLSFO), arethereforereplacingthe traditionaintermediate fuebils or heavy fuel oils (like IFO
180 and IFO 380) to reduce thelfur content from 3.6 % m/m to 0.9 % m/m.

Furthermore e ongoingchangeamong refineries worldwide to comply with the new sulfur regulations means
that anincreasing number aharine fuel ois are now entering the marké&therefore facing the 202@lobal
Sulfur Cap and potential other regulatioesg.arctic areagcold climateregions), the neweneration ofmarine

fuel oils are expected to gain importantlevariation inoil propertieswill be depenénton the refinery type
feedstock (e.g. switch to sweeter crude aisjlupgrading of the different conversion processes (e.g. hydro
desulfurization, catalytic cracking, visbréad) to reduce the amountlfur and residual matial.

For oil spill responders it isrucial to gain knowledge and scientific documentation of the variability in the
weathering processes and response capabilities to thedewmsuifur fuel oils

45 SECA
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Figure 2-1 Previous and future changes in regulations regardisglfur content in marine fuel oils within

SECA and globallycourtesy fromHellstrgm, 2017)

Moreover, h 2015 the Norwegian Coastal Administration (NCA) and SINTEfared to investigate
weathering properties @f limited numbersf low sulfur fuel oils (820.10 % m/m)with regards to relevance
for oil spill response. Tik previous study revealed a large diversity in their physlwemical propertiesmong
the oils (Hellstam, 2017) and stated that theew generation of.ow Sulfur Fuel Oils (LSFOsgxhibit
propertiesbothfrom light distillates fuelso heavier residual fuel qualities.

Table2-1 gives an overviewof oil typestestedwithin this projectincludingreferencanarine fueloils that
has been used faomparisoror referredo in figures and tableis this report.
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Table2-1 Overview of oil types used in this project and oils frameviouslystudiesat SINTEF

Oil name SINTEF ID References Comments

VLSFO Chevron 20193599 Current project Project supported b FO/MPRI,

2019 ITOPF and NCA

VLSFO Shell 2019 | 20197685 Current project Project supported by DFO/MPRI,

ITOPF and NCA
ULSFO Shell 2019 | 201911170 Current project Project supported by DFO/MPRI,
ITOPF and NCA

ULSFO Shell 2016 | 20160233 Hellstrgm, 2017 Project supported by NCA
Hellstrgm et al. 2017

HDME 50 20160231 Hellstrgm, 2017 Project supported by NCA
Hellstrgm et al. 2017
Faksness and Altin, 2017

DMA Shell diesef 20160232 Hellstrgm 2017 Project supported by NCA
Hellstrgm et al. 2017
Faksnesand Altin, 2017

MGO** 20140551 Sgrheim and Daling, 2015 Projecs supported by NCA
Hellstram, 2017,
Hellstrgm et al. 2017
Faksnessnd Altin, 2017

GO*** 20140552 Sgrheim and Daling, 2015 Projecs supported by NCA
Hellstrgm, 2017
Hellstrgm et al. 2017
Faksness andltin, 2017

WRG 20140553 Sgrheim and Daling, 2015 Projecs supported by NCA
Hellstrgm, 2017
Hellstrgm et al. 2017
Faksness and Altin, 2017

IFO 180 20130594 Sgrheim et al2014 Project supported by NCA

IFO 380 201306090610 | Sgrheim et al2014 Project supported by NCA

*Rotterdam diesef* MGO 500 ppm $* GO 10 ppm S
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3 Objective

The mainobjectivewas to perform laboratory studies on new marine fuel oils coming on the market with focus
on fate and behaviour, potential toxicity and with relevance to the effectiveness of different oil spill response
options (use of dispersants aimdsitu burning). Test methodologies was also subjected to interlaboratory
harmonisation, and experiments were performed both in Norway (SINTEF) and in Canada (SL Ross) on one
of the tested oils.

The project included the following main tasks:

1 Selection of test oils: A total of [Bw sulfur marineresidualfuel oils were promed for testing. Two
of the LSFOscame fromthe EuropearShellrefinely in Rotterdamand onewasdeliveredfrom the
Chevronrefinery inSingapore

1 TheLSFOswere subjected taweathering study including analysis of relevant physicemical
properties and testing of watir-oil (w/0) emulsification properties, and standardised toxicity
screening of the water accommodation fraction (WAR3persibility andgnitability testing on
different weathered samplegre also includedelatedto spill countermeasures

1 Harmonisation and interlaboratory calibration of test methodologies to aenuirevaluate
comparable data between the laboratories

9 Evaluation of results and reporting
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4 Selection of test oils

In this projectthree different low sulfur residual fueills were selected from characterized for their weathering
properties, dispersibility, toxicity of wataoluble fraction in addition to ignitabilityih-situ burning (ISB)
within this project:

f VLSFO from Chevron, Singapore@.50 % m/m) Delivered hrough ITOPFcontacts

f VLSFO from Shell, The Netherlands@350 % m/m). Delivered through ITOPEontacts

f ULSFO from Shell, The Netherlandsd®10 % m/m). Delivered through NCAontacts

The aim was to select representatinarineresidualfuel oils thatwasused primarily byshipsoperating in
European/ Norwegian and Canadian watidowever, there was a limited access to residual low sulphur fuel
oils in 2019. This was because timaing for the selection of oils had to be taken before the 2020 compliant
Sulfur CapA sample of VLSFQvasa blend ofesidual type of fuel odupportednainly from the big Chevron
joint-venturerefinery in Singaporgn addition to two different marine residual fuel oils from wedl-known

Shell refinery in Rotterdami/e were not able to get relevant residualow sulfur fuelfrom a Canadian
refinery or oil terminal. However, t wasconsideed that the LSFOsgested within this projeaererelevant

oils amonghe presemnarineresidualfuel oilsthat areavailableon themarkedbased omccessibl€ertificate

of Analysis (COA).Chevron ha®.g. supplying 0.8% S LSFO to AsiarUtilities using similar blends for
more than 10 years

Figure4-1 shows example of visual appearance of residiuglsoils represented BYLSFO Chevron 2019
and WLSFOShell 2016 compared with distillateg€presented by wide range gas oil and HDME h0rhe
residualsin Figure 41 arerepresentativéor the ULSFO Shell 2019and boththe VLSFOs 2019from this
study.Distillates are translucent (light and dark colours) compared to more dense and black residual oils

/
Figure 4-1 Example of visual appearances of marine fuel distillates and residu@le appearance of/LSFO
(Shell2016 andthe VLSFO (Chevron 2019 are representative fothe oils tested in this study, i.e.
they aredense and black residuatearine fuel oils

PROJECT NO. REPORT NO. VERSION Pagel5of 112
302004929 0C2020 A50 3.0
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VLSFO Chevron, Singapore

A total of 60 Litres of a VLSFO from Chevron, Singapore arrived SINTEF Ocean 20 MayT204 Batch is
a blend of entirely residual fuel§he shipment was registered in SINTEF lab. management systsi8)
and given the uniqu8INTEF ID 20193955 One ofthe barrels from this shipment is showmnFigure4-2,
below. The marine fuel oil is &LSFO oil based on thsulfur content00.50 wt.%, refers tocertificate of
analysig(COA). Forsimplicity, the oil samples denoted as théLSFO Chevron 201¢hroughout thiseport

VLSFO Shell 2019 The Netherlands

6 x 10 Litres (60 litres) oA VLSFO fromthe Shellrefinery in the Netherland&otterdam)arrived SINTEF
Ocean 8 October 2019. The shipment was registered in SINTEF lab. managemen{ldy$8nand given
the unique SINTEF ID 2019685 One of the cans shownin Figure4-2, below. The VLSFO has asulfur
content().50 wt.% (COA). Forsimplicity, the oil samplés denoted as théLSFO Shell 201%hroughout this

report

ULSFO Shell 2019 The Netherlands

NCA supported SINTEF, on the 16 December 2019, with? {IRC) of an ULSFO Sulfur O0.10 %) from
the Shell refineryin the Netherlands (Rotterdanfhe shipment from NCA was registered in SINTEF lab.
management system (LIMS) and given the uaiGINTEF ID 2019.1170. The (IBC) container was heated
in a 50 °C storage roomt SINTEFand achieved an oil temperature of approx. 39T oil was further
homogenized by a circular pumping system, and aliquots of 2 x 60 litres were sampled froi@ thekB
About 100 litres were further shipped to Can&shRoss For simplicity, the oil samplds denoted as the
ULSFO Shelk019throughouthis report. This batch of ULSFOassimilar batch that was used tie NOFO

INCA oil-on-waterfield trial 2018

'y SINTEF

."l( Kristin Rust Sorhein,
Cell phone +47 9824
470 >
C-mag!

1 ¢ sorheim o snfef o
: !

Figure 4-2 Left: Oil sample (1 of 3 barrels) o‘f/LFO Chevron 2019
Right: VLSFO Shell 20191 of 6 cans)

PROJECT NO. REPORT NO. VERSION
302004929 0C2020 A50 3.0
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5 Benchscale weathering study

The benckscale laboratory studi®n weathering and dispersibility were conducted at 2 and 13 °C, reflecting
typically seavater temperatures in the Ardttold climate regionsNorth Sea, and Canadian waters. The
methodology is described in Appendix A. The weathering data were further input to the SINTEF Oil
Weathering Model (OWM) to predict the weathering properties of thbyoiime. The fuel oils from this
project were also compared with weathering data of two othesifur fuel oils from a previously study
(Hellstgm, 2017)in additionto IFO 180 and IFO 3805@rheim et al. 2014) when apjalise.

1 ULSFO ShelR016, SINTE ID: 20160233

1 HDME 50 (Heavy Distillate Marine ECA 50) ExxonMobil, SINTEF ID: 260831

1 IFO 180, SINTEF ID; 2018594

1 IFO 380, SINTEF ID: 201-®609/0610

5.1Evaporation

The standardized evaporation procedure is a simpkstepedistillation to vapouemperatures of 150 °C, 200
°C and 250 °C (Stiver and Mackay, 1984). The results from the evaporation of the tested oil are tabulated in
Table5-2.
1 The freshVLSFO Chevron 2019%vas attempted distillation to 25C, but due to low degree of light
compounds (volatiles) only a negligible evaporative loss was obsérkiedbenckscale laboratory
testing was therefore conducted on the frestooily
1 The freshVLSFO Shell 2019wvas evaporated to 250°C+. The beischle laboratory testing was
conducted both on the fresh oil and the 250°C + residue
1 The freshULSFO Shell 2019vas evaporated to 200 and 250°C+ residues. The {smadd laboratory
testing was conduateboth on the fresh oil, 200 and 250°C + residue

5.2True boiling point (TBP) curve

The true boiling poin(TBP) ordistillation curves obtained by measuring the vapour temperature as a function

of the amount of oil distilled, shows the relative distribution of volatile and heavier components in the oil. The
boiling point of a chemical component depends on its vapour pressure, whidhnistion of its molecular
weight and chemical structure. Hence, the distillation curve is an indicator of the relative amount of different
chemical components, principally as a function of molecular weight, but also as determined by the chemical
compositon.

The TBP curves ofLSFO Chevron 201L9VLSFO Shell 201&andULSFO Shell 201%9vere analysed by use

of "simulated distillation of marine fuel oils" in accordance to ASTM D7169 (Intertek UK). The TBP curves
(wt.%) of the tested oils are shownRigure5-1in comparison wittJLSFO Shell 2016 and HDME 50For
comparison, TBPsf two traditionalheavy fuel oil(IFO 180 /380) are also included iretfigure As shown

in Figure 51 the two batches of ULSFR016 and 201Niffers significantly. ULSFO Shell2019 isheavier

than the batch from 2016. Howevél SFO Shell2019 andVLSFO Shell 201%have very similar boiling
point development, particularly up to 380. VLSFO Chevron 2018nd the distillate HDM 50 have similar
shape of the boiling point curv&he IFOs have lower TBRhan the other oil§Figure5-1), andthe VLSFO

Shell 201%as a evaporative losslosest tahe IFOs
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«=—VLSFO Chevron (2019-3955) ———VLSFO Shell (2019-7685) ULSFO Shell (2019-11170) = ULSFO Shell (2016-0233)
——HDME 50 (2016-0231)  ------ IFO 180 (2013-0594)  ------ IFO 380 (2913-0610)
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Figure 5-1 TBP for VLSFO Chevron 2019VLSFO Shell 2019ULSFO Shell 2019in comparison with other
low sulfur fuel oils (ULSFO Shell 2016, and HDME 50)and two heavy fuel oils (IFO180/380)

5.3 Gas chromatographic analysis (&D)

The gas chromatograms show thalkanes(paraffins)as systematic narrow peaks. The first peaks in the
chromatogram represent components with the lowest boiling points. Some of the more complex components,
such as resins and naphthenes, shown as a broad and poorly defined bump below the sharp peaks, are oft
described as AUnresolved Complex Mixtured (UCM).
not possible to analyse with this technique.

The GGchromatograms of the fresh oils\ESFO Chevron 2019VLSFO Shell 201&ndULSFO Shell
2019 in comparison witHJLSFO ShellR016 and HDME 50 are shownhkigure5-2. Theoils exhibitdifferent
hydrocarbon profiles reflecting variatisim the physio-chemical properties. The tvbatche42016 and 2019)
of ULSFOsshow also varying chromatographic profile§he oils, except HDMESO0 contains aresidual
fraction of heavy compounds that has been mixed into the distillate (residual fraction not shibvn in
chromatograms)lhe HDMES0, however, isa wide range gas oil made from heavy distillatiorvath minor
content of heavy compounds, such as the asphaliBmegL.SFO Chevron 2018hows Ralkanes in the range
of nCy to nCse with minor content ofcompoundslower thannCi7 (300 °C) and reflectedthe negligible
evaporative les.The VLSFO Shell 201%xhibitshigh peaks of naphthalenssown as irregular compounds
relative to the ralkanes (ther-alkanesare almost absentyvhilst ULSFO Shell 2016 hasa broad range n
alkanes in the range ofCe-nCss that reflects a high wax content fronC.o However despitethe high
similarities in the TBP (Figure-5), the chemical compositias very different.By combining TBRo the GC,
the percen(%) of massaboveCss (boiling point, b.p>500" C) wasestimatedThe vertical lines irFigure5-2
at »Css illustrate the mass %of residual componentswith b.p>500 °C that is discriminated(none-
chromatograpablecompoundgin the GGanalysis VLSFO Shell2019 and ULSFO Shell 2019 shaomass
of components above 500 whichare almost itthe saméevelasthe traditionalFO 180/38(Q52-60 % mask
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Figure 5-2 GC FID chromatograms of fresh samples MLSFO Chevron 2019VLSFO SheII 2019ULSFO
Shell 2019in comparison withULSFO Shell2016and HDME 50
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5.4Physicechemical properties

Generally, both wax and asphaltenes contribute to stabilize-imaddremulsion. Asphaltenes havearface
active propertyhatstabilizethe wateroil interface thereby forming a layehat stabilizes the water droplets
whilst the wax contributes to stabilize the asphaltenes near theaildtgerface.

The contents of asphaltene and wax for theAd8FO Chevron 2019VLSFO Shell 201%ndULSFO Shell
2019in comparison wittULSFO Shell 2016 HDME 50, IFO 18Q and IFO 38G@re given inTable5-1. The
results show a high variation of asphaltenes and wax content among the 8HO Shell 201%as the highest
content of asphaltenes 4.8 wt.86the oils tested in this project, but s (180 and 380¢xhibit the highest
contents%.7 and 6.6 wt.%respectivie The distillate HDME 50 has expected very low content of asphaltenes
(0.06 wt.%) in contrary to the residual oils. The two batches of ULSEOS and 201have low and simdr
content of asphaltenes (0-04L5 wt.%) compared to the \@EOs but exhibit high wax conteot 13-21 wt.%.

