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Abstract

Nowadays, we are observing a continuous Trise
atmosphere, especially of carbon dioxide, and this is, in great part, attributable to human activities.
The first detrimental effects on climate have alrelaglyn observed and ever more ldagn changes

in weather patterns should be expected if no concrete action to contrast these trends is put in practice.
The scientific community is thus suggesting innovative and pracidations for bothmitigating

climate change and adapting to its impactbon capture and storage (CCS) is one such option.
CCS involves capturing carbon dioxide (g§@om power plants, industrial activities and any other
sources of C@and storing it in a geological foration. The appeal of this technique resides in the

fact that CCS is able to combine the use of fossil fuels, on which our society still relies a lot, with the
environment al exigency to cut carbon dioxi di
mitigation option offered by CCS, there is the impelling need, as for any other human activity, to
assess and manage risk; this work is intended to do so.

The focus is, more precisely, on marine environmental risk posed ble@iages, as how this risk
shouldbe addressed still represents a largely debated topic. Specific risks can be associated to each
of the stages of a CCS system (capture, transport and storage). The focus of this work is on the subsee
engineering system, thus, offshore pipelines (transpod injection / plugged and abandoned wells

(part of the storage).

The aim of this work is to start approaching the development of a complete and standardized practical
procedure to perform a quantified environmental risk assessment for CCS, widneceféo the

specific activities mentioned above. Such an effort would be of extreme relevance not only for
companies willing to implement CCS, as a methodological guidance, but also, by uniformizing the
ERA procedur e, to begi n about £63 that dhapperes ag beeoftem  p ¢
discredited due to the evident lack syfstematizednethodsto assess the impacts on the marine
environment.

The backbone structure of the framework devel
are the prblem formulation, exposure assessment, effect assessment and risk characterization, and
those belonging to the wethown quantified risk assessment (QRA). This, in practice, meant giving
relevance to the identification of possible hazards, before theofa®, in seawater could be
described (exposure assessment), and estimating the frequencies of the leakage scenarios, in order tt
finally describe risk as a combination of magnitude of the consequanddbkeir frequenc

The framework developed by #hwork is, howevemt a preliminary stage, ast every single aspect

has been dealt with in the required detail, thus, several alternative options are presented to be used
depending on the situation. Further specific studies should address their aecuraticiency and

solve the knowledge gaps emerged, in order to establish and validate a final and complete procedure.

Regardless of the knowledge gaps and uncertainties, that surely need to be addressed, this preliminary
framework can already findome relevance in on field applications, as astongent guidance to
perform CCS ERA, and, anyways, it constitutes the foundation of the final framework.
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1l ntroducti on

This thesisaims todevelop a initial framework forthe environmental risk assessment of C@i)
specificreference tats activities of subsea transport and injection.

1.1 Background

1.1.1Climatechange andustainability

Nowadays, we live in an era in which the concept of sustainability is assuming an increasingly
fundamental influence on human decisions for futwelution With the term sustainability, it is
meant the devel opment without the c o(beptonemi s si
al., 2008)

Sustainability first gained attention during theé"agentury, when the unforeseen development of
some countries, due to the industrial revolution, brought up environmental concerns. Soese of
were, for the example, the increase in water demand due to intensive agriculture; the increase in
demand for energy; the increase of carbon dioxide>J@€Oncentration in the atmosphere, which,
being a greenhouse gas (GHG), is responsiblelifbate change; etc. Seen this evidence, during the
20" century, for the first time in history, doubts emerged regarding the capability of Earth to withstand
and buffer, without negative implications, human developmEns is when the consciousness of

the necessity to protect the environment first rose.

1.1.2What is imatechange

fiClimate change is a loatgrm change in the average weather patterns that have come to define
Earthdéds |l ocal, r e ®iNA8AH.d)&limdte adpdngelt@uld bothlbe attrébutesl s

to natural variability, meaning natural processesh as solar activity, plate tectonics, etc., but may
also be caused by humarduced alterations of the natural environment. There is still uncertainty on
the degre and extent of climate changes that can be attributed to human activities, however, there is
no doubt that human activity is impacting climétenton et al., 2008)The first concerns regarding
climate change werertught to light in the early 1century, when the greenhouse effect was first
discovered. It was by the end of thé"k@ntury that scientists advanced the hypothesis that human
caused emissions of gases and pollution could impact climate, locally and globally. When in‘t 6 0 s
catbonrdi oxi de’ s war mi ng ef f ect s(Lehtonretal, 2008)t wees alsoe d s
agreed that human activities were strongly impacting clima levels havenow reachedthe

highest historical levslandthe trend is in continuous rigeigure 1.1).
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Figure 1.1:Atmospheg concentration otarbondioxide(ppm)from 1750 to 2010
From: AAtmospheric Concentration of Carb@ioxide (Ppmy 2011,European Environment AgendyCBY 2.5 DK.
(https://www.eea.europa.eu/dagamd-maps/figures/atmosphermncentratiorof-co2-ppm1)

1.1.3Greenhouse gas effect atigping points

Thegreenhouse effect is the trapping of heat around Earth's surface due to the presence of greenhouse
gasegfGHGs) Some examples of greenhouse gases include carbon dioxide, methane, nitrous oxides,
and water vaporTheinfrared radiationemittedf r om Ear t h’' s sur ésagasses 1 S
and reradiated bacKhe greenhouse effect is a natural phenomenoBH{&sarenaturallypresent

in theatmosphere, and lays afundamental role in making Earth a habitable planet, by keeping a
mean of 15 °C at the surfaddowever, in the last centuries, humans have been interfering with the

Earth’'s delicate climatic equi | i bsrthatadd,carborai nl y
dioxide to the air. The&oncentratioro f carbon dioxide i nefdeabeenh’ s
consistentlyrising in the last decades and has leagxoeptional levels oheattrapping neathe
Earth's surface, with consequenti al temperatu
changes due to the rising tdmperature (correlated to the increase of €dhcentration in the

at mosphere) worry scientists, but also the p
concrete and i mmediate acti on t olLeatdn&ttale 2008) e e m

The definition given byLenton et al(2008)of atipping pointis a stateof the systemthe climate
systems in our cas#hat could shift to a nevequilibrium by means onlyf a tiny change. Tése
alterationsmay not be reversible: think for example at a forest that, due to decreased rainfall, turns
into brushWhat scares the most is thhere is still uncertainty on how tiny the change can lieeto

able totrigger a tipping poinfLenton et al., 2008t is thus evidenthat remediatin actions should

be then applied i mmediately to prevent. drast.


https://www.eea.europa.eu/data-and-maps/figures/atmospheric-concentration-of-co2-ppm-1
https://www.britannica.com/science/infrared-radiation
https://www.britannica.com/dictionary/emitted

1.1.4Actions for the reduction of GHGs emissions

Climate change is a global problem that has been addressed by many international and national
political regulationsPolicies to accomplish the goal of reducing future greenhouse gasses emissions
can be divided into several categories listed below

1. Consumer incentives that reward people for taking steps that reduce their use of fossil fuels and,
by extension, reduce their carbon footprint

2. Carbon pricing policies that require emitters to pay for their carbon emissions, such as a carbon
tax (which wold require carbon emitters to pay a tax for each ton of carbon they emit), ora cap
andtrade program (which would require businesses to have a permit for each ton of carbon they
emit)

3. Regulations that require manufacturers to increase energy efficiélogioproducts, including
automobiles, appliances, and buildings

4. Tax incentives that encourage manufacturers to increase the energy efficiency of their products
(Krosnick & Maclnnis, 2020, p. 1)

An example of avell-known international treaty is th€yoto Protocol11 December 1997), which
entered into force on 16 February 2005 and currently involves 192 gaiNeésCCC, 2022h)lt is
an extension ahe 1992United Nations Framework Convention on Climate Chafigj¢FCCC) and

it commits developed and developing countries to gnetenhouse gasesissions,based on
thescientific consensugached on the fact thglobal warmings currently happening and that
human actions are playing a major role. Another exansptheParis Agreementhich is alegally
bindinginternationalreatyon climatechange It involves196 Partieshat participateéit COP 21 in
Paris(12 December 20351t entered into force on 4 November 20&fh thegoal tolimit global
warmingbelow?2.0°C (preferablyl.5°C) by 2100(UNFCCC, 2022a)

Thes political actions are needed as, clearly, climate change is a controvers@lindped,the
abatement of C®emissions can potentially translate irsie economic regressiohpwever now

more than ever, there is the need to be objeatiigation and adaptation are urgently needed. It is
therefore important to identify clear targets and appropriate methods to proaspiydo this new
challengeHere is where the scientific and technical knowleoligengineering scientists é&xpected

to suggest innovativeolutionsaiming both amitigating climate change anadaptingto its impacts
(Lenton et al., 2008Notice that by mitigation is meant an action aiming at reducing climate change,
while with adaptation it is meant an action to limit the impact of climate change

1.1.5Greerhouseeffect mitigation options

Somemitigation options to contrast the increasing trend of greenhouse gasses emissions are presented
by Metz et al.(2005)and are listed below:

1 Fuelswitching: switching the focus towards renewable energy sources or at least preferring
less polluting fuels

1 Energyéefficiency: some examples are improving the efficiency of energy consumption in
vehicl es, reducing buildings’ enekcr gy reque

3
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1 Carboncapture andstorage: this technology involves capturing £fodom power plants,
industrial activities and any other source of&@d storing it in a geological formatiohhe
interest towards this optidinds its motivationin the fact that it combines the use of fossil
fuels, on which our societstill relies a lot, withthe environmentalexigencyto cut carbon
dioxidée s emi ssi ons

Carbon Capture and Storage is the focus of this work, its technology is therefore further explained,
in a generic form, below



1.2 Carbon capture and storage

A general CCS system is composed by three consequential processes: the capture, the transport anc
the storage. This chapter is meant to give a gewaaiview of how each of these steps can be
approached, from a practical point of view, seenekgerienceand progressing research deriving

from already existing and upcoming CCS projects.

1.2.1Capture

The purpose of the capture stage is to separateiginest percentage of @fom a gaseous stream.

This stream could either be the waste gas of a power / industrial plant, that needs to be purified before
being emitted into the atmosphere, or natural gas just extracted that needs to be purified.from CO
before being immitted into nationpipelines (&y., Sleipner field). The Cestream then needs to be
pressurized, so to be transported to the storage site. It is well known that separation techniques are
economically demanding, however, high impurities concentrations could themselves negatively
impact costs, from the transport pbf view. A purity optimum needs therefore to be anyways
achieved.

The capture techniquégery simply resumed iRigure1.2) can be divided into three main categories,
based on at what stage of the process the separation takes place; thesecamrebpssibn, pre
combustion and oxgombustion(Berge et al., 2016Postcombustion separation is tliest CO;
separation procestevelopedThe separation is realised by means of chemical solutions that create a
reversive bond with C9and are thus able to extract it from the stream. For what concems pre
combustion, itcontemplates that the hydrocarbon stream is converted intoa@® H before
combustion. The reactor is then fed with ¢thly, having already removed the €Qhis results in
having only water vapour as the combustion product. At lastcorybustion corists in using pure

O, extracted from air, as comburent. This guarantees that onlya@Dwater vapour are produced
during the combustion, which can be easily separated by condensation. Each of these techniques is
further dealt with below.

Fuel + Air Power and heat CO, separation
. J & J/ & J
( ) f Partial ) f ) CO, dehydration
+ Ai i ' . ion —)
Fuel + Air or O, Reforming oxydation (shift) CO, separation and .
L ) L ’ L ) compression
( A ( B
Fuel + O, Power and heat
& J/ & J

Figure 1.2:Schematic representation ofpture techniques: from pesbmbustion at the top to oxypmbustion at the
bottom
Adapted fromfCarbon capture and storageby Berge, U., GjersetM., Kristoffersen, B., Lindberg, M., Palm, T.,
Risberg, T., & Skriung, C..2016 Zero Emission Resource Organization (ZER®)13
(https://zero.no/wgontent/uploads/2016/06/carb@aptureand-storage. pdf

5



https://zero.no/wp-content/uploads/2016/06/carbon-capture-and-storage.pdf

Postcombustion

This separation method is the most versatilgiasan be fited to manyifferent types of emitteis
both power plants and industrial plantsand separation equipent can be poditted on existing
emission sourceés(Berge et al., 2016, p. 16)

The degree of COremovalachieved strictly depends on economesources availabléendeed,as

CQO; concentration in the stream decreases, its removal gets more complicated, thus more expensive.
A solution of water and amines can be used as absorption fluid in the absorber: amines form weak
bonds with CQ. This reversible bond consents to remove@@m the streamin the absorption

phase and to regenerate the amines in the stripping tower. Generally, the degree @h@®al
reached with amines is around 85% obutasbhae, car |
higher capture rates can be reacfigetge et al., 2016 Ammonia can also be used instead of amines,

and its advantage is that thgeaeration process requires less energy.

Pre-combustion

In the precombustion separatiothe fuel is initially transformed, in presence of water vapour and

air, or oxygen into carbon monoxide (CO) and hydrogen)(Hvhich is the classical reforming
procesgBerge et al., 2016}t requires high temperatures and pressures. The syngas ¢LCi©#ién

further procesed with water into a shift reactor: the output is & @@l B stream. CQis then
removed, using amine absorption, and hydrogen is combusted. Despite being a more expensive
solution, if compared to the previous one, thexG@eam obtained is usually purer and already
pressurized, which is a great advantage for the subsequent CCS transpdMatatjan, 2013)

Oxy-fuel combustion

Oxy-fuel combustion consists in using purea® comburent, rather than é@erge et al., 2016Dnly

water vapour and COwill be then produced in the combustion, and these caseparated by
condensation. Notice that air separation, despite being a consolidated technology, is still very
expensivgMocellin, 2013)

1.22 Transport

Once captured, Cheeds to be transported to thiéshorestorage site. Given th@gh volumes of
COz involvedin CCS,the onlyfeasible and economic transport optionsgpeline and shigBerge
et al., 2016)



Transport via pipelines

Subsea pipelines for the transport of L(Be recently gaining increasing attention. There are some
applications already, some of which are locagubhvit and Sleipner ifiabde 1.1) orwill be located
(Norther Lights projec(Equinor, 2019 in Norway.

Pipeline Capacity Length Diameter Pressure N
P (Mt/yr) (km) (mm) (bar)

Sleipner 1 160 n/a n/a 1996

Snghvit 0.7 153 200 ( § 100 2006

n/a- not available

Table 1.1:Main existing CQ transport projectdor the scope of CCia the North Sea
FromiACar bon dioxide pipelines for seque sbySeavam, B.N., Race,Jt he U
M., & Downie, M. J,.2007, The Journal of Pipeline Engineering Referred in(Serpa et al., 2011p. 3)

Onshore and offshore pipelines for COr anspor t have a similar des
pipelines. They can travel for hundreds of kilometres, reaching depths of thousands of metres
(Mocellin, 2013)

Operative temperature and pressure

The CQ physical state that guarantees the most effidiamsportby pipeline is theéhigh-density
phaseg(Figure 1.3), thus meaning liquid or supercritical state (dense phase). By efficient transport is
meant thatminimum values of friction loss along the pipeliper mass unit of CQare observed.
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Figure 1.3:Carbon dioxide phase diagram



The most efficient state of GQor pipeline transport is the dense phase, as densities are high and, if
one among pressure or temperature are kept above the criticq[Tabkes1.2), there is no risk of
phase change.dtice that ear the critical point, small changes in temperature or pressure could lead
to abrupt changes the density and the potentidbrmation of two phases, which has drastic

implications on the correct functioning of the whole sys(8erpa et al., 2011)

Property Unit Value
Molecular weight g mot?t 44.01
Critical pressure bar 73.8
Critical temperature °C 311
Critical density Kgm-3 467
Triple pointpressure Bar 5.2
Triple point temperature °C -56.5
Gas density (at 0°C and 1.013 bar) Kgm3 1.976
Liguid density (at20 °C and 19.7 bar) | Kgm3 1032

Table 1.2:Carbon dioxide properties
From: iTechnical and economic characteristcsofaQOR ans mi ssi on pi pbg3eipa &, Morhek,r ast r
J., & Tzimas, E., 201 European Commission. Joint Research Centre. Institute for Energy., Publications Office of the
European Unionp. 8 Copyright2011by European Union.
(https://data.europa.eu/doi/10.2790/30861

Notice that offshore pipelines can withstand pressures up to 300 bars both because they are not near
population and also because of the compensative efféloe dfydrostatic pressure, which increases
with depth(Mocellin, 2013)

Stream composition

The composition of the stream depends on the source from whichaS®een extracted and on the
capture technique. Impties could be water vapourz8, No, CHs, Oz, Hg and other hydrocarbon.
Composition limit values are reportedTialde 1.3, while a general composition example is reported
in Tade 14.

