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EXECUTIVE SUMMARY

The Arctic Oil Spill Response Technologloint Industry Programme (JIP) is a collaboration of nine
international oil and gas companies (BP, Chevron, ConocoPhillips, Eni, ExxonMobil, North Caspian
Operating Company, Shell, Statoil, and Totaladvance oil spill response capability in six keyaare

Dispersants;

In-situ burning (ISB);

Mechanical recovery;
Environmental effects

Trajectory modelling; and

=A =/ =4 =4 -4 =4

Remote sensing.

The JIPwas initiated in 2012nder the auspices of the International Association of Oil and Gas Producers
(IOGP),and completed in 2017 he programmebuilt on over four decades axtensiveresearch and
experienceo further improve Arctimil spill response capabilitie¥he JIP provided a vehicle for sharing
knowledge among the participants and disseminatingrrdtion to a broad range of stakeholders.

This reportpresentgheJ | P 6 s within $he tohtext of historical researadmd eplains the broad
significance of the JI® findingsin improvingArctic response capabilities

The choice of optimal o#pill response options in the Arctian vary greatly dependimmg many factors,
for example the locatiortiming, ice conditionsice season duratioenvironmental sensitivities and oil
propertiesWhile ice is a prominent feature of many Arctic aretishould be noted that large parts of
the Norwegian Arctic, including almost all of the area opened for petroleum activities, rembieice
year round. In these areas, conventional oil spill response is appligadientially in combination with
otherspecialied Arctic oil spill response systerstudied through this JIP.

The overall goal obil spill respons€OSR)is to control the source as quickly as possible, misgrtiie

potential damage caused by an accidental release, and employ theffeiste response tools for a

given incident.Giving responders the flexibility to apply the most effecfive o 01 s i ntosute t ool b
the prevailing conditiongs the key to mounting a successful responsenaimiimising impacts tothe

marine environrant

The following graphic shows the toolbox that responders can draw from in developing an integrated
systems approach to spill response.
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Figure Graphic showing the six different JIP research areas as part of a systems approach to OSR.

Go to http://www.arcticresponsetechnology.org/vidg@phics for a series of detailed infographics
coveringall of the Arctic response toolsnd supporting activities such as remote sensing Net
Environmental Benefit Analys{BIEBA).

For overfour decades, the oil and gaslustry and government organizatidrase significantly improved
their capability to detect, contain and clean ufispi Arctic environmentsThese achievements came
about through collaborativend independent research programs involvangnix of industry and
government partners.

The ArcticOil Spill Response Technology Jik’the most extensive research effafrits kind conducted

to date.The overall goal was to enhee the available response to@stend their apabilities with new
strategiemandsystemsandprovidea better understanding of operating windows when a given response
tool is likely to be effectiveSpecific objectives of the JIP were to:

1. ImproveArctic oil spill responseapabilities in six key areas (listed abave)

2. Develop the knowledge base needed to better assess the net environmental benefits of different
response options.

3. Demonstrate theiability of existingoil spill responséechnologiesn the Arctic and determintheir
operating boundariespmpatible withenvironmental conditions and the need for responder safety.

4. Develop new oil spill respongechnologies for the Arctic.

5. Disseminate information on best practices for Arctic resptmaevide range of users.

To achieve these objectives, th® research programme focused on priority areas where new research
and technology development had the best chance mifisantly advancing the caility to respond to

spills in the presence oféas well as in open watdResearch topicaere chosen to encompass all the
key elements of an integrated offshore response sy§tiginre above).

Key findings and Advancements

The JIP conducted a broad rangelaiforatory and basin testsjodelling studiesfield trials and
engineering studiehat built on an already extensive body of historical rese&rarder to capture this

Xi
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backgroundand create a baseline against which to assess the value of future axsekies of
comprehensive thnology reviews consolated the knowledge base in principaleas such as
mechanical recoveryn situ burring, herders, dispersantemote sensingndaoil slick ignition.

T h e JeseBrélechievementslescribed in detail in this repaatehighlighted heren terms of how
they improve responseapabilitiesin the different technical, operational and scientific areas that
contribute toan oil spill response system

1 Mechanical recovery
0 Assessethe feasibility of developing new mechanical recovery concapds
concluded thatlue to fundamental constraints related to the physics of oll
spreading in icesubstantial improvements recovery effectiveneshrough
desigh and engineering were unlikelUtilising technological advances in
other fields could prove more beneficial, for example makietier use of
remote sensing to diregessels andrews orthe surface.
1 Insitu burning
o Validatedthe combination of herders and burntogexpandhe applicability
of in situ burning [SB) to include very open ice and open water offshore
Developedand fieldtestedan integrated aerial herdgy@ication and ignition
systenthat enables an effective response without requiring crews in boats on
the water surfacéo deploy boomsLaboratory tests with several Arctic
species showed that the low volumes of herders needed to treat relatively
large slicksare expected tpose noignificant enviroimental riskRegulators
andresponders n Al aska and Nor Vieldyrialghadittendi ng t
opportunity to seg¢he potential of herding and burning as a valuable new
remote area, rapid response strategy.
9 Dispersants
0 Acquired new test data on expected dispersant effectiveness in ice as a
function of a wide range of physical variabl®esults showed the potential
for high effectiveness in a wide range of ice concentrations for different oil
types as long as suffamt mixing energy is availableéApplied an existing
model to demonstratéhe potential environmental benefits &ubsea
Dispersant InjectiongSDI) in reducing theexposure risk to marine species
and responds from slicks on the surfac8tudied the potential influence of
turbulence levels under ice on droplet rise velocities.
1 Trajectory modelling
0 Supported the development of impraviee drift models and adapted existing
oil fate and behaviour models to use the ice model ouipitsproving the
prediction of oiled ice movemenits differentice conditions
1 Remote sensing
o Evaluated thecapabilities of different unddéce and abowice sensorgo
detect and mapil spills in iceunder simulated conditions wisiea ice grown
in a cold basinUsed the new data in produciagesponders guide to seting
the most effective remote sensing systemsafaange of oiin-ice situations.

1 Environmental effects
o Creatd an information support todhat provides welbasedaccesgso 3,500
literature sourcesto assist inapplying NEBA b future Arctic spill
assessment€ollected new environmental effects datsat demonstrated no
significantenvironmental effects of oil frozen into the ice upper surface on
the sea ice biological communities.

i



Key Outcomesand | mpl i cations of the JIP&s Work

The JIP improvel available response tools amdtencd their cgabilities with new strategies and
systems coupled ta better understanding of operating windows when a given respmiss likely to

be effective A broad cross section of users can apply the results of this JIP to planning, preparedness
and response.

Key outcomesre:

o State of knowledge reports on key-iitice response topics such as remote sensing, dispersants,
ISB and environmental effects syntteesgritical information gained over 40 years.

o New data on response effectiveness in differentditmns informs decisiomaking at all levels
from planning through to response.

o0 The environmental effects database and literature navigator facilitates the use of NEBA by reducing
the effort to identify and accessettknown, relevant informationThis wil lead to a better
understanding of the potential environmental effects of selecting different response strategies.

o Betterdefined windows of opportunity and new data on expected response effectiveness for
strategies involving dispersants, herders andnibg will improve contingency planning
Furthermore, this information wilknable more realistic training courses, drills and exercises to
maintain and develop responder skills.

0 Results of the dispersant research show the relative benefits of SSEinigeaof water depthsid
wind speedsThese results will assisesponsedecisionmakers in assessing whether or not to
incorporate this tool asapt of oil spill response plans.

o0 More dfective remote sensingupported by trajectory modelling will helpsponders to better
detect, track and map the oiled area extent and movement.

o0 A practical field operations guide to remote sensing of oil in ice will help responders identify the
most effective mix of sensors and platforms to suit a particular Arcticssgifiario.

o0 New response tools such as aerial herder/burn systéinenable rapid response to remote spill
locations without being dependent on marine support.

0 The JIP results inform the public on many important topics involved in any discussion iofaNrct
spill response. Thitnformationtransfer of information is supported by public availabilityadif
reports includingstateof-the-art technology reviews surrounding the different response strategies.

o0 The rigourous scientific process followed by thP should provide greater levels of confideince
Arctic oil spill response capabilities

Closing

The oil and gas industry is committed to operating safely and responsibly and prgeeiits from ever
happeningRegardlessf how low the risk level may hachieving and continually improving response
capabilities will always be a kegriority. This JIP represents a significaathievement in the field of

Arctic oil spill response researdis diverse suite of resultoverall of the different response tools and
important support activities that go into making up an effective integrated response system. The results
of this programme demonstrate that:

0 There is a large body of work (over 40 years) underpinning Arcticregiionse;
U Operative response options exist to suit a wide range of conditions; and
U Effective oil spill egonse in the Arctic is possible.

Advances made under this JIP doeumentedhroughtechnicalreports, conferengeapersandpeer
reviewedjournalarticles (Chapter 7 provides a full listingyor complete access JIP publications,
videos andyraphicsgo ta http://www.arcticresponsetechnology.org/

A Norwegian Barents Sea May 200®. Dickins
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1 INTRODUCTION AND BACKGROUND

This report emphasis and communicates the bdagcope of the JIP, and places thefii&lings in the
context of over four decades of ongoing research. The main purposeebdheisto:

1. Provideinformation on key findings and resuti§the Arctic Oil SpillResponse &chnologyJoint
Industry Programmé her eafter referred to as Athe JI PO).

2. Demonstrate ways in which industry is better prepared to address the challenges of Arctic oil spill
contingency planning, preparedness and response as a result of the JIP.

3. Describethe strategic significance of tliéP findings.

4. Identify opportunities for continued improvement through future research and technology
development.

The oil and gas industry is committed to operating safely and responsibly and preventing spills. Spills
are prevented through a systematid disciplined focus on safety for all onshand offshore facilities,
through all aspects of design and constructixploration and productiooperations, maintenance and
decommissioning. This starts with engineering design and continues wapheation of appropriate
technical and operational standatgsstaff competent in their field of expertide also includes the
training of involved personnelat every level, from design through operatiotwsunderstand how all
activities must be pesfmed in a safe and environmentally sound manner.

Whil e incident prevention r e ma itorsk nitigation oilospiln er st o n e
preparedness and response establishes the neaeffectively plan and minireé the potential

envirormental consequences associated with ailysggnario, from small localesl releases through to

the unlikely largescale event®Rreparedness is important for enabling a rapid and coordinated response,

using themost effective response strategiesninimise the spill impact.

While ice is a characteristic year round physical feature in central part of the Arcti¢crBasinparts of
the Arctic with O&G activities today have no ice present at any, tioreexample theauthern Barents
Sea on the Nwvegian Continental ShelfThe great variability in conditions from ice covered to open
water across tharctic region in late smmer isshown graphically in Fig. 1.T.he severity and duration
of the ice environment varies substantially throughout thdi&rdepending on the time of year and
location. Consequently, the dhice ofoptimal oil spill response options in the Arctic can vary greatly
depending both on the location and timing.

Giving responders the flexibility to apply the most effectieenbinations of response tools to suit the
prevailing conditioris the key to mounting a successful responsenainémisingimpacts to thenarine
environment.



Source:
NASA

Figure 1.1Arctic ice pack close to time of minimum coverage Sept 9, 2011

Theoil and gas industry has advanced and continuously improved prevention and emergency response
preparedness through extensive experience working in the Arctic amtdiboffshore over the past
four decadesxperienced Oil Spill Response Organizaticd@SROs) and individal company response
resourcescontain extensive inventodgeof spill response equipmenirained personnel, maintain
emergency response readiness by conducting frequent drills following established response procedures.

Arctic onshore diexploration began ovesne hundred years ago with the discovergibfieposits on
the West sha of Cook Inlet Alaska in 1900 and at Norman Welis Canadd s Nor t hwest Terr
in 1911 Offshore Arctic exploration drilling began @ook Inlet in the late 1950and inthe Canadian
Arctic Islands in the early 1980 These and subsequent exploration actividdso the completionfo
over 440 Arctic wells over a 60 year peri@tlS International E&P Database, Sept 3, 20d4doted on
p. 23 NPC). Significant oil and gas production has occurred aadgsing in Arctic and otheice-
covered wateraround the glohefor example Cook Inlet, US.A and Beaufort Sea, Alaska,®JA; Sea
of Okhotsk (north east coast of Sakhalin Island), RumsiaPechora Sea, Russiarthern Bohai Gulf,
China; and thearth Caspian Sea, Kazakhstan (NPC, 20ttbaddition, regular winter shipping occurs
in many areas with bulk cargo carriers, contashgs, tankers and ore carriefsr example srving
minesin Northern QuebedCanad and the Kola Peninsula, Russia, aftshore oil installations and
loading terminals in the Russian Arctic and Sakhalin Isl&ubsia

All of these operationsvhether they be oil and gas facilities or vessels, are mandated by national and
international laws to have approved oil spill response plans covering all operating cenditioding
the winter period.There are decades of experience with deployind egsponse equipment in ice



through drils and actual incident&iven thehigh frequency of traffic and cargo volumes, much of the
practical experience in dealing with spills in a variety of ice conditions was gained in the Baltic region
with an emphasisn Finland (over 150 million tonnes of crude oil and oil products are transported and
handled in the Gulf of Finland on an annual bassource: Brunila and Storgard, 2013).

The combination of dynamic ice conditions, cold temperatures, remotereeext@mded periods of
darkness introduces sorokallenges to developing effective Arctic oil spill respoplsas that span the

full year. However, the ice cover also provides a significant advantage over open water regminse
beingi planning time.Rapid response is critical to responding to spills in open water because of the
extensive smrading over a matter of houihis allows little time to assess key decisians implement

best strategie$n contrast, the presence of a significant ice cov@¥{®r more) can greatly slow the oil
spreading and weathering rates, contain oil for in relatively small areas, rapidly isolate the oil from direct
contact with many marine spesjeand delay shoreline oilind-he benefit of planning time in this
environmet cannot be overstated (NPC, 2015).

Over the past four decades, the oil and gas industry has developed the capability to prevent, detect,
contain and clean up spills and mitigate the residual consequences in mang@rchaomentsMany

of these adances were achieved through collaborative research programmes such as this JIP, often with
a mix of industry, academic, consulting and government partners.

In 2009, members of thimternational Petroleum Industry Environmental Conservation Association

(IPIECA) Qil Spill Working Group Industry Technical Advisory Committeand the American

Petroleum Institute(APIl) Emergency Preparedness and Response Program ®&woupd a joint

commi ttee to review the oil and pexention andiraspansey 6 s pr
to oil spills in ice, and to identify technology advanees prioriti® research needghis led to a joint

report sponsored by API and the International Association of oil and GasdersqIOGP)Potter et

al., 2012).

In response to the committee recommendatiome members of the international oil and gas industry
initiated theArctic Oil Spill Response Technology JilRder the auspices of tteGPas a collaborative
effort to enhance Arctic oil spill capabilitidgtp://www.arcticresponsetechnology.arghis JIP wasa
logical follow-up to the successful SINTEF Oil In Ice JIP carrietl during the period 2008009.The
previous JIP made significant contributioto the field of Arctic oil spill response and identified a
number of research avenues where substantial further progress was p8es#ite et al., 2010Jhe
new JIP was officially launcheat the Arctic Frontiers ConferenceTinomsg Norway, in January 2012.

This JIP aims to leave a lasting legacy by fostering the acceptance of new oil spill regpaiegees,
facilitating the understanding of environmental tradeoffs associated with the different response tools and
conducting significant new research that builds upon the decades of prior work.

1.1  Concurrent Oil Spill Research

In the time frame ofhis JIP, other recognisd organizations used similar collaborative approach to
perform a large body bcomplementary research focusing open waterresponse These efforts

produced a valuable body of reference includiqatedbeg practice responsguides fact sheets and
research dataln many areas, this workupplements the scop# the Arctic Oil Spill Response

TechnologydIP byproviding new knowledge anddieniques entirely applicable pdanning and dealing
with spillsin light (very open)ice cover and open wateonditions A prime examplds the series of
updated good practice guides developedRi£CA through their collaborative Oil@ll Response JIP
(see below).


http://www.arcticresponsetechnology.org/

One of these guides sets out the overarching tiered response ststdgyanldwide and apphdle to
any spill regardless ofocation (IPIECA-IOGP, 2015a) http://www.oilspillresponseproject.org/wp
conent/uploads/2017/01/Tiered_preparedness_and_response 2016.pdf

Examplesof relevant researcéffortsjust concluded ounderway in the LB.A, UK and Norway(2015
2017)include:

1 APl Joint industry Task Force on Oil Spill Preparedness and Respdfiseoft hi s t ask f orc
work streams arbighly relevant to Actic summer drilling operatiorend a number of them apply
to other seasons as weBpill Response Planning; Oil Sensing and Tracking; Dispersansuln
Burning; Dispersants; and Mechanical Remxyv The results of the API study of subsea injection
building onexperience in responding tbe Deepwater Horizorincidentcan help industry and
regulators onsider this option for future rtic wellsin both summer and wintéNedwed, 201%
http://www.oilspillprevention.org/oibpill-researckand-developmentente

1 IPIECA-IOGP Oil Spill Response JIP Establishedo implement learning opportunities in pest
of oil spill preparedness and response following the April 2D&8pwater Horizornncidentin the
Gulf of Mexico. As partf this effort, the OSRIIP produced more than 2&wgood practice guides
and research reportevering a wide range of topics applicable to many marine aegviti Arctic
summer conditionshttp://www.oilspillresponseproject.org/response/

1 Petromak®: Norway, 201620191 Looks atbehaviour and response to oil drifting into scattered
ice and ice edge in the marginal ice zone (MIZ)is project will provide new knowledge about the
fate andbehaviour of oils in the Marginal Ice Zone (MIZ)The project is executed in coop#on
with the oil industry, research and developmaérstitutions in Canada and oil spill response
organizations in Norway and Canada.
https://www.forskningsradet.no/prosjekilieam/#!/project/255385/no

1 Petromaks2Norway, 201520191 Microscale interaction of oil with sea ice for detection and
environmental risk management in sustainable operations (MOSID&@)erstanding the
fundamental science of diehaviourinside sea ice is the basis of the project, with the results
being broadly applicable to planning, detection and response.
https://www.forskningsradet.no/prosjekttka@n/#!/project/243812/en

1 Qil Spill Response 2013Norwegian Clean Seas Association for Operating Companies (NDFO
The goal of this project waso encourage industry to develop technologically and commercially
feasible solutions to challenges for spill response in cold climates and ice affected waters.
http://www.nofo.no/Teknlmgiutvikling/Oljevern2015/

1 Barents Sea Exploration Collaboration (BAséc)This programme financed a-cay oil spill
response exercise in the Barents Sea during spring 2017 where the aim of thergaaisd by
NOFO, was to test response concepts and equipment in light ice conditions and in low temperatures
(no oil was included). The exercise is part ddrrgerterminitiative by the Norwegian operators to
improve capabilities and capacity to conduct adequate ililrepponse operations in the Arctic,
highly relevant for the oil and gdicenses in the Barents S@areevessels were used and different
types of equipment and methods were tested, ranging from boom systems, skimmers to recover oil
(e.g.anewlydevelped HAArctic Foxtail ski mmer o), and di s
aerostats, satellites and an airplane were used for surveillance and communication trials.
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A SINTEF QOil in Ice JIP field triat Norwegian Barents Sea May 2009. Photo: D. Dickins






2 ARCTIC OIL SPILL RESE ARCH HISTORY

The Arctic Oil Spill Response Technolog}tP continues a long tradition of industry and government
sponsored research (often through cooperative ventutesjintic response strategies extendowgr

four decadesThis chapter describes some of the more sicaifi research programmdsring that
timeframe and summasdsthe state of knowledge and capabilities in this area at the outset of the JIP.
Selected milestone projects are featured in iateractive timeline on the JlPwebsite
http://www.arcticresponsetechnology.org/timeline/#/intro

2.1 Overview of Arctic Oil Spill ResearchHistory

Over more than foudecades, the oil and gas industry &fational governmets have significarly
improved their capabilityto detect, contain and clean up spills in Arctic emwinents. These
achievements came abotlirough collaborative research programs with a mix of industry and
government partners (notakly the U.S. withthe Minerab Management Service (MM)redecessor

to the current Bureau of Safety and Eowimental Enforcement (BSEE)). baseline report prepared
prior to the launch of this Jisummarigd te broad range of international oil in ice research carried out
in the United States, Canada, Norway and the Baltic States the early 197%)Potter et al., 2012).