Table5-1 Asphaltene ("hard") and waxcontent
Oil type Residue Asph. * Wax
(wt. %) (wt. %)

VLSFO Chevron Fresh 0.44 4.5

2019

VLSFO Shell 2019 | Fresh 4.8 4.9
250°C+ 5.2 5.3

ULSFO Shell 2019 | Fresh 0.14 20.7
200°C+ 0.15 21.1
250°C+ 0.15 21.6

ULSFO Shell2016 | Fresh 0.15 13.1
250°C+ 0.18 155

HDME 50 Fresh 0.06 9.5

IFO 180 Fresh 5.7 4.4
200°C+ 5.7 4.4
250°C+ 5.9 4.5

IFO 380 Fresh 6.6 5.8
200°C+ 6.9 6.0
250°C+ 7.2 6.3

*n-heptane (nG) precipitation

Table5-2 shows an overview of the physical parameters ofMh8FO Chevron 20L9VLSFO Shell 2019
andULSFO ShelR019 incomparison witliwo other lowsulfur fuel oils ULSFOShell 2016and HDME 50)
andtwo intermediate heavy fuel oils (IFO 180 and IFO 38he evaporative loss was shown to be low for
the VLSFO Shell 201®%ndULSFO Shell 20197.9 and 5.1 vol.%, 250°C+ residue), reflectihgrelatively
high-density fuel oils (0.92.99 g/mL). No evaporative loss was observed foMh8FO Chevron 2018ue

to the lack of light compounds <& The oils express high pour points, particularly the two batches of ULSFO
(+30 °C for 250°C+ residues), and solidification at low temperatueea tikely scenariolhe IFO 380Chas

the lowestpour point ¢6 °C) for the fresh oiin comparison with the other oil¥he two ULFSOs have the
lowest flash points (785 °C) that reflect a higher content of light compounds, whilst the distillate HDME 50
has the highest flash point (186 °C) due to the lack of components in the range of <C

The viscosities of the fresh oil amesidues behave a®nNewtonianfluids with decreasing viscosity with
increasing shear rate,js due to the wajattice structure that breaks up with increasing shear rate. The oils
have therefore higher viscosities at a lower shear rate (e.g!) ompared to the viscosities measured at
higher shear rates (e.g. 108.sThe oils tested in this project exhibigh viscosities (mPa.s) at 2 and 13 °C.
VLSFO Shell 201%as high viscositiethat ismostcomparable with the IFO 382 13°C, whilst the distillate
HDME 50 has relatively low viscosities compared with the residual fuel BUSFO Shell2019 has a
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considerable higher viscogithan the batch from 2016 due to higher density and wax content. It should be
emphasized that it is difficult to get good and reliable viscosity measurements -@idtghs/high wax oils
particularlyat low temperatureshereoil/residue solidifiesPrehandling and the temperature history of the

oil will highly influence on the results. A shear rate of H@vas chosen as input to OWM predictions and
harmonized with the viscosities fratmetemperaturesweep analysis, as debed below.

Table5-2 Physicochemical properties o¥LSFO Chevron 2019VLSFO Shell 2019%nd ULSFO Shell 2019
in comparison with other lovsulfur fuels ULSFO Shell2016 HDMES50), and IFO180/IFO 380
Oil types Residue | Evap. | Res. | Density | Flash Pour Visc. Visc. | Visc. Visc.
(vol. (wt. (g/mL) point point | (mPa.s)| (mPa.s)| (mPa.s)| (mPa.s)
%) %) (°C) (°C) 2°C 2°C 13°C 13°C
10st 100st | 10s? 100s!
VLSFO Fresh 0 100 0.989 109 9 71236 | 28399 | 5550 3948
Chevron 2019
VLSFO Shell | Fresh 0 100 0.990 10¢° 3 13246 | 77638 | 19450 | 16 507
2019 250°C+ 7.9 93 0.996 NA 12 878 540| 136 400| 106 130| 68 041
ULSFO Shell | Fresh 0 100 0.917 85 24 111 800 21017 | 33564 | 5986
2019 200°C+ 2.7 98 0.920 87° 27 205220 | 15567 | 53251 | 9903
250°C+ 5.1 96 0.922 8%° 30 350250 18 125 | 91496 | 14 826
ULSFO Shell | Fresh 0 100 0.872 75 24 13 106 - 4300 -
2016 250°C+ 14.6 86 0.878 112 30 77 782 - 33 169 -
HDMES0 Fresh 0 100 0.903 186 12 11 002 - 1005 -
IFO 180 Fresh 0 100 0.973 - 6 - - 7426 5118
200°C+ 1.2 99 0.9 - 6 - - 7683 6368
250°C+ 3.6 97 0.978 - 9 - - 11355 | 9455
IFO 380 Fresh 0 100 0.990 - -6 - - 27294 | 21909
200°C+ 3.7 97 0.995 - 9 - - 55092 | 43970
250°C+ 9.4 92 1.00 - 15 - - 253590 | 96 084

a: Certificate of Analysis (COA) b: Data from Rboss; cEstimated data
NA: Not analysed;: No data

Temperaturesweep (viscosity) with a temperature range fror050C was measurefFigure 53). This
method using oscillated fora#oes notdisturb the wax lattice as with ttetandardizednethodology with
increasing shear ragehence the viscosity development can be followed over a wide temperature range. The
temperaturesweep is therefore considered as a more robust method when compacogjtieis of high
viscous oils where the pour points are considerably higher than the test temperature.

The tempratureswees for VLSFO Chevron 2019/LSFO Shell 201@andULSFO Shell 201%re shown in
comparison with ULSFO 2016, HDMES0, IFO 380 andw-viscousdiesel oil(Figure 53). The viscosities
of the VLSFOs, ULFSOs, HDMESO increase significantly with decreasing tempesat?de3 °Creflecting
the chosen seawater temperasidoe testing The VLSFO Shell 201%as high viscositpf 350 mPa.st 50
°C, and ismorecomparable with the IFO 380, whilst the othegl oils in Figure 53 have considerably lower
viscosities at 50 °C (280 mPa.s). Th®MA diesel oil has very low viscositied the whole temperature
range.
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Temperature sweep
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Figure 5-3 Temperature sweep measurements (viscositiesyYld8FO Chevron 2019VLSFO Shell 2019and
ULSFO Shell 2019n comparison with other fuel oilslLSFO Shell2016, HDME5Q IFO 380 and
DMA diese)

5.5 Emulsifying properties

The emulsifying properties were diad using the rotating cylinders method as detailed in Hokstad et al. 1993.
The parameters for kinetics (rate of water uptake) and maximum water uptake were studied to define the
emulsification characteristics of oils selected for this study as desamildggbendix A.The Ti».value derived

from kinetics is defined as the consumed time in hours needed to incorporate half of the maximum water
uptake.

Due to the very low contents of volatiles below A5Qseggaschromatogram ifrigure 52), the emulsification

testing wascarried outon the norevaporated ife. fresh) oik, in addition to theevaporatedresidues
(200°C+/250C+). Experiments ofthe fresh oils and residues were made to produce data for stability,
viscosity, maximum water uptakkinetics, and the effectiveness of the emulsion breaker applicktoin.
cylinders offresh oil fesidue of each oivereprepared to study in parallel: stability testing and water uptake
(rotating cylinder 1); viscosity / water update (rotating cylim@)e effectiveness of emulsion breaker at dosage

of 500 ppm (wt.%) (rotating cylinder 3); and effectiveness of emulsion breaker at dosage of 2000 ppm (wt.%)
(rotating cylinder 4).
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5.2.1 Water uptake and maximum water content

TheVLSFO Chevron 2019VLSFO Shell 201@andULSFO Shell 201$howedall varyingwater uptakebut
the water uptake waslatively low at both 2 and 13 ?Geemagegfigures andtabulated resultbelow

VLSFO Chevron 2019
Figure5-4 shows the emulsification of thdLSFO Chevron 201%resh oil) after 24hour rotating at 2 and 13
°C. The tabulated water uptake as a function of time andalwellated T, are shown inTable 5-3. The

maximum water uptake was lower at 2 °C compared with 13 °C.

Figure 5-4 The rotating cylinders of watem-oil emulsion of VLSFO Chevron 201%fter 24 hours of rotation
at 2 °C (left) and 13C (right)

Table5-3 Water uptake of the fresh oil
of VLSFO Chevron 201%t 2 and 13 °C

Mixing Fresh oil,2 °C Fresh oil,13°C
time (vol. % water) (vol. % water)
Start 0 0

5 min 0 3

10 min 2 3

15 min 4 3

30 min 6 3

1 hour 7 3

2 hours 13 15

4 hours 19 27

6 hours 19 31

24 hours 31 49

Ty 3.0 4.0

VLSFO Shell 2019

VLSFO Shell 2019ormed emulsions of fresh and 250°C+ residue mixing with seawater at 2 andFI@f€.
5-5 shows example of the emulsification of the fresh oil a®thours rotating time at both temperatures.
Table5-4 shows the tabulated water uptake by time and thedlues.
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Figure 5-5 The rotating cylinders of watem-oil emulsion of VLSFO Shell 2019fresh oil) after 24 hours of
rotation at 2 °C (left) and 13C (right)
Table5-4 Water uptake of the fresh oil and evaporated residue/aSFO Shell 201%t 2 and 13 °C
Mixing Fresh ail,2°C 250°C+,2°C Fresh ail,13°C 250°C+,13°C
time (vol. % water) (vol. % water) (vol. % water) (vol. % water)
Start 0 0 0 0
5 min 6 0 3 3
10 min 6 0 5 5
15 min 6 0 8 5
30 min 8 0 10 5
1 hour 10 3 19 10
2 hours 10 6 32 12
4 hours 10 9 40 14
6 hours 13 10 45 21
24 hours 13 23 57 52
Ty 0.26 5.6 2.0 6.6

ULSFO Shell2019

Figure5-6 shovs examples from emulsification BLSFO Shell 201%resh oil after 24 hours rotating time at

2 and 13 °C. At 2 °C, the emulsion foethhad irregular shapes and solidified, and the total watake was

low. For 200 and 250°C+ residues the emulsion at 2 °C becameamsoliel ("ball’ shapefl as shown in
Figure5-7 (left). Similar, but less extreme behaviour was observed at 13 °C. Emulsions formed did not have
an even layer on the top of the water phase due to the high emulsion viscosity and high waxAtdoagnt.
temperatures, themaximum watetincorporated irthe oil were quantified by measuring the volumefrefe

water after mixingime. The high wax content also caused formation of wayremulsified lumps, and an
example of such lump is showmFigure5-7 (right) of the 250°C+ residue at 13 °C. Moreover, ¢hrilsiors

at 2 °C werdesssticky on the glass interidhan at 13C.

PROJECT NO.

302004929

REPORT NO.
0C2020 A50

VERSION

3.0

Page24of 112



SINTEF

it

uediey Ay
Figure 5-6 The rotating cylinders of watem-oil emulsion ofULSFO Shell 2019after 24 hours of rotation at
2 °C (left) and 13 C (right)

-85 2500

2019-11170-C1.
2019-11170
emulsjonstesting 13+

Figure 5-7 Left: Water uptake of 200 and 25T+ residues after 24 hours weathering at 2°C
Right: Waxy lump (red circle) formed form the 250°C+ residuelWf SFO Shell2019 at13 °C
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Table5-5 Water uptake of the fresh oil and evaporated residudJbfSFO Shell2019at 2 and 13 °C

Mixing Fresh oil, 2°C| 200°C+, 2°C 250°C+, 2 °C | Freshoil, 13 °C| 200°C+, 13°C | 250°C+, 13 °C
time (vol. % water) | (vol. % water) | (vol. % water) | (vol. % water) | (vol. % water) | (vol. % water)
Start 0 0 0 0 0 0

5 min 0 4 0 3 3 0

10 min 5 5 0 5 6 0

15 min 8 5 0 5 6 0

30 min 8 5 2 13 9 3

1 hour 8 5 3 38 20 6

2 hours 9 5 2 42 23 13

4 hours 17 5 2 51 24 23

6 hours 24 5 2 52 31 28

24 hours 35 6 2 67 38 44

Ty 3.6 0.06 0.27 1.4 15 4.1

5.2.2 Efficiency of emulsion breaker and stability of emulsion

Generally the findings of stability and the efficiency tife use oemulsion breakersan beimportant in a
mechanical recovery situation because separating the oil from water enables optimal use of available storage
facilities/tankersThe emulsion stabilitpf the tested oilsvas studied byquantifying the amount of water
released from the emulsion for 24 hours setttingg. In addition, the efficiency of adding emulsion breaker
(Alcopol O 60 %) teeachemulsion was evaluated

VLSFO Chevron 2019

The results stability and effect of emulsion breakeMb8FO Chevron 201@reshown inTable5-6. The
emulsion formedrom the fresh oilvere nearly or completely stable when tefstand still for 24 hours at 2
and 13°C. No significant effects were observed resulting from the additddnemulsion breaker to the
emulsified oil.

Table5-6 Stability of VLSFO Chevron 201%®mulsions (no emulsion breaker) and efficiency of emulsion
breaker at 2 and 13 °C. Emulsion prepared from the fresh oil

Temperature | Residue Emulsion breaker Water-in-oil emulsion | Stability
(vol. %) ratio**
Reference| 24 hours *
Fresh None 31 30 0.98
2°C Fresh Alc. O 60 % 500 ppm 31 30 0.98
Fresh Alc. O 60 % 2000 ppr| 31 31 1.00
Fresh None 49 44 0.82
13°C Fresh Alc. O 60 % 500 ppm 49 45 0.85
Fresh Alc. O 60 % 2000 ppr] 49 47 0.92

* w/o emulsion after 24 hours rotation and 24 hours settling
** Stability ratio of 1 implies a totally stable emulsiéor 24 hours settling. Stability ratiof O (zero)implies a totally
unstable emulsion; all the water is settled fmrt24 hours settling.
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VLSFO Shell 2019

The resultsndicatingstability and effect of emulsion breaker ¥t SFO Shell 2019s shown inTable5-7.
Overall, the emulsion of 250°C+ residue seemed to be less stafpaied to emulsion from the fresh oil, and
partly broke the emulsion by adding emulsion breaker at 2 af@.13

At 2 °C, the emulsion of the fresh oil and 250°C+ residue was stable, i.e. no or minor released water was
observed after 24 hours stand shihr the 250°C+ residue, the emulsion breaker (2000 ppm) partly broke the
emulsion, but this was not observed for the emulsion prepared from the fresh oil. However, the water uptake
was low, and uncertainties are therefore expected in evaluating ths.result

At 13 °C, the emulsion prepared from the fresh oil was completely stable after 24 hours stand still, and only
minor effect of adding emulsion breaker was observed. However, the emulsion from the 250°C+ residue partly
released water after 24 hours stastitl, and similar effect was also observed after treatment of emulsion
breaker.

Table5-7 Stability of VLSFO Shell 2019 mulsions (no emulsion breaker) and efficiency of emulsion breaker
at 2 and 13 °C. Emulsions prepared from fresh oil and the 250°C+ residue
Temperature | Residue Emulsion breaker Water-in-oil emulsion | Stability
(vol. %) ratio**
Reference| 24 hours *
Fresh None 13 13 1.00
2°C Fresh Alc. O 60 %500ppm 13 9 0.67
Fresh Alc. O 60 %2000ppm 13 13 1.00
2°C 250°C+ | None 23 19 0.76
250°C+ | Alc. O 60 % 500 ppm 23 23 1.00
250°C+ | Alc. O 60 %2000ppm 23 8 0.27
Fresh None 57 57 1.00
13°C Fresh Alc. O 60 % 500 ppm 57 50 0.75
Fresh Alc. O 60 % 2000 ppn 57 53 0.85
250°C+ | None 52 27 0.34
13 °C 250°C+ | Alc. O 60 % 500 ppm 52 17 0.19
250°C+ | Alc. O 60 % 2000 pprm 52 - -

* w/o emulsion after 24 hours rotation and 24 hours settling

** Stability ratio of 1 implies a totally stable emulsifor 24 hours settling. Stability ratiof O (zero)implies a totally
unstable emulsion; all the water is settled fmrt24 hours settling.