Component Concentration limit value, ppm (mol)
Water, H20 < 30
Oxygen, 02 < 10
Sulphur oxides, SOx < 10
Nitrogen oxide/nitrogen dioxide, NOx < 10
Hydrogen sulphide, H2S < 9
Carbon monoxide, CO < 100
Amines < 10
Ammonia, NH3 < 10
Hydrogen, H2 < 50
Formaldehyde < 20



https://data.europa.eu/doi/10.2790/30861

Component Concentration limit value, ppm (mol)
Acetaldehyde < 20

Mercury, Hg < 0.03

Cadmium, Cd < 0.03

Thallium, Tl (sum)

Table 1.3: Limit values fathe compositiorof carbon dioxide to bstored
Adaptedfom: A EL 001 Nor & Reeeiving ahd pgrimanant storage ofCRlan for development, installation
andoperation Partll-l mpact A shyEgsisom20b9tp.cb2
(https://northernlightsccs.com/wgontent/uploads/2021/03/REM673 0001 £02-ImpactAssessment.pdf

Coal fired power plant Gas fired power plant
Component | Comment Post _ Pre- _ Oxy- |Post _ Pre- _ Oxy-
combustion | combustion | fuel combustion | combustion | fuel
N2/ Oy Non-toxic 0.01 0.03-0.6 3.7 0.01 1.3 4.1
H>S Flammable, strong 0 0.01-0.6 0 0 <0.01 0
odour, extremely toxic
at low concentrations
Ha Nor+toxic 0 0.8-2.0 0 0 1 0
SO, Non-flammable,  stron¢ _ 4, 0 05 |<o0.01 0 <0.01
odour
(6{0) Non-flammable, toxic |0 0.03-0.4 0 0 0.04 0
CHy Odourless, flammable |0 0.01 0 0 2.0 0

Table 1.4: Indicative compositions of €8reams from coal and gas power plants, in % by volume
Adaptedfom:AiTec hni cal and economic characteri st ihySerpa,fl, a CO2
Morbee, J., & Tzimas, E., 201European Commission. Joint Research Cernirgtitute for Energy., Publications
Office of the European Unigp. 9 Copyright2011by European Union.
(https://data.europa.eu/doi/10.2790/30861

The composition clearly has amfluence on the properties of the stream and, consequently, on the
design procedures. For example, the critical pressure of the fluid changesrities are present
thus, as most impurities are ldwoiling, higher pressures might be required to maingasingle
phase supercritical or denpbase. Furthermore, if20r Nz are present in the stream, pressure and
temperature drops increasedthis can not only itself cause damage to materials, but also lead to the
formation of hydrate (ice crystals), wh can damage the pipeline as w8érpa et al., 2011)

Ship transport

Nowadays there are a very few £@ansport dedicated ships, atietir dimensions go from small
(1000 nf) to medium (1500 R) (Mocellin, 2013) Equinor(2019)is recently assessing the feasibility
of using LPG transport ships, or food industry ships, with higher tank capacity (7308nch
operating conditions of 15 barg an@6 °C In any @se, the key elements for ship transport are
liquefaction, intermediate storage, loading, unloading, that can either happen oashgieithern
Lights (Figure 1.4)) or offshore.


https://northernlightsccs.com/wp-content/uploads/2021/03/RE-PM673-00011-02-Impact-Assessment.pdf
https://data.europa.eu/doi/10.2790/30861

Figure l14:Schematic representation of Equinorés Northern Li
FromA ELOO1 No r & Reeeiving ahd pgrimanent storage of:CRPlan for development, installation and
operation Part Il- ImpactAs sessment 0, ,m¥Y4Equinor, 2019
(https://northernlightscecs.com/wgontent/uploads/2021/03/REM6730001 102-ImpactAssessment. pdf

1.2.3Storage

The arriving point of the C&transport line is the storage, which takes place in a deep geological
formation as sedimentary basins, depletiédgas fields, saline formations and coal sef@&spa et

al., 2011) Onceinjected,CO, mixeswith the fluids presenin the geological storage (formation
waters or any residual natural fluids) and migrates upwards due to buoyancy. It is a fundamental
prerequisite of any type of GGtorage to have an impermeable cap rock formation above: this
prevents C®@ from migrating out (ZEP, 2019) Being unable to migratapwards CO; spreads
sideways under the cap rock. Therefore, this impermeable layer should have a sufficient side
extension taontain the spreading of ti&02 plume(Figure 1.5).

Injection wells Plugged oil wells

—
Caprock seal

Migration assisted storage in
saline formation

Caprock seal

Structural storage in
depelted oil field

Baffles within
the storage

E—————

Figure15:Schematic represent at i ongeabobicaldommatioon di oxi debds
Adaptedrom: i C £6torage Safety in the North Sea: Implications oftheE® o r a g e DyZER 2019Zerce 0 ,
Emissions Platformp. 12
(https://zeroemissionsplatform.euAgpntent/uploads/ZEfeport CO2-StorageSafetyin-the-North-SeaNow2019

3.pd)
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1.3 Environmental risk associated to CG.

Despite the interesting mitigation option that CCS offers, CCS risk should also be addressed. Past
industrial experience has helped in developing necessary safety measures to protect both the operator:
of the plant angopulation around. However, how environmental risk associated tdgakages

should be dealt with is still a debated topic, especially for what concerns the marine environment.
The focus of this work is therefore on this new burning topic: the risk dos€&LCS towards the

marine environment. Notice that specific risks can be associated to each of the stages of a CCS system
(capture, transport and storagéf). i s wor k' s at tseandriogaking plase uder the e a kK «
sea surfacewhich could either be related to subsea engineering systems, meaning pipelines
(transportlandinjection / plugged and abandoned wells (storage). Anyways, the information related

to the impact assessment still hold true for reservoir leakages.

In the following paragraph a qualitative overview of the impawft€ O, on marine environment is
presented, so to let the reader understand why there is a great urgency to address this topic.

1.3.1Adverse impact of Cn marine environment

When CQ s released in seawatérdissolveqEq. 1) and forms HCO;, that dissociates into HGO
and H (Eq. 2) that, in turn, reacts with GO1to form HCQ™. These reactiohs n e tis an iacsease t
in the concentrations of 480;, HCO;™, HY, and a decrease of GOand pH levelgEq. 3). The
chemical balances tifiese reactions are illustrated bel@m et al., 2016)

60 QP 60 Gf "O6 [1]
60 GR 0GP 060P O 060P O 60 [2]
no 11@Q [3]

As Wallmann et al(2015)underlines, C@i mpact s on macompleg and gitgatich e s a
S p e c iTHe ifirst @vident impact on the species level involvasifying organismghat havea

CaCQ shell (e.g., corals, coccolithophores, corallaine algae, molluscs, echinoderms, and
crustaceans)rhese organismere impacted, in the normal production of thekiell,not only by the

lower availability ofCOs? “ions but also by thenchantediissolution of CaC@®shells(Kim et al.,

2016) Apart from calcifying organisms, impacts are recorded also on other species, as low seawater
pH can c au fa8pH tieareasedbithe extracellular body fluids, such as blood, haemolymph,

or coelomic flui@ (Wallmann et al., 2015, p. 35}hat if uncompensated leado metabolic
depression.

1.3.2Impacts of seawater acidification on a species level

In this paragraph some examples of impacts on marine species, identifaa ley al. (2016) are
briefly reported:
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1 Phytoplankton:Kim et al. (2016, p. 142yecord alterations iHgrowth rates, respiration,
carbon fixation, photosynthesis, and C:N:P stoichiontetry

f Calcifying organisms: not only showed a decrease in the calcification rat€3QAs
concentration decreased, but also an increase in shell dissplution

1 Zooplankton: Both calcareous.¢, foraminifera, pteropod$y and non €.g, copepods)
zooplankton showed stress responses to increasede@s €.g, reduced egg production
and hatching success)

Bacteria: experiments show that N and P bacterial cycles can be altered by pH;changes

Marine invertebratesdeep sea marine invebi@tes seem to be more affected by,CO
dissolution, which can cause changesfigcidi base regulation, calcification, growth,
respiration, energy turnover, and mode of metabaligkim et al., 2016, p. 145)

1 Fish: some stress responses recordedideereased spermotility, motility, fertilization,
metabolism, cardiac output, and increased ventilaii@dim et al.,2016, p. 145)

Notice that impacts of increased €@ seawater can be recorded also on a marine community level,
meaning there can be effects icomposition, diversity, and relative abundance of phytoplankton
and of microbial communitiégKim et al., 2016, p. 145)
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1.4 Thesis objectives

According to what reported iSection 1.3, there is the evident need to assess and manage marine
environmental risk associated to CCS projects. Complete and standardized practical guidelines to
perform CCS environmental risk assessment should, theretorealle available. There are already
some existing ones, however, these are not covering in detail the engineering systems of our interest
or characterize risk only in a sewuiantitative way. The aim of this work is thus that of start setting

the way for he development of a complete and standardized procedure to perform a quantified
environmental risk assessment for the engineering systems involved in the activities of subsea
transport and storage. Further specific studies should address the accurafficiendyeof the
approaches here proposed and solve the knowledge gaps emerged, in order to establish a final and
complete procedure. All the aspects just mentionedlaoexplainedmore indepthduring the work

itself.

Beforemovinginto the heart of the worlkhe structure of the thesis is preserdgedvell asome basic
concepts on risk.
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1.5 Thesis Structure

This work iscomposed byen chapters, the first of which was thdtroduction (Chapter 1)tself,
whereinformationregardingthe background and scope of the work haen givenThe remaining
chaptersarearticulated as follows:

T

Chapter 2 Method and Approachhe approach used to develop the framework is explained
in terms of method used, structure adopiteshiringreference workand the criteriompplied
in the review process

Chapter 3 Problem formulationthe goal of the framework is stated auid an overall view
of how it will be dealt with in the procedure is presented

Chapter 4 Hazard identification and characterizatipotential leakageauses and credible
failure scenarios are identified and characterjzed

Chapter 5 Exposure asses&mt alternativeapproaches to model and analyke fate of
released C@in water and the subsequepH spatial distributiopare presented

Chapter 6 Effect assessmengeveral methods tquantify the degree of impact of GOn
the marine environment areported

Chapter 7- Frequenciegstimation methods to estimate the frequencies of the final failure
scenarios areeported, with the assumptions they are based on

Chapter 8- Risk characterizatianapproaches to determingsk are presented and
considerations regarding acceptance crit@ersamentioned in the end

Chapter 9 Discussion and recommendatioan overview of what has been don¢his work
is reported and suggestions for future researethighlighted

Chapter 10 Conclusion conclusive commentsn the whole work itself and magaps in
knowledgeare briefly dealt with

14



1.6 Basic concepts on risk

Before reporting some risk and risk description definitions, the meaning of some key terms needs to
be presented first:

1 Risk source: Element (action, sabtivity, component, system, event, etc.) which alone or in
combination with other elements has tlséegmtial to give rise to some specified consequences
(typically undesirable consequences)

Hazard: Arisk sourcewhere the potential consequences relate to harm.
Harm: Physical or psychological injury or damage

Damage: Loss of something desirable

Adverse consequences: Unfavorable consequences

= =2 =4 4 =9

Impacts: The effects that the consequences have on specified values (such as human life and
health, environment and economic assets)

1 Severity: The magnitude of the damage, harm, etc
(SRA, 2018, p. 6)

There are mangualitative definitions of risk, as exemplified by the list from the Society of Risk
Analysis glossary (SRA, 2018):

1. Risk is the possibility of an unfortunate occurrence
Risk is the potential for realization of unwanted, negative consequences of an event
Risk is expagre to a proposition (e.g., the occurrence of a loss) of which one is uncertain

Risk is the consequences of the activity and associated uncertainties

a &~ D

Risk is uncertainty about and severity of the consequences of an activity with respect to
something thatimans value

6. Risk is the occurrences of some specified consequences of the activity and associated
uncertainties

7. Risk is the deviation from a reference value and associated uncertainties ISO defines risk as
the effect of uncertainty on objectives.

(p. 4)

Examples of quantitative risk descriptions in useadgsereported by SRA2018)

1. The combination of probability and magnitude / severity of consequences

2. The combination of the probability of a hazard occurring and a vulnerability metric given the
occurrence of the hazard

3. The triplet (§ p, G), where si is theé"i scenario, pi is the probability of that scenario, and ci is
the consequence of tHescen ar i o, i = 1, 2, €& N.
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4. The triplet (Co, Q, K), where CO0 is some Sy
associated with C06 (typically probability),
Q (which includes a judgment of the strengtlhis knowledge)

(p- 4)

With reference to the last definition, notice thbbability is afi measur e f or repr
expressing uncertainty, variation or beliefs, following the rules of probabildyl ¢ (SRA, 2048,
p. 5) A probabiity is defined for a specific time interval, sometimes called the mission time

In this thesis we will be referring to frequency when sometimes also the term probability could have
been usedTo clarify, a frequency is the expected number of occurrgpeeBme unit, so it applies

when the event can occur more than once, while a probability is used if the event may occur only
once.If a frequency is sufficiently small, for example less than 0.1, it can be interpreted approximately

as a probability (as éhprobability of more than 1 occurrencehisnnegligide) (Aven, 2006)

16



22.Met hodappndach

2.1 CCS framework development

In recentyears, carbon capture and storhgesea a rapid increase in its implementation due to the
spreading consciousness of its benefits, from hatkenvironmentgboint of view, by means of the
abatement of GHGs’' emi s s i,bonwhatcoaceratheenajar praducers a | |
of CO.. However, his sudderinterest towards thmitigation option for greenhouse gas reductjon
offered by CCS isnow posing different questions teworldwide risk expertsmany are indeed
finalizing their studies afinding these answer§he reason behind this is that, fas any other
industrial processthere is the impelling neetb assess and managek, for humans and the
environment.As mentioned in the introduction, for whabncerns the environmental aspects
especially beingCCSsuch a newborn field of studyit carries the weight of not havingorldwide
shared and commapractical guidelinegoncerning risk assessmeAt the state of the arsome
procedureslo exist for exampleWallmann et al(2015), but usuallythey have a limitedield of
applicability and tend to usesemiquantitativecharacterization of risk.

Koornneef et al(2011) already back in 2011, brought out the tofvdth reference to the storage

part), underlining the absence @methodological standatd asseswhether and howepresentative
scenarios should be modelled to quantitatively estimate risk, and recommending the development of
guidelines for risk assessment.

Having set the contesthe drivinginterestbehind the present work i©w becoming evidenthere
is not only the challenge, buhenecessit to developastandardised and robysiocedurdo perform
carbon capture and storagievironmentatisk assessment

The structure on whicthe methodological framework or CCS’ envi ronnpbkaht al
this work aimed at developing, is based upon the results emerlygiaekin et al(2020) First of

all, the definition given in the lastmentionedarticle, of ‘methodological framewotks: fa tool to

guide the developer through a sequence of steps to complete a procedure. Methodology is defined as
the group of methods used in a specifiett, and framework is defined as a structoferules or

idea® (McMeekin et al., 2020, p. 2)

McMeekin et al.(2020) identifies three fundamertphases in which the procedute build a
methodological frameworlcan be divided into:

1 Phase 1i identifying evidence to inform thraethodological frameworKThis phase is
split into two; the first is identifying previous frameworkgyardance which are used for
the foundations of the new methodological framework, the second is identifying new data
to help develop the methodological framework.

(p. 6)

1 Phase 2 developing the methodological framewotk this phase the frameworks or
guidance identified if?hase 1 are adaptedpmbined with other guidance abdilt upon
to create the foundations of the new methodolodgieatework] ...Pnce the information
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is extracted itshould be analysed, synthesised, and groupe@mnealgamatedinto
categories to inform the new framewgrk ..]

[The process igerative] fi &er grouping oramalgamation of the new data, it should be
brought backio key experts and the study team for refinement. ilehetive approach
should befollowed until consensus iseached on the proposed methodological
frameworlo.

(Pp. 67)

1 Phase 3 evaluate and refindn this final stage the proposed methodological framework
should be evaluated and refined.

(p-7)

The presentvork is not intended to solve the detail of each knowledge gap that could emerge during
the development of a framework, hu least,to group, and, by thisshed light on someexisting
possibleways to perfornC C Srisk assessmemind point out the aspects that would require better
and specifiansights This is the reason whye will refer to the work as ‘greliminary framework,

meant to set a base, a starting point, for future studies oriented towards this direction.

What will thus follow in the next chapters is the result of a literature review regaehisiing
approaches to characterize environmental risk associated to subseap€lides andnjection /

plugged and abandone&cklls. Overall, he integratiorand conparison betweedifferent points of

view has permitted the definition of a prelimindryr a me wstructiré for environmental risk
assessmegtssoci ated to CCS’ activities of transpor
inactive life

18



22ERA G s st r mecdssamirgegrationd

The preliminary frameworkthis work is intationed to developin part followsthe four phases
structure ofthe generaénvironmentalisk assessmengRA). For each of the phases, some relevant
elementshave been shortlisted byora et al.(2021)andusedhereto suggest the ERA framework
for CCS.Thereasons behinthe choiceof theserelevant aspectare extensively explained the
article(Vora et al., 2021 )heirconclusions have beeonsidered applicable heteing EOR a really
closefield to CCS A brief summay is also reportetielow.

The four phases are definbg Vora et al.(2021)as follows:

AProblem formulation: This is the first step in any ERA process where information about
goals, hazard sources, contaminants of concern, assessment endpoint and methodology for
characterizing exposure and effects is collected for an explicitly stated problem.

AExposure Assessment: It is a process of measuring or estimating the exposure in terms of
intensity, space and time in units that can be combined with effects assessment to characterize

risk.
A Effects Assessment: T h e tp characterze thecatlverdeh e ¢
effects by a contaminant under an exposure condition to a receptor.
A Risk characterization: The process of e
impacts based on the information collected from exposure and effests@ment.
(p- 3)
Problem Exposure Effects Risk
Formulation Assessment Assessment Characterization

Figure 2.1:Key steps in thenvironmentakisk assessment

For each one of the stefiSgure2.1), somesignificant elementhave been identifiedAmongthese,
the ones of our intereate the following:

a) Problem Formulatio:
1 Management goalsetting thegoat

1 Regulatory contextegislative frameworkhat applies to the aspect analysed (storage
/ transport injection);

1 Review of existing site informatioguidance on howo select a site and how to collect
all the informaton neededo completetheenvironmental risk analysis

1 Contaminants of potential concef@OC) identification of all contaminants which
may cause and adverse efféct st t es$ hp si t eZome egamplesr o n m
referred taCOz releases in seawatareCQOgitself, impurities that might be present in
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the streamand heavy metaldissolved from the sedimenf{due toan increase in
seawatencidity caused byC O, dissolutior);

1 Factors controlling the stressadentification of all the factors that affect thpatial
distributionof the stressar which, in the case of CC&remeant asll those factors
that have an influence pfor examplethe degree of variationf acidity, induced by
a release of C®the degree aflissoled CO,, etc;

With the scop®f only showng some exampleshesefactorscould bewater currents,
thesize of the leakagéhevelocity of the release, ejc.