Much of theknowledge base on oil in ideehaviourand Actic spill responsdgechniqus draws on
experiences with a number of groundbreaking field expenis) summaried in Dickins (2011).
Experimental field releases began indlaely1970s and includeavork done metly in Canada, Norway,
and to a lesser exteit the United StatesThe last experimentalrctic release in the United States
occurred at Prudhoe Bay 1982 (Nelson and Allen, 1982Jhe last deliberate release of a significant
volume of oil in icein North Americatook place off the Canadian East Coast in 1986d in the
Norwegian Barents Sea in 199Buist and Dickins, 1987Singsaas et al., 1994Three small releases
(200 liters each) took place in ice in the Saint Lawrence Est@agadan 2008 (Lee et al., 2011)
Norway has since conductednumber of deliberateeleasesof oil in ice for research purpose®r
example in 2006, 2008 and 20QBrandvik et al., 2006 Sgrstram et al., 2010This vast body of
experimental and practical experience conclusively shows that a variety of response techniques work
effectively in and around ice.

BSEEmai nt ai ns the worl doés | argest wayvédtranagthe dedi ca
Oil and Hazardous Materials Simulated Environmental Test T&®KMSETT) in Leonardo,New

JerseyThis outdoor facility haslimited ability to replicate Arctic conditionduringwinter. Successful

oil in ice tests conducted at Ohmsettluderesearch intohte use of herders in ice
cleaningd systems.

Ove the past teryears, largescale international research efforts have focusefuher improving
capabilitiesto dealwith possibleaccidentabpills in Arctic watersNotably, theSINTEF QOil in Ice JIP

(2006 to 2010) resulted in improved response capabilities in many important areas, including the use of
fire resistanbooms in light ice cover, herding agents, in situ burning, dispersants and skimmers in ice
covered watersgrstrgnet al., 2010).

Lessons learned in that programme were applied to the AbdtiSpill Response Technology JIP and
many of the laboratory, basin and field results from the SINTEF JIP formed a reference bas#iime fo
current research effofMullin, 2012).

2.2 Arctic Oil Spill Response State of Knowledgand Capabilitiesat JIP Launch

Key summaries reviewing the opematal and technical aspects afcéic spill response options include:
Potter et al(2012) NRC- National Research Council (2018)PC- National Petroleum Counc{R015)
SINTEF (Sprstran et al., 2010)andthe Emergency Preparedness, Prevention and Respfrgng
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Groupof the Arctic CounciEPPR2015).These references describe the tools availabléfotic oil
spill response at the @t of the JIP 2012

Response strategies foffshore Arctic spillsinclude the same general suite of countermeasures used
elsewhere in the worJdadoptedor an ice environment with different setsliofitations. They include:

1 Mechanical containment and recovetyising booms and skimmers in open water and very open
pack ice, andrushskimmers extended from vessels directly into trapped oil pockets in heavier
ice.

1 A combination of strategies to concentrate theand burn itin-situ (referred to atSB). In an
Arctic environmenttechniquesnclude containment without booms between individual ice floes
or ice pieces, thick films accumulated through wind actigainst natural ice edges without
booms, fire resistant booms @pen waer or very open drift icdjerding agents that can thicken
and concentrate oil in open water and intermediate ice concentrdtioning oil on melt pools
on the ice surface in the spring amarning oiled snow on top of the icand

1 Dispersantghat disperse surface oil into the water column as small oil droplets with increased
surface areas to enhance biodegradatimmhrapid dilution below toxic concentration thresholds
Application can be from the air, surface (with both natural or inducedhgnienergy from
propeller wash)or subsea dispersant injectimferred to as SSDI

As described below in 4.1these strategies are part of an integrasgdtem where different
countermeasures may occur concurrently in nearby areas or where responders shift from one strategy to
another as conditions dictate. Havitige flexibility to adapt to how the oil is beving and how
metocean (wingwaves and currents) and ice conditiohange with time is critical to the success of the
overall operation.

The same Incident Command System (ICS) principles used to manage theseesisgorapplies to the
Arctic. Within the ICS framework, a number dfitically important oil spillrespone support functions
provide the information needed émable goodiecisionmakingand selection of the most effective and
environmentally acceptable strategies

T Oil spi |l detection and mapping commonly refer
importantobservations by human observers.

1 Trajectorymodellingi used in conjunction witldetection and mapping.

1 Net Environmental BendfAnalysis (NEBA), also referred to in a recent derivative forr8gi#f
Impact Mitigation Analysis (SIMAJ related b assessments oélative spill impacts with and
without response

The following discussionsummarise the research history and current stafteknowledge in these
differentareas at the outset of the JRe purpose of this section is twofold: 1) to describe the knowledge
base existing in 2011 at the launch of the JIP; armh@)oserve as a benchmaalgainst whicho assess

the JIPs advancgs.2). At the same time, the discussi@ads naturally into discussion ofvhy the JIP
chosespecific research prioritidsased on known needs for additional research data and/or improved
systems and predictive modé€&?2).

2.2.1 Mechanical Containment and Recovery

At the outset of the JIRViechanicalContainment andRecovery (C&R) wasegarded as primary

response strategfor responding to marine oil spills iArctic open water.However, there were
recognisd operational and practical limitations to relyiogly on mechanical conitament and recovery
systems fospills inice (NRC, 2014)It is important to realis that many parts of the Arctéxperience
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long or cominuous periods of open watdfor example the Southern Barents Sea on the Norwegian
Continental Shelfs ice-free year roundIn these areas mechanical recovery systems will continue to
have an important role to play.

Potter et al. (2012) defines fAcontainment and rec
surface of water by containing the oil in a boom and/orvedng the oil with a skimming or direct

suction device or sorbent materialnotherimportantprocess involves pumping recovered fluids to a

storage system.

The complete system to support the skimmers usually involves deployment of containment baoms in
configuration that directs oil toward the skimming system, thereby maximising the amount of oil coming
into contact with the skimmethfe oil encounter rate). The system may also involve onboard treatment
of recovered fluids and decanting of water to mmage recovered oil storage capacity. A complete
mechanical recovery operation includes disposing or recycling of recovered liquids and oil contaminated
materials.

Decades of experience with mechanical recovery underdtiohdte conditions aund the wod have
advanced theinderstanding of what is required in terms of marine support anthski designFor
example, a number of specia@isoil recovery vessels were speciabsidined for operatioim Baltic ice
conditionswith built-in and overthe-side recovery and ice cleaning systefWélkman et al. 2014
Lampela, 200Y. Basin and field tests in the.8 and Norway have documented the capabilities of
specially designed Arctic skimmer systems in a range of ice cond{@anstrgnet al. 2010; Schmidt

et al., 2014).

While some Arcticskimmer systems resemble earlier models developethdoe temperate climates,

their familiar appearance belies a number of significant engineering and design improvements that draw
upon reé&life experience gained during laboratory, mesale experimentsield trials and responses

under extreme conditionSpecialised Actic skimmersinclude improved oil and ice processing; ability

to handle larger volumes of cold viscous oil and oil/iagetanes with low water uptake; and heating of
critical components to prevent freezing. Various viscous oil pumping systems and techniques have also
been developed to facilitate efficient transfer of cold and viscowsatédr mixtures aghsmall ice pieces
(Potteret al.,2007).

In anyspill in open water or very open drift ice conditipttse oil usually spreads rapidly to form a very
thin layer on the wat surfacerfiuch less than one millimejreftenbefore booms can be depésl. In

order to deal with #&arge spill, substantial lengthkilometred of containment boom managbg many
vessels areequired to concentrate these thin oil slicks for recolsrgkimmersTherate at which a
single skimming system encounters the slick moving at typicallyhessl kno{0.5 m/s)forward speed

is the key limiting factor controlling the total volume of oil that can be practically recovered as a
percenage of the oil spilleddigh capacity skimmers often recover significant quantitfesater along

with the dl. Emulsification further increasghe volune of oily liquid.

Mechanical recoveryn ice is challenging Relatively small amounts of drift ice (as little as 10%
coveragepr slush/brash between the larger floas interfere with the flow of oil to the skimmers and

result inactualrecovery ratebeing farlessthaa s ki mmer 6 s t heoretical <capaci
Potter et al. 2012; Schmidt et al., 2014Dn the positive side the presence of ice in sigfit
concentrations (generally over 30% coverage) dampens wave action, and in higher ice concentrations,
the ice creates a barrigimilar to boomshat slows the spread of oil. The natural containment provided

by the icetends to maintain the oil in ther films, thereby greatly reducing the overall contaminated
area As the ice coverage increases over ~60% by area, the oil is close to completely contained by the
ice without the need for boomSkimmers can operate effectively in recovering trappedodls
between floes as long as the water surface is not clogged with slush or brash ice (small ice piedes creat
when floes grind together), conditions that reduce oil flow to the skimmer.



In summary, slection of a mechanical recovery system fordogered waters is largely determined by
the type and concentration of ice cover.

1 At 0-30% ice coverage, conventional open water mechanical recovery technigaebieangssome
successHowever ashe ice concentration increases, so dibesfrequency and sexity of ice
interference with thecontainment booms and skimmers and the overall recoratey drops
substantially

1 At30-70% ice coverage, vesselwed booms can be replaced with short sections of boom connected
to a skimming vesséet owimanbeudabibiynrithese geconcentratioss,
because the encounter rate is limited by the restricted swath widtthanical recovery is most
applicable to relatively smallocalised spills or patches of oil trapped among the ice.

1 Ice coveage greater than 70Péquires specialsed skimmers mounted on istrengthened response
vessels (e.g. the Finnish SternmaxE system). Oi
fipocketso between ice pi eces armgdronmiesidelofiamesselr s depl
Because of the need to frequently reposition the skimmer into fresh pools of oil, the overall recovery
rates argenerallylow.

Mechanical recovery operations for a large spill event require a considerable amount of equipment and
logistical support as well as local designatedptions for oily waste disposalConsidering the
operational constraint®gether with the lack of infistructure in most Arctic operating aresscent
offshore drillingreviewsconcluded that futureesponses to a large offshorectic spill needo consider

a range of available respamtools, as opposedrielying solelyon containment and recoves.¢, NRC,

2014 NEB, 2011).

Mechanicafecovery is still considered one of the primary stratégiepen wéer contingency planning
and given that the vast naaity of spills are small, will continue to serve as an important response tool
in the Arcticwith and withoutice (NPC, 2015. In the Baltic Sea for example paush/bucket skimmers
have successfully recoveredamber of oilspills in winter shipping lanes as shown in Fig. @dmpela,
2007).In 2011, Norwegian respondeecovered 50% of 112 cubinetresof heavy fuel oil spilled into
freezing waters of Oslo fjord from tli@odafossontainer vessgBergstram2012)

At the time of the JI& conceptionbased on a significant body of research and field experiange,
future improvements imechanial recovery systermis ice wereexpectedasbeingevolutionary rather
than revolutionaryThe JIP validated this opinion through a series dinetogy assessment4.9).

2.2.2 In-situ Burning

At the outset of the JIRn situ burning (ISB) in ice and ratic environments was regarded as a safe,
envirnmentally acceptable amatoventechnique backed up by over fivecades of research and
operational experience comprising hundreds of laboratory and bamnraents, numerous successful
Arctic field experimentslargescale atsea burns and the recent experience gained through the
Deepwater HorizomncidentresponselSB wasconsideredaspecially suited for use in the Arctic, where
ice often provides a natural barrier to maintain the necessary oil thickf@siggdtion without the need

for containment booms, and oil remains fresh and unemulsified for a longer period @dmpared to

the same oil in open water)

The first recorded use of ISB as an Arctic response countermeasure was in 1958 duringeagpitiel

in the Mackenzie River, Northwest Territori€nada The United States Coast Guard (USO®)
Alaska carried out important early experimental waith burning on sea ica the 1970s (McMinn,
1972).A number of largescale experiments successfulsed ISB on oil that surfaced in spring melt
pools after being spilled beneath the ice and trapped through a full winter (NQRSTHDickins and
Buist, 1981; Brandvik et al., 2006)Several projects successfully employed burning under field
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conditiors in close pack iceover 90%)off the Canadian East Coast in 1986 and Norwegian Barents Sea
in 2009 (Buist and Dickins, 198%grstrgret al., 2010).

ISB was first used successfully offshore on a trial basis duririgptken Valdepil spill responsé€Allen,
1990).In 1993, a U.S. Canadgoint experiment, the Newfoundland Offshore Burn Experin{fRi@BE)
successfully burned crude oil in firesistant booms in the open ocean and monitored a large suite of
environmental parameters, including smoke cosition (carcinogens,Polycyclid Aromatic
Hydrocarbons RAHS) etc.), residue toxicity, and upper water columpacts (Fingas et al., 1995).
Results demonstrated that when conducted in accord with establisdetirges, ISB is safe and poses

no significart risk to human populations, wildlife or responders.

The massive ISB operation in response taddhepwater Horizotincidentprovided a unique set of full

scale operational data applicable to response planning for Arctioodfsineas in the summén. this

first operational, sustained use of ISB offshore on a large scale, approximately 400 controlled burns
removed an estimated 220,000 to 310,000 barrels of oil from the Gulf of Mexico (Allen et al., 2011).

Numerous agencies, primarily irhg United State have established guidelines for the safe
implementation of ISB as a countermeasure. In 1994, the Alaska Regional Respons@AREAMm
incorporatedSB guidelines for Alaska into its Unified Response Plan, becoming the first Arctic area to
formally consder ISB as an oil@ll countermeasureT heir guidelines are still considered the most fully
developed to date, and contaébles ofsafe distances for responders and the public under different
conditions(ARRT, 2008.

Experience with burning fresh, weathered, and emulsified oils and petroleum products in a range of ice
conditions in testtanks ledo s ome b asi ¢ Thiermodt nportampfaranteteruisite coil
thickness.n order to achieve 680% removal effi@ncy in most situations, the starting thickness of
crude oil needs to be on the order3es mm. (Buist et al., 2003Pepending on the ice coverage, this
thicknessmay not always occur naturallin open to very open drift icépols such as herding agent
andfire resistant boomean significantly increase the thickness and providsdiccessful ignitiomnd

efficient burning.

In previous Arctic field tests, burn removal rates for oil on ice ranged fro¥h t65well over 90%,
depending mainly orhe sizedistribution of the oiled melpools on iceln an experimental spill under
solid ice in Norwayin 2006 3,400litres of crude oil were allowed to surface naturally through the ice
and then burned with an owdlr removal efficiency of 96%A portion of ths oil was exposed to
weathering on the ice surface for over one month before being succesdfitiyl i(Brandvik et al.,
2006). Similar high efficiencies were documented for ISB of oil mixed withdoatainedwithin fire-
resistant booms during the 2088NTEF Qil in Ice FieldExperiments (Potter and Buist, 2010

In the same project, oil that was allowed to drift and weather in very close pack ice for over a week was
also successfully ignited and burneddBdvik and Faksness, 2009

Aeriali gni ti on systems such a syfdrdeeaddd and akepbirrirvéntéry we r e
by several Arctic response organizations as the primary airborne ignition to®lafople Alaska Clean
Seas, North Caspian Oil Company (NCOC) and Oil &skponsé&imited (OSRL) (Allen, 1987).This
system can ignite oil contained within a fireproof boom as demonstiafstore during the
Newfoundland Offshore Burn ExperimeM@BE) project, or oil exposed on top the ice in thick enough
films. A major drawlack in applying this strategy to sites far from shore is the decrease in helicopter
rangecausedby having to transitelatively slowlywhile carrying a sling loadA successful ground
based proof of concept test progragsponsored by industry in Alaska 2010exploredthe feasibility

of igniting and ejecting gelled fuel at higher speeds than previoustyatttd (Preli et al2011).Further

work proposedbut not fundedprior to the JIRincluded examining the feasibility of developing an
operational sstem that the Federal Aviation AdministratigfAA) and its European counterpart,
European Aviation Safety Agen€ASA) could approveThe JIP built on this past work by launching
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afollow-on project (See 4.3)8

Originally considered as a meansesfhancing mechanical recoyeof spills in the 1970s, theoncept

of using herding agents to burn frdefting oil slicks in open water or very open pack ice was
successfully field tested for the first time in the Norwegian Barents Sea in 2008 asgdtPajin Oil
Spill Contingency for Arctic and le€overed Waters (Buist et al., 2018urn removal effectiveness in
that test was estiated to be in the order of 90%he residue floated readily and was recovered manually
from the water surface and icegmb.Buist et al. (20113ummarisd past research into chemical herders
and concluded that oil spill respard should consider usirigem to enhance ISB in ligho medium
ice concentrationsit the outset of the JIRhis promising new tool required flwr development to
refine the application and ignition delivery systems needed to achieve operational Ftegus.
development of aerial delivery and ignition systems to facilitate herding and burning prdvided
impetus for a series diP research projec(See 4.3.3 to 4.3)7

2.2.3 Dispersant Application

At the outset of the JIP, knowledge gained from lesgale basin experiments and laboratory tests
showed that dispersants are effective in ice covered waters and that cold temperatures do not affect the
dispersibility of oils or their potential for biodegglation by indigenous Arctimicroorganisms

Chemical dspersants enhance natural dispersion by reducing the surface tension at the oil/water
interface, making it easier for waves to create small oil droplets (generally less than 100 microns) that
remainin suspension for long periods and are rapidly diluted in the water column to bedioityto
thresholds of concerstudiesshowtha oil-degrading microbes colomighe droplets within a few days
(MacNaughton et al., 20083IRC 2003. Dispersed oil diluteto concentrations in the parts per million
range within a few hours of effective dispersapplication and to concentrations in the parts per billion
range in one or more daydepending upon the currents and wind dynarfiieg et al., 2013)

Over the past two decades, a series of tank and basin tests and field experiments proad that
temperatures do not reduce the dispersibility of many oils or the activity of the dispéBsantivk et

al., 1995Brown and Goodmari,996; Owens and Belore. 2008)ost oils remain dispersible until they

are cooled well bel ow their fe pilobehavesplikei arsénisolid).t he t e
Fortunately, the @ur point for many Arctic cruel oilsis well below the freezing point of seawater

(Daling et al., 1990Brandvik et al., 1995)In any event, théncrease in viscosity related to cold
temperatures in thArctic is not nearly as severe as the rapid increase in viscosity of oil affected by
evaporation and emulsification processes in open water.