- No data due high uncertainty in tiheeasurement

ULSFO Shell 2019

The resultsndicatingstability and effect of emulsion breaker fot SFO Shell2019areshown inTable5-8.
Overall, heemulsiors formed were nearly or completely stable when left stand still for 24 hours at 2 and 13
°C. Neithersignificant effect of adding emulsion breaker to the emulsifiedh oilnor emulsifiedresidues

200 and 258C+.
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Table5-8 Stability of ULSFO Shell 201%mulsions (no emulsion breaker) and efficiency of emulsion breaker
at 2 and 13 °C for fresh oil, 200C+ and 250°C+ residue

Temperature | Residue Emulsion breaker Water-in-oil emulsion | Stability
(vol. %) ratio**
Reference| 24 hours *
Fresh None 35 30 0.81
2°C Fresh Alc. O 60 %500ppm 35 30 0.81
Fresh Alc. O 60 %2000ppm 35 35 1.00
200°C+ | None 6 6 1.00
2°C 200°C+ | Alc. O 60 %500ppm 6 6 1.00
200°C+ | Alc. O 60 %2000ppm 6 6 1.00
2°C 250°C+ | None 2 2 1.00
250°C+ | Alc. O 60 % 500 ppm - - -
250°C+ | Alc. O 60 %2000ppm - - -
Fresh None 67 67 1.00
13°C Fresh Alc. O 60 % 500 ppm 67 67 1.00
Fresh Alc. O 60 % 2000 ppn 67 63 0.85
200°C+ | None 38 33 0.83
13°C 200°C+ | Alc. O 60 % 500 ppm 38 38 1.00
200°C+ | Alc. O 60 % 2000 ppr| 38 38 1.00
250°C+ | None 44 41 0.88
13°C 250°C+ | Alc. O 60 % 500 ppm 44 39 0.79
250°C+ | Alc. O 60 % 500 ppm 44 43 0.96

* w/o emulsion after 24 hours rotation and 24 hours settling

** Stability ratio of 1 implies a totally stable emulsiéor 24 hours settling. Stability ratiof O (zero)mplies a totally
unstable emulsion; all the water is settled fart24 hours settling.

- No data due to negligible water uptake

5.6Viscosity ofwater-free and emulsifiedresh oils andresidues

As norrNewtonian fluids, the viscosities bbththe wateifree and emulsifieduel oils tested in this project

are dependent on the shear ratethe viscosities are higher at a lower share rate fl0@smpared to higher
shear rate (100%. This decrease in viscosity with increasing shear rate is likely caused by breaking up the
wax lattice structure with increased mechanical foldlethe tested oils show an increasing emulsion viscosity
with increasing degree of weathering (evaporating and water upidieejesults are summarized in the tables
below forVLSFO Chevron 2019VLSFO Shell 201%ndULSFO Shell 2019

VLSFO Chevron 2019
Table5-9 givesthe viscosities of wateree fresh oiland emulsified fresh oil 3/LSFO Chevron 2016t 2
and 13 °CThe water contents are based on max. water emulsification.
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Table5-9 Viscosity ofVLSFO Chevron 2019vaterfree and emulsified fresh oil
Temp. Viscosity (mPa.s
Residue | Water y ( )
content
(vol. %) 10 st 100 st
2°C |Fresh 0 71236 28 399
Fresh 27 80274 9563
13 °C | Fresh 0 5550 3948
Fresh 54 35468 | 1124

VLSFO Shell 2019

Table5-10 gives the viscosities of watéree fresh oiland residue, andmulsified fresh oiend emulsified
residue ofVLSFO Shell 201%t 2 and 13 °CThe water contents are based on max. water emulsification.

Table5-10 Viscosity ofVLSFO Shell 2019vaterfree and emulsified fresh oiind residue
Temp. _ Water Viscosity (mPa.s)
Residue | o ntent
(vol. %) 10 st 100 st
2°C Fresh 0 132 460 77638
Fresh 13 141 820 29982
2°C 250°C+ 0 878 540 136 400
250°C+ 16 773 050 134 280
13°C | Fresh 0 19 450 16 507
Fresh 57 76 348 11 935
13°C | 250°C+ 0 106 130 68 041
250°C+ 52 321 340 5951

*Reducediscositiesdueglanceoff the incorporatedvater

ULSFO Shell 2019

Table5-11 givesthe viscosities of watereefresh oil andesidue, and the emulsified fresh oil and emulsified
residues of ULSFO Shell 201@t 2 and 13 °CThe water contents are based on max. water emulsification, and
50 vol % at 13 °C.

Table5-11 Viscosity ofULSFO Shell 2019wvaterfree and emulsified fresh oil and residue
Temp. _ Water Viscosity (mPa.s)
Residue
content
(vol. %) 10 st 100 st
2°C Fresh 0 111 800 21017
Fresh 39 64 521 2370
2°C 200°C+ 0 205 220 15 567
200°C+ 21 101 610 12 362
2°C 250°C+ 0 350 250 18 125
250°C+ 2 205 510 25 390
13°C | Fresh 0 33564 5986
Fresh 50 33143 1734
Fresh 67 38194 2084
13°C | 200°C+ 0 53 251 9903
200°C+ 38 36 420 4627
13°C | 250°C+ 0 91 496 14 826
250°C+ 44 60 024 2567
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6 Dispersibility study

The main purpose of using oil spill dispersants is to transfer the oil from the sea surface to the water column
by breaking up the surface slick into small oil droplets. The use of dispersants enhances the rate and extent of
the natural dispersion procesghe dispersibility study was performéd document the relative effect of
chemical dispersants &fLSFO Chevron 2019VLSFO Shell 201%ndULSFO Shell 2019The testing was
performed at 2 and 13 °C, as described below. Three dispersants were useiddoGestxit 9500A, Dasic

NS and OSF52. These dispersants aemmonlywell-known wordwide and are relevant for use elsewhere

in Europe. Dasic NS is also included in oil spill contingency in on the Norwegian shelf.

Several methodsxistfor effectivenessesting of chemical dispersars oils The results from different test
methodologies may vaiy the terms ofpplied energytesting on weathered oils /emulsions vs. fresh oils etc.
SINTEF uses the lowenergy test (IFPreflecting norbre&king wavesconditions(< 5 m/s wind speeds), and

the highenergy test (MNS) reflecting breaking waves conditions (> 5 m/s wind speeds). These methods are
also in accordance with the currently Norwegian regulations for dispersant testing. T{RotaRd etal.
1984)and MNS(Mackay and Szeto, 198@)ethods are also further describes in Appendik@.MNS test,

the standard dynamic sampling was conducted when there was still applied energy to the system (waves)
However,for some of the tests statiamplirgs after 5 minutes settling time without enerdglyglwave was

stopped were takerto demonstrate/hetherthe dispersioreffectivenesswasobtainednot necessarilyaused

by the formation ofsmalloil droplets(< 70-100 um) butratherdue toformation oflargerlumps/ threadsof

oil thatrise quickly to the surface after settling.

6.1VLSFO Chevron 2019

Screeningand dosage testing of dispersants Corexit 9500A, Dasic NS andsP®Rre conducted on
emulsified fresh oil oWLSFO Chevron 201@t 13°C. The testing was conducted by use of IFP and MNS
with dispersanto oil (DOR) ratis 1:10 and 1:25Theresults is given inTable 6-1 and Figure 6-1. The
emulsions were not dispersible by use of theémargy test (IFP). For MNS (higgmergy test), Corexit 9500A
and OSR52 expressed slightly higher dispersibility effectiveness than Dasic NS, aeftettterenesslightly
increasedvith DOR 1:10comparedvith DOR 1:25 but still loweffectiveness

Both dynamic samplingand static samling of the waterfreefresh oilwas conducted (MNS test), and the
results aregiven Table 6-2 and Figure 6-2. Corexit 9500A showed higher effectiveness on the fresh oil
(dynamicand static sampling than OSR52 and Dasic NS. The loweefficiency from static sampling vs.
dynamicsamplingalso emphasisereduceddispersibility effectivenesafter treatment oflispersants. The
higher effectivenesgrom dynamic sampling is due generatio of lager droplets / small lumpsvhilst the
static samplings morereflectingthe fraction of dispersesmall oil droplets.

The freshvVLSFO Chevron 2019%vas notfound dispersible forany of the dispersantestedat 2 °C Figure
6-3) due to high viscogy at low temperaturé/1 236 mPa.s at 165 and emulsions were therefore not tested.

All over, VLSFO Chevron2019was shown to beeduced dispersiblat 13°C and not dispersible at ‘Z.
Based on an overadivaluation the oil isestimatedo be reduceddispersilie with viscosities > 4000 mPa.s,
whilst the oil is considered not dispersibiéth viscosities> 25 000 mPa.s
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Table6-1 Screening and dosage testing. SFO Chevron 201%mulsion (3442 vol. %).
Viscosities 21 698- 21 792mPa.s (103, 13 °C)
Dispersants IFP (wt.%) MNS (wt.%) MNS (wt. %)
DOR 1:25 DOR 1:25 DOR 1:10
Corexit 9500A 3 15 24
OSR-52 2 13 23
Dasic NS 3 4 5
Screening and dosage testing, 13 °C
100
90
80
¥ 70
2 60
)]
g 50
2
‘8‘ 40
E 30
20
10
0 [ [ ] [ ] [ |
IFP 1:25 MNS 1:25 MNS 1:10
M Corexit 9500A OSR-52 M DasicNS
Figure 6-1 Screening and dosage testing on emulsified fresh(84-42 vol.9%9 of VLSFO Chevron 201%t 13
°C. Viscosities: 21 6921 792 mPa.s (109
Table6-2 Dynamic vs. static sampling (MNS) of fresh wattee VLSFO Chevron 201%t 13 °C

Viscosity: 5550 mPa.s (1083

Dispersants

MNS, Effectiveness (weight %)

Dynamic sampling Static sampling
(DOR 1:25) (DOR 1:25)
Corexit 9500A 83 21
OSR-52 74 11
Dasic NS 58 7
PROJECT NO. REPORT NO. VERSION Page31of 112
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Dynamic vs. static sampling with MNS, 13°C

100
90 -
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80 Dynamic
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Dynamic

Effectiveness (%)

Static

Static Static

Corexit 9500A OSR-52 Dasic NS

Figure 6-2 Dynamicvs.static samplingMNS tes) of waterfree fion-emulsified fresh oil of VLSFO Chevron
2019at 13 T (DOR 1:25) Viscosity5550 mPa.s (109

Figure 6-3 FreshwaterfreeVLSFO Chevron 20194MNS test)after treatment ofCorexit 9500A(no efficiency)
at 2°C(viscosity:71 236 mPa.s at 10%
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6.2VLSFO Shell 2019

Screening and dosage testing of dispersants Corexit 9500A, Dasic NS arB2Q@#Re conducted on
emulsified freshoil and emulsified residue (280+) oil of VLSFO Shell 201&t 13 °C.For emulsified fresh
oil (27 vol.%water, viscosity34 537 mPa.j the screening and dosaggstingwereconducted by use of IFP
and MNS with DOR 25and 110 (MNS-test).The high-energyMNS testalso indicatahat theefficiency of
dispersantis dependent on tHeOR, as shown iTable6-3 andFigure6-4. Thisphenomenon wasatticularly
pronounced for Dasic NS where theé#iciency increasedirom 10 % (DOR 1:25) to 85 % (DOR 1:10).
Moreover, Corexit 9000A showed somewhbetterefficiency comparedo OSR52 and Dasic N®n the
emulsified fresh oil However, the low efficienciesbtained by use ofhe IFP (lowenergy test) clearly
demonstrated the need faresencef energy in terms of breaking wavasdbr artificial energy to enhance
the dispersibility effectiveness by dispersant application.

Results from dynamic and statiamgaling at 13°C (MNS test DOR 1:25 of boththe wateffree fresh oil and
250°C+ residue are shownTmable6-4 andFigure6-5, and illustratedimages)in Figure 6-6 andFigure6-7.
For the fresh oi{19 450 mPa.s at 18§ the dispersastcould easilybreakup the slickand Corexit 9500A
and OSR52 showeda relatively good eéctivenesg50 %, static samplingfigure 6-6 also shove that no
dispersantdded ¢nly wave energyhad no effecon thewaterfree fresh oil Forthe 250°C+ residue, no
efficient dispersion due to the high viscogit¥)6 130 mPa.s at 18s and he artificial high efficiency from
dynamicsamplingis caused byormation oflarge lumpsthreads

At 2 °C, the fresh oil oW/LSFO Shell 201%vasshownnotdispersibleas thedispersioreffectivenes®n MNS
was lower than %86 due to high viscosjt (132 469 mPa.s at 18s Dispersibility £sting on emulsion were
therefore not performed.

Thefresh oilVLSFO Shell 201$howedo have a potentidbr dispersant use at 13 °’Rowever thelispersion
efficiencyrequiresoreaking wavesonditions £ 5m/s wind speed) and /or supplement from artificial energy.
Increasing DOR and/or successively application of dispersants may be beneficial to ¢enddispersion
efficiency.

Thedispersibility limitsbased on viscositiaghen the oil ionsidered adispersibldas estimatedipto 20 000
mPa.s The dispersible limit when the oil is considered not dispersiblestimated tal0 000 mPa.slueto
limited data pointand similarities witHFO 183380 grades.

Table6-3 Screening and dosage testing.SFO Shell 2019%mulsion of fresh oil (27 vol. %).
Viscosity: 34 357 mPa.s (16513 °C)
Dispersants IFP (wt.%) MNS (wt.%) MNS (wt. %)
DOR 1:25 DOR 1:25 DOR 1:10
Corexit 9500A 7 55 88
OSR-52 13 35 82
Dasic NS 7 10 85
Table6-4 Dynamic and static sampling of watdree fresh oil and 258C+ residue at 13C.
Viscosity fresh oil: 19 450 mPa.s (18s viscosity 250C+: 106 130 mPa.s (103
Dispersants Fresh Water-free (DOR 1:25) 250°C+ waterfree (DOR 1:25)
Dynamic (%) Static (%) Dynamic (%) Static (%)
Corexit 9500A >100* 52 >100* 2
Dasic NS 86 18 >100* 6
OSR-52 74 52 3 0

*Dispersant effectiveness > 100 % due to entrainment of liim@adsof the treated oil
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Screening and dosage testing on emulisified fresh oil
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B Corexit 9500A m OSR-52 m Dasic NS

Figure 6-4 Screening and dosage testifjINS) on emulsified fresh oil oVLSFO Shell 201%n emulsified
fresh oil (27 vol% water and viscosity:34 357 mPa.s (109 at 13 °C

Water-free fresh oil and 250°C+ residue

W Dynamic Fresh WF Static Fresh WF  ® Dynamic 250+ WF Static 250+ WF

100
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80
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0 |

Corexit 9500A Dasic NS OSR-52

Effecitveness (%)
o o o o o o O

Figure 6-5 Dynamic (dark blue) andstatic (light blue) of fresh oilviscosity:19 450 mPa.sit 10s?) . Dynamic
(dark green) and static (light green) sampling of 28D+ residue(viscosity:106 130 mPa.s at 1€").
MNS testing at 13’C (DOR: 1:25
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Figure 6-6 VLSFO Shell 2019MNS test).Fresh oil (waterfree, viscosity 19 450 mPaat 10s', 13°C) after
application of Corexit 9500ADOR 1:25) Left: Dynamic sampling Middle: Static sampling, larger
droplets/lumps on the surface after 5 min. settlirigight: Fresh oil without dispersant (nalisp.)

Figure 6-7 Waterfree residue250°C+ of VLSFO Shell 2019MNS tesj at 13°C, DOR 1:25 Viscosity: 106
130 mPa.s at 10Y. Left: Dynamic sampling Right: Static sampling

6.3ULSFO Shell 2019

Dispersibility testing was attempted ddLSFO Shell2019 Testingwas conductedboth on the emulsified
freshoil (50 vol.%) and the watefree fresh oilt 13°C (high-energy MNS tesf)DOR 1:25 by use of the three
dispersants Corexit 9500A, Dasic NS and E&RThe lowenergy test (IFPhadno effect on this oilForthe
MNS test thedispersibilityeffectivenessvereminor (< 5%)on the 50 % emulsion (viscosi®8 143 mPa.s at
10sY). This isillustrated inFigure6-8 for Corexit 950@& and OSR52 (similar observed for Dasic NS¥or
thenonemulsified fresh oiht 13°C, thedispersargshowed to have some effect (MN&st) as theslick was
broken upinto smaller patches, s@able6-5, Figure 6-9 (Corexit 9500A) and-igure 6-10 (OSR52). No
effect washoweverobserved when no dispersant was adutethe fresh oil(Figure 6-11). The very low
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dispersangefficiencybased on statisampling vsdynamicsampling also emphasid thatthe dispersants did
not enhancelispersionwith formation of smaller droplets but formed lag@mpsthreadshat easily rise to
the surface after stand still.

At 2 °C, no observed effecf adding dispersant, thefreshoil due to solidificatiorby high pour poin{+24
°C) and high viscosity111 800 mPa.s at 1€)s Examplewith Corexit9500A is shown ifFigure6-12. Testing
onweatheredesidues and emulsions were therefore not performed.