1 Receptors of conce(ROCY) identification of all the organisms thaduld suffer from
the presence of a pot.dnthe coatext of tetfraneewamko r
this meansthe procedurethat need to be followed to perform this ROCs
identification

1 Exposure pathwaysdentification of theways by which a ROC can enter in contact
with a stressonwater, sediment..);

1 Conceptual modekxplanation of theonnectios betweerkey information regarding
contaminant sourcesheir fate through the exposurpathway ther contact with
receptors of concerrand howefficiently this is given relevance in thenodelling
approach

1 Protection goals and acceptable effects level

1 Assessment endpoint: explicit expression of the environmental value (meant as
specific fitnesdevel) to be protected, with reference to a precise receptor. Endpoint
properties could include population demographics, biomass, genetic variability,
physical condition, chemical and biological parameters fielogical effects often
used as biomarksy et¢

1 Measurement Endpoints: measure of effects, meant as changes in an assessment
endpoint, reported by a ROC. Examples could be NOEC, PNEé&, ECso, etc.
thresholds or directly chemical and biological informatiem( biomarkers).

b) Exposureassessment
1 Stressor informatian

- Releaseidentificationof all the necessary information associated to
the release

- Dispersion identificationof COC’ s di s pnelacsuracyn p a
of theapproach usedn our case, the outpusbould be th@H spatial
distribution thedissolved CQspatial distribution, etg.

1 Exposure media informatiordentification of all the useful information related to the
exposure pathway. In our case this meforsexamplewater currents, tides, seater
temperature, salinity etc.

Notice that: theelease may not be continuous in case of an accidental release
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c) Effectsassessment

1 Types of effect assessmentmeasuresd e gr ee of negative | mpe
levels which canresult, forexample, inchanges in reproduction rates, in death or
chemicalor biological parameters, efc.

1 Linkage of measures of effect to an assessment endpomtithe fitness level of
organisms can be measuyred

1 Stressor response analysisow responseasultsareanalysedwhich, in other words,
meansif the results are interpreted in a qualitative /sgomntitative / quantitative

way.

Notice that: theassessment also needs to account for whether or not the organisms are
present in the areat riskat the time of the release.

d) Risk characterizatian
1 Risk description: how risk is being deéd

1 Approaches for risk estimatioprocedure used to estimate risk avttetherthe result
is in aqualitative/ semiquantitativé quantitative form

1 Riskevaluationcriteriausedto compareghe resuk computechgainstimit thresholds
with the ai m significdreet er mi ne ri sk’s

Notice that, 6r thedevelopment of th&amework, some integrations taslgeneral ERA structure
needed to benade.First of all, relevancdéas been giverwith a dedicated step of the framework
(previous to the exposure assessmettt),the * h a zidentificatiori , t hat i's the
identificati on o ftheanhlgsed systenraand fgr whictv caoshsginformation

will then be used as input to describe éx@ectecconsequencehat could arisérom eacheakage
scenario.

The other observation concerns the risk characterization. Risk can be described in different ways, for
instance, when initially pointing out the four steps of the process, risk characterization was defined
by Vora et al(2021)a sthe‘process of estimating the magnitude of adwsrskgical impacts based

on the information col |l ect e d(p. B)thastobdbenoteed thate an
in this definition, no reference is made to the uncertainty of the scenario, measured by its frequency
or probability, but onlyto its magnitude. That is, much of the focus and modelling effort in an ERA

is typically placed on assessing the impact magnitude of a release and less on modelling and assessing
the occurrence uncertainty of the release scenario. To clarify, the uniyeassociated with the
parameters of a release, determining its magnitude, such as the flowrate or pollutant concentration,
may be low. Accordingly, the comment above concerns the uncertainty about the occurrence or not
of the release scenario in the figace. Neglecting this uncertainty assessment is something that
often happens in environmental risk assessments, however, in drafting this framework, we did not
consider it being an option, thus, modhedimcat:
of considering the frequency assessment. This work is indeed consistent with the definitions of risk
thatcombine both the influence of the magnitude of a damaging event amgté<ainty (measured

by frequency or probability).
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To sum up, the fial approach followed to develop the framework sees the combination of the general
ERA structure and the genefiantitativeRisk Analysis(QRA) structure briefly reportenh Figure

2.2 below. Notice thatthe analysisof the consequences the QRA,includes both the exposure
assessment and the effect assessrhentever,in this workwe preferred to dedicate two different
chaptergespectivelyto theexposure and effecessessment.

What How frequentl Is the risk
undesirable What are the 9 y associated to
can they
events can consequences? happen? the process
happen? ppen: acceptable?

Figure 2.2:Keysteps in theuantitativerisk analysis
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2.3 Existing ERA procedures

As saidin Section 2.2, the starting point of the present work is based on the analysis of already
existing procedures for environmental risk assessment of CCS. This has been fundamental to acquire
knowl edge on CCS’ ERA procedures develschgmed up
aboveexposedto start thinkng of possible modificationsintegrations that could have been made.
Among the existing ERA procedures, t wo repre
‘st ar t |doegto tipew specific focus on CCBdatheir completeness

1 The European project EG@QNallmann et al., 2015)
1 DNV GL risk assessment of t&lorthern Light§ E g u i mroject(DNV GL, 2019)

2.3.1ECO,

The ECQO; project was fundedly the EU to assedhe environmental risks associated with the-sub
seabed storag@eservoir and wellspf CO; and to providepracticalguidelineson environmental
practicesA remark has to be made on the fact that E€@cusis on all of those aspects related to
storage leakagesnly, which arenot of our interesfor what concerns the reservoir, but only for the
aspects concerning injection weld.o we ver , apart from t hterestofenar i
the approach is of extreme relevance to our work, H€S,i s her e pr esdatinged an
points .’

For its developmentcomprehensive offshore field progransret the Norwegiarstorage sites
Sleipner and Snghvivere conducted. This helpewt only identify potentialpathways for C@
leakage through the overburgdsut alsoanalysethe benthic biotaresponse to C© Moreover,
ECOy guidelineshavebeen developed in compliance with tegal frameworkor CCS As stated
in Wallmann et al(2015)

ECO, developed a generic approach for assessing consequences, probability and risk
associated with subeabedCO2 storage based on the assessment of i) the environmental
value of local organisms ankiiological resources, ii) the potentially affected fractioh o
population or habitat, iii) the vulnerability ofnd the impact on the valued environmental
resource, iv) consequences (based on stépg)i v) propensity to leak, vi) environmental

risk (based on steps iv and v).

(p. 1)

At last it is worthbeing noticed thaECO; consortiumwasvery diversified 24 research institutes
took partin it, in addition tone independent foundation (DNV GL) anddimmercial entities (Statoll
AS and Grupa LotgsA total of nineEuropean countriggarticipated Gemany, Norway, U.K., Italy,
The Netherlands, Poland, Belgium, Swedé&mance).
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2.3.2DNV GLrisk assessmeifvr Equinor

This environmentatisk assessmeirias beeronducted bypNV GL for theNorthern Lights project
TheNor t her n L iaigistostudy theofgaghbdity of SCS implementation on the continental
shelf, and is guided by Equinor in collaboration with As Norske Shell and Total(B&RF GL,
2019) The approach usead this ERAIs divided in the same six phas#fsECO,. The risk analysis
includes possible leakages from injection well and from transport pipelines.

2.3.3Evaluation againsselectedERAT QRA steps

The two above mentioned approaches weeathc ompar ed to the selecte
complete of th@ecessaryntegrations, related to the hazard identificatod frequency assessment
presentedn the previous paragraphhe‘hazard identificatiors t dgsherebeen divided into two
steps (‘causes‘ahdraetctbnigaesbnaotl failure sc
the identification ofeakage causemnd the failure scenarios characterization have tealt with in

the two procedure#\s saidat the beginning of thiSection (23), this comparison was useful to start
thinking of necessarynodificationsandintegrationsn the perspective afevelopng theframework

object of this studyThe resul of this comparison argualitatively reportedn the Tade 2.1, where

colours indicate how wedlach of the steps was dealt wiloticethat:for simplicity, in Tableletter

A and Brefer, respectivelyto ECQ project(Wallmann et al., 2015nd DNV GL project for Equinor

(DNV GL, 2019) The legendthat explains the meaning of the different colours ysegdresented

under the table.

One note has to be made regardingctiiterion used to assess the colour of the cells: some cells may
have been given a colour correspondimg low or mediuntevel of detaileitherbecauséhatspecific
aspect wasot mentionedor wasneglected in somef its parts, or either because thesult wasot
relevant to our workTo let the reader better understaiing followingexample is presenteBECO,’ s
focus, as stated above, is tsi@rage ifeservoirand wells) thus some of its results might not be
consistent with the aspects we are considering in the present work.

Problem formulation A B
Management goals

Regulatory context

Review of existing site information
Contaminants of potential concern

Factors controlling thetressor

Receptors of concern

Exposure pathways

Conceptual model

Protection goals and acceptable effects level
Assessment endpoint

Measurement Endpoints
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Hazard identification and characterization
Causesnd Techniques
Characterization of failure scenarios

Exposure assessment

Stressor information: Release
Stressor information: Dispersion
Exposure media information

Effects assessment
Assessment measures dimtage to measurements endpoints
Stressor Response analysis

| Frequenciesassessment

Risk characterization

Risk description

Approaches for risk estimation
Risk evaluation

diiin

Legend: Level of detail covered
Considered in substantial detalil
Considered in limited detail
Not considered

Table 2.1:Qualitative evaluatiorof projects AECQO,) and B(DNV GL for Equinorjagainstthe selectedERAT QRA
steps

The reason behind each valassigneds briefly reported belovand will, anyways, appear clearer
during the development of the framework, wheeach of the steps mention&d|l be analysed in
greaer detail

The reasons behind thssignation of eadh o xcblaur arethe following
a) ProblemFormulation

1 Management goalsioth prgecs clearly set their goals (mentionedSections2.3.1
and 2.3.2,

1 Regulatory contextboth projectswere developed in agreement to the relevant
regulatory contex

1 Review of existing site informatioranly project Apresents techniques to approach
the selection of the site, as in project B the site has already been selected. Both projects
efficiently collect all the information needddr what concerns the ROCs (through
ESBA methodologyWallmann et al., 201%)
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1 Contaminants of potential concern (COB9th projects focus their attention only on
CO,, which, as will be explained i@hapter 3 is the only stressor considered in this
work as welj

1 Factors controlling the stressoproject A considersb ot h t he speci
hydrodynamic ¢ee forexamplethe workby Ulfsnes et al. (2015)), through a dedicated
model, and all the othgrvossibleparameters that could influendeetrelease, that
appear as factors in the transport medesled(seethe work byDewar, Chen, et al.
(2013). By contrary, project B does not account either for the hydrodynamic or other
specific factos controlling the stressor, indeed ttispersiormodelling is performed
in avery conservativavay (seeChapter 3;

1 Receptors of concern (RQoth projects follow ESBA approa¢ivallmann et al.,
2015) which has proven to be an efficient method to scoegthe site in terms of
ROCs

1 Exposure pathwaysoth projects identify water @potential exposure pathway and
in addition,project Aidentifies the sediments as welll{ich isnot in the scope ajur
work, as explained iSection 1.3

1 Conceptual model:both projects well explain theonnections between key
information regarding contaminant sources, their fate through the exposure pathway
andtheir contact with receptors of concern

1 Protection goals and acceptable effects lqualjectA clearlydefines protection goals
throughacceptable effec@nd riskdevelsand they are used by project B as well

1 Assessmerdind measuremengndpoint:both projectsise available literature data
order to identify dimit threshold value of the concentration of the COC to which the
organisn ca be exposed without reporting any adveféect. However,nowadays,
approaches that permit to obtaamore detailedinformation regardingor gani s ms '
responsgto the stressasrare available

b) Hazard Identificatiomand characterization

1 Causesand TechniqueProject A identifies possiblailure scenarios by means of a
site-specific model, thuall possiblespecific causeshatWallmann et al(2015)were

able to identify,are consideredinside the modellingln Project Bwe | | s’ fai
scenarios are the result of a specific analysis of the site, while for pipelines standard
holes’ si;ze were used

1 Characterization ofdilure scenarios: both projecthrough the approaches mentioned
above,are able tadentify a wide range of failure snarios. In both project a good
characterization of the release is performed, in terms of diameter of the leakage and /
or mass flowrate released

c) Exposureassessment:

9 Stressor information:

26



- Releaseproject A focuses on releases from the stoeagkassociates
to them a mass flowrate based on model calculat®ogect B,whose
focusesds on pipelines and wellsises a specific software to calculate
the parameters related to the release

- Dispersion project A has developed a specific modelling apgnda
simulate the dispersion, while project B, the case oWvells releases
simply scales upor down the results computedin a case study
performed byproject A (Ulfsnes et al., 2015and,f o r pipel.i
releases, uses a very simplified and conservative model

1 Exposure media informatioproject A accounts fauseful information related to the
exposure pathwagwater currents, tides, seawatemperature, salinity ejcthrough
the hydrodynamic model, while project B does not account for.them

d) Effectsassessment:

1 Assessment measures and linkage to measurements endpoints: both projects use
ESBA methodology and, depending on what type ofida®ailable in literature, they
identify a threshold value of the concentration of the COC to which the organism can
be exposed without reporting any adverse effect

1 Stressor- Response analysis: both projects use ahproachby Wallmann et al.
(2015) which,identifiesthe degree of impact depending on the value of the resourc
being assessed. The criteria for assigning value are qualitatiyean area of
‘“medi um v dfg]wea with iegionahimportance for species and habitats,
and/or having national Red List species/habitats classified as data deficient (DD) or
nearly threatened (ND) (Wallmann et al 2015, p.19). Still, asWallmann et al
(2015)say, there is a rational behind the assignation of the value to each resource,
which must be tragable and documented.

e) Frequenciesssessment: project A develops a specific approach to determine the propensity
of storageleaks, based orBayesan networks. Project B usatata sourcefor wells and a
specific approaclibased on data source®y offshore pipelines, developed by DNV GL
(2017)

f) Riskcharacterization:

1 Risk descriptionin both projects risk is defined with reference to the severity of the
consequences and the uncertainty associated tofiae failure scenario (in
compliance with risk descriptiorggvenin Section 1.8,

1 Approaches for risk estimatiorboth projects use the samens-quantitative
approach, developed byallmann et al(2015)

1 Risk evaluation: acceptability criteria are defined \Wallmann et al.(2015) and
results are evaluatejainst them. These criteria are in a risk matrix format. If a fully
guantitative risk characterization is made in the form of a release frequency and a
numerical impact/magnitude prediction, these numbers can be plotted in the risk
matrix if the frequendiprobability and impact severity categories used in the matrix
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are associated with clearly defined numerical values. Alternatively, fully quantitative
acceptability criteria should be established.

Notice that in the development of the framewotke mostogical way of presenting each topic has
been followed, thusot every step of theroceduras preciselyarticulated followinghe exactsame
points reported her&lore specifically

T Therdbl em formul ati on f ol | o wmshe exaciasantelorder t h e
because it appeared to us the most logical way to structure it

1 T h édazdrd identificatiorand characterizations divided in two partsa first one where
failurecauses are identifiednd linked to credible leakageenariogthat should be modelled
during a risk assessmenfind a second one quantitative, where failure scenarios are
characterized in terms of mass flowrate releasddakage hole size, etc.

T Thexposur e & sdiddednsratease aind dispersion modelling, as the exposure
media informationmeaning hydrodynamic aspedtsalready integrated in the discussion of
car bon ddpasionde’ s

T The ‘satbestment’ i s dfiesvtleelidengifieation bboththevaeatp ar t s
be examined andboth of the most representative organistingng there and, then, the
selection of endpoints to quantify the degree of impact

1 Th efrequencie® s t i mia articudated in only one chapter

The ‘“ri sk c lenls anytwath nisk estimatomas, for what concerns risk
description,it is developed irSection 1.6 assomebasic knowledge on risk needed to be
recalled before the presentation of the framewand, for what concerns risk evaluation,
only general consideratioimave beemade, ashe definition of acceptance criteria was out
of the scope of this work
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2.4Review approach

It is important, before presenting the work, to mekplicit the review approach that has been used
to develop the framework.

The starting idea has been set by the two works mention8dction 2.3ECGO; project and DNV

GL project for Equinor) and, i n compliance wi
suggestions and approaches have been introduced. It is thus fundamental to explain why and how
additional material has been collected, andtod all used.