Most importantly, research showtrht the motion and interaction of broken ice pieces actually enhances
1 rather than detrds fromi the dispersion process by providing surface turbulahbégher levels than
would occur naturally with nebreaking waves in open wat@wens and Belore, 2004)

Studies foundhat dispersants are less toxic than both naturally dispersed and disjreazat oil
(NRC, 2005) Additional studies at the University of Alaska FairbarfktAF) demonstrated that three
Arctic marine species (two fistpeciesand a copepodpecie} were no more sensitive to dispersed oil
than their counterparts in southern waters (Gardiner et al, 2013).

Experiments in a laboratory at Point Barrow, Alascompleted close to the launch the JIP,
demonstrated that indigenous Arctic microorganisfifisctively degraded both fresh and weathered oil
regardless of whether it was dispersed naturally or with the additidispérsantsNicFarlin et al.,
2014).NRC (2014) concluded that naturally availablgels of nutrients and oxygen cousdistain
effective microbial degradation, in Arctic as well as temperate waters.
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The SINTEF Oil in Ice JIP demonstrated the effectiveness of dispersants in a range of ice conditions in
mesescalebasin tests and field trial&s part of that project, a new controllatdpplicator arm was
developed to deliver dispersant more effectively to isolated oil pockets in the ice (Daling et al., 2010).

The advantages of using azimuthal stern drive (ASD) ice capable vessels or jet drives from small support
boats to add mechanicaixing energy to support oil dispersion were well known from basin tests in
Finland, and field tests in the Norwegian Barents Sea (Sgrstrgm et al., 2010; Nedwed et al., 2006; Spring
et al., 2006Daling et al., 2010)This additional energy source ovemsathe lack ohaturalturbulent

mixing energypresent with minimal wave action iigh ice concentrationsee et al. (2007) reported

on a field experiment showing how the addition of mineral fines with propeller wash in ice could disperse
of oil. Questims remained as to whether dispersed oil would resurface and coalesce under ice following
the initial dispersiorand formed the impetus behind new JIP research in this area (See 4.4.1).

Aerial application of dispersants is a response strategy in comseam many areas of the world. This
tool has applications for incidents during the Arctic summer open water period and during periods of
open drift ice in noffreezing temperatures as long as there is sufficient wave amtimixing energy
introduced throughhe interaction of ice floes and cakes2@ m diameter)There are a variety of
platforms available from small single engine aircraft and helicopteasshore to large four engine
airplanes like the €30 (military) or L-100 (commercial varianpffshore. At the onset of thelP, Oil
Spill Response LimiteddSRL) inthe UK was in the process of certifying the first jet airplaneeiBg
727) specifically for dispersant applicatiom the US. a joint progct by RVL and Waypoint was
working to certifythe Boeing 737400 to spray dispersantBoth of these programmes came to fruition
in 2016.A key advantageof moving towardget-poweredplatforms is the much higher transit speed
(close to double the<C30), resulting in reduced response times (OGP and@RI2012).

The Deepwater Horizorincidentresponse demonstratéat large-scale subsea dispersant injection
(SSDI) could provide aeffective response measure to mitigate thecesfef a subsea releagemajor
benefit of SSDI is the ability to continuously respond without being impacted by darkness, extreme
temperatures, strong winds, rough seas, or the presence dhisetategy carprovide amuchsafer
working environment for well control personn&keping fresh oil fronsurfacing near the well site,
thereby reducing exposure volatile aromatic componentBecause of the high efficiency associated
with adding dispersant directly to fresh oil at the discharge point ungkelyurbulent conditions,
dispersant volungare substantiy reducedcompared to a surface applicatiétecent studies by API

in this area recommend a dispersant to oil ratio for SSDI of 1:100 (Nedwed, 2017).

It is important tarecognisehat while surface conditions in the Arctic are seasonally different from other
more temperat regions in terms of presence of ice, conditions subsea are essentially the same as
elsewhereFor example water temperatures at depth in the Gulf of Mexicomagipmwithin a few degrees

of temperatures in the lower water column in the Arctic. In this regard, recent and ongoing results other
SSDI research and engineering studies (e.gi ABESection 1.1pre largely applicable to Arctic regions

as well.

Laboraory experiments in verticahhksdemonstrated the generation shalldispersedil droplets
through dispesant injection at the point of oil releag®randvik et al.,2013; Johansen et al., 2013).
NRC (2014) concluded thatorework wasneededo undestand the effectivesss, systems design, and
shortand longterm impacts of subsea dispersant delivery in Arctic waters (NRC, 20hé)JIP
commissioned a new project to look at certain aspects of using @8DIthickness, percentage
resurfacing etc.gt different water depths (See 4.4.3).

Chapter 4.4discussesll of the JIP project results in this area, focusing on better defining windows of
opportunity for dispersants in ice and evaluating the potential for resurfacing with and without
mechanical mixing energy.
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2.2.4 Detection and Mapping including Remote Sensing

At the outsetof the JIR the state of knowledge regarding remote sensing in ice reflected a lack of hard
data to confirm theoretical assumptions about the performance of most sensors in a partiodiee oil
scenaride.g.: Dickins and Andersen, 2009ngas ad Brown, 2011)Overall conclusions from limited
experience were thathile many existingairborne systems would likely have a high potential for
detecting and mapping large Kpiin very open ice covers, they may hdess potential athe ice
concentréion increasedt was clear that more work was needed to evaluate different sensmtsial

oil in ice situatiors.

In order to mount an effective response it is critical to know where spilled oil is afiarytime and
ideally the dstribution of film thickness t@ffectively allocatevaluable airborne and marimesponse
assets This requires accurate, near realdimeconnaissance presented in graphical and digital map
producs that aresasily accessibl anduseable by respondens the field and decision makers in the
Command Centre.

Much of the early research on spill detection in ice took place overyetameriod beginning in the

late 1970s, motivated by offshore drilling prograss in the Canadian Beaufort Sea. Researchers
carried out analytical, bench, and basin tests and field trials using a wide range of sengor types
acoustics, radar, ultraviolet fluorescence, infrared (IR), gamma ray, microwave radiometer, resonance
scattering gas sniffers, andirborne andyroundbasedpenetrating radar (GPR{e.g., Dickins, 2000;
Goodman2008 Fingas and Brown, 20).1

Knowledge of whichensors werenost likely to succeed inifterent oil in ice scenarios waxtrapolated
largely from exgriences withemperate spillge.g.,Leifer et al., 2012supported by a small number of
field tests and tank#sin experiments with smadcalespillsin ice.

The previous SINTEF Oil in Ice JIfDickins and Anderson, 2009grstrgmet al., 2010summarisd

the state of the art for remote sensing of oil in ice with these points:

1 A mix of conventional aborne sensors in current use Visly to prove effective with spills
in relatively open ice cover (4/10).

1 The use of existing remote sensingtsyns to detect spills ct@ined in closely packed ice
wasstill largely unknown.

1 The detection of oil underneathdatrapped within the ice remainadmajor challenge.

1 Future platforms wouldkely include both Unmanned Aircraft Systems (UAS) and
Autonomous Underwaterahicles (AUVS) carrying a suite of sensors.

1 Trained human observers remaifan essential element of any surveillance programme, and
the best means of avoiding or reducing the number of false positives.

It was clear that neingle echnologyor sensor packageould detecbil in ice under all conditions.
Certainsensors coulgotentiallydetect oilin or on or among icender particulaconditions(oil layer
thickness, ice thickness, ice temperature etat)all systems had knownrtitations related tdow
visibility, cloud cover,sea statgtoo calm or too roughpnd rough deformed iceMany sensor
technologies shogd promise but more research wagededo confirm their capabilities in responding
to different oil in ice situations

The following brief summaries represent the state of knowledge for a number of key sersors
platformsat theconclusion of the SINTEF Oil in Ice Jlia 2010and corresponding closely to the
understanding at theutset of the Arcti®©il Spill Respose Technology JIP in 2012

Radar: Ground Penetrating RadaBPR) was the onlysensor where tests had demonstrated its
ability to detect oil trapped beneath or within a solid ice sheet. Drawbacks were the difficulty
in interpreting the results, requiremdnt smooth ice and need to woskafely from the ice
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surface(Dickins et al., 2008)in 2008, the same GPfuspended beneath a helicopter traveling
at speeds up to 20 knots and altitidp to 20 m successfully detected a thin layer of crude oil
buried under hargpacked snowduring field tests on Svalbar(Bradford et al., 2010)A
prototype frequencynodulated continuousave(FMCW) radar designed to detect oil trapped
under solid ice sm a lowflying helicopter was developeaahd testedn 201:2012through a
series of joint ggernment and industry projects, but confirmation of its capabilities was still
lacking at the outset of the JIP.

There was consideratioio utilise nuclear magné resonancgNMR) as a potential new
airborne systenio detect oil trapped under or in i¢Palandro et al., 20)3A full-scale
prototype systemwvas under evaluatiorat the outset of the Jlia 2012and a field test of a
helicopte-mounted system was irthe planning stagegsubsequently completed in
Newfoundland in 2016).

Infrared SystemsiInfrared (IR)systemsare a primary sensaised worldwide€or detecting oil

slicks at sea fronbow-flying aircraft andsurface vesseld his technology wasonsideredo

have potentialor oil in ice applications because oil among or on ice absorbs solar radiation and
heats up faster than its somndings (Norcor, 1975Airborne IR sensors atesed operationally

in Alaskafor spills on landAn earlier releae of oil in pack ice in Norwaiyp 1993demonstrated

that a simple IR wleo camera in a helicoptelearly detecedwarm oil being pumpedy hose
overcolder ice andheninto the watebetween floe¢Singsaas et al., 199MNlulti-spectral and
thermal IR ameraswere used successfullp detect, map and estate thickness of slicks
duringthe Deepwater Horizomncident(Leifer et al., 2012)However,research data needed to
fully assess the capabilities of IR for detectindlspn and among ice wdacking.

Ship-basedR sensors were consideredhiave applications in specific situations involving oil
between floes in pack i¢®ickins and Andersen, 2009). Systems that integrate high resolution
Forward Looking IR and low light video were deployedsemeral Norwegian and.8l offshore
response vessels but remained untested with spills in ice.

Dogs Contingent on safetye.g., ice floe size, thickness, stability) trained dog#th their
handlerson the icecan track and locate even vemall oil spills buried under snow from long
distances. For examplig,trials on Svalbard in 2008 dogs successfully detected a small quantity
of oil buried under snow on the ice surface frardownwinddistance o5 km (Brandvik and
Buvik, 2009).

Autonomous Underater VehiclegAUVs) andUnmanned Aircraft Systems (UAEield trials
off NE Greenland more than a decade ago demonstrated the abiity\&sf to carrysensor
packages over long distandesneath sea icéWadhams et al., 2006)lore recently, in 2012,
single and multibeam sonar sensors successfully detected and mappdzbundaries and
thickness of oil spilledinder ice in dasin test at the U.S. Army Cold Regions Research and
Engineering LaboratorfCRREL) (Wilkinson et al., 2012/13 Known drawbackswith using
underwaterAUVs to look for oil under included:etatively slow surveyspeed(compared to
aerial platforms)inability to transmitlarge volumes of real timdatasuch as imagerto the
surface, ad positioning under moving iceProven ROV technology avoids the data
transmission and positioning issues buthat tost of being tiedo the mother ship by an
umbilical, severely limiting the survey range.

UAS technology was in its fiancy at the outset of the JIBroups in Alaska ad elsewhere

were considering UA8s potential future surveillance platformg$iolar Regiong~or example,

beginning in 2013, the United States Coast Guard incorpoti&itests as a key element in

their annual AArcti c Sh eleplredpbnselstrgicgiangt logistics e xer ¢
platformsfor the Alaskaroffshore (https://www.uscg.mil/acquisition/newsroom/updates/rdc08091B.asp
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Dedicated Pollution SurveillancAircraft: Arctic nations such as Canada, Iceland, Finland,
Denmark, Norway, and Swedat operate dedicatedbflution surveillance aircrafi’he sensor
suite on-boardthese aircraft waselected on the basis khown capabilities in open wet
pollution surveillance. Litle or nodatawasavailable to determine individualirbornesensor
capabilities or operating windows in respondingaapill inice.

JIP remote sensing prajis focused on acquiring tldata needed to evaluate the capabilities of different
sensors to detect and map oil unde, and on icend synthesizing the available information in a form
that is useful to responders at an operational &eapter 4.5

2.2.5 TrajectoryModelling

Sea iceanodels in use at the outset of the JIP1@ wereprimarily aimed at providing necessary hindcast
predictions for environmental impaetssessments prior to drilling.hey were not optimed for
simulating sea ice dynamics ahe high spatial and temporaksolutionsrequired for operational
response At the same time, the available oil spill fate d&mthaviourmodelswere unable tefficiently
access or usetate of the artice model input data. As a resulppleeationatapability to predict realist

or accurate oil spill movements @nrange ofce conditionswas limited

Observations of oil spill movements from accidental releases date back to the beginning of marine
transport of oil in the late 1Bcentury.Initially, oil slick movements werelptted on shipping charts.

Over time, early observers determined that magnitude and direction of the winds and currents combine

to transport oil at the waterodés surface. Through
the slick, the first prdictions of future oil movement were developed and oil spill modelling began.

Comprehensive tracking and letgrm monitoring of oil released in ice requires assimilating field data,
plotting reaitime observations, and integrating this information witte€asting tools such as weather
models, ice drift algorithms, and oil spreading and weathering models.

The oil industry and government agencies have used corvpaged oil spill modelsof over 30 years

to: support environmental assessments at the permitting stage, dé&ikl§pill Response Plans
(OSRPs)and predict the movement of accidental spills in open water. The models simulate oil transport
and predict the changes the oil undegas it interacts with water, air, and land. These models simulate
spill events using the best available characterization of the wind, and hydrodynamic forces (currents)
forces that drive oil transporthe modelsalsoidentify the potential consequenciem a spill (e.g.

relative probability of oiling specific shoreline areas). This information can lleamsed to guide
response planning anutioritiseresponse asset deployment.

Weathering and spreading of oil in the presence of ice is significafftyet from those prosses in
more temperate waterd/eathering of oil under Arctic conditiongas studied extensiveinp the most
recent SINTEF JIP and several other comprehensive research efforts in Norway arfsl {Beiikt et

al., 2009; Brandvik ah Faksness, 200®Bgarstrgmet al., 2010). This extensive knowledge base on oil
fate andbehaviouiin ice isincorporatedn commerciallyavailable models such as OSCAR and OILMAP
in common use.

The current generation of oil spill models could predictibleaviour of oil and its likely weathering fate

in ice environments (e.g. degree of evaporation, rate of emulsification, etc.), but at the outset of the JIP
in 2012, they had limited capabilities to realistically modelse to real timeil movements inhe
presence of a significant ice covdurring an actual responsthis deficiency was largely the result of
limited resolution offered by the existing ice models and the inability of the commonly used oil spill
models to efficientlymport andutilise outputs fromtheice models.
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2.2.6

Commercially available icstrengthened Global Positioning 8 (GPS) beacons and buoys Had
many years, been tracking ice movements during an entire wiatarsthroughout the polar basin (See
International Arctic Buoy Rigram athttp://iabp.apl.washington.edufTracking oil spills accurately in

a moving ice cover imlves deployingpeacons at regular intervals on the ice as oil moves away from
the spill source. These beagowositions can then be used to direct air and maresponders toward the
spill. Ice effectively trapghe oil and maintains it within a rei@ely small contaminated areBeacons
placed on or among oiled ice with ice coverage equal to or greater thawiB®ffectively track the
oiled ice motion. Closely spaced GPS beaconsltsafollow the evolving pattern of spill fragmentation
and divergence as the pack expands and contiEtuts was demonstrated by following an accidental
shipping spill in icen the Baltic(Hirvi et al., 1987)By using he buoy positions to reinitiaksthe spill
trajectory models, the pdéction accuracy is greatiynproved.

Oil spill trajectory models running at low and matitudes use information about ocean currentsdsin
and waves to predict where the oil is likely to drithe presence of sea iead especially its percent
coveragarastically changes how ail spill spreads$ocally among the floes and how it moves regionally
and in what proportion to the ickift velocity. Given this close link between the oil and ice movements,
understandingnd correctlymodellingice dynanics was vieweda prerequisitéor producing better oil
spill predictions, both on the short and Aédm. The failure of existing ice drift models to reproduce the
short and mieterm evolution of the icéocusedlIP researci this area on improving the ice models as
a prerequisite to expandirthe ability to more reliablypredict oil in ice driftin an actuhresponse
(Rampal et al., 2009JIP work in this area is described in Section 4.6.

Environmental Effectsi NEBA

Net Environmental Benefit AnalysifNEBA) is a process tool that formadis the evaluation and
comparison of the expected respoaffectiveness versus the potential environmental impadtedil

spill, as well as impacts fronesponse activities (vessels, aircraft, waste disposal etc.). Knowledge of the
biology and ecology of the specific region is key to the application of a NBBAmeaningful and
rigorous manner.