Overall, adding dispersants to emfitsd freshoil of ULSFO Shell 2019hasvery limited effect and show
low/reducedefficiency on the watefreefreshoil at 13 °C.However, the fresh oil was found not dispersible
at 2°C and expects similar results for emulsioM®reover,ULSFO Shell2019exhibitsvery highpour point
that prevents the dispersant to diffuse into the surface atidkexcess dispersant was washed off with the
wave activity during the MN$est Based on the results, mispersibility (viscosity) limits where estimated
ULSFO Shell 2019as the high pour point is theainlimited factorfor dispersant use.

Table6-5 Efficiency of dispersant of watefree fresh oilof ULSFO Shell 2019at 13°C.
Dynamic and staticampling \viscosity fresh oil:33 564 mPa.s (10%)
Dispersants | Fresh Water-free (13C), DOR 1:25
Dynamic (%) Static (%)
Corexit 75 4
OSR52 51 2
Dasic NS 9 2

Figure 6-8 MNS test ofULSFO Shell2019emulsified fresh oil (50 vol.%at 13°C (viscosity 33 143 mPa.s at
10sY). DOR 1:25.Left: Corexit 9500A Right: OSR52
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Figure 6-9 MNS test of wateifree freshULSFO Shell 27)19at 13°C (Corexit 9500A) Viscosity 33 564 mPa.s
(10s?). DOR 1:25.Left: Dynamic sampling Right: Static sampling

Figure 6-10 MNS test of wateffree freshULSFO Shell 201%at 13°C (OSR52). Viscosity 33 564mPa.s(10s?).
DOR 1:25 Left: Dynamic sampling Right: Static sampling
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Figure 6-11 No disgersant added téreshULSFO Shell2019 13°C.
(No effectobservedl

Figure 6-12 Corexit 9500Aadded to thereshULSFO Shell 2019at 2 °C.
(No effect observed

6.4Summary dispersibility

Results from théispersbility study on theVLSFO Chevron 2019/LSFO Shell 201&ndULSFO Shell 2019
are summarized inTable 6-6. The testing was conducted at 2 and°C3 The dispersibility testingvere
conductedy useof IFP (low-energytest reflectingnonbreaking waves 5 m/s wind speedleand MNS (high
energy testreflecting breaking waves 5 m/s wind speegisThe dispersibility wagperformedon thewater
free freshoils / waterfree residuesand emulsified fresh oil&emulsifiedresiduesThe dispersants tested on
the oildemulsionswere Corexit 9500A, OSK2 and Dasic NSOverall, Corexit 9508 wasfound slightly
more efficient than OS82 and DasidNS.
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At 2 °C (Cold climate Arctic conditions)
1 No effects after treatment of dispersants were observed for any of the oils.
9 Similarly, no addition of dispersartssoshowed no effects on the surface slick

At 13 °C (North Sea summéemperature)
9 Dispersantgould breakup the slicks into larger droplets/lumps (mm)
1 Low formation of small oitiroplets(< 100 um)
1 Requires breaking wave conditions (> 5 m/s) or artificial enetgyreak up the slick
1 No addition of dispersants also shtemhno effects on the surface slick

Table6-6
Oil Type

Dispersibility at 13 °C

Summary dispersibilitystudyof VLSFO Chevron 2019VLSFO Shell 201%nd ULSFO Shell 2019
Dispersibility at 2 °C

Comments

VLSFO Chevron 2019
Fresh

VLSFO Chevron 2019
Emulsion of fresh oil

VLSFO Shell 2019
Fresh

VLSFO Shell 2019
250°C+ residue

VLSFO Shell 2019
Emulsion of fresh oil

ULSFO Shell2019
Fresh

ULSFO Shell 2019
Residue 200C+/250°C+

ULSFO Shell 2019
Emulsion of fresh oil

Non-dispersible

Non-dispersiblé

Non-dispersible

Non-dispersible*

Non-dispersiblé

Non-dispersible

Non-dispersiblé

Non-dispersiblé

*. Not tested, expeirtg no effect

Reduced dispersibilt

Reduced dispersibility

Reduced dispersibility

Non-dispersible

Reduced dispersibility

Limited / nor
dispersible

Non-dispersiblé

Limited / non-
dispersible

2 °C: High viscosity

13°C: Requires breaking
waves/artificial energy.

DOR 1:25 or higher. Consider
successive application to enhant
dispersion.

2 °C: Not tested. Expecting no
effect

13°C: Requires breaking waves
/artificial energy High dosage,
breaking waves/artificial energy.

2 °C: High viscosity

13°C: Requires breaking waves
/artificial energy. Consider
successive application and/ or
higher dosage tenhance
dispersion

2 °C: Not tested. Expecting no
effect

13°C: High viscosity

2 °C: Not tested. Expecting no
effect

13°C: Requires breaking waves
/artificial energy. High dosage
(DOR 1:10). Consider successiv
application

2 °C: Solidifying propertie$
high pour points

13°C; Break up oil slick into
patches. Requires breaking wavi
but very limited dispersion

2 and 13°C: *Not tested.
Expecting no effect

2 °C: Not testedExpecting no
effect

13°C. Brokeup oil slick into
largepatchegvery limited
dispersion
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7 SINTEF Oil Weathering Model (OWM)

The SINTEF Oil Weathering Model @QWM) relates oil properties to a chosen set of conditions (oil/emulsion

film thicknesswind speedsind sea temperature) and predicts the cheatgeftheoi | 6 s ponthesea t i e s
surfacewith time. The SINTEF OWM is schematically shownkigure7-1. The predictions obtained from

the SINTEF OWM are usel tools in the oil spill contingency planning related to the expected behaviour of

oil on the sea surface, and to evaluate the time window for operational response strategies in a spill operation.
The SINTEF OWM is described in more ded@le.g.Johas en (1991), and in the us

SINTEF 0il
Weathering Model

Laboratory data of fresh and ’ Predicted oil properties by time at
weathered oil samples: chosen environmental conditions:

* Distillation curve (TBP) « Evaporative loss

Densities Density
Viscosities Viscosity
Flash points Flash point
Pour points Pour point

Water content

Viscosity of w/o-emulsion

Natural dispersion

Total oil mass-balance

‘Time window" for use of dispersants
“Time window" for in-situ burning

Water uptake rates (t -values)
Maximum water uptake ability
Viscosity ratios

(wfo-emulsion/parent oil)
Viscosity limits for chemical dispersion

® o s e o e s e @

Ignitability / burnability limits

Criteria used in the model

Environmental conditions

(Wind speed, sea temperature,
oil film thickness, ice coverage,
depth, fetch)

Figure 7-1 Schematic input data to the SINTEF OWM and the predicted outputveglatheringproperties

Oil weathering predictions

In this report, the presented OWM predictions span a period from 15 minutes to 5 days after an oil spill has
occurred. The input laboratory data of the oils tested in this project are summarized in Appendix B, and the
OWM predictionsof eachof the oils are summarized in Appendix C. A comparison of OWM predictions are
given in section 8.

Spill scenario

A standard surface release veawserto giveOWM predictions otheweathering propertiesf the tested oils
Theresidual marine fuel oilareexpected to reachtarminal oil film thickness o2 mmfrom a surfacébatch
releaseTheseawater temperatigehoserfor the OWM predictions wer@ and 15°C reflectingrelevant sea
temperaturegrom the laboratorytesting. The relationship between the wind speeds and significant wave
heights used in theil weatheringpredictions are given iTable 7-1. An overview of the inpuOWM
parameterss given in Table 72.
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Table7-1 Relationship between wind speed and significant wave height usé¢ide SINTEF OWM
Wind speed [m/s] Beaufort wind Wind type Wave height [m]
2 2 Light breeze 0.1-0.3
5 3 Gentle to moderate breez 0.5- 0.8
10 5 Fresh breeze 1.5-25
15 617 Strong breeze 3-4

Table7-2 Scenarioinput parametersgo SINTEF OWM
Parameters Value
Release cenario Surface release
Release ratém®h) 80
Duration of spill(minutes) 15
Volume spilled(metric tons) 20
Terminal al film thickness(mm) 2
Wind speedm/s) 2,5,10and 15
Seawater temperatu(eC) 2 and 15°

Predictionperiod 15 min. to 5 days
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8 Comparison of OWM predictions

In this section, the predicted weathering properties of the three tested fUéL8IK) Chevron 2019/LSFO
Shell 2019ndULSFO Shell 201%vere comparedn addition tothe previously stugl on ULSFO Shel2016
(denoted as ULSFQ@3C 2017 in the predictio figures)andtwo IFOs (IFO 180 and 380Yhe presented
comparisons are based on predictions limited staadardemperature of 15 °C and wind speed of 10 m/s,
reflecting breaking waves conditions.

8.1Evaporative loss

The predicted evaporative loss iswimdin Figure8-1. Evaporation is one of the natural process that promotes
removing spilled oil from the sea surface. The lewfur marine fuel oils tested in this project have low
evaporative loss (< 10 wt. %jter5 days of weathering, reflecting low content of lightrponentsn the oils
similar as for the other oils in comparison. Howewbe behaviour ofJLSFO Shell 2016exhibits slightly
higher evaporative loss of 20 % after 5 dagmpared to theecent studpf ULSFO Shell 2019

EVAPORATIVE LOSS @ SINTEF

CWio
Surface release 20
Release rate/duration: 1.33 mefric tons/minute for 15 minute(s)

— VLSFO CHEVROM 2019

— VLSFO SHELL 2019

= |JLSFOQ SHELL 2019

— ULSFO 13°C 2017

—— IFO 180LS, 13C FLUME KYV
IFO 380, 13C

Sea surface temperature: 15°C Wind Speed : 10 m/s
10

a0

80

70

60

50

Evaporated (%)

40

Hours Days

Figure 8-1 Comparison of predicted evaporative loss at®Coand 10 m/8/LSFO Chevron 2019VLSFO Shell
2019 ULSFO Shell 2019ULSFO Shell2016 IFO 180, and IFO 380
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8.2Water uptake

The predicted water uptake ofLSFO Chevron 2019VLSFO Shell 2019and ULSFO Shell 2019in
comparison witHJLSFO Shell 2016 IFO 180 and IFO 38 shown inFigure8-2. The previously batch of
ULSFO 2016has the highest water uptateachingas much a80 vd.% after 1 day of weatheringF-O180
alsoreach aelatively high-wateruptake of 65 vol. %VLSFO Chevron 201andVLSFO Shell 201%®xhibit
very similar water uptake reaching up to 559 v& after 5 dayswhilst ULSFO Shell 201%nd IFIO 380 have
the lowest water uptaK@0-35 vol.%) Thepredictedemulsificationrate(kinetics)is howeverslowfor all the
oil testedin this projectas shown in Figure-3.

WATER CONTENT

@ SINTEF

OWModed® 11.0.1
Surface release 20
Release rate/duration: 1.33 mefric tons/minute for 15 mimute(s) Fred. date: May 04, 2020

— VLSFO CHEVRON 2019

—— VLSFO SHELL 2019

= ULSFO SHELL 2019

= ULSFO 13°C 2017

—— IFQ 180LS, 13C FLUME KYV
IFO 380, 13C

Sea surface temperature: 15°C Wind Speed : 10 mis
10

Water content (%)

Hours Days

Figure 8-2 Comparison of predicted water uptake at G and 10 m/8/LSFO Chevron 2019VLSFO Shell
2019 ULSFO Shell2019 ULSFO Shell2016 IFO 180, and IFO 380
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8.3Emulsion viscosity

The predicted emulsion viscosities of the rested fuel oils are shdviguire8-3, at 15°C. VLSFO Shell 2019
has high emulsion viscositiesd can reach >200 000 mPa.s after 5 days of weath@igyiscositiesof
VLSFO Shell 2019s comparablevith viscositiesof the IFO380. The other oils have significantly lower
viscosities.VLSFO Chevron 201%nd ULSFO Shell 2016follow quite similar predictions and reach
viscosities up to 40 000 mPa.s (5 days), whilsEFO Shell 2019%rom this project has higher viscosities and
reat about 60 000 mPaltsshould beemphasizethatthe oils willreachhigher viscositiest lower sea water
temperature§ °C, seeinduvial predictions in Appendi&). High viscosities will influence of strategy for oil
spill response.

VISCOSITY OF EMULSION @ SINTEF

OWiioded® 11.0.1
Surface release 20
Release rate/duration: 1.33 metric tonsiminute for 15 minute(s)

Fred. dste: May. D4, 2020

— VLSFO CHEVRON 2018
—— VLSFO SHELL 2019

= ULSFO SHELL 2018

—— ULSFO 13*C 2017

= |FO 180LS, 13C FLUME KYV
— IF0 380, 13C

200,000 Sea surface temperature: 15°C Wind Speed : 10 m/s
1.000,

100,000

10,000

Viscosity (mPa-s)

1,000

100

0.25 08 1 2 3 8 9 12 1 2 3 4
Hours Days
Figure 8-3 Comparison of predicted emulsion viscosity at Toand 10 m/8/LSFO Chevron 2019VLSFO

Shell 2019 ULSFO Shell2019 ULSFO Shell2016 IFO 180, and IFO 380
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8.4Flash point

In general, oilspilled on the sea surfaaéll be cooled to the ambient water temperature within a short period.
Theprobability offire hazardwill be high if the flash point of the oil is below the sea temperaldogeover,

fire hazards dependent upon the concentratiovalatile components in thalpand the potential for firis
usuallysurpassewithin the firstfew minutesof a spilldue to the rapid evaporation of those components.

The flash points 0¥/ LSFO Chevron 2019VLSFO Shell 2019ULSFO Shell 2019andULSFO Shell2016
are shown irFigure8-4. The fuel oilshave initially high flash points and no fire or exploration hazacurs
after a releasegsthe flash points are well above gemperatureandabove 60°C aslimit for vessels not
permitted as cargo for flashpoint < 8D. The slow increase @ishpointsreflectsthelow evaporative loss.

FLASH POINT FOR WATER-FREE OIL

@ SINTEF

Surface ralease
Release rate/duration: 1.33 mealric lons/minute for 15 minute(s)

OWhiodel® 11.0.1

Prad. date: Ape. 28, 2020

= JLSFO CHEVRON 2019 [ Mo fire hazard

—— VLSFO SHELL 2019 [ Fire hazard in tankage (=60 15%C

—— ULSFO SHELL 2019 [ Fire hazard at sea surface (below sea temperature)
— ULSFO 13°C 2017

Sea surface temperature: 15°C Wind Speed : 10 m/s

150

/

1004 ! /

Flash Paint (*C)

501

025 0.5 1 2 3 6
Hours

1 2 3 4 5
Days

Figure 8-4
2019 ULSFO Shell 2019and ULSFO Shell2016

Comparison of predicted flash point at P& and 10 m/8/LSFO Chevron 2019VLSFO Shell
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8.5Pour point

Pour point depends on the o0oil és wax contemax and
components dissolved in the oil phase. In addition, contents of asphaltenes prevent or reduce precipitation and
lattice formation and hence lowers the pour point. High pour points may prevent the dispersant to soak into
the oil slick and influence ttaispersant effectiveness and may also reduce the potential for flowability towards
weir skimmersHigh pour points may cause solidification (elastic properties) when oil is spilled on the sea
surface. High pour point may therefore imply solidification loa $ea surface immediately after the release,

and this is pronounced when the pour point is typicall{p 3C above sea temperature and in cold temperatures
(Daling et al 1990) High pour point may reduce the dispersant effectiveness.

The predicted poypointsof the tested oils are givémFigure8-5. The twoULSFOs show &ery similarand
high pour points, reflecting the reduced to low dispersihilii.e. dispersanteffectiveness The VLSFO
Chevron 2019%nd VLSFO Shell 201%ave lower pour poinissimilar as the IFO 180and dispersant
effectivenessare dependent on their viscositieBhis batch of IFO 380 exhibitthe lowest predictegour
points.