The principal reasons are three. First of all, there was the interest to find the newest solutions to
approach environmental risk analysis for the case of CCS. Moreovernwidietbe urge to add more

details to the method, to generalizda s appl i cabi | ity Anddinaly,oyrtrueew C
interest was to be able to express risk in a quantified way: this implied expressing both the
environmental impact of the failure scenario and its frequency in a fully quantified way. lofboth

the projects mentioned above, the risk characterization is made using a risk matrix format, with
gualitative labels being used for the impact seveeity.( maj or ' ), for t heg.,fr eqgt
‘“unli kely’”) and foregd,‘’hee Ve ma | Moesgraitingh, ¢uangifgingf i c a
risk has indeed, also in this work, represented a major obstacle. The reasobehatributed to the

fact that only a few quantified approacliifes the different steps) exist, many of which have not been

fully developedor validatedyet. Despite the evidence of knowledge gaps, this framework tried to
comprehend more approaches as possible, even if some absolutely need to be further improved. Thus
to summarize, every step has been added in most details possible and quantified approaches have
been proposed.
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2.5Utility and limitations of the framework

The scope of this work has been briefly discuss&ertionl.4, but some othesbservations are due.

As explained abovehe frameworkdeveloped by this worls at its preliminary staget is therfore

meant to set the way for future studies and reseafolwever in the meanwhile, albeit being
incomplete,it can alreadybe usefulin some on field applicationg.o clarify, its incompleteness
resides in the fact that not every single aspect has been treated in the required detail, because this
could have implied yars ofe x p ereseéarch, and also that, for the same reason, alternatives are only
presented, and not a final s e | eis giverdemd ofphases o w 't
2 and phas@ of McMeekinet al.(2020)are not coveredHowever, this work could potentially be
already useful to companies, willing to implement C&tSeasto guidein the risk assessmefiom

a methodological point of viewthrough astepby-step approachand to help in the choice of risk

a s s e s spmoeedures & severabf them are proposedThe real scope and strength of this
framework, indeed, is not to propose a final and complete methodalsdlyis wasot feasible with

such a limited amount of timbut to collect, summariznd, when possib| tocompareand combine

what has been done since now in terms of risk assessment procedures,far@B83% something

that hasotbeen undertaken beforehus, despite not being a final solution, it could alrgaayide

a reduction of cost humanwork investedy companiegor C C Sisk assessmenkelpingimprove

the consistengyobustnessnd reporting of the activity

Moreover, methodological guidelines for CCS risk assessment could also contabtie
development of more accurate monitoring techniques, enabling a finer integration of environmental
risk considerations in the operational activitidshe plant This aspect will be further discussed in
Section 6.2.4dedicated tahe biomarkersbasedSSDs.

For whatconcerns knowledge gaps, these efifiergeduring thedrafting of the frameworkand will
be discussed i@hapters 9 and 180 to give somevidence of the need for targeted future studies
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SProbl em formul ati on

The first step of the ERA consists in the problem formulation. Its fundamental aspects have been
highlighted previously and are here articulated in detail.

3.1 Management goals

If a final goal ha to be clearly stated out this would be to guarantee that the environmental risk
associated to undesired leakages from subseap@@®lines andCO; injection and plugged and
abandonedvells, in the context of CCS, liesithin acceptable limits. Being risk a function of
frequency and 1 mpact s’ magni tude of a failure
the extent otlamaging effecten the marine environment, in case a leakage could happen, is smaller
thanacceptability impact thresholds, and that risk itself, that combines magnitude and frequency, is
lower than risk acceptability thresholds. These threshold values quantify to which extent a certain
damage/ risk is acceptable, which is associatedetx t e r n a | factors as soc
Therefore, in order to be applicable to real case scenarios, this framework has to be coupled with
more preferablyrisk acceptacecriteria.

3.2 Regulatory context

CCS risk assessmemiust satisfy theegulatoryrequirements set by the legaintext that holds both

on a global level, meaning international or European, and on the local one, meaning the state
jurisdiction, which is usually more stringent. Some examples of CCSsubsea pipelin
regulationsare:

1 EU Directive on geological storage of €Q009/31/EC(usually referred to as the CCS
Directive} it is the fiprimary and only dedicated piece of European legislation for €CS
(Wallmann et al., 2015, p. 6) fundamental aspedatealt with in the directivas the necessity
for obtaining arexploration and C&storage permitlt focuses on thebligatory components
of a storage permitneaningfisite selection procedures, site characterisation, monitoring
plans, financialsecurity and liability transfer protocads(Wallmann et al., 2015, p. 6)
Moreover, it strengthens the fact that $eepe of reachingffectiveoffshore CCSegulatiors
cannot beachievedoy theEU aloneg butonly in the perspective of a wider legal framework,
through

The obligations arising out of the 1996 London Protocol to the 1972 Convention on
the Prevention of Marine Pollution by Dumping of Wastes @titer Matter (1996
London Protocol) and the Convention for the Protection of the Marine Environment
of the NorthEast Atlantic (OSPAR Convention)

(Wallmann et al., 2015, p. 8)
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1 International Agreements (London Ryool, OSPAR Convention)these international
agreements deal witthe protection of the marine environmeM/allmann et al.(2015)
remindsthatiithe OSPAR Convention and the London Protocol have developed a framework
for risk assessment and management for CO2 sequestration iseabbd geological
structures, abbreviated to FRANp. 8).

1 Environmental liability Directive 2004/35/E(ELD): it focuses on thedamage to protective
species and habitats, water and land, causgdabspecified list of economic activities
(Wallmann et al., 2015, p. 9 relevant aspect, that the procesldeals withis that if in the
CCS site someprotected specigsecosystemsare identified, according tolb, the risk in
case of leakage idigher and the accurateestablishment of baseline conditsoms
recommended

1 EU Emission Trading SchemeMonitoring and Reporting 2003/87/E@ determines the
method"to take into account any G@hat is either purposely vented (i.e. for maintenance or
safety) or can be considered as fugitive emissigiidallmann et al., 2015, p. 10)

1 Pipelines Safety Regulations 1996 (PStRese applywith only a few exceptiongp all
pipelines in Great Britain and in territorial waters of the UK Continental $he&Huide to the
Pipelines Safety Regulations 199®96) Theyexpresggeneral dutiesor all pipelines and
additionalonesfor major accident hazard pipelines (MAHR®ttransport dangerous fluids.

Also, some regulations for the offshore oil and gas industaeshave direct relevance to CCS
applicationssome examples are presentgdheEnergy Institute (Great Britairf2013)

3.3 Review of existing site information

A fundamental step lies in the selection of the site: already established procedures are reported in
literature (see for exampMallmann et al(2015) and will not be extensively explained here as
storage aspects are not dealt with in this wiivkereasattentionis given tothe collection of site
information around the storage area (in which the injection well is located too) and the area
surrounding the pipelin@.he reason behind this is thaitd collection is essential to have a precise
map ofthe area, in terms of site characteristics and marine environferecise and detailed

technicalmap of the offshor€CSfield andt he tr ansport pipel i thes’ S
addition ofinformation on the hydrodynamic of the site, of theditions of temperature and pressure
at various water depths, of the pipelines’ di

pH / pCQ (refer toWallmann et al(2015)for further detailson how to perform baseline studies)
etc. While, for what concerndata on the marine environmetite marineorganisms, living in the
area at riskshouldbe identified andheir environmental valué vulnerability be assessdsed on
clear criteria, so to not overloaky type of receptor of concemy possible approach is, for example,
the one suggested by E€froject, applied also by DNV GL fohé Northern Lights projectyhich

is explained in the chapter dedicated to the impacts assessment.
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3.4 Contaminants of potential concern (COC)

The contaminants of potential concern in the case ofr€l@ase in seawater, due to transport and
injection failure scenarios, are, first of all, @@elf and, secondly, H deriving from the reaction of

CO with water. Other COCs can be identified in the impurities present in thst@&@m and heavy
metalsthat could dissolve into water from the sediment, due to the increase in seawater acidity. These
last two are not further deepened in the present work for some specific reasons distussed

below.

For what concerns the concentration of impuritrethe CQ stream, it is generally neglectable with
respect to that of C as the composition must be conform to legislative constraints. Different
upstream processes are indeed devoted to the purification of the stream before transport, meaning the
removal of impurities. We can thus assume that the composition es@€€am is strictly monitored

to be consistent with the legislation in place. Therefore, if a release happens, the effects caused by
impurities on the environmental habitat can be neglectedrlg, if in the real casstudy this general
hypothesis does not applwhich could happen, due to economic constraiasstheremoval of
impurities from a stream & very expensive operatiotihe effect of impurities on the habitat has to

be assessed as well.

A similar reasoning applies teeavy metalstheir dissolution from the sediments into water is strictly
related to the presence of heavy metals in the soil and the degree of vafdtierpH. Generally,

during the selection of the site, attention is paid to the composition of the soil, and especially to the
presence of heavy metals. If the sediments of a specific site are rich in heavy metals, that site is usually
left out from thepotentially interesting ones. In addition to that, the dissolution of heavy metals, if
present, is only associated to major changes in pH with respect to the baseline pH, thus meaning only

extreme case scenari os. T o c ovimoorheatal enpacticanedbe y m
generally neglected for the case of CCS’ fail
which the site’s sediments are rich in them.

3.5Factors controlling the stressor

The factors that affect the spatitistribuion of the stressors are associated both to the characteristics
of the release, meaning the depth of the rel
physical state, and both to the hydrodynamic of the site, thus, the presence of water, ¢herents
temperature, the salinity, etc. All these parameters are inputs to either release or dispersion models
and are therefore dealith in moredetail further on in the exposure assessment.

3.6 Receptors of concern (ROC)

The identification of the organisms, livingtine area of interest, that cowddffer from the presence

of one of the abovenentioned stressors in their habitat, has to be d@ased on clear criteria
Valuable and vulnerable sispecific organisms hawe be identified. This means that, once having
screened out all the organisms present in the area, some prioritization has to be done to narrow the
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analysis. A possible method to prioritize could be to assess the sensitivity, intended as exposure
threshold, for each of the present species; otherwise, their value could be identified. Available
methods to draft a prioritization are, for example, ESBA methodology presented hy\E&dnann

et al., 2015)and also used by DNV G[2019) As for the site information, this as well will be
explained during the effect assessment.

3.7 Exposure pathways

The exposure pathays by which a ROC can enter in contact with one of the stressors are essentially
water and sediment. In this study attention is focused only on the water exposure pathway, as the
releases analysed take place directly in water. The reason for thisssedhéti ment ' s pat hw
associated to CQeakages deriving from faults and fractures in the reservoir (carbon storage), thus
here not considered.

A note has to be made: having assumed water as the only possible pathway fetr&&9@ contact

does mwt imply that, when identifying the ROCs, organisms living on the seabed (for example
bivalves, molluscs, etc..) can be neglecteged, b
can get in contact with the seabed as well. It is evident thatiéméification and modelling of the
transport mechanisms behind water exposure pathway is a key point of thigheadletail of it is

not reported in théramework butcan be found in the literature related to each matiek Either
simulates the release or the dispersmesented

3.8Conceptual model

The conceptual model consists in the links and relations between contaminant sources, their fate,
trough the spedit exposure pathway, and thentact with theeceptors of concern. The conceptual
model thus represents the reasoning on which the full method is based upéull’ byeaning
complete in all its consequential steps.

In practice, these connections, from a methodological point of view, are given relevance in the
framework through the use skveral consequential modelsat account for each of the abeve
mentioned aspectslowever, lefore any model can be appliédzard need to belearlyidentified,

whi ch means ans weWhatnag gotwmng®/aeundgsirable ¢vents san happen?

After that,a characterization of the credible failure scendnamsto be performeas credible failure
scenarios are those that shouldimeulatedwithin a risk assessmeiim order to understand the level
of risk the environmenis exposed to, and eventuailytroducerequiredsafety measuresailure
scenariogan eitheibe characerizeddirectly in terms of mass flowrate released or by the expected
failure holes d i m.énrihss last case, a release model has to be applied to derive the mass flowrate
released. Having collected all the necessary information regardingldase (mass flowrate and
other information at the point of the release) and the surrounding site (depth, temperature, salinity,
hydrodynamic etc.), the fate of the COC (@hrough the exposure pathway (water) can be
described through dispersion moddlspersion models compute the spatial distributiorthef
physical effectrising from the releasén the case ch CQ release in watethe physical effeatan
be seen asIC concentratior{dissolvedCO, in water) as CQ is soluble in water. The dissolution
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of the CQ plume will cause changes in dissoheabon pCQ, pH (usuallypH is considered a good
proxy for pCQ (Ulfsnes et al., 2015; Wallmann et al., 201®fc More precisely, the dsolution of
CQO, in seawater forms ¥ Os, that quickly dissociates into'tand HCQ™. H*, in turn, reacts with
COs? "to form HCQ™. The net effect of C@dissolution causes an increase #Cls, HCO;™, HY
concentrations and a decrease ins€@nd pH levelsThe spatial distribution of pCQor pH can
thenbe correlated to dosesponse curves to identify the spatial distribution of the impactseon
selected ROCd 0 obtain accuratdoseresponse curves, is fundamentalffirst of all, to understand
how marine speciesmight be influencedby alteredexternal CQ levels andchanges irmarine
carbonate chemistrKim et al.(2016) reportsthatelevated CQlevels in seawateranimpact marine
organisms‘via decreased CaC{saturation (which is directly related tcalcification rates), or
through a disturbance in aditbase metaboliphysiology (p. 141). Having identified the type of
impact,it has to beanalysedhow these organisms might respond to diffetengls of the stressor,
thereforereliable measurement endpoints shoulddélectedand doseesponse curvese drawn

This study, by combining different sources of information and several methods, is aiming at
strengthening the robustness of the dagpathway that connects the accidental release ot€i>
dispersion, dissolution in water and impact on marine environrAd¢teintion hasndeedbeen paid

not only to the identification of valid methods approach each of the stefmjt alsoat not
overlooking any relevarmgarameterthat could have an influence on release, dispersianpact.

Only further, in the discussion, connections wéldxplainedn detail

3.9Protection goals and acceptable effects leveAssessment endpoint
Measurementendpoints

The ‘potentially affected fraction’ (PAF) thr
95% of the specie®ercentage of deaths is usually referred to when using this criterion in traditional
ERA. However, more sensitive environmental val(ragant as fitness level) can be used, and can
provide an early warning signal, to avoid irrecoverable damages of the ecosistdpuaint
properties could include for example population demographics, biomass, genetic variability, physical
condition, biomarkrs. Measure to identify the change in the attribute of an assessment endpoint could
be NOEC, PNEC, L6, EGs, etc.

After a general overview of the effects assessment methods already in place for CCS (for example
the one presented by EE@VNallmann et al., 201%) we will be oriented towards the newest
technologies available ingffield of environmental impact assessment, meaning the use of biological
markers (known as biomarkers) as an instrument to finer describe, assess and monitor the impact.
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4 Hazard 1 denti fir cati on

In orderto be abldgo assess CCS environmental riskitially, all the credible failure scenarios need
to be identified.The first stepof the hazard identification is qualitative angbnsists in the
identification of thepossible failure causes atite crediblefailure scenarioghat could arisérom
them whi ch means answWwWhrRitngntdest habd edreoreadbde s ca
failure scenariogepresenthose events that should be modelled when penfgythe risk assessment
in orderto evaluate theisk to whichthe environment is exposed @redible failure scenariaseed
thus,to befurthercharacterised in a quantitative way terms of mass flowrate releasedeakage
hole sizeAs mentioned irfsection 3.8the informationonthemass flowrate released or leakage hole
sizesenesthan in the exposure assessmer#,inputto either the release model, if data refethe
hole sizes distributiongvhich computs the mass flowrate releagedr directly to the dispersion
model, if data referalreadyto mass flowratesGiven information onthe characteristics and
hydrodynamicoof the site the dispersion modés$ thenable to trace thepatial distributions of pH
pCQ; caused byheleakage.

Therole of thehazard analysis therefore teshedawarenesson the possiblehazardf the system

with the final aim ofallowing any possiblé&knowledge/ experienceapplicationto manage safety

Hazard identification methods (e.chistorical analysis, Wh a t [ ‘“How <can
operabil ity ,BMEAORMECA(ek) Arg ©dquijyed tadentify the possiblendesirable

events with reference tdhe specific casen analysis the Energy Institute (Great BritainR013)

warmly suggesttheir u in addition tothe historicalanalysisof happened incidents, in relation to

the field analysed

Therefore, ¢ clarify, what is presented in the following chapter is not the result of the application of
a hazard identification method, as this is strictly case specificobiyt general information on
possible causethat should be taken into account when pratliigperforming a hazard identificatipn

are provided. To thesthe mostcredible scenariogeported in literature sourcese associatedirst

in a qualitative way tn quantitative, as explained abo¥gjain, to clarify, the suggestionfor the

most complete risk assessmeastto model thgotentialreleases identified by this work in addition

to thesystemspecificreleases pointed ohy thehazard identificatiomethodsFor each of the steps
possiblealternativeapproaches found in literatuwell be presented, so to provide the uséth
practicaloptions tocomplete the procedure.

As alast observationECO pr oj ect and Equinor’s have been
integrations have been made in compliance with what stated in S2etiochot i ce t hat by
setting’ i s me a the wotkhbgWallmarth eetsalf2015)and DNVKGL (2@19)as

starting points, each section will be structured in the most logical way, thus if, for example, the
approaches used by E€@ Equinor are too casspecific or not in compliance with our applications,

they will be respectivelypresented after the more general methods found in literatureot
mentioned
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4.1 Qualitative analysis Causes and linkage with failurescenarios

4.1.1ubsea pipelines

As anticipated, failure causes emerged in literature reports need to be poinfEta@view done
showed commonly agreed caudes losses of containment associated sobsea pipelinesome
examples of therimary concerns that should be addressed during.gipéline risk assessmeste

presented iTable 4.1 with reference to the source.