The optimal spill response techniquelefined as the one thatinimises the potential adverse effect(s)

of a spill on the habitat of the region and its biological resources. Responders also need to be mindful
that he subsistence lifestyle in the Arctic is inextricably linked to the ecological condition of the natural
resources as well as the traditional cultural practices of Arctic residents and that these issues need to be
considered in parallel with the NEBA.

The output from the NEBA process is the selection of response technique(g)itinaisethe overall

impacts of a potential spill on the environment, and promote the most rapid recovery and restoration of
the affected area (IPIECA/IOGRQ15).The NEBA proces provides a strategy for decision makers to
select appropriate response options at a specific spill location based on the analysis of environmental
tradeoffs that may occur from the use of the various oil spill countermeasures available.

From an ecoloigal point of view, a NEBA provides a protocol for weighing the advantages and
disadvantages of various spill responses with regard to flora and fauna and their habitats within the
specific area of concern, compared with no response (also referred torakattenuation). The process

also provides a cross comparison of the net environmental benefits of each possible response option, for
example, comparing mechanical recovery with dispersants and/or burning.

All oil spill response tools should be corsidd and should have the potential for use if supported by a
positive NEBA result. The final decision on OSR strategies should be based on robust environmental
considerations, including consideration of knowledge gaps. ldeally, there should dreedefault
response optionResponders and decision makers should have the flexibility to choose a particular
response strateggr combination of strategies based on theults of a NEBA, reflectinghe spill
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propertiesand evironmental conditionsat the time, rather than being constrained by prescriptive
procedures or legislation (NRC, 2104)

A generic NEBA f r aRespomse Hrategy Developnient bsing Net Envirénmental
Benef it Ana(PIEEAISOGP 2N15)BIAgddition to providminformation for the selection

of the best cleanp methods, the NEBA process also provides an assessment of therhareffects on

an ecosystem as a whole, guidance on the intensity level and operatioqmiirgadfor clearup
operations, and estimatef likely recovery rate@Potter et al., 2012)

At the outset of the JIP an extensive set of data existed on the sensitivity and resilieacy Af ctic

species to oilFor example, the state of knowledge in terms of acute toxicity snasmarisd in
(Gardiner, 2013)Earlier studies addressing community level impacts and future Arctic environmental
data needs includeChapman and Riddle (2003 and 3Dp@nd Olsen et al., (200Notably lacking was

research data on the effects of oil and oil response strategies on under ice biota (See 4.7.2 for the results
of a series of studies commissioned by the JIP to address this deficiency).

Most importantly, nosinge searchable repository of the extensivirmation baseon the potential

environmental effects of Arctic oil spilksxistedto support the application of NEBAhis need formed
the basis of a substantial effort to facilitate future seartcliescibed in 4.7.3.
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A Photo: D. Dickingluring the 2009 SINTEF Oil in Ice JIP field programme.
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3 JIP SCOPEAND APPROACH

The ultimate goal of this JIP was build additionalconfidence in the available response tools and to
extend their capabilities with new strategies, systems and a better understanding of operating windows
when a given responsedids likely to be effectiveSpecific objectives of the JIP were to:

1 Improvecapabilities in many aspects of Arctic spill response.

1 Develop the knowledge base needed to better assess the net environmental benefits of different
response options.

1 Prove tke viability of existing OSR technologies in the Arctic and determine their operating
boundaries based on environmental conditions and the need for responder safety.

1 Develop new OSR technologies for the Arctic.

1 Disseminate information on best practices Agctic response to a wide range of stakeholders
(regulators, responders, indigenous peoples, informed pahlicesponders).

These objectiveand their outcomeserve across section of industry, government and public interests

1) At a planning and assessment level enhance the quality and standard of oil spill respons
contingency plans submitted as parfugfire drilling permit applications;

2) At atacticalesponse operations managentewnelto support informed decisieamaking within the
incident command structure, resulting in the selection of more effective and environmentally
beneficial response strategies; and

3) At a fieldresponseperationdevelt o provi de new andl ssomp reoxwpeadn diersg
options available to responders to deal with a broad range of environmental conditions and spill
scenarios.

This Chapter describes how the JIP research scope was based on identifying opportunities for
improvement, and describes the teysatic way in which the Bl developed a series 8# research
projectsto come upwith answers to priority issues (listed in 3.@hapter 4 presents the JIP results and
demonstrates their response applicability at both the thctiwh field operationdevels. Chapter 5
discussetiow the research resultapport agreater understanding of all aspects of Arctic spill response,
while increasing confidence in capabilitiess deal with amajor incident ina wide range of different
conditions.

The JIP reseahcprogramme focused on priority areas where new research and technology development
had the best chance sifjnificantlyadvancing capabilitieto respond tanarinespills in the presence of

ice in the near futurdResearch areagsere chosen to encompass all the key elements oitegrated
offshore response systemcludingthe three mainesponse tools and the important support functions of
tracking and detection anging NEBA to guide responskecisioamaking andminimisearny potential
environmental impacts.

One important aspect of Arctic spill response that is not covered under this JIP is shoreline protection
and responsé&his was due to the breadth of topics involMdeéthods and strategies available to recover
oil from Arctic shorelines are covered in detail in EPPR (2015 and 201 @ress).

Experienced engineers and scientistsn each of the member companies developed and steered the
individual research programmestire different areas (Sé&ég. 3.1). Opportunities to validate laboratory
and basin test results through fielésearchwere soughtto swpport different researchareas
(Environmental Effects, Dpgersants and I1SB).
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Figure 3.1Complementary sucture and scientific basisf the six JIPResearch Areas.

A worldwide network ofrecognisd experts in the different disciplines such as chemistry, toxicology,
marine biologypceanography, engineering, and sensor design, wenmactaut to carry out the research.
Their work produced new informan technology tools, response systems, models and scientific data on
important topics like operability windaw toxicity and effectivenesglobal expertise included 39
contractors in ten countrieés Canada, WB.A, Norway, Denmark, Finland, UK, Germankrance,
Netherlands, and Isradtif. 3.2).

Figure 32 Worldwide engagement of Arctic oil spitesponse specialist
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3.1

Questions the JIP set outo answer

An overall assessment tife stateof-the-art with respect té\rctic spill response commissiongaintly
by APl and IOGPprior to initiating the JiFhelped guidethe technical managenwithin the different
companiesn desigring and executintheresearch projects (Potter et al., 2012 bestaddress scientific
and engineering areas wheignificart advanceswerepossible within the fiveyear JIP time frame and
available budgethe following questions were posed:

1.

Mechanical recovery of large spills in ice is constrained by the low encounter rate and ice
interference wh skimmer and boonperformance Are there any new concepts thedn yield
significant improvements in recoveryjtestify new research progranes and substantial JIP budget
allocations in this area?

Laboratory, basin and field trials have proven the potentially high eféawss of dispersanits a

range of ice conditions. There a@meconcerns about the lorigrm effectiveness of dispersing oil

in ice with low energy levels possibly leaditresurfacing under the icé/hat new data do we
need to collect thetter defire the likely window of effectiveness for dispersants in ice?

Burning oiled melt pools on top of the ice in the spring is a response strategy that operators originally
suggested in drilling permit applications idgt back to 1990 and earlieAt present,the only
available, proven aerial ignition systéimt h e He | -imusb eitbeh & operated off a nearby
support vessel or fly out from a shore basea sling loadtrelativelyslow speed, resulting in lingt

range and endurance on sk@w can the R develom newsystem that overcomes theeitations

while providing a safer alternative to existing technologjies

Herders are viewed as a promising future response tool that enables uncontaifetiming in

a range of conditions frompen driftice to open wateiMVhat further work is needed to prove their
environmental acceptability and effectivenasfull-scale operational setting?

The only previous fieldest involving herding and burning relied on small boats to apply tliehe

and initige the ignitionHow can we develop a rapid response aerial delivery system that could herd
and burn slicks in a remote area without having to rely on marine support?

Detecting and mapping oil in the presence of significant ice coagrasea with limied real-world

data applicable to anrétic scenarioWhich sensors and platforms demonstrate the most promise to
justify being recommended as part of futumeveillance systems to supportodic offshore drilling

and what are their limitations and edgilities in different situations of oil in iGe

Existing oil spill trajectory models are focused spills in open water and do natccountfor the
presence of ice in aealistic way or with sufficient spatial resolution to be great value
operationally How can we improve the existingodellingcapabilities to account for the presence

of different types of iceoversand to improve the prediction accur@cy

NEBA is recognisd within the worldwide oil spilresponse community as the best scientifically
suppatable means ofssedsg the relativenet benefits ofutilising a particularspill response
countermeasure in diffent situationsHow can the JIP falitate the application of NEBAn an

Arctic environment?

Over the past four decaddsindreds of research projects were carried out covering a wide range of
environmentalssues related to the topic of oil spills in ice. How can the JIP assimilateastis
historical knowledge base and make it available to all stakeholders with egsiimepromoting

safe, responsiblerétic offshore development in the future?

These and other quest®defined thauite of priority research objectives at thBoutset, buthe agenda
was also designed tcaccommodate new data and ideas and introdeee nesearch projects as the
programme evolved. Examples of how this flexibility ledrore successful, targetedsearch results
areoutlined below

i

Based on results from largeeale outdoor basin tests in Alaska, it became apparent that a new
integrat@ system was needed that applied the herder anadytiie oil on a single flighThis led
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to a new project in year threéthe JIP to design, build, static test and flight test a practical integrated
system capable of being mounted on a wide rangelmfdpters worldwide(4.3.9

The Phase 1 state of knowledge reports on remote sensing in ice led to an ambitious, unique research
program to compare different sensors in a controlled oil and itbdss environment (Phase 2).
Results from these basiests then led to two new remote sensing projects launched in the last six
months of the JIP to further assess the capabilities of infrared and radar sensors, two areas where it
became apparent that more data was ne€déed3)

Opennes$o sharing opportuties as they arosdirough the course of the JIP was evidenced in the
acceptancef an invitation to participate in the Spring 2016 NOFO QOil on Water eselici the
Norwegian North Sedalhe JIPsecured the services of experienced contradtoestimely fashion

to use this opportunity to test herders and burning in an open oceiannenent for the first time

(4.3.7.

Wherever possible, the JIP looked for opportunities to undertake field studies to collect new data and
validate new responsérategies at a larger scale than is possible in laboratory or basin environments.
As a result, successful programs in Alaska (Fairbanks) and Norway (North Sea and Svalbard) supported
research in key areas of burning, dispersants, and environmental. effects

The JP projects successfully addressabof the previous guidingquestions in addition tothers that
arose over the course of the programme (3.2 below).

3.2 Project Selection

The followingcriteriawereapplied torefinethe JIP project list:

il

Need: Assessed in terms of whato n s t isucaesSe d nddntextt efadvancing Artic spill
response capabilitysuccess was interpretéd different ways such as: improving tkaowledge

base to improve planning, regulatory acceptancerasgonse decisiemaking; and developing

new and/or enhanced strategies and technologies to provideeffective response tools

Operational and regulatory relevance: EmphasisingArctic technologies where new research
carried out by the JIP could facdie acceptance oproven and/or evolving technolas by
regulators and operatofSxamples are dispersants in ice and herding agents used in conjunction
with burning.

Geographic relevanceWith few exceptionsprojects were designed to haveth panArctic and
subarctic applicability focusing on areas where fué drilling and production coulehcounteice

for all or part of the year, but alsecognising that for theforeseeablduture, many exploration
programmes will takplace during periods charterised by open wateihe fieldtrials with herders

in open water (4.3.7) aan example where the JIP results apply to oil spill response in tat@pe

as well as Arctic water&xamples of research with geographic specificity included the need to look
at dispersant and herder effectivenes®in salinity water,asfound in the orth Caspian Seand

Arctic areas close to large river deltas such as at the mouths of the Colville, Mackenzie and Lena
Rivers, in the US.A, Canada and Russia respectively

Timing: The researctimeline needed to fit the fivgear JIP horizon or at least result in significant
progress towards an deliable goal within this period.

Technical Feasibility: This criterionconsidered the technical feasibility of carrying out thgqmto
successfully in terms of developing and executing the research pritjetihe resources available,

e.g. laboratoes, tanks and basins aagproved field test sites

Budget: The suite of projects within each research area needed to finviitbadbudgetary
constraintsinitial allocations at the outset of the project shifted somewhat as research results gave
rise to new priorities and ideas.
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1 Expertise: The avdability of capablecontractors to perform the work was a consideration
throughout thgprocurement procesk such a speciaksl research field as Arctic spill response,
there are a limited number of experienced scientists and engineers with the necessary background
to perform the work at thkigh level of competencsequired.Most of the vork was undertaken
through ompetitive bid with a standardid procedure for proposal review and ranking.

To satisfy these criteria and answleg guidingquestiongosed in Section 3, bver the course of a five
year programme012 to 2017the JIP desloped and carried out a series of advanced research and
development projects applicable to six fundamental elements of any spill response:

1 Mechanical ecovery
1 Explore the feasibility of developing new mechanical recovery concepts that could
significantly improve on the capabilities of existing systems
1 Insitu kurning
91 Build uponan already established Arctic response strategy and expand the windows of
opportunity for its use by combining burning with herding agents.
1 Dispersants
1 Acquire newdata to validate and expand thederstanding of surface and subsea
dispersant effectiveness in a variety of ice conditions as well as their potential
environmental effects.
1 Trajectory nodelling
1 Develop improved,higher resolutionmodelling techniques dr predicting the
movement of oil spills in ice.
1 Remde nsing
1 Assess the capabilities of different undee and abowice sensors in detecting and
mapping oil spills in ice.
1 Environmental #ects
1 Create an information support tool to assist in amgyNEBA (@lso referred to as
SIMA) to future Arctic spill scenarios and collect new environmental effects data.

TheJIP focused on the challenges of dealing with an accidental spill isdognisinghat a numbeof

othermajor joint research initiatives were underway or were recently completed in the UK, the U.S.A.

and Norway with the goal of imprawj spill response in open water (1any of the results from tise

programmesre complementary this JIPand can be sl to guide planning and responsepen water

spills in the ArcticFor example, subsea dispersant injection represents a key research area where
knowledge transfef r om t he API &8s o0 p e meowswdd geatly assissfatenArctich pr ogr
responselanning A pri me example of transfer in the other
herding and burning as a viable response ofitipnpen water as well as areas with(gee results from

theNOFO Oil on Water Trial in 4.3)7

The JIP researchpplies to a wide ramgof conditionsincluding: open watermobile pack ice in the
Arctic Basin, seasonal ice the Marginal Ice Zone (MIZ)ast ice nearshorand brackish lower salinity
ice. Many of the JIPs projects have direct applicability to meditions representative of the M&s well
as open wategnd this is pointed out in thdésaussion of results to follow in Chapter 4

Scenarios played a part in defining the scope of many projects but the research programme as a whole
was not pecificd | y f s c e n dnrgeneral,dthre ifocus mfothe overall research scope was on
explorationand productiorrelated incidents with an emphasis on dealing with larger spilsever,

many of the results are also directly applicable to range of smalldenate spills (tens to hundreds of
barrek) as well as shipping incidents
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3.3

JIP ResearchMethods

Research projects used established protocols and proven scientific techndlables3.1shows how
the JIP used a combinationggientific reviewsdifferent test scalesnodellingand engineeringtsdies
within each research arga collect new experimental and field dasad apply the results to creating
new and inproved oil spill response technologies and strategies

Literature . Field Engineering & Concept
q A Basin & .
Reviews - Modeling Lab Tests Tests/Data Prototype Evaluation &
Flume Tests . .
SOK Collection Development Design
|Research Area
Remote Sensing v v v v
Trajectory Modeling v v
Environmental Effects v v v
Dispersants v v v v v
Burning & Herders v v v v v v
Mechanical Recovery v v

Table 3.1 JIP Research Methods

Experimental practices usedcognisd test standard&.g. ASTM) and protocolslest matrices were
designed t@over a broad range of parameters that would provide for the widest possible application of
results to dferent operational scenaridge.g. tubulent mixing energy, oil type, oil weathering, ice
coneentration, oil film thickness)Completing he large number oindividual test runs across different

experimentsas required for the dispersant effectiveness testing, required the ladmmitoris and
flume tanks/basins ifour differentcountries (Canada, UK, Fran@ndNorway). This required careful
inter-basin calibration tests to ensure that the results from different institutieres consistent and

comparable (Faksness et al., 2014).

Expeaiments and field tests usadrange of oitypes from light to heavy crude o#s detailed imTable

3.1 and Figure 3.3

ISB / Herders (lab)

o ———
ISB / Herders (field)

Heavy crudes P Medium oils Light oils _
API gravity
| | | | .
10 20 30 50
<> «~>
Remote Sensing Env! Effects
(basin) (mesocosms)
G ——————————————

Figure 3.3Range of Oil Types used in JIP Experiments
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Dispersant testing at multiple locations represented the broadest rangeypésilwhile the field tests

and multisensor basin tésvere necessarily limited twingle oikin each case as showelowin Table

3.2 While the remote sensing basin testing used a single crude oil type, the results are generally
applicable to a wideange of oils.