POUR POINT FOR WATER-FREE OIL @ SINTEF

Surface release
Release rate/duration: 1.33 metric tons/minute for 15 minute(s)

—— VLSFO CHEVRON 2019 [ chemically dispersible

—— VLSFO SHELL 2019 [] Reduced chemical dispersisility
—— ULSFO SHELL 2019 [ Pooriy i siowly chemically dispersibie
— ULSFD 13°C 2017

— IFQ 1B0LS, 13C FLUME KYV

—— IFQ 380, 13C

Sea surface temperature: 15°C Wind Speed : 10 m/s
40

20

Pour Paint (°C)
\
Y
'\_
\

-20
025 05 1 2 3 6 ] 12 1 2 3 4

Hours Days

Figure 8-5 Comparison of predicted pour point at P& and 10 m/8/LSFO Chevron 2019VLSFO Shell
2019 ULSFO Shell 2019 ULSFO Shell2016 IFO 180, and IFO 380
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8.6Volume of surface emulsion

In general, he totalvolumeof surfaceoil will for most oil types(e.g. crude oilshbereducel with time due to
evaporation and natural dispersion in the initial stages of weathering. However, the volume of water mixed
into theoil mayincrease the total volume of the surface emulsion considerably. Increasing surface emulsions
should be considered in a spill operation, for example, when evaluating skimmer capacity based on the total
volume of emulsified oilFor the residual mare fuel oils studied in this project, the evaporation is very low.

The pedicted volumes of oil emulsiam the sea surfadgeelative to the amount of oil released) ah®wnin
Figure8-6 for VLSFO Chevron 20L9VLSFO Shell 201&ndULSFO Shell 2019 addition to a previously
batch ofULSFO Shell 2016 and two IFOs (IFO 180 and 380}he oils tested in this project exhibit kiw
and slow emulsification rate (water uptake) that reflect the low increase of the total voluntedaysof
weathering. Among the oils testad,SFO Shell 201%as slightly higher increase in surfacdumecompare
to VLSFO Chevron 201andULSFO Shell 2019 In comparisonthe ULSFO Shell2016and IFO 180 have

both amuchhigher wateuptakeandthe oil volume is predicted focreaseabout2.5-3.5 times as shown in
the figure, below.

SURFACE EMULSION @ SINTEF

Surface release
Release rate/duration: 1.33 mefric tons/minute for 15 minute(s)

— VLSFO CHEVRON 2019

—— VLSFO SHELL 2019

= ULSFO SHELL 2019

— ULSFO13°C 2017

—— IFO 180LS, 13C FLUME KYV
FO 380, 13C

Sea surface temperature: 15°C Wind Speed : 10 m/s

/- ~

/

o
b

Surface emulsion (volume increase %)
o
=

Hours Days

Figure 8-6 Comparison of predicted surface emulsion (emulsification) at°@oand 10 m/8/LSFO Chevron
2019 VLSFO Shell 2019ULSFO Shell 2019ULSFO Shell2016 IFO 180, and IFO 380
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9 Ignitability of the oils(in-situ burning experiment$

The purposavith theignitability testingwas tocheckthe potentiafor usng ISB as a response option fibre
three LSFO oilsTheignitability potentialwascharacterizedby following a "progressive" ignition strategy
igniting the oils Totally 5 burning experiments weperformed:

arbdE

ULSFO Shell 2019nonweathered, aterfred, density: 0.97 kg/I
VLSFO Shell 201¢nonweathered, watfree) density: 0.99 kg/l
VLSFO Chevron 2019 Waterfree) density: 0.988 kg/l

ULSFOShell 201930 % w/eemulsion).Density emulsion: 0.949 kg/I
ULSFO Shell 201950 % w/cemulsion).Density emulsion: 0.971 kg/I

A separatenemooutlinedby SINTEFfrom theignitability study isavailable formoredetails. Additionally,
to the SINTEFISB, an interlaboratorycomparison ofestmethodologes andISB results of the ULSFO oil
testing at SINTEF and SL Ross Laboratories laniefly discussed irthe interlaboratoy comparisonin
sectiori2.

9.1Experimental
Weather conditions:

Perfect weather conditions during the experiments:

1
1
1
1

Wind: < 23 m/s
Air temp: 01°C
Seawater temp:-% °C
No fall of rain / snow

Experimental setup:

1

=a =

= =

=A =4 =4 =4

Test tank. Standard burning trayRelyOnNutec(0.6m x 0.6m x 0.2 m, sdggure9-1A), i.e. surface
area: 0.36 rh

60 L water, and 6 L oil (ca. 17 mm thickness) added gently on the top of the water surface
Ignitor source: Gelled gasoline /diesel mixture (20/80 addet¥@gellingagents Surfire). The gel
was packed in 100 implastic bags. The bag was placed in the middle of the trayfigee=9-1 A/B).
Gelled gasoline/dies@asignitedimmediatelyby apropangorch (sed-igure 9-1 B)

Temperature logging: Three sensors: 1): placed in the flam&51n above oil surface), 2): in the
oil phase and 3): in water2.cm beneath the oil layer) (sEigure 9-1A/B)

Ignition time: Time from igniting thgel until the flame has spread to the total (29poil area
Burning time: Time from the flame has spread to the total ed antil the burn extinguished
Recovery and quantification of burned residue

Sampling of residue for aftermath physidoemical characterization in the laboratory

lgnition strateqy:

T
T

1

The effective burning time & 100mL gel bag is 162 min.

If the burnhas not spread to the oil area within 10 min., anothernil0@el bay is applied (same
position) and ignited

If the burn still has not spread to the oil area within another 10 min., suffocate the burning gel, and
add 300 ml diesel fuel as a prin{feguivalent to a 1 mm slick) on the top of the oil. And ignite a third

gel bag

If the burn still has not spread to the oil area within another 10 min., suffocate the burning gel, and
add 600 ml diesel fuel as a primer (equivalent to a 2 mm slick) ongted tbe oil. And ignite a

fourth gel bag

If this fails, the oil is designated as being "unignitable"
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1A): Start experiment: Burning tray filled with oil (6L)
on water. Plastic bag (100ml) with gelled ignitor place)
on top of the oi(middle of tray)

1B): Ignition of plastic bag with gelled gasoline/diesel
mix. by a propane torch

During burning

Just beforghe burn extinguish in experiment 4 (30%
emulsified ULSFCshell 2019 Minimal loss of oil
outside the traylue to "splashint

Figure 9-1 Selection of pictures taken at different stages during the experiments

9.2 Resuméof log from each experiment

All images (poto9 and videos taken during the burns are archived and available upon request.

9.1.1 Exp. IULSFO Shell 2019

1 Oil applied: 5.455 kg

1 Watertemp.:9°C

1 09:25: Gel ignited

1 09:26: (1 min) flame start to spread to the oil fA®f the surface area burn)

1 09:27: 50% of surface area burn (2 miafter ignition)

T 09:28: 1006 of surface area burn (3 mifter ignition)

1 09:34: Flame extinguish, i.e. 6 miourning time (time after 10% burn area started)

1 Minimal splaskover: Total 80 gram in the recovery trays

1 5 min after burn: Start recovery of residue

1 Amount residue: 3.115 kg (i.e. 98.% of oil applied)
PROJECT NO. REPORT NO. VERSION Page49 of 112
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1

Burning effectiveness (BE): 48t.%

9.1.2 Exp. 2VLSFO Shell 2019

= =4 =8 -8 =88

= =4 -8 =9

Oil applied: 6.287 kg

Water temp. 13C (water not replaced)

10:28: Gel ignited

10:34: (6 min) flame start to spread to the oil @Dof the surface area burn)

10:36: 40% of surface area burn (8 min after ignition)

10:38: 100% of surface area burn (10 min after ignition)

10:48: Flame extinguish, i.e. 10 mlyurning time (time after 10% burn ara). Top layer of water
boiled §.e. mustcheckwater contentf theburned residubad incorporatedates

Some oil residue overflow (373 @), recovered in recovery trays. Good control of residue
5 min. after burn: Start recovery of residue:

Amount reside: 4.016 kg (i.e. 64#t.% of oil applied), (inclthe residue flew over)

Burning effectiveness (BE): 36t.%

9.1.3 Exp. 3VLSFO Chevron 2019

=4 =4 =4 =4 4 -4 -8 -8

= =4 =4 =9

Oil applied:5.306kg

Water temp. 4°C (water replaced)

12:15: Gelbagignited

12:25: (10 min) still no spreading of burn to the oil area

12:26: (11 min.). second gel bag ignited

12:31 (16 mir) Flame start tepread to the oil (10% of the surface area burn)
12:32: 40% of surface area burd{ min. after ignition)

12:33: 100% of surface area burn 8Inin. after ignition)

12:40: Flame extinguish, i.&. min. burning time (time after 100% burn area). Top layer of water
boiled(i.e. mustcheck water content if the burned residue had incorporated water)

Minimal splaskover.Good contol of residue

5 min after burn: Start recovery of residue:
Amount residue: 4@ kg (i.e.55wt.% of oil applied)
Burning effectiveness (BEX5wt.%

9.1.4 Exp. 4ULSFO Shell 20180 % w/o-emulsion)

= =A =4 =4 -8 -4 -4 -4

=a =4

Emulsionapplied:5.770kg (i.e. 4.039 kg watefree oil)

Water temp. 4°C (water replaced)

13:24: Gelbagignited

13:32 Emulsion is "boiling" around the burning gel b&gill no spreading of burn
13:33 (9 min). second gel bag ignited

13: 37: (4 min. after™®. Gel bag) < 510 % of area around gel bag is boiling.

13:40 (7 min. after®. Gel bag) < 510 % of area around gel bag is boiling. Still no spreading of
burn. Suffocate the burning gel

13:48: 300 ml (1 mm) diesel applied on the top of the emulsion

13:50 Ignite a newaj-bag. Flame start tspreadovertheentire emulsiorf100 % of the surface area
burn)

Low intensity of the burn
14:03 Flame extinguish, i.eL3 min. burning time (time after 100% burn area)
Minimal splashover.Good control of residue
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1 5 min after bmn: Start recovery of residue:
1 Amount residue3.200kg (i.e.75wt.% of emulsionapplied)
9 Burning effectiveness (BE25wt.%

9.1.5 Exp. BULSFO Shell 20190 % w/c-emulsion)

Emulsionapplied:5.570kg (i.e. 2.785 kg watefree oil)

300 ni (1 mm) diesel applied on the emulsion

Water temp. 4°C (waterot replaced)

14:23: Gelbagignited

14:3Q Fire not spread on the surface. (Suffocate the burning gel)

14:33: Additional 600 ma (2 mm) diesel applied on the top of the emulsion
14:34 Ignite a new gdlag.A Flame start tgpreado the oil area

14:35 Burnspreadvertheentire emulsiorf100 % of the surface area burn)
Very low intensity of the burn

14:41: Flame extinguish, i.& min. burning time (time after 10% burn area)
Minimal splashover.Good control of residue

5 min. after burn: Start recovery of residue:

Amount residue4.655kg (i.e.84 wt.% of emulsionapplied)

Burning effectiveness (BE)Y6 wt.% of the emulsion applied

=4 =4 =4 =8 -4 -8 -8 -8 - -8 -8 -9 -9

=

9.3Summary ignitability

The primary goal with th&INTEF burning testingperformedin the mesescale trays at RelyOn Nutec, was
to study thegnitability potentialfor thethreeresidual fuel os. The outcome of the burning efte@ness (BE,

i.e. the mass loss after a burn) will have limited operative vasleis impossible tsimulated in small scale
the burning conditions and burning efficiency that happenat alarge scale in the fieldThe SINTEF
experimenrdl setup by using trayg with the oil layer on a "static" reservoir of water, is an attempiitoic the
burn of a "free" drifting oil slickn openor iceiinfested waterwhere the upper water layer beneath the burn
will be heated up and eventually start to boil.sTwill generate turbulence, which will influence on the burn
intensty, and promote terminationf ahe burn. However, small-scale ISB systemmay give reliable
understanding and documentatiointhe ignitability potentialof differentoil producs - both nonweathered
and atdifferent weathering stagéevaporatdand emulsifd).

The wateffree (noremulsified) oils were all ignitablé&aowever due to the low content of volatiles, the oils
requireda prolonged time to be heated by a burning gelled gasoline/diesel mixture before the burn spread to
the oillayer. Among the three oil§ILSFO Shell 201%vas theeasiest to ignitewhere the gel needed to burn

for 3 min. before the burn was spread to timeainding oil. For the VLSFO oils this "heating time" was even
longer i.e.10 min for th€LSFO Shell 2019and 18 min for th&’LSFO Chevron 2019The ignitability results

are comparable and give complementary information to previous similar tests vigferdifmarine fuels
(Hellstram et al2017).SINTEFsattempted to ignite 30 and 50 % we¢mulsions of th&JLSFO Shell2019

were not possiblevith burning gels without adding significant amount (1 mm and 3 mm) of diesel on the top
of the emulsions. Thi&ndings fromtheseignitability tests indicate therefore that even low content of water
incorporation (w/eemulsification) at sea for these new generatadmarine residual fuel oilsreexceedingly
difficult to ignite by use of present operative ignitiomethodology (i.e. gelled gasoline/diesel) without
application of significant amount of primer ( e.g. diesel) orethelsifiedoil.
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10Summary d propertiesrelated to oil ill response

In general, the oil weathering properties will influence the evaluation of response options (mechanical
recovery, dispersant use anesitu burning) in a spill situationThis sectionthe results from the experiments
are discussed in relation to the diffat response options for the tested oils.

10.1Mechanical recovey

In general, experiences from Norwegian field trials with oil spill booms have demonstrated that the
effectiveness of various mechanical clegnoperations may be reduced due tohiigh degreef leakage of
the confined oil or emulsion from the oil sgibom. Boom leakage is particularly pronounced if the viscosity
of the oil or the w/eemulsion is lower than 1000 mPa.s (Nordvik et al. 1998jvever, due to highiscosities
none of the tested ailare expected to Iseibjected to boom leakadae to thipredicted lower viscosity limit
Previously studies at SINTEF have shown that weir skimmers may reduce recovery rFabgswimen
skimming oils with viscosities in the range-28 000 mPa.s (Leirvik et al. 2001Moreover, NOFO
(Norwegian Clean Seas Assation for Operating Companieis) operating with viscosity limits for skimmer
efficiency as followed: primaruse ofweir skimmers (< 20 000 mPa.s), combination of weir and-higt
skimmer (2650 000 mPa.s), and primary high visc. skimmer (> 50 000 shPdae NCA however have
other skimmer types itheir stock that are suitable for a range of emulsion viscosities, as menticned:
viscous oils/emulsions < 10 000 mPa.s, Medium viscous oil/lemulsior&d D00 mPa.s and high viscous
oils/emulsions > 5000 mPa.sOtheraoils spill responders may have otls&immer /equipmerin stock.

VLSFO Chevron 2019

Mechanical recovery iexpected to ban option fotVLSFO Chevron 2019%o0thin cold climate conditions
and in higher temperatures. Tpeedicted oil/lemulsiowriscositiesare in the range of 1@00-60 000 mPas (2
°C) and 4000 40 000 mPa.s (1%), see predictiomhartin FigureC-3 (AppendixC).

VLSFO Shell 2019

The predictedviscosities ofVLSFO Shell 2019at 2°C, are in the range d80 000to 800 000 mPa.ssee
predictionchartin Figure G12 (Appendix C) This means that in cold cliate regions/arctic conditions,
mechanical recoverycan be challenging for weather@ils dueto the very high viscositieqrisk for
solidification). At highertemperatureshe viscosities are lowehoweverat 1 days of weathering.g. atl0
m/s wind speed, théscositymayreach100 000 mA.s.

ULSFO Shell 2019

Based onhepredictedviscositiesmechanical recovery is expected to be an option both in cold climate regions
and higher seawater temperaturesdaSFO Shell 2019see prediction chart in Figu@21 (Appendix G.
However viscositiesmay surpass > 100 000 mPa.s &Edy weatheringhatmayinfluence on the choice of
skimmer systemMoreover this oil hasalso very high pour poing, seepredictionschartin Figure C-23
(Appendix Q, and solidification(pour point typically 515 °C higher tharthe seaemperature) is likely
scenarig particularlyat 2 °C. Solidification of oil at seacanresult inlimited flowability towardstraditional
skimmer(e.g. weir skimmersachesionskimmers)n in a spill operationbutthis oil requires specific"active'
skimmer systemdesignated fosolidified oils (e.g. bekskimmers grab3.
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10.2Dispersibility
The results from thperformeddispersibility studies is presentedsiection6.