Notice that tlese failure causes are associatedgeneralpipelines but alsoto pipelines or risers
directly connected to wellshus a situatioin which the driving forcef the release comes directly

from the reservoir.

Literature source

(C. Smyth & D. Hovorka, 2018)

(Energy Institute (Great Britain), 2013)

(Spinelli & Ahmad, 2015)
(Derivedfrom oil and gas experience and proje
phasing)
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Causes identified

Internal corrosion

External corrosion

Mechanical and material failure
Operator and maintenance errors
Unplanned product relegse
Construction accidents and impact
Natural disaster

Third party damagge.g., anchor being

dropped and thendragged vessed or
objectshitting the pipelingetc.)

Corrosion:according taheEnergy Institute
(Great Britain) (2013) internal corrosior
doesnotrepresenthe main problem, while
externalcorrosioncould (due tocorrosion
protection systerfailure);

Mechanical failurg
Damage associated torgstruction

Natural hazards
Operational construction related damage
Third party interferenge

Corrosion Spinelli & Ahmad (2015)
believe internal corrosion shouldnot be
expected taccur if the composition of th
stream lies within acceptable critenahile
externalcorrosioncouldoccur,

Natural hazards



Literature source Causes identified

1 Corrosion

1 Third party activity

1 Production (Design and constructio
(DNV GL, 2017) failures)

1 Material or weld

1 Operationandmaintenance

1 Environment

Table 4.1:Examples of primary concerns (with reference to the sources) that should be addressed during CO
pipelinesé .ri sk assessment

As anticipated, there is a good agreeméptweenliterature reportson the causesfpi pel i nes
failure scenarias

Having pointed out the possible causes that could lead to a leakage, credible scenarios need to be
associated to therthe reason behind the identificationooédible scenarios that theseventsare

with reference to their caugbeones that mightdexpededto truly happenthus the ones thahould

be modelledwhen performinghe ERA.

The Energy Institute (Great Britai2013)links to the causes, reportedTiable 4.1 the possible
failure scenariogxpectedor offshore carbon capture platforms and pipelifié® failure on subsea
pipelines could be either a pinhole leak, a hole or a rupdumgpture is a pipeline failure resulting in
a large leakage flow ratenorethan10 kg/s(Oldenburg & Pan, 202R)The Energy Institute (Great
Britain) (2013)dividesthe offshorechain into two partsthe ppeline that goes fronthe beachhead
to the wellheadndtheplatforms The table not reported here for copyright constraicts be found
in ‘Annex A - Hazard analysis: credible eventsf the workby Energy Institute (Great Britain)
(2013)

Anotherdetailed analysisf credible scenaridsas been done by DNV Gh* A p p e n-&adilues,B
fail ure mo dotagepatbydN\EGL(281&)swhose failure causes were listed as well in
Table4.1 It is useful torecallthe definitions of somepgcific termsmentionedn DNV GL (2017)
AppendixB s t:abl es

1 A causeis theevent thatleads toa failure modeaccordingto DNV GL (2017) it can be
related tgproject, productiorandoperations

A failure mechanismis theprocessnitiated by a causét could be:corrosion, fatigue, etgc.

The cefect or damageis the result of a failure mechanisnfe.g, fractures, loss of wall
thicknessetc.)

9 If a certain limit iscrosseda damage can result in failue.g.,leakage)

In Table B.1of DNV GL (2017)an overview of causal relations that can result in failafegipeline
isgiven.DNV GL (2017)divides thecausesnto general groupshat coincide with the groups found
in thefailure databases:

1 Corrosioninternalcorrosiondepend®othon the composition of the stream ahd presence
of possible impuritiese.g., water Water concentratignespecially,must beknown and
monitoredduring the processAccording toDNV GL (2017)opinion, external corrosion is
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efficiently prevented through the usetbé corrosion preventiveystemsNotice that this in
not in agreement with what reported e otherliterature sources in thEableabove that
identify external corrosion as the main probjem

1 Third party activityis directly linked to theintensity ofthe activitiesin thearea Thismears
that, instrictly controlledareas, thedilure frequency for pipelinds reduced itomparedo
less controlled areas

1 ProductionDesign and construction failupeasDNV GL (2017)statesaccounts fofailures
caused by unacceptable stsaam the pipéne being bent

1 Materialor weldrelatedfailuresareusuallyproportional to the volume of material awelds
thus,theyincrease with increasing diametavall thicknesg length of the pipelineThis type
of failure frequencyan be reduced tsuitabletesting and monitoring dhe pipeline

1 Operationand maintenanceelatedfailures occur whenadequate monitoring of operational
activities is lacking

1 Environment Storm damage, earthquake, landslide, etc.
Notice that gneral groupsireidentified as individual cause reports are not easily accegEiblg
GL, 2017) To eachcausementioned abovehe most extreme consequence scentrad is believed

to have the potentiality to arisie associate(see Table B.1 6f A p p e n-@ailuces, Bailure modes
and clybDN\eG (2017).

4.1.21njection wells

Existing wells meaningactive, inactive or abandondd/hen using hydrocarbon fields for O
storagg, have the potentiality tbe orcan becoméeakagepathways It is believed thatabandoned
or active wellghat penetrate the storage formatipose the greatest risk for G@akag® (Gaurina
Medi mur ec & NovVv ak .Bd¥masiadyrwjthage,dhe Zasingtphing strehgdth and the
cement behind casings start deterioratihge different factors for example:corrosion, thermal
changesfatigue due to production or injection, etc

For what concerngew CQ injection wells mandatory technical requirements for £i@jection
wells (US EPA, 2015haveto befollowed to ensure that there is no possibility of leakage related to
incorrect drilling.CO; migrationis prevented througthe use of corrosieresistant materials and
throughthe casing andementwhich aredesigned for the life expectancy of the well.

However, no matter if nevinactiveorabandoned e a c hongvteznh imtégrityshould be ensured
various methodologies are available for evaluating @mgn integrity of wellsExamples oftiese
technquesare data mining, FEP based analysis, Performance & Risk Management Techettogy,
(Patil et al., 2021)

Potential leakage pathwayom wells with the exclusion of the leakage from the pipeline directly
connected to thevell (which has been mentioned in the previous paragraghgh generally leads

to a blowout are presented iRigure 4.1 Figure 4.1lis animmediatelyunderstandableummaryof
potential seepageslong active(right) injection wells and abandonédteft) wells. These include
leakage:
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Through deterioration (corrosion) of the tubing (1), around tlpacker (2), through
deterioration (corrosion) of the casir(), between the outside of the casing and the cement
(4), through deterioration of the cement in the ann@btesnent fractures) (5), leakage in the
annular region betweetine cement and the formations (6), throughdement plug (7), and
between the cement and the insifi¢he casing (8)

(GaurinaMe d i mu Nowak M&var, 2017, p. 18)

= 5
- ;Confining
layer

) )
e L
.
.
|
.
3
Perforations”

Injection

zone Cement \ =

Figure 41: Potential seepages along active injection wells (rigi)l abandoned wells (left)
From: fiDepleted hydrocarbon reservoirs and g@jection wellsiCO,| eak age albySausnsgsment 0,
Me Li mu r eNovyak Mavar, K.&017The MiningGeologyPetroleum Engineering Bulletin, 32(3).
18. Copyright 20170y Rudarskeg e o | -oafink zbornik.
(https://doi.org/10.17794/rgn.2017.2.3

The internal integrity of the well should be assessed to aesrdsion of tubing and casirflgading

to cases 1, 2, 3 iigure 4.). Corrosion can happen orequipment parts thatome into contact with

CO,, the tubing and thpart of the casingtring below the packér(GaurinaMe di mur ec & N«
Mavar, 2017, p. 18)To avoid internal corrosion of tubing and casing, corrosi@sistant material

are requiredfor example316 stainlessteel (SS), glass reinforced epoxy (GRE) or lined carbon
steeb (GaurinaMe di mur ec & Nov ak . Mdewer,rackergahdvalyeshquldbe 1 8 )
“nickelplated or made odther high nickel alloy® (GaurinaMe di mur ec & Novak Ma
18).

For what concernsxéernal integrity its lack could leado cases 4, 5, 6 ifrigure 4.1 External
integrity is ensuretby properly cemenng thecasing which fiprotecs the casingstring from stress
and corrosion, as well as prevamg CO, migration by sealing the annulbgGaurinaMe di mur ec &
Novak Mavar, 2017, p. 19¢Cement isalso used to plug the casing in case of well abandonjcesgs
7 and 8 inFigure 4.). Notice that Brtland cemenhot stablein CO,-rich environmentsform a
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thermodynamigoint of view CQO, forms carbonic acid (}COs) if water is present: over time,
chemical reactiom (Carroll et al.,, 2016)causeits degradation thus the compressive strength
decreases, whilporosity and permeabilitincrease Cementdegradatiorcan be prevented through
the utilisation of'CO, resistant Portland cemeior cement with a greater proportion of pozzdlan
(GaurinaMe di mur ec & Novak. Mavar, 2017, p. 19)

Another literature sourd@atil et al., 2021analyses the causes behind leakages from.vretential

leakages identified bipatil et al.(2021)can happeni ( 1) bet ween cement pl ug
and betweercasing and annular cement interface, (2) between annular cement and formation
interface, (3) through corroded casing wall, (4) through cement plug, and (5) through annular
cement (p. 4). Patil et al.(2021)identify somecharacteristicassociatedo crucial P&A elements
(leakage pointe.g, casing, casingement interface, cementementformation interfacg their
functions, the failure risk, causes, effects, amtigation plans

One last sourcadentifiesthe main functiosof wellsand associatet each of thepfailure models

(Le Guen et al., 2009According toGuen et al(2009) we | | s’ ma ican bd sumnetatizedo n s
into five groupsii(l) resist formatiorfluids pressure; (II) ensure sealing with respecfadonation

fluids; (Ill) resist CO2 pressure and temperature; (IV) ensegaling with respect to injected CO2;

(V) resist formation pressutrgp. 89) For each components f u specifid failure modesxist

that could alte¥ impedethe functioning of the componenitself (e.g, loss in mechanic resistance,
overpressig, etc.) These different failure modes can be associated with cdasgscorrosion,
erosion, etc.andeffects(e.g.,breaking and collapséss of bond betweearasing and cement, etc.)
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4.2 Quantitative analysis- Characterization of the releases

As said, gundamental aspect when performing a risk assessment is the selection of representative
failure scenarios induced by the causes presented in the previous chapter, to be further modelled in
the analysis. The modelling enables the understanding spttal extension of a damaging event
andthe quantification of the magnitude of iilspact,which permitsto properly select and dimension

the required safety measures.

There are different levels of detail by whi@presentative failure scenaricen be foundeported in
literature: some sources directly associate to each failure scenario a total mass released or a mass
fl owrate being released, whil e ot hfeeachoithem,c e s
by means of a release dul, the mass flowrate releasedevaluatedNotice that, in the second case
mentioned,in which arelease modeis used not only the mass flowrate releasgpecifically
dependant on the conditions of the case study) can be cal¢latedso other information can be
obtained, for examplegardinghe physical state, conditions of temperature and preastive point

of the releasaluration of the releasstc. Thus the second cas&hen availablerepresents the best
alternativeas a higher level of detail, concerning the release, cactbeved

The characterization of the releases willddgded inthreesectionsthe first subchapter is called
general scenarigpseaning that it comprehends both pipelines and well leakages, tivbigecond

and thirdsubchaptesreferrespectively only to subsea pipelines arells. Table4.2 summarizes the
literature sources found for each case.

Literature Sources

General (J. Blackford et al., 2009)
(J. C. Blackford et al., 2013)
(Dewar, Wei, et al., 2013)

Pipelines (DNV GL, 2017)
(DNV GL, 2019)
Wells (ZEP, 2019)

(DNV GL, 2019)

Table 4.2:List of literature sources thatharacterize the releases from €€ubsea engineering systems

4.2.1General scenarios

In this first case a mass flowrate being released is directly associated to each failure st&nario.
chose to start with a workhat is often recalled in CCS risk analysis studiss]. Blackford et al.
(2009) J. Blackford et al(2009) investigates three forms of G@elease that cover the possible
mechanisms of leakagittle information is reported for each failuseenaridbecausgasBlackford

et al.(2009, pp. 278271) states, “ parameterizing the rate and duration of a stochastic leak event is
speculative; there is little information available to guide towards realistic scermaridata are
obtained from:
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1 Estimates of seepage from a terrestrial EOR sequestration project in Colorado, §3200f
tonnes CQ@a over an area of 78Kwith rates o170 tonnes C&la, thatprovide a baseline
for the diffuse type of scenarios

1 Forthe' c at a s dcenaripshthedaselinsed is, for exampléhe typicalcapacity of the
pipelines used to deliver C@o well systems, 10250 mmscfd (million standard cubic feet
per day).

Thethree talkagescenarios identifietly J. Blackford et al(2009)are thus, the following

1 Longterm, diffuse seepage (3.02 x3103.02 x 10 tonnes CQyr?): fia constant lowlevel
seepage of CO2, which spreads homogeneously across the area of one model box (49kmz2) is
assumed, representing a notion of porositgeological formations.

(p.271)
f  Shortterm, point source leak (1.49 x*:01.49 x 10 tonnesCO, yr?):

This is analogous to a fracture in a pipeline that persists for 1 @aggssuming some delay
in automatic shutdown of the pumping systems). Two input rates are describesl, 1049
and 1.49x 10 tonnes CQ, approximately 5 and 50 times a typical pipeline daily flow
capacity.

(p. 271)

f Longterm, point source leak (5.43 x®1@nnes CQ@yr?): fian unmitigable fault in a well
casing or some catastrophic geologic fissfvgth] an outgassingate of 05.43x 10° tonnes
CQOy over 1 yeab.

(p. 271)

As reservoir leakages are not in the scope of the present work, only the scenarios referred to pipelines
and wells ardaken into accounfThe three scenarios identified By Blackford et al(2009)were
further modified as part ahe EuropearRISCS projec{J. C. Blackford et al., 2013)

1 Dissolved CQ point source low flux (8.99 x f@onnes y?);
f Dissolved CQ point source high flux (1.35 x $@onnes y¥);
1 Pipeline leak (2.8 x X&tonnes yr).

Anotherliterature sourc¢hat identifies possible leagescenarios iy Dewar, Wei, et al(2013) It
states that:

Anextreme caseould be a well blowout or burst pipelinéjs could create a leakage of up

to 578 kg/s (50 ktorday) (IEA GHG, 2008). Other leakages are estimated to be of a far lower
order, with predictions of rates below 0.006 kg/s (200 tons/year) (IEA GHG, 2008). One
leakage that had a rate estimated to be within this range was to be somewhere between 170
and 3®0 tons/ year (0.1207 kg/s). This rate was suggested by Klusman (2003) when taking
observations from seepage from the Rangely enhanced oil recovery (EOR) field8Athe

(Dewar, Wei, et al., 2013, p. 510)

43



4.2.2Subsea Pipelines

Theintensityof thedamagingconsequences of a leak from a pipeline is strictly dependant on the hole

size distributionAs DNV GL (2017 highlights, there arma n y

factors

t hat

size:the mechanism causing failurae operativepressurethe pipeline dimensionsthe physical
state of the transported fluid e@@NV GL (2017)suggests the followingecommended holsizes
distribution (Tablet.3), baseduponPARLOC databaséor offshore pipelines.

Hole size Offshore  pipelines - Steel
pipelines

Small (<20mm) 79%

Medium (2680mm) 5%

Large (>80mm) 5%

Rupture 11%

Total 100%

Table 4.3:Recommended failure hole size distribution for offshore steel pipelines
f ai | urbgDNV 6lt, 2087(No.2017 Q0547 pRev2)i DN¥ 6lop, 5

Adaptedfom: iRe c o mme nde d

This hole size distribution is furthermore used by DNV GL in the case study of the Northern Lights

Copyright2017 byDNV GL.

project(DNV GL, 2019) as shown ifTable4.4.

Leakage category Leak size (mm) Distribution (%)
2
Small (<g20mm) 5 79
10
Medium (226 g80mm) 20 5
50
Large (>280mm) 80 5
100
Full borerupture 2 X 8239 11
Total - 100
Table44:Fai |l ure hole size distribution used

by

DNV GL

Adapted fromfiMiljgrisiko for EL001, Northern Lights, mottak og permanent lagring agd;80y DNV GL, 2019(No.
20190746, Rev. 1)p. 38 DNV GL.Copyright2019 byDNV GL.

(https://cdn.sanity.io/files6199gi9/global/d7d0d989ebb7229e00b1e0a93863c042914ff672.pdf?miljoerisiko

for-el002-northernlights-mottakog-permanerdagring-av-co2-equinor.pdyf

One additional observation has to be made on the geometry of the rBlisaa@ayake et al2021)
have proven its relevance on the impacts by simulatirgdame release, in terms of miéewrate
released, through a point source and a line source, which is a possible scenario from a pipeline

fracture. The aim was to identify the linkage of the geometry of the release to the amount of CO
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dissolved in water: the difference betweentthie results §eeDissanayake et al2021)for details)

clearly shows that, for a detailed rigkadysis, the geometry of the release should also be considered.