CRUDE OILS USED RESEARCH AREA
Dispersants ISB / Herd Environmental Remote
APl gravity| Crude Oil | (Laboratory /[ ereers ISB / Herders (Field) Sensing
(Laboratory) Effects .
Tank) (Basin)
Offshore (NOFO
Large-scale .
. 2016 0il on Water \Mesocosms Laboratory
Basin (Alaska) i
trial)
40 Kobbe X
38 Oseberg
34 Troll blend
33-34 Terra Nova
30-31 ANS X X X X
24 Grane blend X
23 Endicott
18-20 Grane
15 IFO Fuel oil X

Table 3.2 Oil Matrix for JIP Experiments

3.4 JIP Projects

The full extenof the JIP programme included B#earclprojectsgrouped below bgtudy arealn some
casesa single topic areeesulted inseveal reports or several topic arefasmeda single unified final
report.Project names shown here are deliberately descriptive in order to outline tieselrch topics
i at a Theyaare oa intended to exactly match fimal report tites. Chapter7 provides afull
listing of tecical reports, conference papers and peer reviewed journal articles coveritiffetrent
JIP researcproject areas

Mechanical Recovery

A Summary Report

In Situ Burning (ISB)

A State of kowledge

Technology summary and lessons from kegeziments

Staus of lequlation in Arctic and subarcticoantries

Research summaryehding surfactants to contract and thicken oil spills for ISB in Arctic waters
Historical leview am dateof the art for oil Slick gnition for ISB

Field research on helicopter apptica of chemical herders tal@ance ISB

Develop and test Integrated herdtgmiter delivery system for élicopters

Conceptual design of long range aerial ignitigatem

Do Po To o o Io Io I

NOFO Oil on Water 2016 field exercisevalidate use of herders and burning in opexer
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Dispersants

To To Do Po Io Io o o Do Do Do Do

Status ofegulations and outreach opportunities

Fate ofdispersed oil under ice

Field study to collect undece turbulence data (Svea, Svalbard)
Flumetank experiments

Disperseail fate model

Propellerwash turbulence mixing model
Dispersaneffectiveness testing under realistic conditions
Modelling subsea dispersant injection

Evaluating dispersant effectiveness boundaries

Oil and dispersant ice core analysis

Peerreviewed papers on dispersant effects on fish populations
Biodegradtion of dispersants in sea water

Development of manuscript on dispersant use

Remote Sensing

A

o Do o o

State of kowledge Reviewssurface & subsea remote sensing

Basin ests: above and below ice sensor comparison & modelling

Basin ests:infrared sensor capaliiks to detect oil on ice

Basin tests: FMCWadar to assess capabilities for airborne detection of oil under ice

Guide fa oil spill detection in ice covered waters

Trajectory Modelling

A
A
A

Sea ice model developments to improve oil spill forecasting
Improved ice trajectory models and validation with drifter data

New ice models integrated with existing oil fate and behaviour models

Environmental Effects

A
A

Environmentakffects of arctic oil spills and arctic spill response technologies
Web-based NEBAsupport tool literature database and information portal
Unique Arctic communities (field mesocosms & laboratory studies)

o Oil biodegradation and persistence

0 Resilience and sensitivity
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A Preparations for thOFO Oil on WateExercise 201&hoto: D. Dickins
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4 RESULTS

The following sections present the scientific and engineering results of teegedBarch in six kegsearch areas

that cover the primary response tools and support functions that togetherprakétegrated response system
Depending on the results of NEBA and other information ontne® metocean and ice conditions flowing into

the command centregsponders may elect to employ all possible tools at the same timeisiofoone particular
strategy.Responders need to have the flexibility to shift from one tool to another, or to use a combination of
strategies, tanaximiserecovery effectiveness whitainimisingany potentiaenvironmental impact.

4.1  Systems Approach to OSR

The OSR system developed for a particpiaject compliewvith specific regulations applicable to each
Arctic nationstate. Regulators play an importaiate bydrafting the response requiremenishin the
applicable legislative framework and working with industry to ensure that the best possible response
system is put in place.

Respondersdve a suite of proven response taolailable for marine opeliansin both open water and

ice (mechanicatecowery, dispersant applicatipim situ burning, and monitoring natural recovery). There
are clear differences in operational limits for each oil spdponse strategy (NRC, 201Epch response
method has gtain advantages (e.g., speed, efficiency, simplicity), and disadvantages from operational
or environmental perspectives (e.g., soot and residue froniuirbsrning; low encounter rates for
containment andhechanicatecoveryin ice, etc.).

At an operébnal level, thechoice of which cleawp tool is optimal or recommended any given
situationgoesbeyond simply how much oilesponders caremove in a given timdt depends on a
complex set offactors such as type of oil spillethcations of response equipment and logistics,
environmental @sources and habitats at rigocial and cultural sensitivities such as subsistence
harvesting and commercial fisherigs weather and sea state conditiohagree of oil weathering, and

the extentof logistical and operational suppoREBA provides a systematic framework fanganising

many of these factors and assessing the relative merits of a particular response strategy in a particular
situation.

The response team applies the differ@®R tools as an integrated system whereby different
countermeasures can work togetloeincurrentlyin a complimentary manner, for example directly
burning naturally thick patches of oil trapped among the ice while at the same time in close proximity
herdng thinner oil films in more open areas for subsequent ignition or applying dispersants with and
without the addition of mixing energy from vesgebpellerwash.Mechanical recovery systems can
operate in concert with these different approacf@msexanple dealing with isolated patched oil
trapped among pack icke concentrations are often highly variable over short disain the same
general areaConsequentlythe JIP research prioes reflect the need for a numbarresponse tools

that cancover awide range of offshor&e conditionsfrom openwater to very close pack ice as well as
nearshore ice environments thatlude stable solid fast ice (attached to land).

Tracking and detection integrates data from trajectory models, ice bgasitions, and remote sensing
platforms (airborne, subsea and spatedirect response resourceghere they are most effective,
working in the mostoncentrated and thickest oil.

The availability and flowof information from many differensources control the ability of the spill
management team to matkee bestlecisiongossible (EPPR, 2015)he responséeam coordinates the
acquisition and assessmeamd diseminationof spill information while typically askinguestionsuch
as

1 Whatis theype and volume of the spill?

1 Whereisit likely to go?
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1 How is the oil behaving and how will it chantigough weathering and spreadmg

What are the resourcesrik in the spill path, what are their sensitivity andnerability?

1 What arethe mostfeasibleand environmentally acceptabiesponse optionsnder the conditions
prevailing at the time

=

In an environment with static ice and snow conditiamg. fast ice nearshorehe responsémelines

can extend for many montifsthe oil is naturallycontained, concentrated, and trapped for long periods

in the ice In moredynamic ice conditionsffshore the decision processustadapt tadeal with predicted
(trajectory models) and monitored (tracking buoysfflights) oil in ice positionsRegardless, the
presence of a significant ice cover slows or in many cases stops oil from spreatlingily contains oil

in thicker films that are more amenable to burning for example, slows weathering processes (thereby
expanding the windows of opponity for tools like dispersant application). When ail is frozen into the
surface or encapsulated within the ice sheet it remains isolated from contacting key marinesrésource
extended periods of tim@hese and other differences betweesponsesn an Arctic vs. temperate
environment areaummarisd in 5.1

Most importantly, in terms of all aspects of spill response, the natural containment proyithedite
generally buys timeallowing responders to wait for better metocean condit@mgan mons ahead in
some cases (e.g. arsm response to a winter spill after the oil surfaces naturally through the ice)
Compared to a spill in open water, oil in icene spreadingo any great extent or moving very quickly
Decisions that have a time wind@ihours in an open water response can now extend over days, weeks
and even months depending on the situationlacation (EPPR, 2015)

The decision process any spill responséypically involves the assessment of constantly changing
information and d& to develop and continuouslypdate objectives and strategi®EBA plays a key

part in this process by providing a systematic framework for evaluating the relative benefits of different
response options, including natural attenuation.

While the following sections necessarily discuss the research projects by area othstudyerational

reality is that no one response tool or supporting activity is ever viewed in isofasinractual response
Responders may deploy multiple tools in close proximégending on local conditionklodelling oil

fate and behaviour while tracking and monitoring oil and ice as they drift forms an integrated picture that
informs the commandentrein a near realime data stream.

4.2  Mechanical Recovery

At the outset of thdIP, future improvements in mechanical recovery systems in ice were expected as
being evolutionary rathehén revolutionary (2.2.1)n order to confirm the validity of this expectation,

the JIP aimed to think outside the box and explore creative idasaly potentially improve mechanical
recovery in ice.

As the initial stage in this process, th& conducted a dedicated workshop in collaboration with Alaska
Clean Seas (AC®Jlarch 68, 2012 in London, UKThe overall goal was to evaluate existing téghes

for accessing and recovering oil inicevered waters and to identify promising novel recovery concepts.
The workshop objective was to allow highly experienced researchers, responders, mariners, and
manufacturers to devise creative response solsitthat could lead to proposals for potential future
research.

To facilitate a creative approach and ensure that all possible solutions were explored, a new thinking
method called Countdntuitive Probem Solving (CIPS) was employéddhis approach using
professionalffacilitatorsencourages participants to step away from conventional thought processes and
identify opportunites not previously consideretihe intent of this effort was to evaluate concepts beyond
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conventional skimming equipment, consider rapproaches to larggcale oiled ice recovery/cleaning,
and evaluate opportunities for technology transfer from other industrial fields such as materials handling.

The workshop evaluated approximatély ideas from which several concepts were selectefifibrer
feasibility analysis to gaugeneir probability of succes€oncepts were grouped into four key focus
areas:

1. New recovery vessel designs.

2. Remote recovery units operating from a fAmother
3. On-board oitwaterice separation devise

4. Onboard oil incinerators.

Thesefour project areas approached the challenge of improving of oil recovery efficiency in ice from
very different angles and required assessment by specialists with a variety of expertise including
equipment manufacturensaval architects anail spill research consultants.

To ensure transparency of the process, the TWG contracted with Alaska Clean Seais ¢A08pr-

profit oil spill response cooperative with exéére Arctic experiencé to prepare a summary report
consolidating results from the four independent evaluations. This report is available on the JIP website
(http://www.arcticresponsetechnology.org/publicatioiasd.

Discussions andonclusions from this repoaresummarisd below.

4.2.1 New Vessel Design Concepts

The aim of this higHevel feasibility study was to evaluate proposed mechanical recovery methods for
spilled oil in icecovered waters and identify potential new recovery vessel design concepts. In total,
twelve different recovery system concepts werduatad, ranging from new vessel designs to vessel
mounted recovery systems, representing various approaches to separation of oil and ice.

As discussed earlier, mechanical recovery in ice requires a platform (e.g. a vessel) to transport the
skimming systemand a storage system to hold recovered oil. As the percentage of ice coverage
increases, the need for ickass vessels becomes essenBapport vessels may serve as a platform for
transporting skimming systems and operating them over the side rapsigh ice management and/or
providing a barrier to separate ice from floating oil.

There are three basic concepts for managing ice, as it relates to oil spill response: 1) lifting contaminated
ice pieces from the water for cleaning and separation;i2herging contaminated ice pieces to separate
oil and ice; and 3) cleaning contaminated ice pieces at the water surface.

The basic lifting technique uses a clamshell grab and crane to-lifbridminated ice onto the deck of

the response vessel. The clegat that point are to melt the ice on board or transport it to shore for
processing. Previous research showed that this technique is not efficient, with recovered material
containing only pproximately 7% oil by weightA suction dredger system has sianiirawbacks.

The evaluation also looked at using a seotimersible heavy lift vessel or a floating dock to collect
large amounts of oiled ice on deck for further cleaning and separation, but ruled this concept out as a
feasible method due to practicglerational concerns, including concerns for personnel safety.

A conveyor belt or inclined plane grid system could carry both ice and oil up on board a vessel to be
cleaned and separated. Various concefitsmpted tccleanice pieces by spraying with steam hot

water and then recovering oil with traditional skimmers located beneath the conveyer belt or grid.
Examples aréArctic Protector AARC Trimaran, and the MORICE prototype unit tested in the late
1906s.
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In contrast to raising oiled ice pieces outthé water, a number of systernmoked at submerging
contaminated ice pieces to release oil from ice by gravity sepa@il separated from ice in this manner
rises through a grid system to a separate skimmer located on the water surface.

An example othesetypes of systemis theLamor LOIS Qil Ice Separataised operationally in Finland
These systems wenesigned to handle small ice pieces commonly encountera iBaltic shipping
channels and cannot be readily scaled up to handle the weightlanae of ice pieces encountered in
the Arctic.

Cleaning contaminated ice pieces at the watieflace includes the uselmush skimmers deployed from

a recovery vessel. For example, the recently developed Lataommaxand the Finnish Environment
Institute (SYKE) stern brush system both use skimming systems with large brushes deployed off the
stern of a response vessel. The brushes rotate on top of the ice and between the ice pigtegamiche

is also equipped with an oil separating grate that pubheken ice pieces underwater away from the
brushes, the intent being that the oil floats free of the submerged ice.

In general, methods involving submerging ice pieces (limited by size) and separating oil and ice at the
water surface were found to hawetter feasibility for practical application than concepts involving lifting

ice out of the watefThe limited swath width of all these systems limits their utility to small, contained
spills.

4.2.2 Remote Recovery Units

This feasibility evaluation aimed to idéfly various technologies related to remote recovery units (e.g.
units deployed separately and operatingsemid e pendent |l y from the fAmother
feasibility for further research and development.

The key to successful mechanicalaeery is maintaining the skimming unit in contingaintact with

oil in the water.As discussed in 2.2.1, this requirement is difficult to satisfy in the presence of any
significant ice cover. Dependent upon location and environmental conditions, skisystagis used in
ice-covered waters are deployed from-aapable vessels or barges. Examples include the Finnish oil
spill response vessaHyljie andLouhi.

Ice-capable skimmers represent a number of different approaches; they typically incorpouste @ br
rope mop oleophilic skimmer and are deployed via an articulated hydaaniias showielowin Fig.
4.1 They can also be free floating or suspended by a crane in open water between the ice floes.
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titute (SYKE)

Figure 4.1Hyljie oil spill response vessetcovering oily bilge dumpednto a winter shipping lane in the
Baltic Sea, April 2003.

2y “. ﬂ‘f”, P a i i 4 .:{_ e

Photo: VTT Technial Research Centre of Finland

Figure 42 Lamor brush bucket skimmer cleaning the surface of oiled icthe Baltic Sea.

Examples of different brush skimming systems are the Desmi Helix, Desmi Polar Bear, and Lamor Oil

Recovery Bucke(Fig. 4.2above) The Framo Polaris Skimmer is a sptbpelled brus skimming

system (see Fig. 43elow). Some skimmersalie a grid system to block larger pieces of ice while oil

flows through.
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4.2.3

Photos: SINTEF

Figure 43 Framo prototype seHpropelled Arctic sknmer being tested in the Norwegian Barents Sea

With all of these systems, as the percentage of ice increases, the ice will further impedeiloovthe
skimming systemThis requires frequent recovery and repositioning of the skimmer into otisér dil
pockets between floeFhe presence of icespecially brash and slush common between floes and in
leads will also impede the ability of sgifopelled skimmers to maintain progress and access new areas.

The evaluation also considered a number of novel skimming support platforms such as articulated
amphibious vehicles, automatic deployment systems, cranes, auxiliary workboats, and containerised
systems such as balloons, aerostats, and other ligjatesir vehicles.

Discussions included the possible use of oil undenmecovery systems based oerRotelyOperated
Vehicles (ROVs) and Autonomous Underwater Vehicles (AUVs) together with active containment
booms and pressurised air to move oil under ice for collection and pumping.

A concept based on the long reaching hydraulic articulated arms diortitenrse used in cement pumping

could conceivably carry an umbilical hose from the vessel to a floskingmer. This couléxtend the

reach of a skimming system from the response vessel and assist in safely placing the skimmer in the
thickest oil patchegyltimately improving oil encounter and recovery rate of a skimming system.

In general the evaluation did not identify opportunities for significant improventeeixisting skimmer
designsThe use of a longeaching hydraulic system to deploy existingheker configurations based
on adapting existing technology was considered as potentially promising, but viewed more appropriate
for development by an oil spill equipment manufacturer than as subject of a JIP research project.

Onboard Oil - Water- Ice Semration

This highlevel feasibility evaluatiofocused orfiOil-Waterlce Separatiomonboard a vessel during an

oil spill response operation. Availability of sufficient onboard storage for recovered fluids during a spill
event quickly becomegitical, esgcially in remote Actic conditions without ready access lightering

to shoreOptimisingstorage by separating recovered oil from ice and water is beneficial but challenging,
due to large volume of water and ice often recovered along with oil, ardkavariety of ice shapes and
sizes.

The evaluation acknowledged that segpian could occurin three phases: 1) separation on tlaerline
(at the water surface) initial (coarse) o#board separatiorgnd 3) secondary (more refined)-board
separatia.

There are several possible concepts for managing ice after oil and ice are brought aboard the vessel. One
concept is the Lamor Oil Water Ice (LOWI) Separator Basin. It consists of a clamshell bucket recovering
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4.2.4

4.2.5

oil and ice from the water surface and jmgcit in a basin, which uses ice submergence, heating, and
pressure washing to separate oil from ice. It requires-fla@0X 40-foot footprint onboard a vessel.
Another concept is the Lamor Shaker, which would utilise the clamshell bucket to reccaed aik
from the water surface and place it into a shaker system.

The evaluation considered a variety ofwater separation techniques and equipment types. Most of the
separation technologies available commercially on the market are designed toipyuwBter with very

small concentrations of oil measured in pgmsmillion (ppm). Some technologies are capable of
processing fluids with some solid particles, but none are designed to handle ice in different sizes and
forms (large, medium, small sidéce blocks and slush ice, etc.).

For separation purposes, melting ice pieces in large volumes is not feasibleftdriarge amounts of

energy required. This finding echoes conclusions of other evaluatitims jproject namelythat due to

the compéxity of the overall process, including the great variety in shapes and sizes of ice pieces
encountered and low oil concentrations, the separation of oil from ice and water is most efficiently
conducted at the water surface as currently achieved by edasiimmer systems. The downside of this
approach in the presence of ice is the low encounter rate that translates to correspondingly low recovery
rates.

On-Board Recovered Oil Incinerator

This study evaluated the possible use of recovered oil combustidens to enhance mechaalic
recovery of oil in offshore £ctic waters. The concept uses an incinerator on the storage vessel that burns
recovered oil, thereby freeing up storage space and decreasing the need to transport recovered fluids to
another storaglocation.

Studies in the 1970s and 1980s, looked at flare burner disposal systems for the disposal of recovered oil.
The intention was to address storage limitations during spill response in remote areasouelied
waters.

Wi t h t oday fhere arethréercanteptgyty consider: Pneumatic Flare, Rotary Cup Burner, and
Augmented Burner.

The Pneumatic Flare design concept operates in a manner similar to flare systems currently used in
offshore well testing. It usegressurised flow through nozzles to atomise the oil, thus forming more
surface area to sustain a burn. A barge towed behind the oil skimmer systems would carry the system
and supporting components.

The Rotary Cup Burner concept consists of a modifiedctyglertransportable burner system for
floating or atsea operations. This system uses a-sjgied rotating cup to produce a thin layer of fuel

at the lip of the cup, which is then atomised by air blown past the afdbe cup by an integral fan.
Rotarycup burners are lighter in weight and require less ancillary equipment than pneumatic atomising
flare burners.

The Augmented Burner concept is a chimsgye floating burner, which uses a pan to hold oil in a pool
burn, aided by a chimney and compressehgction for inducing enhanced burning and more complete
combustion.

The evaluations concludediat the limited potential of onboard incineration to improve therall
recovery effectiveness wasore than offset by the need to add further compleaigntalready complex
and resourcéntensive operation.

Mechanical Recovery Achievements
The JIP evaluated all of the proposed concepts in the context of JIP research priorities using these criteria:

- Ability of a concept to significantly improve effectivess of mechanical recovery in ice.
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43.1

- Feasibility of turning a concept into fielthpable operational unit.
- Feasibility of delivering project within JIP funding and timeline.