VLSFO Chevron 2019

The use of dispersants ¥.SFO Chevron 2018rovedto be ineféctive, based upahe laboratory testing at
2 °C, reflecting cold climate regions /arctic conditiomie oil/emulsiorwasfound reduceffjooddispersible

at higher temperatusx13 °C). This means thaise of dispersantsan be an optioto break up thewsface
slick into smalleipatchesHowever slick breakup requires energy in termseitherbreaking wave(> 5 m/s
wind speed) and/or artificial energynd highdosage DOR 1:10 was found more efficient than DOR 1:25.
Successivapplicationof dispersants may aldme beneficial teenhance dispersipibut this option wasot
tested in this projectargeroil droplets lumps will easily resurface

VLSFO Shell 2019

Use of dispersants is not an option &C2reflecting a cold climate /aic conditions due to high viscosities.

At higher temperature (1°€) the oil may havéhepotential (reduced) for dispersants use but requires breaking
waves conditions (> 5m/s wind speeds) and /or additional artificial energy. Succappii@tion of
dispersantgnot tested in this project) andr/increased dosage (> DOR 1:2%y also enhance dispersion

ULSFO Shell 2019

At 2 °C, ULSFO Shell2019was foundo benot dispersiblelue to high pour point and high viscosift 13
°C, adding dispersants showatso low dispersibility when tested withdispersants Overall, the use of
dispersants is not recommended for this oil.

10.3In-situ burning - ignitability

In-situ burning (SB) is often considered as a primary response operitiarctic and icecoveredareas The
primary goal with the SINTEF burning testing performed in the rseate trays, was to study tiumitability
potentialfor the three residual fuel oils. The outcoafghe burning effectiveness (BE, i.e. the mass loss after

a burn) will have limited operative value as itnist possible tasimulate, at the benedcale,the burning
conditions and burning efficientljathappesat thelarge scale in the fieltHowever mesoscale ISB systems

may giveoperative relevantlocumentation and valuablsderstandhboutthe potential and limitations in
igniting different oils at different weathering stages (with respect to both evaporation and emulsification
degrees).

The waer-free (noremulsified) oils were all ignitablé&aowever,due to the low content of volatiles, the oils
required a prolonged time to be heated by a burning gelled gasoline/diesel mixture before the burn spread to
the oil layer.The ignitability results & comparable and give complementary information to previous similar
tests with different marine fuels (Hellstrgm et2017).

VLSFO Chevron 2019

Among the three oilsyLSFO Chevron 201% the oil with the lowestontent ofvolatiles andthe highest
flashpoint Q09C). By using tte standarINTEF ignition strategy it took 18 min before theburn from the
gelledgasolinédieselignitor mixturespread to the oil. Due to tivery long heating time needédr igniting

the waterfree oil, tests on emulsified oil was not considered to be relevant

VLSFO Shell 2019

VLSFO Shell 201%ad a slightly higher content of volatiles, arfthahpointof (100°C). By using the standard
SINTEF ignition strategy, it tookO min befare the burn from the gelled gasoline/didggaitor mixturespread

to the oil. Due to the very long heating time needed for igniting the waterfree oil, tests on emulsified oil was
not considered to be relevant
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ULSFO Shell 2019

Among the three dlULSFO Shell 201%vas thesasiest oild ignite where the burning gel needed to bfon

3 min. before the burn was spread to the surrounding oil. The ULSFO has a similar content of volatiles as the
VLSFO Shell 20195-8 % with boiling pointoelow250°C. 30 and 50 % w/@mulsions of the ULSFO, were

not possible ignite by burning gels without adding significant amount (1 mm and 3 mm) of diesel on the top
of the emulsions.

These ignitability tests indicate therefore that eadow amountof waterentrainmen{w/o-emulsification)
likely to occurat sea for these new generation of marine residual fualepitier them to be very difficult to
ignite by the present operative ignition methodologies in an ISB response operation witbapplication of
significant amount of primer (e.g. diesel) on the emulsified oil slick.
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11WAF and toxicity

In acute oil spill componenin the sjiled oil that havesomesdubility in water willmigrate from the oil phase

to the water phaséquatic organism can Exposedo solubleoil compoundsandknowledgeof thetoxicity

of an oilis therefoe importantfor evaluatiorof response optiorendevaluationof effectson the environment
resulting from an acute oil spillow-energy water accommodated fraction \AEAF) of thefresh lowsulfur

fuel oils were characterised with emphasis on chemistry and acute toxicity. Two pelagic species representing
primary pioducers (the marine alg&keletonema pseudocostajuamd invertebrates (the marine copepod
Calanus finmarchicyswere tested.

11.1Materials and methods

Description of the tested oils are giveriable11-1. Detailsabout the oils physical properties are given in
Section 5;Table5-2, and GGchromatograms in Figuie2.

Table11-1 Descriptionof oil names used in figures and tables
SINTEF ID | Qil type Name used in figures andables
20193955 | VLSFO Chevron 2019 VLSFO
20197685 | VLSFO Shell 2019 VLSFO Shell
201911170 | ULSFO Shell 2019 ULSFO

11.2WAF preparation

Preparation of low energy WAF (-®WAF) was performed under controlled conditions following the
guidelines established by the Chemical Response to Oil Spills: Ecological Research Forum (CROSERF).
These guidelines were developed to standardize WAF preparatioratory exposures to aquatic organisms,

and analytical chemistry measurements used to determine the acute toxicity of theoldlercomponents

in the oil (Aurand and Coelho, 2005). M#AF can be defined as a water solution of dissolved oil coemtsn
prepared in closed vessglgth calm mixing of oil and water without the formation of any vortex-WBFs

were choseto avoid generation of oil droplet¥he WAFs were prepared with the-tikwater loadings of 1

to 40 (25 g oil/lL water) at 13C. The oilto-water ratio of 1:40 is assumed to be "saturated" and therefore
represents a "conservative" estimate of the concentrations foreseeable during an oil spill. The WAFs were
generated with a contact time between water and oil for three days Ibefovater was collected for chemical
characterization and toxicity tests.

Figure 11-1 WAF of VLFO Chevron 201%&nd VLSFO Shell 2019
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11.3Chemical composition of the oils and the WAFs

GC chromatograms of th&AFs are provided in Appendi® (FigureD1-D3). There are no indications of the
presence of oil droplets in any of the WAFs according to the GC chromatograms; solely thsoWier
fractions are detectefligure11-2 summarizes the composition of the main groups of the aromatics in the oil
products. The data are also providedableD-1. According to the results, the contents of volatiles were low
in all oils. TheULSFO Shelk019contains less-B ring PAHs than ta VLSFO oils (15 g/kg oil vs66 and 24

g/kg oil in VLSFO Chevron 2018&ndVLSFO Shell 2019respective).
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Figure 11-2 Chemical composition of selected component groups (aromatics) in the oil products studied. The
component groups are described in Appendix

The "chemical profile" of a WAF is unlike that of its parent oil due to the different \gatebilities of the
various oil componentgigurel1-3 andTableD-1 (Appendix D)show the concentration of the wasaiuble
components of the WAFs prepared, including unresolved complex materials (UCM). The UCM was calculated
by subtracting th&VOC concentration from the TPH concentration.

Total WAF concentration is based on the suntotél petroleum hydrocarbomPH) and volatiles (&Cs,
including BTEX).The VOCs (especially BTEX and &€fnzenes)sually constituta major part of the WAFs

from fresh oils, and the naphthalenes are generally dominatisgtheolatile organiccomponents§vVOQ)

as they have relatively high solubility in water. This can be seen in these WAFs. The total WAF concentrations
are highern VLSFO Shell 2019han inVLSFO Chevron 201%lthoughVLSFO Chevron 2018il contains

more aromaticsin total than VLSFO Shell 2019This is due toa different distributionof the individual
componentgwith different solubilitie3 within the sameomponent grouE.g.theVLSFO Chevron 2018as

a higher content of the larger PAH2-6 ring) with low solubilities Furthermorethe total concentration of
naphthalenes in these two oils are similar, but the content of most water soluble naphthalenes (naphthalene
and Clnaphthalenes) are higher VLSFO Shell 201%han in VLSFO Chevron 2019see Table D-2,
Appendix D. The concentradns of phenolandUCM are also higher iWLSFO Shell 2019
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Figure 11-3 Chemical composition of selected component groups in the WAF systems. The component groups
are described in Appendik

11.4Acute toxicity of WAFs to marine organisms

There are several ways to present the toxicity results. The toxicity of a chemmioahially quantified as an
LCso0r EGso value, defined as the concentration causing 50% of the organisms in a test population to die or to
show a significant negative effect when they are exposed to a fixed concentration of the chemical for a defined
time period (Rand et al. 1995).C1o and EGo values reflect the concentrations causing 10% of the organisms

to die or to show a significant negative effect and can be used if the toxicity is too low to be expressed as EC
or LCso. The EGp and LG can be giva eitherin percent dilution of the undiluted (or 100 %) WAF (relative
toxicity, EGso or LCso (%)), or as normalized to the total WAF concentration (specific toxicityy &_Cso

(mg/L or ppm)). Low values for L& or EGy indicates a high toxicity, whel a high value for L& or EGsyo
corresponds to a lower toxicity. summary of the toxicity results is givenTiable D-4 (AppendixD), both

EGCsoor LCspandECyp0r LCipare calculated for all systemsCipindicatessimilartrends as Lé&. In addition,
predicted acute toxicity expressed as toxic units is providédteD 5.

In Figure11-4, the relative toxicity (left graph) and the specific toxicity (right graph) to the WAFs are shown.
Specific toxicity is normalized to the total WAF concentration and has been the tradépprabch for
expressing toxicity. The specific toxicity indicates that the WARELBFO Chevron 2018andVLSFO Shell
2019 have similar toxicity toC. finmarchicus VLSFO Chevron 201%eing slightly more toxic. WAF of
VLSFO Chevron 2019vas more toxic t&. costatunthanVLSFO Shell 2019For ULSFO Shell 2019the
LCso for 96 hours exposure @. finmarchicuscould not be calculated as the lethal immobilization was too
low. S. costatunseems tde more sensitive tha@. finmarchicugo the WAFs ofVLSFO Chevron 201@nd
ULSFO Shell 2019The relative toxicity was presented ass&&hd LGo given in percent of the diluted WAF.
WAF prepared with/LSFO Shell 2019vas most toxic t&C. finmarchicusand WAF prepared witlLSFO
Chevron 2019vas most toxic td5. costatumThe level of toxic effect observed was rgh enoughto
calculate conclusive values for kfas the effect was less than 50%G@ofinmarchicusn the WAF ofULSFO
Shell2019
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Figure 11-4 Acute toxicity (LCso valuesgexpressed as relative toxicity (left figure) and specific toxicity (right
figure) to WAF of VLSFO (Chevron, VLSFO Shell (2019 and ULSFO (Shell 2019)for C.
finmarchicus and S. costatum Lower bars indicate higher toxicity. Absence of observed effaot
bar) on WAF of ULSFO(Shell 2019)for C. finmarchicus (no mortality observed)

Figure D-5 (AppendixD) presents toxicity as percent redontin growth rate and biomass production for
Skeletonemap. after 72 hours to different dilutions of the WAFgureD-6 (Appendix D)givesthe toxicity

in percent mortality forC. finmarchicusafter 24, 48, 72, and 96 houiBhe graphs show that the toxicity
increases with time and concentration.

Acute toxicity expressed as toxic unit (TU) was predicted based on the chemical composition of the WAFs
and the Ky for the individual componen{®iToro et al.2007, see Appendi). A TU>1 for the total WAF

implies that it is expected to cause more than 50% mortality in the test organisms. TU for the WAFs are
computed and provided ifableD 5. TU for VLSFO Shell 201®ndULSFO Shell2019was below 1 (0.51

and 0.24, respective). TU fLSFO Chevron 201%as 1.02, indicating that the WAF could cause mortality

to more than 50% of the test organisms. Decalif& ring PAHs and 4 ring PAHSs contribute more to the

TU for WAF of VLSFO than irthe other two WAFs.

11.5Comparison with WAFs from other lgproducts

WAF concentrations and TU for the WAFs were compared with other oil produgiguire 11-5 andFigure

11-6. Thesemarine fuel oils ihcludingmarinedistillate fuels) are from preious studies at SINTEF reported

in Faksness and Altin (2017). WAF of ULSFO has been investigated earlier, "ULSFO 2016" is another batch
of ULSFOfrom the Shell refinerand contained more volatiles than the batch studied here.

Although the total WAF corentration in the WAFs ofLSFO Chevron 201%as lower than most of the other
oil products, its TU was higher. The calculations indicated that especiallgrger PAHs (with high Kow
valueg contributing to the toxicity, resulting in a T&lightly higher than 1 (1.02)JCM is not included in TU
calculations.
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Figure 11-5

WAF concentrations of oil products tested in previous studies at SINTEF (Faksness and Altin
(2017), compared with the WAFs studied here: VLSFChevror), VLSFO Shell(2019, and
ULSFO (Shell 2019)in red circles
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11.6Summary and conclusion&/AF

The total WAF concentratiorsf the three residualfuelswere in thdower rangecompared tdhe previously
testedmarine distillate fuelsand were 0.61 ppm for ULSFO, 1.1 ppm Ya&rSFO Shell 2019and 1.6 ppm
for VLSFO. The relative toxicity was presented asd&@d LGo given in percent of the diluted WAF. WAF
prepared with/LSFO Shell 2019was most toxic te&. finmarchicusand WAF prepared witiLSFO Chevron
2019 was most toxic td. costatumThe level of toxic effect observed was magh enoughto calculate
conclusive values for Lég as the effect was less than 50% @rfinmarchicusn the WAF ofULSFO Shell
2019

Specific toxicity is normalized to the total WAF concentration and has been the traditional approach for
expressing toxicity and indicated that the toxicityQofinmardicusof WAF prepared oVLSFO Chevron
2019andVLSFO Shell 2019verequite similar, VLSFO Chevron 201®eing slightly more toxic. WAF of
VLSFO Chevron 201%as more toxic t&. costatunthanULSFO Shell2019and VSLFO Shell

Acute toxicity,expressed as toxic unit (TU), was predicted based on the chemical composition of the WAFs
and the Ky for the individual components. A TU> 1 for the total WAF implies that it is expected to cause
more than 50% mortality in the test organisiifid.for VLSFO Shell 2019andULSFO Shelk019was below

1 (0.51 and 0.24, respective). TU MLSFO Chevron 201%vas 1.02, indicating that the WAF could cause
mortality to more than 50% of the test organisitee calculations indicate that especia@i® ring PAHs and

4-6 ring PAHs contribute more to the TU for WAFWESFO Chevron 201%han in the other twdVAFs.
However,the toxicity of the tested oils are low and is in the same range of the other previously marine
distillatesfuels (TU<1), exceptfrom the DMA Shell diesel that had a significant highervdluedue to the

its high content of sensoluble naphthalenes andRs (aromatics).
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12Interlaboratory comparison

As a part of this project, SINTEF and Sloss have performed some similar beachle analysis dJLSFO

Shell 2019 for interlaboratory comparisonThis included physie-chemcal analysis, emulsification,
dispesibility and ignitability /ISBon ULSFO Shell 2019The results are givein following sectionsbelow.

Both laboratories at SINTEF and Ross have used their standard analytical procedures and methods, i.e. the
analytical procedures have not been customized or adapted to one or the other laboratory within this project.
A summary of results and methods from Bass is given in Appendik.

12.1Physicochemicalparameters
The physicechemical parameteenalysed at SINTEF and Soss are summarized Trable12-1.

SINTEF and SLRoss are using filerent procedure for evaporation, that explain the differences in the
evaporativdoss.However, the evaporative loss O£ SFO Shell 2019s low despite the method usedls a
standard procedur§|NTEFdistillate offvolatilesup to150, 200 and 25€C that reflectsan evaporation loss
corresponding to approximately @15hour, 0.51 day and 0.8 week of weatheringL Ross is using a wind
tunnelto correlatethe WeatheringStates(WS) asFresh (0 days,asreceived, WS2(2 daysin wind tunnel,
andWS3(2 weeks in wind tunnelPepending on the conditions at a spill site, the WS would typically correlate
to periods from a few hours taday or twofor a spill on water

ULSFO Shell 201%s residualfuel oil. The densitiesneasured &t5.5 °C isshown in Table 1. The density
of the fresh oimeasured at SINTEF 3917 vs. 0.911 g/mL at SRoss which isconsidered aacceptable
dueto the nature of this oilThe viscosities(mPa.s)are given asnultiple temperatures to provide property
information about the ojlasshownin Table 121. The unit mPa.$Sl unit) is numerically equivalent to centi
Poise (cP)The viscositiesveremeasured at different temperatubesarelikely comparableThepour points
measurementgrealsocomparablg+24 °C vs. +27°C (analytical uncertainty-3 °C). Theinterfacialtension
of the fresh oil is vergimilar 11.7 vs10.4 mN/m(SI unit) or cm/dynesThe a&phaltene&nd waxcontentsvere
measuredit SINTEF, only. The precipitatiors of asphaltene and waare timeconsumingmethodsandthe
procedures werthereforenot adaptedat SLRosswithing this project.