4.2.3We |

s 6

scenar.i

0S

Some literature sources, likEEP (2019) identify alist of potential leakage scenarirem wells
ZEP (2019)refersto an aquifer storage site in the North Ssad data are derived fromperienceof

CO, storage projectse(g., St at oi |

S

Sl ei

pner

unpublishedisk estimate$or North Sea storage sites and further evaluation bysBfdageexperts

ZEP (2019)observeghat thecontainment riskgmeaning leaks frorthe storagetush the reservoir
itself or thewells) are

pr q publshedaradn d

Ste-specifi¢ influenced by storage site type.] Additionally, the risk is dependent on the
planned developmeiffit..]. Despite this inherentariability the risks quotedin Table 4.%

below arerepresentative of the approximate scale of the containnsénfior a general CQ

storage project

The casenalysed by EP (2019)is a storage site
1 injecting 100 Mt at 200000 m depth, over a period of 50 years

7 including one injection well and one abandoned well

(p. 29)

The probabilitiegTable 4.9 express thékelihood ofoccurrence of thevens during the lifetimeof
the projeci{500 years

Notice that not all of the scenarios presented by ZBR9)were relevant to this work, as some

refer to reservoir | eakages or installati
. Peak Duration Total Mass Lost
. Probability of ;
Scenario leakage (%) Leakage (in years or |to surface
Rate (t/d) days) (tonnes)
Active well leakage 0.5 50 250 days 12500
Active well blowout 0.15 5000 250 days 1250000
Abandoned well blowout 0.1 3000 1 years 1095000
Seepage in abandoned well 0.5 7 100 years | 255500
Severe well problem, no repair 0.005 6000 2 years 4380000
successful
Table4ds5:Leakage parameters for wellsd. failure

Adapted fromfi C £5torage Safety in the North Sea: Implications of theE® or a g e
Emissions Platformp. 30

T

ons,

S

Direct iZere 0,

(https://zeroemissionsplatform.euAgpntent/uploads/ZEfeport-CO2-StorageSafetyin-the-North-SeaNowv2019

In contrastto Z E P (2G9)results and assumptiori3NV GL project forEquinor(2019)identifies

the site specificthe Nor t her n lwied le#kdgsstheseateagported infable 4.6 The

3.pd)

esti mat i dailureprbbabiitesahdsnass flowrates released are based on the rdpprit

to ERA Memo May 2019%With reference to the supplementary regdiorthern Lights (Aurora
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Complex) Subsurface Containment Bowtie Analysis, B&leThefailure scenariopointed outare

specific for the Northern Lights projedhusthey arenot general,andtherefore, notpplicableto
differentcasesther than the Northern Lighs an&hatis worth beingmentiored, of this section of

DNV GL project for Equino2019) is the approach, meaniegvironmental risk analysgidelines
adopted in the s el akagedcanariosoTtmtial assumptians thataveakage s ’ I
scenario requires modelling, in therspectivefa s s e s s iriskgf it i€ ib@ntially able to cause

a negativeenvironmental impactTherefore, ¢ be able to select theselevantscenarios, among the

ones identified, eninimum threshold value faheCO; mass flowrateeleased, which is the minimum

mass flowrate able to cause an observable negative effect to the envirameeenty beset This
thresholdcan assum@vo different values, depending on the csselied(DNV GL, 2019)

1 If ESBA analyss (Wallmann et al., 2015whose aim is to assess an environmental value to
the site (itwill be explained in detaiin the effect assessment chaptehows no overlap
between the vulnerable environment and>@@me, the minimum threshold value can be
taken at 50 kegodm? per day. This value was proven to be causing negligiloie harm to
the surrounding marine environment at Sleipner during the environmental risk analysis
conducted byJlfsnes et al(2015) Accor di ng t o D(R049) Gis value i® pi ni
representative for the area above Slei@sewell meaning that a similar release Wilhve a
comparable environmental impact.

1 In case of overlap between the vulnerable environment angld@e, the threshold limis
set accordingmainly, to the sensitivityof organisms present in the environmémivards
changes in pH.

All well failure scenarioglentifiedfor theNorthern Lights projecare supposed to have a maximum
leakage flowrate of 4 tcodm? (exceptfor the firstcase that hasnaeven greatemaximum leakage
flowrate (< 10 £o/m?)), which means that 50 kg/m? canbe reached if the leakage area is smaller
than 20 M. Therefore, they have all been modelled in the Northern Lights risk asse$seadiatble
4.6).

Scenario Probability Massflowrate released Duration
CO; leakage via injection
wells during the injection <1% < 10 ton/day < 1 yed

period

CO; leakage via bean head:

0,
after the injection period | ~ 1% <1 ton/day < 100 vy
CO, migrates from the well
to the overlying sediment <1% < 1 ton/day < 1 yed

packet("overburden™)
during the injection period
CO; migrates vertically
under Drake roof rock in
Aurora, for example toward;
fault zones in NW / SW, <1% < 1 ton/day
migrates north towards
Troll, and leaks out of
existing well (s)

CO; migrates north to the
Troll area through the
Johansen / Cock formationg < 1% < 1 ton/day
passes the Svartalv fault, ai
leaks out of existing well (s)

IN
=
o
o
<

IN

100 vy
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and leaks out of existing
well (s)

Scenario Probability Massflowrate released Duration

CO; migrates north to the

Troll area through the

Johansen / Cock formation,| < 1% < 1 ton/day < 100 vy

Tabled6:Leakage parameters f or we INbrthén Liglas projeat e

Adapted fromfiMiljgrisiko for EL001, Northern Lights, mottak og permanent lagring a¢d;8y DNV GL, 2019(No.
20190746, Rev. 1)p. 32 DNV GL.Copyright 2019 by DNV GL.
(https://cdn.sanity.io/files/h61q9gi9/global/d7d0d989ebb7229e00b1e0a93863c042914ff672.pdf?miloerisiko

scenari

for-el001-northernlights-mottakog-permanemagring-av-co2-equinor.pdf
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. EXposure assessment

The purpose of the exposure assessmentfishtaracterize the mechanisms by which receptors are
exposed to COCs, and to quantify the magnitude of those expogbesteral Contaminated Sites
Action Plan (FCSAP), 2013, p. 3.1n other words, this means #ssociate to possible failure
scenarios their *"physical e fifeleases in seavsatery canceitheri o n
be defined in terms of change of pH or p@@lues.The results of the previous chapter, as already
said, are the ingsafirst to the releasenodels if the failure scenarios are referred to leakage holes
sizes, and then to dispersion moddBspersion modelsgiven also the information on the
hydrodynamic and specific characteristics of the aite,able to compute tlspatial distributions of

pH / pCQ caused by a leakag€his chapter of the framework will identify a step-step procedure

to perform a CCS’ exposure assessment and, f
literaturewill be presented

The first part of this chapter will be dedicated to release motihelscompute the mass flowrate
released ifonly information on the dimension of the hole is availalaled not directly the mass
flowratereleasedtself. The second part is then dedicated to the dispersion models, whose inputs are
the mass flowrate releasete hydrodynamic and other characteristics of the site or of the release.
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5.1 Releasanodeling

Release modelare the mean used ttescribe the releasen terms of mass flowrate released and
other characteristics.dpending on their level of detaiklease models carmaveall or some othe
following input

The leakage hole size

1 Thelengthand characteristiasf the pipelinesectian, whichalsodepend on the intatistance
between block valves

1 The conditiors of temperature and pressure the pipeline or reservoir (in case of well
leakage)

1 The properties of the flujd
Thedepth of the leakage

1 Model specific parameters

Notice that his models, are not only able to calculate the mass flowrate released, with reference to
the specific case studied, but can also evaluate other relevant informgtitime physicaktate, the
conditions of temperature and pressure at the point of the release and the duration of thé release

is not stopped bjumanintervention.

Release modelsanthereforeaccount for the influence of different parameters, #mebling a finer
description of the releasenhich is of extreme relevance, Bewar et al(2013)indeedstates:

Changing individual leakage parametesich as the depth or current while maintaining
other properties across leakage scenarican have a great affeawvith clear differences,

for example] between bubbles and droplets. Droplets have a density at least 100 times that
of a bubble of the same volume, therefore take more time and distance to dissolve. Due to the
lower density of gs, there will be a larger number of bubbles than that of droplets at the same
leakage flux, increasing the interfacial surface area enhancing dissolution rates, producing
lower terminal heights along with greater pH changes and concentrations.

(p.512)
Table5.1summarizeshe sources found for each case.
Literature sources for release models
Pipelines (DNV GL, 2019)
(Xinhong et al., 2018)
Wells (Oldenburg & Pan, 2020)
(Patil et al., 2021)
Table5.1:Li st of | iterature sources that used or devel opec

engineeringsystems
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5.11 Pipelines

As it was mentioned iBection 4.1.1possibldeakages from C&subsea pipelines should be divided

in two cases: the first one conceleakages omeneraltraits of atransport pipeline, while the
second one refang to leakages on pipelines directly connected to wWellg,hole on a pipeline 10

m from the well) thus where the driving force for G&lease come&som the reservoir and not from

the pipeline itself. This clearly means that two different type of releaslels have to be applied to
describehe two different casefn this first paragraph, release models for general transport pipelines
only are listedwhile the second casaentionedvill be analysed in the following paragraph dedicated
to well leakages.

DNV GL (2019)calculates the mass flowrate released by meanassoftwarecalled OLGA using
as input the corresponding dimensai the leakageResults for Northern Lights specific case are
shown inTable 5.2

Leak si Initial leakage rate (kg / s)| Time for Duration after
Leakage category seleEze (i) detection detection
2 0.6 6 months 1 month
Small (<g20mm) 5 4 24 h 1 month
10 15 24 h 1 month
Medium (220 20 58 12h 26 days
280mm) 50 255 15 min 6 days
Large (>g80mm) 100 411 15 min 3 days
Full borerupture 2 x 8239 700 15 min 1 day
(*thenumbers represent the average of the first 30 minutes)
Table52Nort hern Lightsd pipelinesd rel easotwarehar acter i

Adapted fromfMiljgrisiko for ELO01, Northern Lights, mottak og permanent lagring agvd;6y DNV GL, 2019(No.
2019 0746, Rev. 1)p. 40 DNV GL.Copyright 2019 by DNV GL.

(https://cdn.sanity.io/files/h6199gi9/global/d7d0d989ebb7229e00b1e0a93863c042914ff672.pdf?militmrisi@0 1-
northernlights mottakog-permaneriagring-av-co2-equinor.pdf

DNV GL (2019) for the scope diis project alsocalculatel the timerequiredto identify the leakage
and the duration of human intervention to fixlaoth reported iMable 5.2. Notice that these values
are strictly case specific, they thaannotbe generalised to other applicatio@®me case specific
dependenceare,for example:

f Human’ s deécisi wanshin the pl amethérforexampilegfor’ s c
the case of minor releasethie leakage should bxed immediatelyor only after some time
from its detection.Notice that, i fixing takes placethe line needs to be stopped and
depressurized, thus causing an economicaldossto work interruptionClearly the same
cannotbe appliedo major leakagesas the mass flowrate released is of relevant entity and
constitutes itself theconomidoss. Therepairworks thusget started as soon as the leakage
is identified (almost immediatelgsmajor leakageare the easiest ones to be identified
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1 Distance between valvesot only the mass released, but also the duration of the release,
depend on the inter distance between block valves, which is something that can vary from
case to case

1 Reaction time of the emergency shut down system

Equinor’s reslabdleb3 are shown in
Before leak detection After leak detection | Total

Leakage Leak size| Duration |ReleasedCO: |Duration | ReleasedCO: [Duration |ReleasedCO:2
category @ (mm) | (days) (ton) (days) (ton) (days) (ton)

2 180 9331 30 778 210 10109
small(< 15 1 7880 30 5184 31 5512
220mm)

10 1 31311 30 20218 31 21522
Medium (220} 05 2513 26 6757 27 9270
- 280mm)

50 0,01 220 6 6757 6 6977
Large (> 149 0.01 355 3 6757 3 7112
280mm)
Fullbore 15, 2539 [0.01 605 1 6757 1 7362
rupture

Table5.3: Duration and volumes released before and after the detection of the leak (with reference to the Northern
Lights project)
Adapted fromfMiljgrisiko for EL001, Northern Lights, mottak og permanent lagring avd@; 6y DNV GL, 2019(No.
2019 0746, Rev. 1)p. 41 DNV GL.Copyright 2019 by DNV GL.
(https://cdn.sanity.io/files/h6199gi9/global/d7d0d989ebb7229e0019B8®Bc042914ff672.pdf?miljoerisifor-el00 1
northernlights-mottakog-permanerdagring-av-co2-equinor.pdf

Alternative release models are the CFDs, an example is preggrtathong et al(2018) where a
short pipeline model is built and used to estimate underwate(G¥ag release rateParameters
consideredy the modeébre:

1 The holesize,assumed to bef circularshape
1 The pipeline pressure ateimperature inlet and outjet
1 Thewall thickness

1 Thewater depth

51


https://cdn.sanity.io/files/h61q9gi9/global/d7d0d989ebb7229e00b1e0a93863c042914ff672.pdf?miljoerisiko-for-el001-northern-lights-mottak-og-permanent-lagring-av-co2-equinor.pdf
https://cdn.sanity.io/files/h61q9gi9/global/d7d0d989ebb7229e00b1e0a93863c042914ff672.pdf?miljoerisiko-for-el001-northern-lights-mottak-og-permanent-lagring-av-co2-equinor.pdf

Boundary conditions used ftie simulationsincludepressure inleandoutlet, naslip wall, velocity
inlet, roughness of the pipelirend outflow.

Moreover Xinhong et al(2018)makean interestingobservatiorconcerningeak position: duéo the
uncertainty of accident, a leak may happen on different positions of a pipeline. Leak position
determines the initial jet direction of gas plume, ibunly affects the initial jet direction of gas
plume, not its final distribution.

5.12Wells

Release models identified in our literature review are able to descriltgges of failurescenario:
the first one is the leakage from a pipeldieectly connected to the welhctive well) mentioned in
the previous paragraph; the second one is seepage from tl{;active well)

Thefirst failure scenarig whichinvolves CQ leaking from a hole in a pipgéirectly connectedo a
well (e.g, 10 m away(Oldenburg & Pan, 202Q)can be referred to asw@ajorwell blowout because
the source of C@is the reservoir (connected via the well) rather than the pipeline, vgrassumd
to be immediately shut off following the detection of the l&adme clarity on the termajor blowout
has to be made:

Note that while the term fAblowouto in the
leakage of fluids, a major blowout is uswyalinderstood to imply large flow rates (>10 Kg s
1y from a localized leakage pathway up a well

(Oldenburg & Pan, 2020, p. 17)

The release model applied Bydenburg & Par{2020) to describe this soario, is T2Well,which
coupleswell and reservoir flowsGiven the dimension of the pipe, size of the hie roughness of
the wall, the initial pressure of the reservaieawatercharacteristicsd.g, temperature, currents,
salinity, etc), T2Well is able tocalculate the mass flow rat¢he velocity the pressure.the
temperature, and G@ensity at the point of leakage.

For what concerngie second type of release mqdei exampldound inliteratureis given byPatil

et al.(2021) where theseepage frorthecemenif a P&A wellis analysedThe leakage is1odelled
based on Darcy’ s | awleakthougl aulk celment, cgasks andraidreceadnulf o r
through the plugs andnnular cement as well as around the plugs and annular cénfieatil et al.,

2021, p. 11)Equations for the gas florate are based on the models developedthgr research
works, mentioneth the articleIn Patil et al(2021)arangeof values for thgparametersvas selected

during the modelling, with the aim tonderstand the effects ‘téement permeability, crack size and
micro-annulus on C@Ileak migration from subsurface soirface (p. 12).
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5.2 Dispersion modelling

Having set thevhole context for what concerns possible failure scenarios, the dispersion.ah CO
seawateneeds tde modelled, so to be able to identify the area of impact to be analysed during the
effect assessmeniSeveral alternative dispersion models will be proposed in this chdapter.
modelling of the dispersion @mmplex and computationally demandiag itrequiresseveraimodel
componentsThesehave beenvell identified byJones et al2015)and are listed below

1 Hydrodynamic models
1 Bubble plume modejs

1 Carbonate system models

The hydrodynamic modelmulatethe“3D movement and mixing of marine systerfd®ones et al.,
2015, p. 364)whichare key componesfor understanding theispersiorof dissolved C@. Jones et
al. (2015)stresses on the fact that

Realistic atmospheric, tidal and geostrophic forcing are essential in order to correctly
estimate dispersion characteristics. Initial studies of leakage used available models, often
with a relatively coarse resolution (e.g. Blackford et al., 2Q0Bkm heizontal resolution),
and were only able to address large scale leakage events. In the last decade the resolution of
hydrodynamic models has improved, as a result of advances in computational systems. Shelf
wide models can now reach resolutions of 1 knizbatally (e.g. Phelps et al., 2015) whilst
local models can resolve at least part of the domain with resolutions of a few metres (e.qg.
Blackford et al., 2013).

(p. 364)

For what concerns Bubble plume moddlsnes et al2015)further states that

Theyare necessary to properly understand the characteristics of the leak epicentre, in terms
of the gas phase plume and the near field dissolved plume. Bubble size (larger bubbles are
morebuoyant and dissolve slower) is the key determinant of the elevation of a plume from the
sea floor and consequently the vertical profile of chemical change and the patterns of
dispersion; with implications for both monitoring strategy and environmentaamps with
the hydrodynamic models, emission form, topography and currents impart a large variability
on the outcome of a given emission scenario. Plume models have made progressive
improvements to the parameterisation of processes, based on obserehtiaatsral and
manmade leakage analogues (Dewar et al., 2015).