- Requirement founique scientific and engineering input beyond what manufacturaacomplish
through normal commercial product development

The evaluation confirmed that substantial improvements in mechanical recovery efficiency could not be
readily achieved by new equipment designs. Instead, integrating field operations witbeabisapport

tools like reaitime remote sensing could lead to greater improvements by enhancing the performance of
existing recovery systems, for example making sure they are positioned in the thickest oil films to
maximiseencounter rates.

After evaluaing the feasibility and limited probability of success of proposed mechanical recovery
projects against the likelihood of substantially increased capability though research in other areas such
as dispersants and in situ burning, the JIP decided not tatlfurtherdinding to mechanical recovery.
Manufacturers are encouraged to continue improving their products in this area and to develop new
systemsptimisel for particularice conditions, such as th&lZ.

In situ Burning

In situ burning (ISB) in icered Arctic environments is a safe, environmentally acceptabtl proven
technique supportealy over four decades of research and operational experience (2.2.2).

New JIP research in this area focused on developing more effective ways of implementing bur

remote sites offshor@.he emphasis was on aerial delivery systems, taking advantage of recent research
into the use of herders to promote burning in open drift ice conditions and open water where slicks are
otherwise often too thirotburn in theimatural stateWith these overall goals in mind, the JIP technical
experts conceived a suite of projects using a combination of state of the art reviews, laboratory and basin
tests, field trials, and conceptual engineering design studies with these fjeativeb:

1. Review and disseminate the vast body of knowledge that exists on all aspects of ISB of oil slicks at
sea and particularly in the presence of ice and in cold climate conditions.

2. Develop and validate the concept of using herders in combination with burning as an operational
rapid response tool based on aerial delivery of both herders and igniters.

3. Conduct a conceptual engineering design study to evaluate the feasibility of deyelopw aerial
ignition system capable of reaching remote offshore sites at higher speeds with greater capacity and
endurance than existing tools.

State of knowledge reviews

The JIP ISB research programme began by preparing a series of educadienalsaimed at informing
industry, regulators and external stakeholders about the significant body of knowledge that currently
exists on all aspects of ISB: operational, environmental, and scientific.

Three comprehensive state of knowledge reporte developed: the first covers the roles, functionality,
benefits and limitations of ISB as a response option in the Arctic offshore environment including
planning and operational aspects and any potential impacts on human health and the environment; the
second reviews the findings of all relevant scientific studies and experiments as well as previous research
efforts on the use of ISB in Arctic environments both offshore and onshore; and theuthimthrise

and compares theegulatory requirements needtdobtain approval for use of ISB in Arcthations.

(Buist et al., 2018& 2013; Potter et al., 2013)

Key findings were:
1 The technology exists to conduct controlled ISB of oil spilled in a wide variety of ice conditions.
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4.3.2

4.3.3

1 ISB has a high potential for agpill removal in specific Arctic conditions.

1 A considerable body of ISB scientific and engineering knowledge exists to ensure safe and effective
response in open water, broken pack ice and complete ice cover, based on over 40 years of research,
including a number of largscale field experiments and successful implementation in large spills
such as th®eepwater Horizolincidentresponse.

1 The use of approved procedures followed by trained personnel with necessary safeguards to protect
responders and anyamby residents can mitigate any risks associated with burning oil offshore.

1 There are substantial differences in how regulators in the individual Arctic nation states approve
applications for ISBeither at the planning stages or during an actual emegrgBgaisseminating
the most current information on the state of knowledge in this field, it is hoped that the JIPs efforts
will lead to a more consistent and broader consensus on how to implement streamlined approvals to
facilitate the use of ISB in sittians where Net Environmental Benefit Analysis (NEBA) can
demonstrate its environmental acceptabilijote: this latter proviso applies to all response tools.

Using Herders in Combination with ISB

ISB aided by herding agents is a promising tool fospill response in Arctic waterk a report prepared

for the JIP, SL Ross and the Danish Centre for Energy and the Environment (2015) discuss the extensive
research and operational experience using herders in the laboratory, test basins and fielchemr

Burn efficiencies in thesexperiments often exceeded 90Ptowever, all of these tests applied herding
agents and ignited the subsequent thicker slick from the surface; none used aerial systems.

A great advantage of the combined herder/ISB aggras thagerial platforms, manned or unmanned

in the future, can apply herder and then ignite the thickened dituk. could increase safety by
eliminating the need for having personnel on site to conduct marine operations on the sea surface, and
greaty reduce theasponse time required to mobdiand treat a spill in remote offshore areas. @aty

small quantities of herder are needed; for examptd) pl/n¥ is the recommended application dosage to
clear thin films of oil from large areas of water surface (Buist et al., 2017).

The JIP completed a series of related projects using consultants in Canadapkiv@y, &hd Denmark
to advance thknowledge of herds and burning and develop improved aerial delivery systems to elevate
this new response strategy from research to operational status.

1. Herder Windows of Opportunity

2. Fate and Effects of Herders

3. Largescale Basin Tests with Aerial Herder Delivery aguition Systems

4. Development of an Integrated Aerial Herder Delivery and Ignition System
5. Offshore Burn Trials in Norway with Herders in Open Water

6. Development of Long Range Aerial Ignition System

The sixth projectwas implemented to support burning oilpgped in ice at greater distances from shore
than possible #th existing ignition systemsThis concept focused on the burniafithicker oil films
without the use of herders but could theoretically be used to ignite herded slicks if necessary.

Individual project summaries follow.

ISB Project 1: Herder Windows of Opportunity

In 2014/2015, the JIP sponsored a research project aimed at defining the fate and environmental effects
of herders in Arctic waters and the windewfsopportunity for herder use in lcbopen water iad loose

drift-ice conditions. Smallscale laboratory experiments in in Ottawa Canada and -suede
experiments at the.8. Army CRREL facility in New Hampshire U.S.A. took place in 2014/15 to assess
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the performance of two commercially aladile herders (ThickSlick 6535 and Siltech OP 40) with four
different crude oils (Buist et al., 2016 &2017).

Key findings were that:

1 The initial herded thickness achieved is a function of both herder and crude type;

1 OP-40 was generally better than Thidic® 6535;

1 As the crude oils evaporated, in general, the herders became more effective, except when the
evaporation caused the oilés pour point to inc
temperature: at that point neither herder could contihacoil;

1 Herders could contract lightly emulsified oil (25% water content), but not moderately emulsified oil
(50% water);

1 Low concentrations of slush ice on the water did not detract from the performance of the herders;
but, the presence of high concettibns of slush ice prevents the herders from reaching the edge of
the slick (and prevents the dielf from spreading); and,

1 Gentle, norbreaking wave action appears to assist with herding.

4.3.4 ISB Project 2: Fate and Effects of Herders

Laboratoryscale heding and burning experimentsok place at the Danish Centre for Environment and
Energy, and the Danish Technical University (DTU) using the same two herders and two of the same
oils (Alaska North Slope and Grartested previously (See 4.3.3 abovE)e aim of was to improve the
knowledge base for evaluating any potential environmental risk of using herders in connection with in
situ burning as an operational Arctic response strategy.

The results showed that after burning, the herder was mainlg fouthe water surface, with only very
small concentrations, 0.2 to 22.8 pg/L, found in the water column. Ex&samely lowconcentrations

are several omrs of magnitude lower than concentrations necessary to cause toxicity as measured in
laboratory tsting (Buist et al.2016a Fritt-Rasmussen et al., 2017)

In a related study carried out as one of the conditions of obtaining a permit to dischatees ln
Norwegian waters as part of theOFO 205 Oil on Water Exercise (S&e3.7) the acute toxicityf the
herders ThickSlick 6535 and Siltech @B were tested with the phytoplankt preudocoststunand
the copepodA. tonsa as test organisms. These organisms represent different theyddiein the marine
food chain.

In the phytoplankton teghe acute toxicities were of the same magnitude for both herders. In the copepod
test, the acute toxicity of the silicoibased herder Siltech @ was similar for both organisms. Siltech
OP-40 showed moderately higher toxicity than Corexit 9500 dispersad was significantly more toxic

than ThickSlick 6535 in the copepod test. Thickslick 6535 had an order of magnitude lower toxicity than
Corexit 990 dispersant in the same t€Singsaat al., 2017)

To put these test results into perspective, tlveest EC50 values for herders are typically in the same
range as the toxicity of the natiluted watersoluble fraction of a moderately weathered crude oil. When
comparing the potential environmental impact of herders and dispersants it is crucialderdooisi the

toxicity and the relative volumes us&hsed on extensive testing and experience in the field, the amount

of herder applied to an oil slick is expected to be one to two orders of magnitude less than the volume of
dispersant needed to effealy treat the same slick.

Additional fate and effects studies at DTU included measurements of herder toxicity and
bioaccumulation on Arctic copepod8dlanus hyperborejsand biodegradability dfierders in Arctic
conditions.Most importantly, results shad that the concentration of herders required to produce acute
toxicity was approximately three orders of magnitude higher than the actual concentrations measured in
the water column after herders were used to faglitgen in situ burn in the la@hese esults indicate

that in an operational spill response, bioaccumulation and the rate of biodegradation may not be important
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issues, especially considering the very low concentrations and amounts of herders required for oil spill
response (see above).

Sinceherders are mainly considered as a surteteve chemical, the potential impacts of herders on
Arctic seabirdfeathersvere investigatedo study any potential effecttn theory, herders present in
relatively thick layers could affect seabird feathers by altering their water repellence, as observed with
oil slicks and burn residue. However, in practice the very small doses of herder applied around an oil
slick spread vy quickly into an extremely thin monolayevlonolayer experiments of G&O (1 pL/n?)

and TS6535 (3 uL/A) in the lab showed that the feathers absorbed more water than the controls (no
herder) but did not sink. This wése same for both bird species (FRasmussen, 2017).

In practice, here is almost no opportunity for birds to land in thick layers of herders because: 1) they
spread quickly(tens of minutes or les$p become monolayers in the open sea, and 2) the activities
associated with herder apgliton (small boats or helicopters) would act as an effective detagainst
waterfowl activity.By applying herders around a large oil spill, most of the slick area and surrounding
oil sheen that is potentially damaging to waterfowl, is replaced byahéhreatening herder monolayer

on the outside and a thicker slick in the interior that is much smaller in area than the ¢rigan&dctor

of 4 to 5 times)After burning, the remaining herder monolayers will not persist on the water surface
becausehtey are vey fragile and disperse easilyerders are highly nesoluble in water.

Finally, laboratoryburning experiments were carried out to determine if there was a difference in the
composition of smoke plumes from mechanically contameds versuberded oil burndNo detectable
level of herder was found in the smoke plumes @R#@smussen et al., 2017)

The overall finding was that for many oil spill response scenarios, the benefits of rapidly removing oil
slicks from the water surface using hesifar outweighs the very minimal potential environmental risk
to the environment.

4.3.5 ISB Project 3: Largescale Basin Tests with Aerial Herder Delivery and Ignition Systems

Field tests conducted in Alaska were a joint venture between the University oaAaskanks (UAF)
and the JIP to validate the use of herders in combination with ISB when both are applied by helicopter
(Potter et al., 2016 and 2017

The goal was to prove the concept of a rapid response herder/burn aerial system to enhance éesponders
ability to use ISB in drift¢ge conditionsThe JIP selected the UAfRanaged Poker Flat ReselaiRange,

50 km northeastf FairbanksAlaska as an ideal site to budiarge temporary test basirhis location

is removed from populated areas and offarexpansive flat open area without obstructions, good road
access and most importantly foretlexperiment, low wind speedBermitting, site preparation, basin

design and constructiomtilised staff from the UAF School of Engineering, and students patied

actively in the field tests.

The square test basin constructed in the fall of 2014 was 90 metres on a side, contained within a 1 m
high-lined gravel bern{Fig. 4.4. The basin was filled with fresh water in the spring just ptiothe

testing. Frewater was used for convenience after tests confirmed that there was no measurable
difference in herder effectiveness in fresh vs. salt water.

Five separate experiments took place in April 2Qtifising herding agents followed by in situ burning.

Each eperiment used 75 or 150 litres of ANS crude oil. Two herders4@&nd Thickslick 3565 were

tested and applied with a prototype herder application system (internal tank and hose reel) mounted on a
Bell 407 helicoptenFig. 4.6) Once the herder was appliethe helicopter landed and picked up a
HelitorchE t o bxgnateltl@l5 mihutes latér (Fig.k)dappr
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Figure 4.4Large-scale basin tests of herders and burning in Alaska.

Notes to FigureAerial view of test basin (A); herdapplication device with herder nozzle magnified in
inset (B); application of gelled igniters via hatirch (C); freefloating ISB viewed from ground level
observation point (D); close up of free floating ISB (E).

Two of the five tests yielded reliable, agirable outcomes, resulting in 76%5% removal of the oil

as it wadlrifting freely in the basinn the other three test burns, the wind caused the slick to contact the
basin boundary before the herding and burning was completed, preventing an aneasateement of
free-drifting burn efficiencyi’ this issue was a known constraint of having to operate within the confines

of the basin and would not be a factor in an operational application offshore, where in most cases there
are no hard boundaries thvabuld affect natural oil spreading and drift.

Additional testing both at Poker Flat and in Otta@anadauccessfully used a small robotic helicopter
to apply herder and subseqtlgmgnite a small test slickr his concept shows great promise for theife
but requires further engineering development and testing to become fully operational.

A key finding from the Poker Flat testing was that applying the herder with a separate system and then
igniting the herded slickivt h  a Hel i t or c fefficiew &hés led 10 & new prgectmimedt

at developing an integrated system that combines the herder application tank, hose and nozzle with
igniters in a single airborne package (See 4.3.6 below).

The Poker Flat project was the first successful aeripligation of herders for ISB in the Arctic or
elsewhere and furthers the development of better tools for oil spill response in Arctic waters and beyond.
Avi si t gavérepredeatgtives from State and Fed&i®lgovernmentgencies the opportunity

witness the herder/burn experimgrior many, this was their first experience with ISB and the overall
response was extremely positive.
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4.3.6

ISB Project 4: Development of an Integrated Herder Delivery and Ignition System

Based on recommendations and experefrom the experiments conductgdPoker Flat, Alaska (See
preceding 4.3.pthe JIP commissioned a project to review the state of the art for oil slick ignition and
develop an integrated herder delivery and ignition system that will enabldupations in one flight
without landing or hovering to pick up another load (Buist et al., 2016b; Lane et al., 2017)

The complete herder delivery system consists of a skid that contains the herder applicator, the herder
tank (75 litres), and the controjstem to operate the herder and an gnilystem (triggered by \AAi).

The accompanying DESMI Igniter launcher carried at the end of the hose used for herder delivery,
consists of a housing and ejection system (46 cm x 46 cr@ grbhBfor up to 15 cartriges An explosive

cable cutter is built into the system so the pilot can drop the herder delivery hose and igniter system cable
at ary time if there is a problenWith this safeguard, the FAA waives the need for any special type
certificate.

Initial systemtesting was done at CRREL in New Hampshhieéween 12 15 December 201&\ small
crane provided drop heights of Bh10 m above theil on thewater surface (Fig. 4.5The initial test
was without oil, the next nine cartridge drops had oil in the tand,in the last test the igniter cartridge
was released on the icevered portion of the tank to test its dlilio impact a harder surfadglinor
design changes were made to the cartridges following these tests to impiiovelidiality but the
devices successfully ignited the oil slicks in their prototype form.

B S

Figure 4.5Test bun at the US Army CRREL facility December 2016.

The full system was then installed in a Bell 407 helicopter and tested for airworthiness by JBI Helicopters
at Pembroke, New Hampshire U.S.A., with successful drops of dummy and live cartridges into target
areas painted on snosluring January 201¢Fig. 4.6). The testsdentified the need for aerodynamic
refinements to the launcher shape to improve its flight cheniatics but the system of remote control
(WiFi) from the cockpit and the cartridge ejection worked as designed.

The two sets of trials identified a number of modifications and improvements to the launcher, ignition
cartridges, and airworthiness thatutmb quickly lead to production of a commercial version of the
integrated herder/burn systeRuture enhancements being considered include: increasing the number of
cartridges, and adding a small heated herder tank and pump integral with the launcheresnclos
(eliminating the need for a long herder application hose extending from the cabin and using a simpler
wire rope).
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For larger spill s, the proven HelitorchE offers t
ignition points ompared to a caitige systemWhen used on a separate winch cable as is available on

existing SAR helicopters, this option together with the internal herder tank/pump/reel tested in Alaska
(above) could potentially provi de lagerfsgiliswithdute f | i gh
being limited by the number of igniter cartridges.

Figure 4.6 Integrated herder delivery and ignition system airborne trials

Photos: Top left to bottom right: Ignition cartridges loaded in the launcher; laumehéy for hooking
up; herder delivery system installed; hooking up prior to flight tests

As a result of the JIiB work in this area, industry now has access to several aerial systems that can ignite
naturally thick slicks (e.g. contained by ice) or thinstcks (1mm or less) after thepplication of
herding agentThe basin and airworthiness testing in New Hampshire demonstrated that the prototype
cartridgebased igniter system could, with some minor designgésrbe used note treat small spills

in difficult to reach areas, such as trapped between ice fifislsore. The integratedaerial herder
delivery and ignitiorsystem provides a new tool to herd and burn small to medium sized spills in open
water or drift ice.

With the aerial application of biothe herding agent and ignition source (igniter) now possible in a single
flight, the herder/burn combination becomes an extremely flexible, effective new rapid response tool that
can operate independently from the need to have direct vessel suppersgitltsite.
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4.3.7

ISB Project 5: Offshore Burn Trials in Norway with Herders in Open Water

The JIP was invited by the Norwegian Clean Seas Association for Operating Companies @@QFO)
the Norwegian Coastal Administration (NC#) participate in their 2016il on Water Field Trial.

By participating in the 2016 trial, the JIP aimed to validate the findings of an earlier field study in the
Norwegian Barents Sea (2009), where a herded slick was successfully burned in an opening within pack
ice (Buist et al., @10). The primary objective of the new field research was to validate extending the
window of opportunity for using herders from open drift ice (as in 2009) to open water dass0tb

ice). A secondary objective was to observe whether a herder monataylereliminate or significantly

reduce the frequency of breaking waves in winds greater than 5 m/s (10 knots).

A series of experiments with herders and ISB (designated HISB) were conducted at séa a6™4
June 2016, near the Frigg Field in the Nagiaa North Segapproximately 140 miles (230 kilometres)
northwest of Stavanger Norwalywo experimental releases used & (approximately 40 barrels) and

one 4 m of Grane Blendcrude oil. Crews in small maroverboard boats (MO$ sprayed hrder
(ThickSlick 6535) around two of the experimental slicks; one slick washeated and used as a
referencelgnition used gelled gasoline igniters deployed from the MOBs approximately one hour after
oil release.