The True Baling Point (TBP) curveof the freshULSFO Shell 2019 was analysed by use ofas
ChromatographiSimulatedistillation analysi{SIMDIS), ASTM D7169 Figurel12-1 showsthe resultgrom
SIMDIS reported by SINTEF and SRoss The TBRreported arerery similar.

Overall, thephysical propertiesas density,viscosites pour point,andinterfacialtension arerecognized as
comparable resulfer interlaboratory calibratiobetweerSINTEF and SIRoss The variatios arecausedy
differentproceduresind methodsbut alsodue topre-handling andhe nature ofhe oil tested

The oil typewill influenceon the resutt ULSFO Shell2019 isnot an optimal oil fointercalibrationdueto
its high density low evaporative lossand high pour point that make it difficult to get reproducilvksults
Therefore atestoil with otherpropertiessuch asower pour point,and moreNewtonianbehaviourwould be
mostappropriatdor interlaboratorycomparisonit had been preferabte choose an oil witla lower density
with higherevaporativdoss The ULSFO Shell2019 washowever the test oil that wasavailablein high
volumes forinterlaboratorycomparisorwithin this project
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Table12-1 Physicechemical parameters analysed at SINTEF and ossof ULSFO Shell 2019
Analytical parameters SINTEF SLRoss
Fresh 150°C+ | 200°C+ | 250°C+ Fresh ws1 WSs2
Evap. (vol%) 0 0 2.7 5.1 0 0.3 1
Density(g/mL) @15°C 0.917 0.917 0.92 0.922 0.911 0.919 0.919
Visc. (mPa.$ @ 0 °C, 100s! 300007 NA NA NA 42607 58307 59636
Visc. (mPa.s) @ 2 °C, 100s 21017 21017 15567 18125 NA NA NA
Visc. (mPa.s) @ 13 °C, 100s 59862 5986 9903 14826 NA NA NA
Visc. (mPa.s) @ 15 °C, 100s 18202 NA NA NA 4663 5292 5725
Visc. (mPa.s) @ 20 °C, 100s 9592 NA NA NA 2103 2391 2562
Visc. (mPa.s) @ 30 °C, 100s 2682 NA NA NA 463 532 605
Pour point (°C) 24 24 27 30 27 27 27
Flash point (C) 70° NA NA NA 85 87 89
Interfacial Tension(mN/m) ¢ 117 NA NA NA 104 10 9.2
Asph. (wt.%) 0.14 0.14 0.15 0.15 NA NA NA
Wax (wt.%) 20.7 20.7 211 216 NA NA NA

a: Data from temperature sweep (BOC, 10s'); b: COA; c: mNm (Sl unit) = dyne/cm NA: Notanalysed

ULSFO Shell (SINTEF)

—ULSFO Shell (SLRoss)
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Figure 12-1 Comparisonof TBP (True Boiling Point) curveof freshULSFO Shell 2019reported bySINTEF

and 9. Rossby use of SIMDIS(ASTM 7169)
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12.2Emulsification

Emulsification(water uptake) was plarmedonthe ULSFO Shell 201@t SINTEF and SIRoss At SINTEF,
the emulsificationwasconductedat 2 and 13C, whilst at SLRossemulsificationtesting was attempted at O
and20 °C. At SL Rosslaboratory the oil had notendencyto formwaterin-oil (w/o) emulsionsat any degree
of evaporatiortested when med with seaater, neither at0 nor 20 °C due tosolidification and high pour
point. At SINTEF laboratory emulsificationwasobservedor fresh oil andesiduesat2 and 13C. However,
the water uptakevas verylow at 2°C, particularlyfor theresiduesiue tosolidifying properties

Both laboratoriesoperatethe rotatingcylinder methodor emulsion testingse.g.described irMackay and
Zagorskj 1982 Hokstad et al.19930ne of thereasondor thediscrepancyn resultscan be explained e

preparation ofjlasscylindersto avoid adhesioaf oil to theinterior. In general,hecylindersshouldbewashed
with alkaline soamndthoroughlyrinsed with waterSecondlythere may belifferentapproacksto measure
incorpoted watein emulsionsthatdo notform measurableneniscusThirdly, due to high pourgint and

tendency tosolidify at low temperaturesthe pre-handling of the oil prior toemulsiontesting may also

influenceon theresults NeverthelesslUULSFO Shell 2019vas not an optimal fointerlaboratorytestingon

formation of wateiin-oil emulsions.

12.3Dispersibility
Dispersibility study wasonductedon ULSFO Shell 201%t SINTEF and SIRoss. The laboratoriegpply
differentbenchscalemethoddor dispersibility testing of oits
1 SINTEF uss the IFP(low-energy testand MNS(high-energy testas describedsection6 andin
AppendixA.5
1 SLRoss uses thBaffled Flask Test (BFTinethodthat determines dispersagffectiveness at a lab
scale. This test is routinely usedl SL Rossto evaluate the potential effectiveness of a chemical
dispersant on a standard oil, or to study the comparable impacts of chemical dispersant3tom oils.
BFT procedure is based &enosa et al. 2002ndSrinivasan et aR007. More informationabout the
methodandresultsis given inAppendixE.

Themethodf BFT and MNSare comparable itermsof using"highenergy applied to thesystemthatmay
enhancalispersiorof the oilafter treatment of dispersant. Corexit 9500A whassen adispersanbn ULSFO
Shell 201%or comparisonAs shown by the results ifiable12-2 andTable12-3 ULSFO Shell 2019has a
low dispersibilityasconcludedoy SINTEF and SIRoss.

Table12-2 Summary of dispersibility results on ULFSO Shell 2019
by use ofMNS (SINTEF) at13°C

Without Dispersant With Corexit 9500A*
(DOR 1:25)
ULSFO Fresh <1 %> 4%
ULSFO Fresh 50 % emulsion < 196* 2%
ULSFO Residue Not tested Not tested

*Static sampling: Not quantifieddue tono efficiency

Table12-3 Summary ofdispersibilityresultson ULFSO Shell 2019
by use of the BFT method (SRoss)at 20°C
Without Dispersant With Corexit 9500A

(DOR1:20)
ULSFO Fresh (WS0) <1% 3%
ULSFO 2 Day(WS1) <1% 7%

ULSFO 14 Day(WS2) <1% 6%
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12.4ignitability /ISB

Theinterlaboratoryignitability / ISB comparisoriestsonthe ULSFO Shell20190il conductedat SINTEF and
SL Rosswere performedy usingther standardSB-test methodsind operating procedurese detailsof
SINTEF methodology insection9 and SL Rossin Appendk E. Becauseof the differen benchscale
weathering(evaporativdossand emulsificationseesection12.1-12.2), thethree burning tests perfoadat
SL Ross Laboratoriecluded

1 ULSFO fresh (WSO0)

1 0.3vol% evaporated: ULSFQNS])

1 1vol% evaporated: ULSFQNS2)

As SL ROSSdid not obtain any emulsification in the rotating flask method with the ULSFO, they therefore
did notprepareany emulsions for the ISB testing. While SINTEF performed the following three ISB tests with
the ULSFO di

1 Fresh (norweathered) ULSF@vater free(0% water)

1 Fresh (noAweathered) ULSFO wfemulsion (30% water)

1 Fresh (noAweathered) ULSFO wfemulsion (50% water)

The totalsix ISB testswasperformed at the two laboratories gave therefore a complimentary documentation
of the ignitability and burning effectiveness of frealeatheredand emulsifiedJLSFO Shell 2019 Only the
burn tess of the fresh, watefree ULFSOat the two laboratoriesvas comparedand discussedlhe main
purpose with interlaboratory ISB testing between SINTEF anB@&lswas to evaluate how tlaiffererce in
the existing test apparatus and test procedures influence on the test resgitildtigesanddifferencescan
be sum ugy the followingbullet poins:
1 The confinement area / oil volume: SINTEF: Or8%(square) /6 L. SL Ross 0.13m? (circular ring)
/ 2.5 L. This give an initial oil layer thickness in the same range: 1.7 cm (SINArEF2.0cm (SL
Ros3.

1 Ignition: The "stepwise" procedures at the two laboratories to ignite the oil have many similarities,
however, the initial propantrch is omitted at SINTEF and the ignition attempbéginningby
applying a plastic bag of 100 mL gelled gasoline/diesel. The starting time (time zero) is defined when
the gel is ignitedAt SL Ross, the first ignition step is up to three attemptgpadbul0 seconds with a
propane torch. If unsuccessful, the oil is allowed to cool for approximately 30 minutes before applying
and ignition of the gelled gasoline. Starting time (time zero) is defined when the flame starts to spread
to the oil.

1 Burningtimeis defined as the intense burn from full ignition of the oil (100 % oil coverage) to burn
ramp down to a 50% flame coverg@geboth laboratories)

1 Burning Effectiveness (%BE): is defined as the mass burn relative to the mass of starting oil
(emulsion).

1 The main difference in the results between the two test procedures, is the burni(g tivime at
SINTEF versus 1in. at SL Rosspand the burning effectivene@E = 42% at SINTEF versus BE
= 93% at SL Rogs The "static" burn conditions in tHRINTEF tests approach, is simulating more
closely the burn of a "free" drifting oil slick following the upper water layer just beneath thel$iek
lower BE obtained in the SINTEF ISB testsmainly due to that te upper water layer under the oil
will be heated and eventualyart to boil at an earlier stage during the biime boiling generate
turbulence whichwill influence on the burn inteity but promote theearly terminationof the burn.

While, in the SL Ross test apparatusving aslow waterflow-through (circulation) under the burn
containment ringsimulatesoil being towed in a boom behind a shgthough it is possible that the

slow current creates a deeper slick thickness downstream of the current to support longer burning
times, this is likely not a large factor in the increased time period of theRBesburns. As the oil

burns are reaching completion, the residual burning is not isolated to the downstream portion of the
ring.
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1 Another difference in the ISB test conditions that may doumte to the span in the BEesults, is that
the SINTEF testing is an cdbor system, with a small "frd@ard" @pprox.1-2 cm) in order to
minimize the heat radiation from the sté@ly. While the heat shields in the SL Ross tank will likely
reflectsomeof the generated heat back to the burnich helps in maintaining the burn.

9 The calculated burning rate during the intense burp&ripdis, however, in the same range for the
for the two test systemse.. around 1 mm / min.

12.5Conclusion of the interlaboratory@mparison studies

The ULSFO Shell2019 wasa challenging oil foruse agnterlaboratory calibratiortest oil due to itshigh
viscosity,extreme high pour poirgndsolidifying propertiesandstickiness that influence on the test results.
However, there has been a lotle§sons learnefbr both laboratories from this interlaboratory comparison
study that form a good basis for fuettharmonisation of laboratory test methodologies and standardjsation
including harmonized laboratory protocols for:

1 Oil weathering (incl. evaporation, emulsification, photooxidation, etc)

T In-situburning testing (both ignitability and burning effectiesn)

9 Dispersant effectiveness testing

T WAF /toxicity testing

1 Implementation of experimental data into numerical models for oil weathering predictions
It is recommended thahis limitedinterlaboratorycomparison studghould be followed umvith workshos
that may alsanvolving otherrelevant oil spill laboratoriefor designinga more extensiventeriaboratory
calibration and harmomation of test methodologieand operational procedure using additiai8l different
oil qualities (also includingmesoscale flumeveatheringtesty. A goal shouldbeto agreeuponinternational
standardized tegirotocok.
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13 Gonclusionand further recommendatiors

From January 202Ghe International Maritime Organization (IMO) has implemented a new regulation for a
0.5% Global SulfurCapfor marine fuel oil used on board ships operating outside designated emission control
areas (SECA)This newgloballimit of 0.5% m/m (mass by masg)replacingthe former limit of 3.6 m/im
andwill significantly reduce the amount of $ut oxides(SOx) emissiongrom shipsto air. As referredby

IMO, this reduction okulfurin marine fuel oilsshould have major health and environmental benefits for the
world, particularly forpopulations living close to ports and coasts

The three sulfucompliant residudlSFOstestedshoweda wide span in the physiademical properties that
likely reflects the different refineries "recipes" to comply with the new sulfur lifite oil propertieswill be
depenénton the refinery typefeedstock(e.g. switch to sweeter crude gindupgrading of the different
conversion processes (e.g. hydi@sulfurization, catalytic crackingse ofvisbreaking) to reduce the amount
sufur and residual material

The project has providedn increasedknowledge and documentation of the weatheringperties and
behaviour ofthe LSFGs if spilled at seaboth in coldclimate (arctic) and moderate (North Sea summer)
seavatertemperaturesThe LSFOs investigated in this project and previimited studies have showed a
wide span in the oil propertiesitv relevance to behaviour when spilled at ddareover, he oilstested
indicatea high degree of persistence on the sea sydadehe oil spill responsmneven banore challenging
than the previous traditional intermediately fds (e.g. IFO180 / 380), particularlyr cold water spill
situations:
1 The effectiveness of using dispersamiy be limited due to either high viscosities of the emulsions
and/or high poupoint of the oils
1 The potential fouse oflSB canbelimited asthe ignitability may be slowi.€. extendedgnition time)
due to low contemstof volatiles. Small amount of water uptake (emulsification) mapprevent the
oil to be ignited without wesof significant amount of primers (edjesel)
1 The effectiveness of mechanical recovierglependentn the choice of skimmesystemthat force
contact between the oil and the recovery .ufits with high pour points wilke.g.needan "active"
high viscosityor belt skimmerdesignated for solidified oilat sea

From an oil spill response point of view, it is therefore crucial to deettt@roverviewand knowledg®f the
variability in the weathering processéate andbehaviourand response capabilities to the new LSFO®
ongoing changeamong refineries to comply with the new sulfur regulations require a need for further
characterization of the increasing numbers of LS€@ning on the marked.

Furtherrecommendation
1 Small-volume samples oL SFO marine fuelsljoth distillateand residual fuej§rom alargernumber
of refineriesshould be collected faa screenindesting of simpleoil parameterge.g. TBP, density
viscosities, pur-points, gaschromatography emulsifying properties)tested at relevant sea
temperatires
1 Based on such a preliminary sening, a selection ofls should bdollowed up with anore extensive
oil weatheringcharacterizationand mesescale/ basin testing of relevantresponse tdmiques
(dispersarg, ISB, different skimmeconcepts etc, andshorelineadhesion andesponseechniques
Further harmonizationf testmethodologies antkstprotocolsamong oil spill laboratories
Gain a better knowledgef the diferences in the chemical composition (e.g. key biomarkers and
UCM; unresolved complexed mixture) between "traditional" marine fuels and the new generation of
sulfur-compliant marine fuels (both distillates and resigydly e.g. use ofoday'shigh-resoltion
analytical techniques
i A co-operation with the dowstream refinery industryvould facilitate the possibilityfor refining
marineLSFOformulationswith improved oil spill response capabilities

=a =
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Appendix A Experimental setup

A.1Benchscale laboratory methodology

To isolate and map the various weathering processes at sea, the crude oil was exposed to a systematic, stepwis
procedure developed at SINTEF (Daling et al. 1990). The general procedure is illustFatgaani-1.

WOR: Water to Oil Ratio

WOR=1: 50 vol.% water
WOR=3: 75 vol.% water

WOR=max: the maximur
water content

Emulsification with water

Figure A-1 Bench-scale laboratory weathering flow chart of oil

A.2 Evaporation
The evaporation procedure used is described in Stiver and Md&R&¢). Evaporation of the lighter
compounds from the fresh condensate was carried out as a simyatepraistillation to vapor temperatures

of 150C, 200C and 250C, which resulted in residues with an evaporation loss corresponding to
approximately 0.8 hour, 0.51 day and 0.8 week of weathering on the sea surface. These residues are

referred to as 15C+, 200C+ and 250C+, respectively.

A.3Physical and chemical analysis

The viscosity, density, pour point and flashpoint of the fresh and-vateregdues was analysed. In addition,
wax content and "hard" asphaltenes was measured for th€25€sidue. Viscosity for all the w/o emulsions
was determined. The analytical methods used are givEalie A1 andTable A2.