(p. 364)

And, at last

Carbonate system modedse an essential component of all leakage simulations as they can
derive pH, pCQ@ CGOs® and HCQ' ion concentration and saturation state from given
concentrations of dissolve@0O, [e.g, HALTAFALL model used in(J. Blackford et al.,
2009]. These parameters are necessary to understand both impact and detectability. Whilst
carbonate systenmodels have been available for decades, since 2005 international
agreement on the parameterisation of reaction constants (Dickson et al., 2007) and a far
better treatment of alkalinity (e.g. Artioli et al.,, 2012) has improved the realism of these
models, specially when applied to shelf and coastal systems

53



(Jones et al., 2015, pp. 3&65)

Some more recent advances have been made, for what concerns the bubble plunty Ploaiel et

al. (2020) In this study a comparison between existing medetarried outand awareness is raised

on the relevance pboth, consideringthe breakup and coalescence of bubbles and on the greater
modelling accuracy that could be achieved by integrating the chemical reaction in the numerical
modelling (thus taking into account the enhanced transport gflieé@veen gas andjliid phase, due

to its consumption in the liquidfigure 5.1)

lift force Interphase
Seawater mass transfer
current CO, bubble +—— CO, (aq)
4 lrcaction
drag force
SR €0, (aq)+ H,0 > HCO; + H'
O,\» / ® “ k ]
O LN
™, €0, (ag)+OH == HCO,

coalescence

breakup —~ Q
Seabed

S 7 P N R S T S R
G A G A T T e T gl A

CO, bubble releases in shallow seawater

Figure 51: Schematic representation of theease and dispersigirocesf CO; bubbles inshallowseawater
Fromi sipersion of carbon dioxide bubble releasky from s
Pham, L. H. H. P., Rusli, R., Shariff, A. M., & Khan, F., 2026ntinental Shelf Research, 196(104Q0fb)2
Copyright2020 by Elsevier Ltd.
(https://doi.org/10.1016/j.csr.2020.104075

The models analysed IBham et al(2020)are reportedin their work, inf T a b Jwéh infolmation

on theirmissing aspect@vith reference to the coalescence and reaction aspects mentioned above)
Through the comprehension of the state of the art andréstearch discoveriesPham et al(2020)
develogdand validatd, against published experimental datapdated transport model

An integrated dispersion model of the GFient and the PBM model establishedRham

et al. (2016) was improved to fully understand release behaviour of CO2 gas in shallow
seawater. The only CFD model was improved by including chemical reaction. The improved
CFD model was implemented to perform hydrodynamic, mass transfer as well as reaction of
the CO2 bubbles in both of low and high tides at the shallow seawater conttitarder to
calculate breakup and coalescence phenomena, the PBM model was integrated with the
improved CFD model.

(p. 14)

Having set the contest of the key components required in the modelling,osioenexamples of
dispersion modelling strategies are presenegér to each article mentioned for further detdilse
first approach that we want to mention is the applied in theECO, project(Dewar, Chen, et al.,
2013) It makes use dahree classes of models: a marine chemistry model, two diffSieawfield

54


https://doi.org/10.1016/j.csr.2020.104075

two-phase plume mode[®NFTPM) and a regional scale general circulatrondel (BOM, Bergen
Ocean Model)Dewar, Chen, et a{2013)reports:

Nearfield multiphase model (NFMPM) is the model to predict the acute impact of leaked CO

on the marine environment. The space scale is ranging from centimetres to several kilometres

and time scale from seconds to days. The data of porosity of the sediments, the topography of
seafloor, the vertical (and horizontal if available) distributionladfal current, temperature,
salinity and background pCO2, are requested for reconstruction of a-fied@rscale

turbulent ocean. Those data can be the field observation data or the data predictedfrom up

scale model (regional OGCM). The e@®@akage fluxand sites (area) are the data for

generation of plume of dispersed phase. The outputs from this NFMPM, such as the pH/pCO2
changes, can be applied for prediction of acute biologioglacts...].

(p. 11)

For reasons of completeneBg\V GL (2019)dispersion modelling approachrngentioned as well,
despite being ver yespecialfoewhacao ni cveer msn dw € lpphaneshr’ e | e

ar i

S i

ng from pipelines’ releases ar e moalled]l

DNV GL PLUMERGO, which estimates the radius of the bubble area at theus&sce(Figure 5.3.
This approach is based on very conservative assumption®keéeGL (2019) for details),that

guaranteesimplicity in computationge.g., neglecting the currents and tidal effects along the

pipeline)For what concerns well s’ r el eas simplyscalihge
up or down the results, in terms of pH spatial distributadstainedby ECQ in Sleipner case study
(Ulfsnes et al., 2015)

Emissions to the atmosphere

Sea swface

Ocean
current

CO:>

Bubble plume

Water column

Pipeline
3 Sea bed

- >

D1 : Pume

D2 : Bubble zone

>

Zone influenced by the pH variation

Figure 52: DNV GL description of C&plume diffusion in seawater due to a pipeline leakage

Adapted fromfiMiljgrisiko for EL001, Northern Lights, mottak og permanent lagring agd;8y DNV GL, 2019(No.

2019 0746, Rev. 1)p. 46 DNV GL.Copyright 2019 by DNV GL.

(https://cdn.sanity.io/files/h61q9gi9/global/d7d0d989ebb7229e009B8®3c042914ff672.pdf?miljoerisior-el001-

northernlights-mottakog-permanemagring-av-co2-equinor.pdf
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Another modelling option found in literature is givenAayir Rashidi et al(2020)where, to quantify

the coupled physical (bubblgslume changes as a net difference between the volume loss from gas
dissolution and the volume gain from reduction in hydrostatic presance)chemical reactions
(CO+H202z HCOz3z H'+HCOs 2 2H™+CO5%):

A combined Lagrangiafitulerian modelling approach has been establishusihg the open

equation solver MIKE ECO Lab to predict the environmental fate of leakedj&bubbles

in the marine environment. Mathematical expressions describing the physicabff@ex

gas bubbles have been based on the works by Zheng and Yapa (2000) and Zheng and Yapa
(2002) while calculations for the DIC speciation and pH have been based on the CO2SYS
model by Lewis and Wallace (1998) in the MIKE ECO Lab temglateps the MKE ECO

Lab template was fully coupled to the MIKE 3 FM HD model, the model was further able to
describe the advection and dispersion of pH plume under transient flows, which allows for a
more accurate and realistic estimate of the plume excursion with time

(Amir Rashidi et al., 2020, pp—20)

Moreover, inanother reporby Jeong et al(2020) the behaviour and convectiediffusion of CQ

was described by means of a mgltale ocean model which is an impeadwersion of the original
Maritime Environment Committee (MEC) ocean model developed by the Japan Society of Naval
Architecture and Ocean Engineers (JASNAOEnodifiedversion ofthe MEC(named® M E-CO»

mo d ewas used ideong et ali2020)study.

Generally software developed for natural gas anccoilld also be used to simuladke dispersion of

a CO releasein terms of bubble plumes spredgrovidedan option exists to use an equation of
state for CQas an alternative to natural gas and®{iOldenburg & Pan, 2020, p. 1A model with
this capability is the Texas A&M oil spill (outfall) calculator (TAMO@®)s Oldenburg & Par{2020)
states:

TAMOC is a multipurpose modeling suite for multiphase offshore oil and gas spill
simulations,natural gas underwater releases, and siaghase plumes. TAMOC includes
capabilities to mdel major blowouts or ruptures and the transition to a buoyant bubble or
droplet plume as entrainment and ebullition octu#* [ € ] AMDC uses an integral
approach to model the buoyant bubble plume and entrained seafat€and models the
dissolution processes by a discrete particle mée&l.

(p.19)
MoreoverDissanayake et al2021)explainsthat

The multiphase plume models in TAMOC are integral models that consider the conservation
of mass, momentum, and buoyancy, and provide estimates efeobissmal averages of these
parameters along the plume trajectory. The models tthekmass transfer of gas from
bubbles to the ambient, and expansion as the pressure drops when the plume rises in the water
column

(p. 384)

Differently from CFD modelsintegral models do not suffer frohavinglong computational tinse

as theyare more simple and efficient (Oldenburg & Pan, 2020TAMOC, in particular,has been

tested and validated several case studies, both in laboratory and on fighaitsto TAMOC include

COz leakage rate, the diameter of the orifice, the water depth, temperature, and salinity of the seawater
at the leak point, the temperature and salinity profiles in the water column and the background cross
current in the water columiMoreover,being TAMOC an integral modedimulates the behavioof

56



various size classes of bubhlest of a single oneherefore inputs on bubble size and buidite
distribution are require(Dldenburg & Pan, D). Notice that asDewar et al(2013)states

Theinitial bubble and droplet size (or equivalence diameter) is vital as it determines the rate
at which the CQrises and the rate of dissolution. Leakages of larger bubbles or droplets
have more buoyancy and therefore rise faster, whereas smallbtelsuéind droplets have
more interfacial area at given leakage rate, so will dissolve quicker.

(p. 508)

There are diff er ensapplieatoa m ptéragusdrom pointTsSduMe3 Celeases
major blowouts:

1 Dissanayake et a{2021)simulatereleasedorm a point source releases and a line source
releasgwhich is a possible scenario from a geological fané or from a pipeline fractuje
Dissanayake et a{2021, p. 387}ktate that,d date,”a well validated bubble size prediction
model for subsea gas blowout plumes is only available iliténature for idealized scenarios
(circular orifice)o and has been developed\Wang et al(2018) and this is indeed the model
used in this work

1 Oldenburg & Parf2020)simulate a major well blowouwlue to the failure of a pipeline directly
connected to the injection welhputs come from the outpibf T2Well (seeSection 5.1.2
and consists of the mafisw rate, pressure, temperature, and>@@nsity at the point of
leakage The approach usday Oldenburg & Par§2020, p. 19¥or the initial bubble size and
distribution estimation igenerated froma “combination of scaling laws and empirical
result® based orWang et al.(2018) as aboveResul t s of TAMOC’2s mo
flowrateemitted at the sea surfaaadthe fraction of CQthat dissolves in the water column.
The higher the quantity of G@hat dissolves in seawaténe higher the potential harm caused
to the marine environmeby the release.

At last, rotice that in thease of seepage, as sémough the cement plug / casingnglls, a different

bubblesize distributiormodelhas to be used, as the releasesduo® possess an intrinsic velocity
One such model is presentedewar, Chen, et al., 2013)
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O. Ef fects assessment

The scope of the effect assessment is the quantification ofetjree of the environmental impact
caused by the contaminant of concern, which in the present work, as already expl8sobn3.4,
is assumed to be solely O

Before presenting the possible methods to quantify the impact, the area to be examined has to be
identified, as well athe most representative species living thddeally, the protection of the
representative species should ensure the protection dfiealbrganisms living in that specific
environment, which, in other words, enables to analyse the impact assessment parameters only on
these species and not on all of the organisms populating th&érsgtédentification and selection of

the representativepecieds thus a fundamental stepo such scope, ESBA methodology (used by
Wallmann et al(2015), whichis an approach to first identify the area and then assess the value of
the resourcess here presented.

58



6.1 Identification of the area and ofrepresentative organisms

6.1.1Ecologically or Biologically Significant Marine AredEBSA

As ECQO states, the sitebiology and habitats need to be descriied systematiavay, calling
attention to important species / habitats, to whom a measure of value should be assigned.

One suchalready establisheghethod, recognized by the Norwegian Environmental Agency, is the
EBSA (Ecologically or Biologically Significant Marine Areas) appro@@¥allmann et al., 2015)
which has already been us egidcludingDNVeSL 019)1 ES\BVA'GL
points of strength lie in its logic and transparenttys shouldensure that no valdeROC is
overlooked.ESBA establisheseven criteria(reported inTable 6.} to identify ecologically or
biologically important areas in the sea.

CBD COP 9 Decision 1X/20

Criteria Definition
Uniqueness or rarity unique ("the only one of its kind")
(i) rare (occurs only in fewocations)

endemic species/populations/communities

unique/rare/distinct habitats

(ii)

unique/rare/distinct ecosystems

unique/unusual geomorphological features

(iii)

unique/unusual oceanographic features

Special importance for lifenistory . _ . .
] Those areas required for a population to survive and thrive.
stages of species

Importance for threatene( Area containing habitat for the survival and recovery

endangered or declining speci endangered/threatened/declining species.

and/or habitats Area with significant assemblages of endangered/threatened/declining s

- - o Relatively high proportion of sensitive habitats/biotopes/species tha
Vulnerability, fragility, sensitivity, or ) _
functionally fragile
slow recovery

Habitats/biotopes/species with slow recovery

) _ o Area containing species/populations/communities with comparatively h
Biological productivity ) ) o
natural biological productivity

) _ ) _ Area contains comparatively higher diversity q
Biological diversity _ N ) ) )
ecosystems/habitats/communities/species/diversity.

Area with a comparatively higher degree of naturalness as a result of th
Naturalness

of or low level of humasinduced disturbance or degradation.

Table 6.1:The seven criteria used in ESBA approach to identify ecologically or biologically important areas in.the sea
Adaptedfom:iBest practice guidance for environmentaby risk
Wallmann, K., Haeckel, M., Linke, P., Haffert, L., Schmidt, M., Buenz, S., James, R., Hauton, C., Tsimplis, M., &
Purchell, M., 2015(265847 (D14.1) ECO2 Roject Office p. 18 CC BY 3.0.
(https://doi.org/10.3289/ECO2_D14.1
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To assign the environmental value to the-specific resources, three steps need to be followed
(Wallmann et al., 2015)

1. fildentify the area to be examined

2. Determineappropriate data sets, and identify valued resources

3. Assign environmental valoe

(p. 18)

Notice that, during CCS ERA, the first tvebeps must be performed no matter what approach to
identify the representative species is chosen; while the ibird, through which ESBA assigns the

value to the ROC:s, is (for the reasons stated below) presented in this work as a possible technique to
identify representative organisms, then subject to further detailed assessment.

Identifying the area to be examahe

Wallmann et al(2015) first as®ss the value of receptors in a wider geographical area and then
positions he potential area at risk 6Oz2leakagein our casédased on the location of the €€orage
/ pipeline patrand on dispersion featuresside it(Figure 6.1)

Wider
geographic
al area

Potential
Risk area

CO2
transport /
storage
area

Figure 61: Schematicepresentatiorof howthe wider and risk areas atecatedin respect to one another
Adapted fom: fiReport on environmental risks associated to CO2 storage at Sléipnddlisges, A., Mgskeland .,
Brooks, L., Flach, T., de Bruin, G., Jedari Eyvazi, F., & Geel, K., 265847 (D5.1). ECO2 p. 16.CC BY 3.0.

(https://oceanrep.geomar.de/id/eprint/29081/1/D5.1[1])pdf

Determine appropriate data sets and identify valued resoundbe area

All sources of biota and habitat information available for the wider area are consulted and
documentedThe data collected isvaluated againghe seven aspecifustrated in Fig.(Refer to
Wallmann et al(2015)for further details)This should make available not only averview of the
ecological / biological components, but also an environmental map that traces the distributions of
each identified species / habitat
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Assign environmental value

Thevalue of the receptors identified in the wider geographical areaignasssusing the following
criteria(Wallmann et al., 2015)

Low value:Area with local importance for species and habitats

Medium value: Area with regional importance for species and habitats, and/or having
national Red List species/habitats classified as data deficient (DD) or nearly threatened (NT).

1 High value: Area with national importance for species and habitatsj/or having national
Red List species/habitats classified as vulnerable (VU), endangered (EN), critically
endangered (CR) or regionally extinct (RE).

(p- 19)

As mentioned inSection2.3.3 Wallmann et al.(2015) underline that sufficient and traceable
documentation shouloe made available to explain and gapthe reasoning used in the assignation
of the value to &ROC. Wallmann et al.(2015) suggest thathe value assigned by recognized
frameworks (international, national and regional) be first of all applied and, in case highly detailed
data are available, it can be further adjudtitice, therefore, that the value assigned to each resource
is case specific and dependent on the available information and the interpretation ibétiacbgr

the assessor. A given value assignment may therefore not be 100% reproducible

The value of the ROC is then used by EC&é@mbined with the information on the vulnerability, to
determine the degree of magnitude of the consequgapgsoach presented among the impact
assessment methods below). If a fully quantitative approach is taken, the use of this method to assign
the value to the ROCs is here only recommended as a way to select representative organisms, which
will then be subijet to further detailed quantitative assessments.

Another approacto determine representative organisms is tBEPNEC ratio, which is presented
in the impact assessmefur reasons that will be clearer then
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6.2 Impact assessment

The impact can be calculated in several different ways, some of which are more detailed and accurate
than others. Thus, what follows is the presentatidiowfpossible approaches, where the last one is
the result of the latest research discoveries iffi¢he of environmental risk assessment.

6.2.1ECO approach

What follows in the EC@approachs the analysis dheoverlap between the pH / pCO2 distribution,
traced by the dispersion model, and each valued resource idernififisdenables tguantify the
potentially affected valuable population or habitat (expressed as a proportion of a population, number
of individuals, or size of an area).

To be able tassess the degree of the consequences, however, another step is still required, which
entailstoevaluatd he vul nerability of each val thradhdlde r e s
v a |, wiech represents @devel to which it is believed a species can be exposed without adverse
effect® (Wallmann et al., 2015, p. 2Q)singverifiable data sources.

The threshold values identified are then used asftuh the modelled pH / pCO2 distribution,
meaning thaho adverse effect on that specific resource is expected to happen outside-tiflat cut
value.Based on this informatiofyallmann et al(2015)then assess the degree of the impact on each
identified resource following the criteria reporteelow:

1 Smadl degree:The impact can impair/reduce species and habitats on an individual level.
1 Moderate degreeThe impact can impair species and habitats at the population level.