All three slcks were successfully iged. Burn efficiencies for the two slicks treated with herder
(calculated as the ratio: burn oil volume /herded oil volume) were estinzte’5% and 50%
respectively.The higher wind speeds encountered in the second herder experiment were one factor in
reducing the volume of oil burned, along with the difficulty in accurately positioning the boats late in the
day with poor contrast between the oil and water.

The remaining test with an unherded slick resulted in burning of approxinZ@&pf the oil rdeased

in three relativelyshort burns (3 to 8 minute}arts of this notherded slick successfully ignited in the
absence of herding because the oil layer naturally remained thick enough (>1 mm) over the limited time
available between release and igmitio the experimental plan.

Figure 4.7shows an aerial photograph of the first HISB slick just after herding was complete. Three
igniters (marine flares with gelled gasoline and supplemental flotation) were placed in the slick 50
minutes after oil rele@sand 15 minutes after the herder application. The oil caught fire and initially
burned forl4 minutes (Figure 4)8Two subsequent burns lasted for five minutes each.

Photo: Netherlands Coast Guard

Figure 4.7Aerial photograph of the first herdedlickin the NOFO 2016 Oil on Water Exercise.
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Note:The herded thick oil is easily visible and i
displaced by the herder. Most of the thick oil in the slick had been herded at this point, but &dot 15
20% of the thick oil remained unted- marked with red circle(Photo: Netherlands Coast Guard)

Photo: I0GP

Figure 4.8JIP dserverviewing thefirst Intense burn on the first herded slick

The percentage of the total available oil voluthat was herded was less than 100% in both tests
primarily because of the difficulty in clearly seeing the slick boundary from the small vessels used to
apply the herdeand ignitersthis became more challenging at low sun angles with ovdetastn the

day. An important lesson from these tests was the need to have dedicated aerial observation platforms
(either manned or robotic helicopters) providing real time downlinked imagesgtlgt to onrwater
operatorsin the NOFO trials, robotic helicoptersopided valuable archival video footage but they were

not designed to deliver retilme operatbns support to the boat crewdalfunction of the Aerostat
(Ocean Eye) adversely affected monitoring of surface oil and for guiding during herder and ignition
opeaations.The ideal solution is a wholly aerially based herder/ignition system operating independently
from surface supporSge ISB Project 4 discussabove).

On day two of the field trial, a testithr herder only was conducted/ind conditions picked upo 15
knots (7.5 m/s) causing numeraubite caps on the sea surfat@e goal of this test was to determine if
the herder itself would redudiee severity of breaking wavegrior research indicated that herders could
dissipate winedriven waves at sefAlpers & Huhnerfuss, 1989). VMdating this hypothesisould
improve the operational windeaf-opportunity estimates for herders based on waasn tests. Four
litres of herder placed on the ocean surface spread to produce a distinct 100 m x 500 nsrfzameth
indicating the presence of a surface film. This caadipersisted for over 1 houReview of infrared
video of the herded patch compared to an equivalent size adjacent patch of water indicated that white
caps in the herded patch were up to 5@%slin numbreand somewhat less energeflhese results
provide some evidencethat herders can potentially be used in wind speeds up to 7 m/s (14 kt),
approximately double the wind threshold defined as-gaoondition based on previous research.

The eyerimentsprovide additional verificatiorthat herders could contract oil slicks for effective
ignition in relatively calm open waters (2 to 5 m/s wind speeds), expanding the use of this tool from
strictly ice environments to Arctic summer months or opatewin more temperate climates.
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Further field trials of the herder/burn concept are needed to provide better field estimates of likely burn
efficiencies achievable with this countermeasure and confirmation of the absolute weathgottisn

for its effective useldeally, the newly developed integrated aerial hebden system (described above)
would form part of any future testég seaThis system was not available in time for the NOFO 2016
trials. Full details on the NOFO project are provided in Samp et al. (201And Cooper et al. (2017.

4.3.8 ISB Project 6: Development of a Longange Aerial ignition System

There is a need for an ignition system that can deliver larger payloads of gelled fuel hundreds of
kilometres from a support airport or offskdacility, to support issitu bun (SB) operations in ic&he

primary scenario requiring such an operation involves a track of oiled ice that could remain in the
aftermath of a major incident involving loss of well controlhet &€nd of the drilling seas. In that case,

oil trapped beneath the new or young ice could drift through the winter and naturally migrate to the ice
surface inthe spring when the ice warnfrevious studies have shown that this process can lead to a
high percentage of the oil irally spilled becoming available for ignition a month or more before final

ice breakup (Norcor, 1975; Dickins and Buist, 1981; Brandvik et al., 2006).

The effectiveness of ISB operations at remote Arctic locations offshore is constrained tigslagis
safety considerationgiandheld igniters require a stable ice cover for work crews to access the oil or

small boats dployed from support vesselsh® Hel i t orchE carried as a slu
helicopter and resulis a limited radius ofagin.l n addi ti on, the standard Hel
not sufficient to treat a large enough area of oiled ice without excessive downtime for reloading and
refuelling.

The objective of this JIP research project was to develop a fixed and rotargamicgptual solution for

a longer range, higher capacity aerial ignition system than currently available. The project proceeded
through five stages leading #ofinal conceptual desigrapable of being certified by either the Federal
Aviation Administration (FAA) or the European Aviation Safety Agency (EASA).

1: Identify suitable aircraft.

2: Develop conceptual design for a distribution and ignition system.
3: Identify FAA approvatequirements.

4: |dentify location for orshore testing

5: Identify priorities for integrated systems testing.

The contractor, Waypoint (areeonauticalengineering specialist), analysed over 23 candidate aircraft
for the projectEarlier grounebased tsts in Alaska demonstrated the feasibility of sustaining gelled fuel
ignition at air speeds up 00 mph (Preli et al., 2011)wo aircraft were chosen as warranting further
considerationthe Sikorsky S92 and Casa 212 (Fig. 4B%th aircraftare capald of carrying outr long
range ISB mission with 300 gallonk135 litres) of gelled fuebnd operatingafely in the required low
speed ange close to the ice surfadéelicopters offer the advantage of much lower speed down to a
hover ifnecessaryto suvey the ice and spot oiled pools at very low altitudes.
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Sikorsky S92 Casa 212

Photos: Wikipedia Commons

Figure 4.9Aircraft selected as primary candidates for the lomgnge aerial ignition system.

The overall cacept for the ignition systemisa s ed on extending the proven H
adapting it to higher speeds. The main difference here is that the gelled fuel is ejected behind a rapidly
moving airplane or helicopteiThe system wouldnaximiset he use a number of i o
aeronautical (e.g. the hose and drogue would draw on proven in flight refuelling hardware) and non
aeronautical parts to save on design and manufacturing costs.

LWR DOOR OPEN

CARGO FLOOR

Figure4.10Plan and profile view of the palletized system
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4.3.9

4.4

CONCEPT: Sikorsky S-92

Figure4.11Profile view of thie palletized ignition system mounted in a Sikorsk®&

The engineering study successfully produced a conceptual design of a palletized airborne ignition system
capable of rapid installation in a Casa2Zirplane or D2 helicopterBoth aircraft haveahe payload
capacity to handle a 3agallon (1135 litre) gel fuel tank and a rear ramp to accommodate a trailing hose
and nozzle to eject and ignite the fuel globules and treat an oiled track approximately 50 km in length
and 10 to 15 nm width. The abilty to achieve-ederal Aviation AdministratiorHAA) and orEuropean
Aviation Safety AgencyEASA) approval was a primary consideratittmoughout the design process
(Waypoint and SL Ross, 2017).

ISB Achievements
The JI P&s | SB respeogramome and devel opment

1 Reviewed and disseminated a vast body of knowledge on all aspects of in situ burning of oil slicks
at sea and particularly in the presence of ice and in cold climate conditions.

1 Developed and validated the concept of using herders in combingtioburning as an operational
rapid response tool with aerial delivery and ignition.

1 Confirmed that the application of small volumes of herders poses no significant environmental risk.

1 Provided additional verification that herders could contract slick effective ignitionin open
water, adding tahe successful experienitea previous JIP with herders and burning in the presence
of ice.

1 Developed and tested a prototype airborne system that integrates the ability to apply herder from a
helicopterand then ignite the treated slick in a single flight.

1 Conducted an engineering study tipabduced a conceptual design of easilyinstalled, skid
mountedairborne ignition system capable of rapid installation in a suitable fixed wing airplane or
helicoger. This development could enable access to remote offshore sites at higher speeds with
much greater capacity and endurance than existing aerial ignition tools.

Dispersants

At the outset of the programme, th®& commissioned a series of threeestifknowledge reporten the
use of dispersants (4.4.1/2/8pllowing these assessments, the JIP carried out a series of basin tests,
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field data collection and modelling studies, looking at different aspects to the use of dispersants as a
respons tool. Theresearch work was divided into four main projects with these objectives:

1. Fate of Dispersed Oil Under IcA: modelling study to understarftbw dispersed oil plumes are
likely to behave under ice from the perspective of their resurfacing potential with different levels of
turbulent mixing energ.4.4).

2. Evaluating the Boundaries for Dispersant Use in Bassin testing to evaluatee effe¢s of oil type,
dispersant type, weathering and water salinity on dispersant effecti@&$s and including a
related separate studgvaluating the dispersibility of oil frozen into the ice throughout the winter
(4.4.5.1)

3. Modelling to Determie Fateof Oil After Subsea Dispersant Injection (SSp4)4.69: A modelling
study to predict oilwrfacingand surfaceil persistencas a functio of wind and water depth.

4. Evaluating potential population changes to fish populations as a odsdiépersant gplication

(4.4.9).

4.4.1 State of KnowledgeFate of DispersedOil Under Ice

This reportsummarisd the state of knowledge regarding thefat dispersed oil under ic&key points

are:

1 The fate of a cloud of oil droplets under ice depends mainly on the droplet size distribution, the
vertical turbulence profile, and the horizontal transport field. The longer the droplets are retained in
the water column, the more the droplet cloud wiltdrae diluted due to horizontal mixing, and the
more the oil will biodegrade. Oil droplets that resurface under the ice will also not tend to reform
into larger slicks or pools.

9 This literature review supported the view that while sufficient knowledgésdrisievelop an under
ice turbulence closure model, existing observations and measurements eicartdeoulence are
probably not adequate to provide the necessary calibration and verification data. This conclusion led
to the researchrogram describedelow in 4.4.4

1 ReferencedIP TechnicaReport byBeegleKrause et al., (2013)

4.4.2 State of KnowledgeEffectivenesf Dispersantsn Ice

This reportsummarisd the state of knowledge regarding tféectiveness of dispersaritsice from

previous researchkey points are:

1 The presence of ice pieces on the water surface in wave tanks increases dispersant effectiveness,
compared to the same test oil/dispersant DOR/wave energy combination without ice.

1 As with dispersant use onl®iin open waterincreased mixing energy can partly overcothne
resistance of weathered (more viscous oil) to dispersion.

1 Studies in flume basins and at sea have demonstrated that the weathering processes are slowed down
when ice is present, erlaily al onger Ati me wi n dispardant applieaticds e f f ect
possible

1 Where the natural surface mixing energy with ice is insufficient, the addition of mixing energy (for
example through azimuthal stern drive units on icebreaking support vasselgeate sustained
dispersion.

1 Reference: JIP TechnicBeport byl ewis (2013)
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4.4.3 Status of Regulations and Qreach Opportunities

1 This report describes:

0 The present status of regulations related to the use and or limitations of dispersants in 21 Arctic
countries or those countries that haveatfected waters;

0 The potential obstacles to achieving permission to conduct dispersant opengtioisslictions
where their use is not presently allowed or restricted; and

0 Strategies to address identifiambstacles and potential opportunities to communicate the
benefits and merits of dispersant application as a response countermeasure.

1 Thereport suggests that obtaining blanket nationwideapgroval for dispersants from all ice
affected countries is probly unlikely. However a feasible goal is helping countries with oil and gas
activities in iceaffected waters appreciate the potential benefit of an expedited process to approve
the use of dispersants, including at least a limited policy authorizing siésgerin specific areas,
and potentially preapproval for specific projects.

1 Many of the nation states addressed in this document require a NEBA to as a precondition to any
consideration of dispersant usteceiving approval to use dispersants withinathailable window
of opportunitymay require two levels of NEBAt (1) a strategic level and (2 tactical level. A
strategic NEBA would consider the overall potential value of dispersants as a response tool and
would explore possible spill situationsarspecific county. If a country develops a policy to allow
the use of dispersants, tactical NEBAs woulddreea tool for evaluating whether or not dispersants
are useful in a specific planning scenario or actual incident. NEBAs should be expandedit® inclu
economic, social and public health considerations.

1 ReferencedlP TechnicaReport bySEA (2013)

4.4.4 Fate of Dispersed Oil under Ice:

The goalof this project was to developnamerical model capable of predicting the resurfacing potential
of adispersed oil plume that develops underafter applying dispersant from the surface, with and
without adding mechanical mixing enerdg9il spill plume models exist for open watbut not for
situations with significant ice coven order to prepare aadel to predict the fate of an oil plume under
ice, information describing the turbulence just belowitikenvater interface was needdtionsequently,
much of the project effofbcused on collecting the turbulendatarequiredas input to the modie

Two dispersed oil scenarios were evaluated: (1) oil treated with dispersants and then dispersed with
natural wave action; and (2) oil treated with dispersants and then dispersed with the propeller wash of an
icebreakerThese two scenariostl one fundamenitdifference Natural dispersion through waaetion

would result in a plume penetrating onlyedaio two metres below the ide.contrast, the propellavash
dispersion would result in a plume that potentially penetratés20bm below the ice.

The study programme combined laboratory studies with oil droplets axideciield experiments on
Svalbard with dye to set the stage fomslating an oil spilli without releasing any oil in the
environment.

Mesogale laboratory studies in a-88etrelong flume at Plymouth Universitin the UK allowedthe
release obil droplets of known sizé63um, 88um, 125um, 299um) in water flowing under synthetic ice
under controlleconditions:three different current profiles with peak velocities-@f5cm/s ~5.5cmk,

and ~12.5m/s and three different levels of undiee hydraulic roughneg§ig. 4.13. By allowing over

100 oil release experiments, tfhieme tests allowed the collection of additional turbulence data over a
muchbroader range of current and ice cibioths than were posble in the field (BeegkKrause et al.,
2017).
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Figure4.12Researchers measuring the spreading of a dispersed oinglin a flume.

Instruments placed through the ice in two field experiments during the spring of 2015 ardbRk&t6d

data on undeice turbulenceThe goal was to collect data under very demergy conditions expected
under stable, smooth fast ice (attached to shore) in arfgadSvea, Svalbard (Fig. 4)1B the second

field experimentn 2016 the team feased and followed dye under the ice in order to measurtéodi|

as a check on the modé&lata representing this low end of the turbulence spectrum was not available at
the outset of the JIP.

Figure 4.1Fieldtesting in van Mijenfjorden in SvalbardNorway in April 2016

Turbulence data collected in the field programmes and in the flume were used in a plume model to
generate 35 tables, with estimates of the percentage of oil droplets with various diameters and densities
that could potentially reswate if they effectively dispersed under ice with three diffetewntls of

ambient turbulencel'he nodellingbased on a model developed by McPhee (2GG8umed that a fully
developed dispersed oil plume had already formed. The model was not used to predict droplet sizes that
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4.4.5

would form during initial dispersion. Rather, the model for each scenario ran with a range of droplet
sizes fom 30 p to110 microns As an operational reference point, Nedwed et al. (2006) reported on
basin testing where the average median particle diameter after simulating the introduction of mechanical
mi xing energy from an icebreakerbsO0Ostmrn drive

Using an &amplefor a medium crude oil (0.85 s.g.) dispersed down to a depth of 10 m with the addition
of mechanical mixing energy, tla@ailablemodel data shows that the majority of droplets 30 p or smaller
would remaindispersed for up to 2hours(BeegleKrause, et al., 2017}urther work is required to
ensure that the existing model is capturing all of the important aspects of the physics controlling droplet
rise in different water turbulence regimes.

Evaluation of the Boundaries for Disprsant Use in Ice:

The purpose of this project was to study the effects of different variables govimunge of dispersants

in ice. Approximately70 tests took place idéntical recirculating flumes in laborakes in Canada and
Norway (Fig.4.14). Variable parameters included oil types, dispersant type, mixing energy, eragey

and water salinityOil weathering in the flumes spannédr 18 hours under simulated winds, waves,
and cold temperatures to represent weathering that might occurpaiosea dispersant application. The
dispersed oil was exposed to various mixing energies, starting with low energy, followed by high energy,
and finally by applying propeller washhe dispersant efficiency of three commercial oil spill dispetis
wasevaluated for four crudeils. Other test parameters were ice coverage (50% and 80%) and water
salinities (35, 15, and 5 ppt).

Wave machine / Wind tunnel

breaking board Fan l

[ A~

Confinement area

N B

Wil

Figure4.14Plan viewSL Ross and SINTEF recirculating flumes

Results from the fluméased experiments establisheoubdariesfor dispersant effectiveness as a
function of the different testariables As expected, shorteveathering times resulted in an increase in
dispersant efficiency. fie dispersant effectiveness varied with both oil type and dispersant type applied,
and theeffectiveness increased when higher mixing energy conditions wereMasgihg the ice cover

did not influence the results significantly, but water salinity did, with the poorest dispersant efficiencies
found at 5 ppt salinity.
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Refer to Faksess etl. (2018) for a deailed description of result&ey findings are shown graphically
in Figs. 4.15 and 4.16 and ihe following points:

1 Highlights

o All of the cruck oils tested showeagteater thas0% Dispersant Effectiveness (DE) with at
least one of the dispersants, when tested in 80% ice cover and weathered for 1®Bours.
was measured from water grab samples collected after introducing propeller wash.
Considering the inherent limitations tfese closed system tests compared to the open
ocean, DE in the field could be significantly higher than measured in the laboratory given
comparable mixing awditions. For example, the D& the flume was measured only 30
minutes after applying dispersanthile in a field situation, full dispersion could take

longer.
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Figure4.15Dispersant efficiency voil type.

Note: Oils were weathered for I&sin 80% icecoverand 35 ppt salinity water.

1 Oil weathering time
0 Shorter weathering times resulted in an increase in dispersant efficiency as ekfbeted
bulk of the testing performed used oil weathered for 18 hours.