TableA-1 Analytical methods used to determine the physical properties
Physical property Analytical method Instrument
Viscosity McDonagh et al, 1995 Physica MCR 300
Density ASTM method D405381 Anton Paar, DMA 4500
Pourpoint ASTM method D97 -
Flash point ASTM D 56-82 PenskyMartens, PMP1, SUR
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Table A-2 Analytical methods used to determine the chemical properties
Chemical property Analytical method
Wax content Bridie et al, 1980

AHar do as ph IP143/90

Chemical characterization by GGFID and GC-MS

1 The distribution of hydrocarbons (#8Cs) was analysed using a Gas Chromatograph coupled with
a Flame lonisation Detector (G&D). The Gas Chromatograph used wasAgilent 6890N with a
30m DB1 column.

1 The analysis and quantification of PAlgsenolsand alkylated phenols (€.) were completed using
an Agilent 6890 Gas Chromatograph coupled with a, 5973 MSD detecta¥I@ ©perating in SIM
mode (Selected lon Monitoring)

I The volatile components were in the range 0§-nCip and were quantified by use of FAC-MS
(Purge and Trap & chromatograph Mass Spectrometer operating irs¢alh mode and using a
modified version of the EPA 8260 analysis method).

A.4 Emulsification properties

The w/o emulsification studies were performed by the rotating cylinders method developed by Mackay and
Zagorski (1982), which is described in detail by Hokstad ¢t9%83. The method includes the measuring of
the following parameters:

1 Relative water uptake (kinetics)

1 Maximum water uptake

9 Stability of the emulsion

i Effectiveness of emulsion break@dcopol 60%)

The principle of the rotating cylinders method is illustrateBigure A2. Oil (30 mL) and seawater (300 mL)

are mixed and rotated with a rotation speed of 30 rpm in separating funnels (0.5 L). The emulsification kinetics
is mapped by measng the water content at fixed rotation times. The maximum water content is determined
after 24 hours of rotation.
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24 hours 24 hours mixing and
Before mixing mixing 24 hours settling

K
Oil WOR
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(30mL) Axis of m
2 rotation PR

Seawater 4 rpm Yy

(330 mL) 6 .
8_ X -

Figure A-2 Principle of the rotating cylinder method

A.5Chemical dispersibility testing

There are several different tests for evaluativgeffect of chemical dispersants. The energy input will differ
in the different tests, and the obtained efficiency will be representative of different wave energies. At SINTEF
the IFP and MNS test is used in dispersibility testing.

IFP (Institute Francia du Petrole test, Bocaed al.1984) is a low energy test estimated to represent low wave
energies (5 m/s wind speed). A surge beating up and down in the test vessel at a given frequency, gives
energy input to the seawater column. The water colurnariinuously diluted, which gives a more realistic
approach to field conditions, compared to other {@stgire A3).

MNS (MackayNadeauSzeto test, Mackay and Szeto, 1980) is estimated to correspond to a medium to high
seastate condition. The energy mipin this system, applied by streaming air across the oil/water surface,
produces a circular wave motion. The sample of the oily water is taken under dynamic conditions after a mixing
period of 5 min(Figure A3).
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Figure A-3 IFP and MNS test apparatus
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Appendix B Input data to SINTEF Oil Weathering Model (OWM)

The obtainedlaboratory datare customized for input tBINTEF OWM (weathering model). The tabulated
laboratory oil data foW/LSFO Chevron 2019/LSFO Shell ®19andULSFO Shell 201%ested in this project
are givenTable B1 to Table B8. The input datavere based on the weatheridgta atl3 °C that gave the
most reliable predictions at 2 and 15 exceptfrom theVLSFO Chevron 2019%here predictions at Z for
viscosityand watetuptakeharmonizedetterwith thelaboratorydata at 2C.

TableB-1 Physical and chemical propertiesf the fresh oils forVLSFO Chevron 2019VLSFO Shell 2019
and ULSFO Shell 2019

Summary properties of fresh oil VLSFO Chevron 2019 | VLSFO Shell 2019 ULSFO Shell 2019

SINTEF ID: SINTEF ID: SINTEF ID:
20193955 20197685 201911170

Density(60 F/15.5°C)g/mL) 0.989 0.9895 0.917

Pour point (°C) 9 3 24

Reference temperaturéQ) 2/13 13 13

Viscosity at ref. temp. (mPa-s = cP) 28399/ 3948 16507 5986

Asphaltenes (wt. %) 0.44 4.8 0.14

Wax content (wt. %) 4.5 4.9 20.7

Flash point (°C) 109** 100** 85%**

Dispersible for visc. < 4000 20000 -

Not dispersible for visc. > 25000 100000 -

* Measured at shear rate 108 $* From certificate of analysis (COA), ***Data from SLRoss, Canada data

TableB-2 True boiling point (TBP) curve foVLSFO Chevron 2019
(TBP based on simulated distillation)
Temp. VLSFO Chevron
(°C) 2019
(vol. %)
204 1.4
240 2.6
261 3.8
277 4.9
292 6.1
304 7.3
320 9.6
330 11.8
347 17.5
358 23.1
370 28.8
378 34.3
386 39.9
394 45.5
403 51.0
410 56.5
419 62.0
427 67.5
436 73.0

447 78.0
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460 83.8
475 89.2
530 99.9
555 100
TableB-3 True boiling point (TBP) curve foVLSFO Shell 2019

(TBP based on simulated distillation)

Temp. (°C) | VLSFO Shell 2019
(vol. %)

186 14

207 3.8

221 5.1

247 7.5

271 9.8

292 12.2
320 15.6
336 17.9
357 21.3
368 23.6
393 29.1
415 34.7
455 45.6
476 51.0
496 56.4
515 61.7
536 67.0
557 72.3
576 77.6
595 82.8
616 88.0
640 93.1
656 96.2
685 100

TableB-4 True boiling point (TBP) curve foVLSFO Shell 2019
(TBP based on simulated distillation)
Temp. (°C) ULSFO Shell 2019
(vol. %)

186 14

207 3.8

221 5.1

247 7.5

271 9.8

292 12.2
320 15.6
336 17.9
357 21.3
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368 23.6
393 29.1
TableB-5 Summary b weatheringand customizediata (italic) of VLSFO Chevron 20192 °C
Properties Fresh | 150°C+ | 200°C+ | 250°C+
Vol. Topped (%) 0 0.05 1.4 3.0
Weight Residue (wt. %) 100 100 99 98
Density (g/mL) 0.989, 0.989| 0.990| 0.991
Pour point (°C) 9 9 10 11
Flash Point (°C) 109 109 110 111

*Viscosity of waterfree residue (mPa.s =cP] 28399, 28399| 300004 31000
**\/iscosity of 50% emulsion (mPa.s = cP) - - - -
**V/iscosity of 75% emulsion(mPa.s = cP) - - - -

**\/iscosity of max water (mPa.s = cP) -| 80274 - -
Max. water cont. (vol. %) - 27 27 27
(T1/2) Halftime for water uptake (hrs) - 3 3 3
Stability ratio - 10 10 1.0

* Measured at shear rate 106t s ** Measured at shear rate 10's No data

TableB-6 Summary b weatheringand customizediata (italic) of VLSFO Chevron 201913°C
Properties Fresh | 150°C+  200°C+ | 250°C+
Vol. Topped (%) 0 0.05 1.4 3.0
Weight Residue (wt. %) 100 100 99 98
Density (g/mL) 0.989 0.989| 0.990 0991
Pour point (°C) 9 9 10 11
Flash Point (°C) 109 109 110 111

*Viscosity of waterfree residue (mPa.s =cP] 3948 3948 4200 4300
**\/iscosity of 50% emulsion (mPa.s = cP) - - - -
**\/iscosity of 75% emulsiormPa.s = cP) - - - -

**\/iscosity of max water (mPa.s = cP) - | 35468 - -
Max. water cont. (vol. %) - 54 54 54
(T1/2) Halftime for water uptake (hrs) - 4 4 4
Stability ratio - 0.82 0.90 1.0

* Measured at shear rate 106ts ** Measured at shear rate 16" - No data
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TableB-7 Summary b weatheringand customizediata (italic) of VLSFO Shell 2019
Properties Fresh | 150°C+ | 200°C+ | 250°C+
Vol. Topped (%) 0 0 3.5 7.9
Weight Residue (wt. %) 100 100 97 92.7
Density (g/mL) 098% | 0.98% 0.92 0.99%1
Pour point (°C) 3 3 6 12
Flash Point (°C) 100 100 105 110

*Viscosity of waterfree residue (mPa.s =cP] 16507, 16507| 40000 68041
**Viscosity of 50% emulsion (mPa.s = cP) - - - -
**\/iscosity of 75%emulsion (mPa.s = cP) - - - -

**\/iscosity of max water (mPa.s = cP) - 76438 150000 321340
Max. water cont. (vol. %) - 57 55 52
(T1/2) Halftime for water uptake (hrs) - 2 4.4 6.6
Stability ratio - 1.0 0.80 0.34

* Measured at shear rate 106ts ** Measured at shear rate 16 s No data

TableB-8 Summary b weatheringand customizediata (italic) of VLSFO ULSFO
Properties Fresh | 150°C+  200°C+ | 250°C+
Vol. Topped (%) 0 0 3 5
Weight Residue (wt. %) 100 100 98 96
Density (g/mL) 0.917 0.917| 0.920| 0.922
Pour point (°C) 24 24 27 30
Flash Point (°C) 85 85 87 89
*Viscosity of waterfree residue (mPa.s =cP] 5986 5986 9903 | 14826
**\/iscosity of 50% emulsion (mPa.s = cP) - | 33143 - -
**\/iscosity of 75% emulsiorimPa.s = cP) - - - -
**\/iscosity of max water (mPa.s = cP) - 38194 36420, 60024
Max. water cont. (vol. %) - 67 38 44
(T1/2) Halftime for water uptake (hrs) - 67 38 44
Stability ratio - 1.4 1.5 1.6

* Measured at shear rate 106ts ** Measured atshear rate 10°$- No data
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AppendixC OWM predictions

C.1 Predictions of VLSFO Chevron 2019
Property: EVAPORATIVE LOSS @ SINTEF

Oil Type: VLSFO CHEVRON 2019
Description:
Data Source: Sintef Ocean (2020), Weathering data used OWMSHIB 11.0.1

Surface release 20
Release ratefduration: 1.33 metric tons/minute for 15 minute(s) Prad. date: Apr. 28, 2020

— Wind Speed (mi/s). 15
—— Wind Speed (m/s). 10
= Wind Speed (m/s). 5
— Wind Speed (mis). 2

Sea surface temperature: 2°C
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Figure C-1 Evaporative loss VLSFO Chevron 2019 at sea temperatures of 2 arf€15
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Property: WATER CONTENT @
Oil Type: VLSFO CHEVRON 2019 SINTEF
Description:

Data Source: Sintef Ocean (2020), Weathering data used OWWladei® 1.0.1

Surface release
Release ratefduration: 1.33 metric tons/minute for 15 minute(s)

Fred. date: Apr. 28, 2020

— Wind Speed (mis). 15
—— Wind Speed (m/s) 10
Wind Speed (mis). 5
—— Wind Speed (miz) 2

. Sea surface temperature: 2°C
1

B0

B0

Water content (%)

40

Sea surface temperature: 15°C

100

a0
— 60
g
g
=

201

025 05 i 2 3 8 5 12 i 2 3 1 s
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Figure C-2 Water content of VLSFO Chevron 2019 at sea temperatures of 2 antC15
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Property: VISCOSITY OF EMULSION @ NT

Qil Type: VLSFO CHEVRON 2018 s l EF
Description:

Data Source: Sintef Ocean (2020), Weathering data used Olodei® 11.0.1

Surface release 20

Release rate/duration: 1.33 metric tons/minute for 15 minute(s) Pred. dmte: Apr. 29, 2020

—— Wind Speed jmisy 15 [_] Chemically dispersible (<4,000 mPa-s)

— wind Speed (misy 10 [_] Reduced chemical dispersibility

— Wind Speed (mis) 5 [ Poorly 1 slowty chemically dispersible (>25,000 mPass)
—— Wind Speed (mis) 2

Sea surface temperature: 2°C
100,000

— - —
ﬁg’ |

Viscosity (mPa-s)

100
0.25 05 1 12 2 E
Hours Days

Sea surface temperature: 15°C

100,000

10,000
3
g

1,000

100
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Figure C-3 Emulsion viscosity of VLSFO Chevron 2019 at sea temperatures of 2 antC15
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Property: FLASH POINT FOR WATER-FREE OIL @
Qil Type: VLSFO CHEVRON 2019 SINTEF
Description:
Data Source: Sintef Ocean (2020), Weathering data used CWModad® 11.0.1
Surface release FL
Release rate/duration: 1.33 metric tons/minute for 15 minute{s) Pred. dane: Apr, 20, 2020
—— Wind Speed (mis) 15 [ Mo fire hazard
—— Wind Speed (mis) 10 [ Fire hazard in tankage (<60 1,%4C
= Wind Speed (mis) 5 [ Fire hazard at sea surface (below sea temperature)
Wind Speed (mis) 2
Sea surface temperature: 2°C
15
100
e
&
s
[
50
0.25 05 1 2 3 6 9 12 1 3 4
Hours Days
Sea surface temperature: 15°C
150
——
1001
g
&
g
o
501
025 05 1 2 3 5 a 12 1 3 4 5
Hours Days
Figure C-4 Flash point of VLSFO Chevron 2019 at sea temperatures of 2 andd5
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Property: POUR POINT FOR WATER-FREE OIL @

Oil Type: VLSFO CHEVRON 2019 SINTEF
Description:

Data Source: Sintef Ocean (2020), Weathering data used OWlode® 11.0.1

Surface release 20

Release rate/duration: 1.33 melric tons/minute for 15 minute(s) FPred. dase: Agr. 28, 2020

— Wind Speed (mis): 15 |:| Chemically dispersible

—— Wind Speed (m/s): 10 [ ] Reduced chemical dispersibility
—— Wind Speed (mis): 5 1 Poory | slowly chemically dispersible
= Wind Speed (mis). 2

Sea surface temperature: 2°C

20

Pour Point ("C)

Sea surface temperature: 15°C

Pour Paint ("C)
[ =]
[=]

0.25 05 1 2 3 [ 9 12 1 2 3 a5
Hours Days
Figure C-5 Pour point of VLSFO Chevron 2019 at sea temperatures of 2 and®@5
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SINTEF

Property: MASS BALANCE @ SINTEF

Oil Type: VLSFO CHEVRON 2019
Description:
Data Source: Sintef Ocean (2020), Weathering data used OWMode!® 110.1

Surface release
Release rate/duration: 1.33 metric tons/minute for 15 minute(s) Pred. date Ape. 28, 2020
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Surface
55 Naturally dispersed

Temperature: 2°C  Wind speed: 2 m/s
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Figure C-6 Mass balance of VLSFO Chevron 2019 at sea temperatures i, 2t 2 and 5 m/s
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SINTEF

Property: MASS BALANCE @ SINTEF

Oil Type: VLSFO CHEVRON 2019
Description:
Data Source: Sintef Ocean (2020), Weathering data used OWhodei® 1101

Surface release
Release 1.33 metric tons/minute for 15 minute(s) Fred. date: Apr. 20. 2020
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Figure C-8 Mass balance of VLSFO Chevron 2019 at sea temperatures 6fC1&t 2 and 5 m/s
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Property: MASS BALANCE @ SINTEF

Oil Type: VLSFO CHEVRON 2019
Description:
Data Source: Sintef Ocean (2020), Weathering data used OWMoses® 11.0.1

Surface release
R 1.33 metric tons/minute for 15 minute(s) Pred. date: Ar. 26, 2020
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Figure C-9 Mass balance of VLSFO Chevron 2019 at sea temperatures 6fCl%t 10 and 15 m/s
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C.2 Predictionsof VLSFO Shell 2019
Property: EVAPORATIVE LOSS @ S'NTEF

Qil Type: VLSFO SHELL 2019
Description:

Data Source: Sintef Ocean (2020), Weathering data used OWllodei® 11,0.1

Surface release 20
Release rate/duration: 1.33 metric tons/minute for 15 minute(s) Fred. date: Apr. 20, 2020
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Figure C-10 Evaporative loss VLSFO Shell 2019 at sea temperatures of 2 ant(C15
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Figure C-11 Watercontent VLSFOShell 2019 at sea temperatures of 2 and°C5
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