1 Salinity effect
0 The crudes Troll (naphthenic) and Osebergréffinic) were found to have greatéah
50% DE with at least one of the dispersants tested in water salinity as low as 5 ppt.
0 Asphalthenic oils appear to be less dispersible in low salinity water (5 ppt)
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Figure4.16Dispersant efficiency vsvater salinity.

Note: Oils were weathered for #&sin 80% icecover No bars indicate that no testing was performed.

4.45.1 Dispersibility of Oil Frozen Into Ice

An additional test series waslded to take advantage of ice cores wittalmhe and oil premixed with
dispersantrozen into he upper layer of the icEhe cores werebtained duringhe environmental effects

field experiments with mesocosms on Svalb&dg 4.7.2 Following collection ongtwo, and three
months into e ice growth cycle, the coresred at very ad temperatures were subsequemntigited

in a laboratory at Cedr@ France to simulate spring melt and tieéease of oil into open watefhe
samples were then treated with dispersant and subjected to a standard qualitative field dispersant
effectivenes test. Theesults clearly showed that tbé remained dispersible even after threenths

of being frozen into the iceegardless of whether it was premixed with dispersant before being
incorporated within the icdn fact, oil frozen in the ice corefispersed as well or better thiash oil.

Figure 4.17/5hows images of the tests comparing dispersion of the oil that was not weathered in ice with
the same ibtype that was weathered for threenths in ice.
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4.4.6

TO T+1 min T+5 min T+15 min

Fresh OilTreated
with Dispersant
(no weathering in
ice)

TO T+1 min T+5 min T+15 min

3

Oil Frozen into
Ice for 3 months
and then Treated
with Dispersant

Figure 417 Comparison of the dispersion of fresh oil treated with dispersant (upper) tdroiten into
ice for 3 months and then treated with dispersant (bottom).

Modelling to Detemine Fate of Oil from Releasewith Subsea Dispersant Injection (SSDI)

The objective of this study was to evaluate how injecting dispersants during a subsietseehanges

the fate oftheoilT he st udy uGSCAR n®UeNvitlEan dplated algorithm for droplet size
predictionsandimproved prediction of oil temperature and resulting viscosity during droplet formation.
In total, model runs simulated0 different subsea releases of oil and gas mixtures with varying release
depths (50, 150, 300, 700 and 1,000amjithree different wind speeds (0, 5 and 10 frgenstant and

in one direction) and with/without subsea injection of dispersants (SSDI).
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The OSCARsimuations indicated that SSould significantly alter the rise velocity of oil dropset

from a subsea releasgubsea dispersant injectibeeps the oil droplets in the water column for longer
periods thereby allowing greater natural biodegradatind dissolution of the oil.he result is that less

oil reaches the surface and the oil that does surface produces thinner cligiagred to untreated
releasesThe thinner slicks do not persist on the surface because they have a lower tendencsifyp emul
and rapidly re-dispersewith wave action.This shorter residence time reduces the potential for
environmental impacts on surface dwelling marine organisms or seabirds, while lowering the risk of
respiratory impacts for responders working close totheelease site.

Figures 4.18and 419 simulate the oil mass balance with and without SSDI at 700 m depth with two
different wind speeds out to 10 days (8 days after the end of the release). With a 5 m/s wind speed, the
scenarios with SSDI show sigruéintly less oil on the surfacBor example, at the end of the taay

release period the scenario comparison showstibaise oSSDI could potentially reduce the amount

of oil on the surface from 60% to 20% be&toriginal discharge volumAn increasen wind speed to 10

m/s further reduces the amount df [2ft on the surface, to less than a few percent of the original spill
volumewhenSSDlis used in this water depitith stronger winds (Fig. 4.)9Refer to full project results

in Faksness et 42017b)

Oil only, 5 m/s wind 55DI, 5 m/s wind

Evaporated
m Surface
m Dispersed
™ Biodegraded
Outside Grid

Evaporated
W Surface

Mass balance
Mass balance

m Dispersed
® Biodegraded
Outside Grid

01 2 3 4 5 & 7 8 9 10
Time (days)

Time (days)

Figure 418 Model predictions of oil masbalance with and without SSDF.00 m water depth, 5 m/s
wind

0il only, 10 m/s wind SSDI, 10 m/s wind
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Figure 419 Model predictions of oil mass balance with and Wwitut SSDI700 m water depth, 10n/s
wind
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4.4.7 Estimated Impacts oHypothetical Oil Spills in the Alaska Beaufort Sea on Arctic Cod

This project describes a scientifapproach to evaluatingotential population changes to Arctic cod
Boreogadus saidrom hypothetical oil spills in the central shelf araf the Alaskan Beaufort Seghis
approach is used to estimate potential populatiangés for two response optiotreating the spill with
dispersant pleaving the spill untreateéffective dispersant treatment rapidly transports oil from the sea
suface into the water columRil left on the surface can persist and impact sea birds and other species
for an extended timeDil transferred into the water column increases the exposure of water column
organisms but this exposure is transient as oil hapitilutes and biodegrades to mitigate the
environmental threaf he purpose of this project wasdemongate that using dispersants coldedto

a substantial net environmental bendijit removing oil from the water surface whigdfecting an
insignificant proportion of the fish population.

The approach uses a fecunedifyndcast model that incorporates Arctic cod acute toxicity data, field
studies of Arctic cod larval distribution and abundance, natural mortality estimates for Arctic cod eggs
and lawvae, and an oil spill fate moddPlanktonic life stages of Arctic cod were considered the most
susceptible to oil spill xposure.Volumes of water that exceeded measured acute toxicity thresholds
(known in biological terms as tl#6-hour LC50) for Arcticcod larvae were estimateding the oil spill

fate model.These volumes combined with field measurements of cod larval distribution and abundance
were then used to estimate exposure of Arctic cod planktonic lifesstagil in the water columithe
reseachers took the very conservative approach that any planktonic life stage exposed for even one hour
(the time step used for the oil spill model) was lost from the system even though the acute toxicity
thresholds used to determine water volumes with theeimeede based on 96our exposuresSeveral

other conservative assumptions were that the spill was assumed to overlap the highest density of fish
observed in the study area and that the entire volume of oil was dispersed at once when in practice this
would occur in stages througi response over days to weeldsing this methodology conservatively
overestimated potential actual losses to the system for the hypothetical spills evaluated.

The paper evaluates multiple scales of spill events (1,000 tons, 1086)0100,000 tons) for both
physically (the fraction of the oil that would naturally disperse without using dispersants) andatlyem
dispersed oilln the worst case, #00,000ton spill of crude oil treated with dispersants resulted in 266
million m® of water that exceeded the acute toxicity threshold, compared to a volume of 71 million m
for a 100,008&0n spillnot treated with dispersaniBhe difference is that in the first case, surface slicks
are dispersed and in the second case, the oil reorathe surface to potentially impact marine mammals
and seabirds.

A 100,000ton spill treated with digrsants resulted in exposure of fish larvae representing the
reproductive output of less than 1/10 of one percent (0.07%) of the Arctic cod popirdtierAlaska
Beaufort Sea iggon. The impactcalculatiors usethe lowest estimate ofotal cod populationsvhile
assumingthat the hifpest density of fish populatioaccurs within the spill aredgSome population
estimates have numbertfish ten times geater, which would make the population impact of dispersed
oil ten times 1es$0.007% population affectediRegardless of thassumptions involved in the final
estimate, the results clearly show that no significant impacts on the regional populationesoltiilom
applying dispersants to thargest spill scenario modelled (Gallaway et al., 2017)

4.4.8 Dispersant ResearchAchievements

The JI P&és di spersant research program significant
presence of ice inaumber of areakighlighted in the following points

1 Three state of knowledge review®simmarisingpast research into dispersant fate and
effectiveness and the status and scope of panarctic regulations (or lack theveafjng
the use of dispersants.
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1 An existing modelvas usedo predictthe resurfacing potential of a dispersed oil plume
under icewith and without the addition of mechanical mixing energy

1 An existing model demonstrated the potential environmental benefits of SSDI in
significantly reduing the percentage of oil surfacinfgom a subsea releasnd the
subsequent persistence of surfaced slicks in different water depthgind speeds.

1 New data sets afxpected dispeant effectiveness in ice as a function efide range of
physicalvariableswill help regulators, planners and responders understandispersants
are likely to perform in different scenarios.

1 Modelling results showinthat the use of dispersaitsresponse to a large incidembuld
likely result in insignificant impcts to Arctic Cod populatioras an example.

1 Proof that oilfrozen irto the ice surfacéhrough the winter remains dispersible when
released from the ice the following summegardless of whether the oil already contained
dispersant at the outset.

4.5 Remote Sensing

In order to mount an effective response that uses all possible response options: containment booms,
mechanical recovery, dispersants, and in situ burning (ISB), it is critical to know where the spilled oil is
at any given time, and the boumigs of the contaminated ar€khis is achieved through a combination

of surveillance (relying heavily on remote sensing), tracking beacons and trajectory modelling (See 4.6).

The presence of sea ice increases the complexity of detecting frmosatelites, aircraft, vessels or
subsea platformddeally, any Arctic surveillance program will also provide some indication of the
relativedistribution of oil thickness and therefore tbedtion of the thickest patches to guide responders
in deploying respase tools where they are most effective.

The JIP conducted series oprojects 6 assess and improvemote sensing and monitoring capabilities
in darkness and low visibility, for oil on the ice surface, on the water between floes, and trapped
underneath or within the ice.

1) State of Knowledge Reviews

2) Evaluation of Sensor Capabilities

3) Evaluation of Infrared Sensors to Detect Oil on Ice
4) Evaluation of an Airborne Radar to Detect Oil in Ice
5) Remote Sensing Guide

The following sectionsummariseheresultsof these five projects

4.5.1 Reviews of ExistindRemote Seriag Technologies

The JIP prepared two statelafowledge reports at the outset, covering:
1 Surface remote sensing using platforms such as satellites, ait¢A&t, vessels and oeite
systems (Puestow et al., 2013)
1 Subsearemote sensing using platforms such as Remotely Operated Vehicles (R@UBysand
(Wilkinson et al., 2013)

Each of hese reportsummarissthe existing platforms and technologies available to detect oil in, under
andaround ice from space borne, airborne, surface and subsea remote sensing EatdsemsorA

common finding was that responders already have access to a wide range of potentially capable systems
used from a variety of platforms such as satelliveticopters, fixedwing aircraft, drones, assels and

drilling platforms.While most of these sensors were originally developed, tested and used operationally
to support oil spill responses in open water it was found that many of the same systems eatifdiypot
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provide effectiveoil detectionin a broadrange ofwater and ice combinatiores well (Sectior.2.4
provides a summary of the state of knowledge in remote sensing in ice at the outset gf the JIP

A key recommendation mirrored in both the saefand subsea remote sensing technology reviews was
the need to test and validate existing sensors (above and below ice) in varying oil and ice scenarios. The
JIP developed this need into Phase 2, described below in 4.5.2.

4.5.2 Evaluation of SensolCapabilities

Based on the recommendations frdraPhag 1reviews the JIP initiated an ambitiotisst programme

to evaluate and qualify the most promising sensors and platforms with crude oil released under a solid
ice sheet in a tempature controlled environmenResearch experiments at the U.S. Army Corps of
EngineersCold Regions Research and Engineering Laboratory (CRREL), Hanover, New Hampshire,
evaluated the performance of various surface anceauiesnote sensing technologiPggau et al., 2016

and 2017 Lamie and Zabilansky, 20).7This test program represented the first deployment of an array

of above surface and subsea sensors under controlled conditions with simultanecasnsaitidata
collected through a series of oil releases spanning an entgeoiwth cycle from initial freezeip to the

final melt.

The CRREL test basin measui@s mlong, 9 m wide, and 2.4 m deepix containment hoops were
placed along the length of the tank to makehgpprimary experimental aregix smaller hoops received

the same treatment as the primary hoops to allow for coring to examine ice properties. Another four
hoops were provided faddtional experiments (Figure 4.20

Figure 4.200il containment hoop placement in the CRREL ice test basin.

Sensor testing begam November 2014 and spanned a-wonth ice growth phase ending with an 80

cm thick sheet of level saltater ice and followed with onemonth decay/melt perioéit predetermined

stages, Alaska North Slope (ANS) crude oil at 0°C waected intoeach loop from below (Fig. 4.21

A weekly transect was made both above and below the ice to allow sensors to collect data along the
length of the ice sheet with oil layers at different depths within the ice.
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Figure 4.21Cross sectionf CRREL test basin skiong above and below ice sensor caages andoil
layers.

Above-ice sensors were mounted on a long boom fastened to a moving cafrage the ice, and
included: a Frequency Modulated Continuouawt/ (FMCW) radar, ground penetrating radars (GPR)
operatingat two frequencies, visible and infrared cameras, and laser fleoEs@olarization (FP)
sensorGPR and optical measurements were also collected through spot measurements at the ice surface.

Below-ice sensors were mounted on a trolley running on madlsnted onhe tank bottom at a depth of

two metres and included: spectral radiance and irradiance sensors, FP sensors, optical cameras,
broadband acoustics (3 frequency bands), narrowband acoustics (4 frequencies), and multibeam
acoustics (3 sensors).

A team of modellers used the data collected within the discrete range of parameters possible in the test
basin (ice thickness, oil pool depth, ice salinity) to predict sensor performancewider aange of ice
conditions.This effort involved determinip the expected optical, acoustical, and radar properties of a
typical sea ice sheet different times of the yeaBpecialigd tests in the basin used thigienensional
computeried tomography (CT) scans to produce detailed fine scale (mm) informatiminerand air
inclusions in the ice, along with the crystal structure at the ice water interface known as the skeletal layer
that strongly influences the radar and acoustic reflections from the ice/oil/watéadatéCourville et

al. 2017).This data preided valuable inputs for the modelling team and helped in understanding why
different sensors performed as they did in a particular situation.

The matrix in Fig. 4.22ummarise the findings of the ice basin tests and the modelling predictions.
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Location Airborne On ice Below ice

GP | FMC | Optical | FP | IR GPR Optical FP Acoustic
Sensor R W

Fall-Winter -
Spring

Exposed oil on
ice

Snow covered oi
onice

Fresh oil under
ice or with up to
6 cm new
growth)

Encapsulated oil
(more than 6 cm
new growth)

Summer

Exposed oil on - N/A N/A N/A N/A
ice

Figure 422 Expected field performance for sensors tested during the 2015 ice basin experiment

Yes (likely)

Potential (may be
possible)

Not applicableg[N/A)

Notes to table4.23 Sensors include Ground Penetrating Radar (GPR), Frequency Modulated
Continuous Wave Radar (FMCW), Optical (cameras and radiometers), Fluorescence Polarization (FP),
Thermal Infraed (IR),and Acoustic system$.he Per f or mance rating fiHas Po
there are conditions that may allow the system to work, andsotiigen it is expected to faih some

cases this rating is assigned because of insufficient data to fully geséssnance. N/A indicates that

sensor application in this scenario is not relevam.g. responders would not use helce sensors to

detectoil on the surface.
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45.3

Key findings from theaCRREL test basin experimerdsesummarisd as

1 The projecttonfirms the overall conclusion of previous work, that while all sensors showed an
ability to detect oil on, in or under ice under certain conditions, no one sensor has the capability
of detecting oil in A situations.Some sensors may complement eactenih terms of oil
thickness resolution vs. area coverage or swadkth.

91 Future operational systems will likely employ suites of different sensors operating from various
platforms under, on and above the ice surface to provide the means to deteatraihge of
ice environments at different times of the yéagsee the operational Remote Sensing Guide
developed by the JIP in 2016 and described bétohs.4

1 The study suggests that an effective underwater detection suite should have a low light camer
broadband and/or multibeam sonar, and possibly a spectralmeteio or Fluorescence
Polarization (FP)While the various sonar units showed similar levels of capability in detecting
oil under and in ice, the multibeam type of sonar provides the adhiléy & create a 3D map
of the underside of the ice that may help identify priority locations for oil to accumulate and
narrow the search area (oil will naturally seek the highest spots in the under iceistiiiacest
ice).

1 The study results suggehkat aerial sensors should include visible and thermal infrared imagers
and possibly a developed airborne radar system in future

1 Existing commercial GPR systemgerated from the surfaege capable afetecting oil trapped
within ice as long as thedcsheet is relatively cold (i.e. not during the melt period and stable
(i.e. safe).Operated from a low flying helicopter the same system can detect oil on the ice
surfaceundersnow (Bradford et al., 2010).

Recommendations from the basin testing incluidether evaluation of the capabilities of IR systems to
define their operating window at and retesting of a modified prototype airborne radar (FMCW) with
improved signal to noise ratio and tegtreliability (4.5.3 and 4.5.4).

Evaluation of Infrared Sensors to Detect Oibn Ice

The multisensor experiment executed at the indoor CRREL Test Basin in the winter of 2015 (see above)
failed to fully explore the capabilities of IR systems in detecting oil on the ice surface due to a lack of
natural solar loading (the basin was indoof$)is new project used the outdoor Geophysical Research
Facility at CRREL to evaluate the day and night capabilities of three different IR cameras o rating
medium to long wavelength$his basin has a refrigerated sliding roof, allowing ice to forry éathe

winter and then exposing the ice sheet to natural daylight and night sky for testing.

Infrared imaging cameras mounted to an overhead trall@yheight of 3 metresver the Geophysical
Research Facility observed and recorded infrared reflectance of oil spilled on saltwater ice dayfaces
and night The movable trolley allowed for variable target distancelsaamgles of incidence (Fig. 423

A onecentimetreayer of oil was spilled into the target areantained within &8 m x 3mwood frame
frozen into the ice as the ma&ra systems recorded (Fig. 4.23andheld thermocouples measured the
oil layertemperatures periodically over thix-daytest period.
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Figure 4.23 Infrared sensors and oil being spilled onto the ice at CRREL.

Fig. 4.24showsa long wave (7.5 to 13 pum) infrared image from the FLIR S60 overlooking the ice
sheet in the basin. Oil spilled into the test frame appears abldarinthe center of image.

Results are under study and interpretation at time of writifge JIP will make the final report
available athe conclusion of the programme (Lamie et al., 2017).

Figure 4.24R image of oil spilled onto an ice sheet in the CRREL outdoor basin.

4.5.4 Evaluation of Airborne Radar to Detect Oil in Ice

The Phase 2 basin tests with different sensors (see above) indicated tReggihency Modulated
Continuous Wave HMCW) radar showedromise for oil in and under écdetection from the air.
However, due mainly to reliability issues with the prototype, the 2014 tests collected insufficient data to
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