1 Large degreeThe impact can reduce/remove species and habitats at thi&apopuevel.
(p. 21)

The result again,depends on thepecificvaluable resource consideré. last, theinformation on
the environmental valués combined withthe degree of impacassessedand the result isised to
identify the magnitude of the consequenéesmiquantitatively)through a consequence matrix
(Table 6.2. The outcome value is than used as input in the risk magsemiquantitative
representation of riskjointly with the result of thédrequency assessment.
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Value Environmental value
Degree Low Medium High
G Small Incidental Incidental Moderate
8% g Moderate Incidental Moderate Major
A E Large Moderate Major _

Table 6.2.ECO, consequences matrix
From:fiBest practice guidance for environmental risk asses
K., Haeckel, M., Linke, P., Haffert, L., Schmidt, M., Buenz, S., James, R., Hauton, C., Tsimplis, M., & Purchell, M.,
2015, (265847 (D14.1)). ECO2dject Office p. 22 CC BY 3.0.
(https://doi.org/10.3289/ECO2_D14.1

DNV GL (2019)use the samapproach useldy Wallmann et al(2015)

6.2.2PEC/PNEC method

Kita & Watanabg2008)use the PEEPNEC raticas valudor risk assessment, where PEC stands for
predicted environmental concertation and PNEC for predicted no effect concenteatiret al.,
2004) According to this criterion, if PE@NEC ratio is higher than 1, there is a risk and it is likely
that negative adverse effects on organisms occur, and this likelihood escesathe ratimcreases.

It is also assumed that, when the PEC is equal to the PNEGRRIEEC ratio equal to one), the
probability that a species is affected by the stressor is equal {8%tbet al., 2004)However, the
sameSmit et al.(2004)argue against the reliability of PERNEC ratio as an approach to quantify
the impact, statinghat, according to how risk is defined, it should quantify the likelihood and the
degree of damaging effects, and the HFEIEC ratio does not comply with this definition. The PEC
PNEC ratio does neither provide, indeed, any characterisation of the impdati®es not quantify
the likelihood. In the opinion of Smit et al.(2004) PEGPNEC ratio can only be used for
prioritisation, but not as a quantification of the degreinpact.

This prioritisation among organisms could serve to identify the most representativsgp€sitiec)
species, in terms of vulnerability to the stressor. Thus, the FHEC method can help identify the
site’s represent atsesviethesspessors ae gnalyseld wiere quangsng the
impact, as already explained above. Therefore, it could be good practice to identify representative
species based on both, ESBA methodology, that assesses the value, aRNIERECatio, that
assessese vulnerability. The use of both methods would validate ESBA results, and also guarantee
more robustness to the selection of the representative sdeoies

6.2.3SSD WOR method

The speciessensitivity distribution (SSD)is a methodthat quantiies the degree of impact cthe
receptors of concern lgescribingthe variagion of the hazard caused by a stresstw,theorganisms
(Smit et al., 2004)In other words, SSDs show the fraction of species affected by a certainflevel
the stressor. Generally, tiaariability is represented through a frequency distribution of NOEC values
for the representative RO@sd the procedure to builde SSDs based on the log transformation of
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toxicity data and their fitting into a distributig§mit et al., 2004)Therefore SSDs commonlyaport

the potentially affected fraction of spec{®AF)on the xaxis against the log of the concentration of

the pollutant (yaxis) (Sanni, Bjorkblom, et al., 2017Notice that, emong the main assumptions
behind the use of SSDs as a tool to quantify the impact, in the context of effect assessment, there is
that the selected representative species are representative for all madies al., 2004)

TheSSDsapproach has been ugedquantify the degree of impact of pH on RO&sAzevedo et al.

(2015) Azevedo et ali2015)developedsSDshased on the responses to ocean acidificitionhom

he considered to be representative organisms (calcifying spdtiesg¢responsesverecategorized

by Azevedo et al(2015)in three life processegrowth, reproduction, and survivalhis is the most
common categorizatig as gowth (growth rates, body sizeweight, etc.) reproduction (fertitiy,
percentage of normal larvaetc) and survival (mortality and survival rates) g@odindicators of

the fitness of specsgetheseme r ef erred t o as wholTeéeSBsliétbyi s ms’
Azevedo et al(2015)report the potentially affected fraction of spec@s the yaxis corresponding

to different pH scenarigo®n the xaxis. The change in PAFfor each life process, was calculated
through Eq. 4

APAFs = PAFs - PAR [4]
Where PAK is the control PAF and PAfs the PAF in the new scenario (S).
Another possible impact assessmapproach, derived from the one above, has keggested by
Smit et al.(2004)and consistsn the usgeof the SSDs to translatihe PEC values into risk values.
The assumpbn behind the development of this methothis fact thatif when the PEEPNEC ratio

is equal to one the PAF is equal to ,58c€anthenbe assumed that at any other level of exposure the
probability that a species is affected by the toxicant is equal mwthespondind®?AF in the SSD.

6.2.4SSD biomarkers method

I n ERA’s regulatory context, whureamd fuactionsofthet s u
ecosystems, reference is always made to adverse-otgdaism responses, meaning, as said in the
previous paragraph, survival, reproduction, or gro¢@mt et al., 2009) However, a limitation

related to WORs is than situ measurements are really diffic§®anni, Lyng, & Pampanin, 2017)

and thus no proper monitoring can be perfed during the operational activities. Monitoring is
essential to guarantee that everything is working properiyis indeed the first reason that pushed
towards something that had never been done bé&ameni, Bjorkblom, et al., 2017ineaningthe
introduction ofchemical and biological parameters, which are more practically measumabieAs.

This has beenodham&ketrisr 0 @ gléedti melde alsi ol ogi cal c
(Sanni, Lyng, Pampanin, et al.,, 2017, p. i asur ed i n speciesiused to evaltater s
biotic and abiotic environmentadharacterist cs t hr oughout a (Zchralettl, or a
2019, p. 4), after exposure to pollutants. Biomarkers can be measured at various levels of biological
organisatior{Sanni, Lyng, Pampanin, et al., 20159meexamples could bahe expression of genes,

the activity of enzymes, the concentration of proteins, growtlavimliral patterns, reproductive
success, and many other biological procegggebral et al., 2019, p. 5)

Biomarkers are not only easily measurable in field obtained samples, which enables improved
monitoring in the site, but also, thaye highly sensitive to stressorerfsitive endpoints), meaning
that responses occur at very low concentrations, before effects can be recorded at a higher level of

64



biological organisatioiSanni, Bjorkblom, et al., 2017Jhus, they are also early impact assessment
warning tools, which is very useful during the monitoring activities to identify low stressor
concentrations in the area, that eventually means to help detect unplanned leaks.

It is however clear that, to heseful in the risk assessment contéxbmarker responses aWdOR

need to be in some way related, as effects acceptability criteria in force refer only to M/@RBsnt
years,Sanni, Bjorkblom, et al(2017) Sanni, Lyng, Pampanin, et al. (201%anni, Lyng, &
Pampanin(2017) suggested a relation througdSDs (alias bomarker bridges)By the SSDs,
biomarkervaluescan be related to the acceptance limits provided in ERAMonly set at the level

where 95% of the species are protected) and, by thid, sulb h a | l'i mit biomarker
identified. As stated bysanni, Lyng, Pampanin, et al. (201}herationale of this approach would

be to enable the definition of threshold values of relevant parameters for different toxicities, and
thereby provide more early warning capability of possible dynamic impaetagewent than WORSs

can pr(p.2l) deo

By this, bomarkers can thus be used for hazard identification (early detection of biological
imbalance)for assessing general ecosystem / organism hgzdttni, Bjorkblom, et al., 201&nd
for quantifyingthedegree ofmpact ofthestressor on the ROCs

Thus, ths last impact assessment approach suggested is the result dfasiaemeported above:
after having selected the stpecific representative bioindicators, done througlctmbination of
the information on thealue of theorganisms (ESBA methodologghdthe oneontheirvulnerability
(PEC/PNEC approach), psensitive biomarkers (for those bioindicators) can be identibed
relative dosaesponse curves be plotted. This pesntiie translation of the outcome of the
distribution model, that is the pH variation caused by the IE&kage, in terms afuantifiedeffects
on the marine environmerkhis meango identify the spatial distribution of biomarkers levels and
throughsignificant biomarkersbased effects thresholddentify what type ofsafety measure should
be introducedAs already said hie advantagef working withbiomarkerswvould bethat theseould
beefficiently monitoredat any time on the fieJdoto make sure nbmit threshold is overcome

By pH-sensitive biomarkers it is meant tested biomarkers that showed variations, in theidwalue,
to changes in pH. The ones identified in literature are reportdciite 6.3, with reference tahe
sourcetherange ofpH for which they werdested and the corresponding bioindicator on which they
were measured.

Acronyms reported in Tab& 3 stand for:
AChE: Acetylcholinesterase

CA: carbonic anydrase

CAT: Catalase

CBO: Carbonyl groups

CEA: Cellular energy allocation
EROD:CYP1A enzyme activities
Est:Esterase

ETS:Electron transport systemactivity
GLY: Glycogen content

GPx: Glutathione peroxidase
GSH: Reduced glutathione

GST: Glutathione Sransferase
CBH: Total carbohydrate levels
Hm: Hemocyte mortality

LDH: Lactate dehydrogenase

= =20 _9_9_9_95_42_49_9_2_-2_-2°_-2._--2-
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LIP: Lipids content

LPO: Levels of lipid peroxidation
Lyso: Lysosomal content

MDA: Malondialdehyde
PC:Protein carbonylation
PROT:Total soluble protein content
ROS:Reactive oxygen species
SOD: Superoxide dismutase

THC: Total hemocyte counts

=4 =4 4 -4_-8_49_9_°5_2

Biomarker results can also be implemented in impact assessment models e.g., DRESEM
related Risk and Effect Assessment Model)) that, taken the information of the pH spatial
distribution computed by the dispersion model, are able to trace the spsttidution of the
impact(Sanni et al., 2018)
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Duration of Biomarker group
Species Organism IpH exposure PAH Metabolites Oxidative stress | Immunotoxicity Crameal Reference
evels [ (days) parameters
Flounder Paralichthys 8.1 49 CAT (Cui et al., 2020)
larvae (fish) olivaceus 7.7 GST
7.3 GPx
GSH
MDA
Herbivorous Trochus 8.1 28 CAT AChE (Zhang et al., 2021)
gastropods niloticus 76 GST CEA
LPO
SOD
Thick shell Mytilus 8.1 14 Hm (Wu et al., 208)
mussel coruscus 7.7 Est
7.3 THC
Lyso
ROS
Polychaete Diopatra 7.8 28 LPO (Freitas et al., 2016)
Onuphidae neapolitana 75 GSH
(bivalve) 7.3 CAT
7.1 SOD
GST
Glycogen and
protein content
Flounder Paralichthys 8.1 49 CA (ngp/ltent of (Cui et al., 2022)
larvae (fish) olivaceus 7.7 Content of IgM
73 Contentof
' HSP70
Na+/K+
ATPase
Ca2+ATPase
Mussel Mytilus 7.8 28 ETS SOD GLY (Freitas et al., 2017)
galloprovincialis 7.3 CAT PROT
CA LIP
LPO
Atlantic Hippoglossus 8 96 CAT ROS AChE (Carney Almroth et al., 2019
halibut hippoglossus 7.6 GST EROD
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Duration of Biomarker group
Species Organism IpH exposure PAH Metabolites Oxidative stress | Immunotoxicity Crameal Reference
evels [ (days) parameters
GPx
PC
Portunus 8.1 CAT ROS Level of (Jeeva Priya et al., 2017)
pelagicus 75 MDA total protein
7 GST AChE
6.5 GR
5.5
Sand smelt Atherina 8 15 CBH SOD (Silva et al., 2016)
larvae preshyter 7.9 ETS CAT
7.6 LDH LPO
Isocitrate
dehydrogenase DNA damage
. Superoxide anion
enzyme activities .
production
Baltic calm Limecola 1.7 50 GPx AChE (Sokot owski e
balthica 7 CAT CBO
6.3 GST
MDA
CA
SOD
Calcifyng Mussel Mytilus 7.7 21 CA (Zebral et al., 2019)
organisms edulis 7
6.5
Mussel Mytilus 7.7 30
edulis 75
7.4
7.3
7.2
Two oyster species 73 o8
from Crassostrea
genus (C. gigas and
angulata)
Coral 75 15
Mussismilia harttii 7.2 35

Table 6.3:pH-sensitive biomarkers, with references to the bioindicator, the range of pH in which they were tested, the durationasfutteeasgthe reference
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/.Fr equeacst iemat i on

Risk is oftenquantitatively expressess a combination dfequencyandthe magnitude of the failure
scenarioThis chapteaddresses frequency estimation.

Before the presentation of the possible methods to estimate the frequency, an observation needs to be
made:data orfrequencies usually referr tberelease scenarios and not directly to the final sceario
meaning the C@dispersion in waterHowever, n this perecise context, no distintion beween the
frequencies of the release and final scenario is neadelde CQ@dispersion in water is the only final
scenario that caarise froma CQ subsea releaséttention needs to be paid onily the case of

pipel i nes, wher e hol es’le bgcausahe fcegescy ofithe finalisaemarioa r e
corresponds to the product of the release frequency and the probability of occurrence of the specific
holeconsideredreported in the Tablesf Section 4.2.2)

Failure rate datéor release scenari@snbe obtainedn a multiple number of way&nergy Institute
(Great Britain), 2013)

From dathasesand literature sources
By sample testing

1
1
1 From plant experience
1 By predictive technique&.g, by using fault tree analysw by Bayesian Belief Networks
(Wallmann et al., 201%)

Just as an exampl@/allmann et al(2015)have developed

A prototype Bayesian Belief Net (BBN) that implements the first method of aggregating expert
opinion[refer toWallmann et al(2015)for further detailshnd evidence. The EGQroject

tested one of these by building a prototydé Pnodel based on a BBN software tool which
implements the basic mathematics of Bayesian inference using a graphical interface and
representation of causal linkages. There are several advantages to the BBN platform, but here
we mention the main one foriesating the PTL(propensity to lea}. The BBN can combine
qualitative, quantitative, statistical and expert opinion data in a thayrepresents the main
evidence for each sigpecific FEP, and the evidence can include ambiguiy,can be
inconclusive or point in contrasting directions.

(p. 23)
Clearly, a predictive method, like the one propose@fimann et al(2015) that is strictly based
on sitespecific information considerationscould bring greatespecifcity int he f i nal frecd

estimatesHowever, for the scope of the work, in alternatavein addition (as confront to validate

the results)to this approaclwe ar e al so presenting the frequel
if, as saidthey might be lesspecific being generally based on natural gas historical(dafzecially

for what concernpipelines)
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7.1 Failure frequencies for gpelines

7.1.1Influencing Parameters

There are numerous factdratinflueneep i p e IfailuredérequencyDNV GL (2017)provides an
overview (summarised below) thferelationships between failures and influencingdexz However,

it is complicated tasolateeachparametér sifluence on the failure frequency is doneuniquely
when detailed risk analyses are perfodmEghereforepnly qualitative considerations anfluencing
parameters are here report&@NV GL (2017) itself stresses on the fact that effeats, failure
frequency from one parameterould betaken into accoundeveral differentimes when trying to
identify its gecific effecs. DNV GL (2017) thereforebelieves thatrequencies should rather be
discussed with reference tailure modesthus according ttheir causs rather thann relation to
influencing parameters

Process medium

As reported byDNV GL (2017) several sourcebelieve that oil pipelinehave higher failure
frequencieghan the corresponding gas pipelines, but notice tfe#n gas pipelines have higher
design pressures, thus a larger wall thickness.cthikl be an explanation tehy gas pipelines seem
to be less prone to leakage thanppdelines. Thuswhat DNV GL(2017)deduces is that, from the
available data, its not possible tgprovea relevantinfluenceof the process medium, as an isolated
parameter, okthe failure frequency.

Installation

Pipelineswith small diameteraretypically buried duringheinstallationprocess, which is something
that can, itselfthreaten théntegrity of the pipelineHowever, the bury reduces the chances of damage
caused bydropped objects, thukhe net result is beneficidbr what concerns the risk 0bgs of
containmeh(DNV GL, 2017)

Corrosion prevention

Corrosion prevention is a fundamental aspect during the design phase of pipeline. Searbd$\(

GL (2017)for details) report that internal corrosion is dominating for offshore piszimeeed for

wha concerns external corrosion, of fshore pip
reliable fnoreoverthe surrounding seawateontributes byproviding stable conductivity).
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Pipeline material

For steel pipelines, the failufeequency increases with increased material strength. The reason
behind this is thahcreased material strength permits to reduce the wall thickness, but this translates
into a reduction in the ability to withstamdrrosion (shorter time period for anrmmsion to reach
critical levels) andxternal interferences€eDNV GL (2017)for details)

Material utilization factor

Thematerial utilization factomdicaestherelationship between thangential circulartension due

to thepressure difference betweerh e  p i ipsild anchoetsidgand the material streng{BNV

GL, 2017) For offshore pipelinethis valueis within a rangehat goes fron®.72to 0.85 (DNV GL,

2017) If corrosion is limited to a local arethe material utilisation factawill not impact on the
pipe’s ability to withstand the pressure diff
on this failure mechanisfthe leak before rupture cantieed). By contrary, for corrosion over larger
areas, a large utilization factor widlad to a shorter time period for corrosion to result in failure.

Age

DNV GL (2017) after a literatureeview, concludes thaixisting reports areuite uniformwhen
assessing the impact of pipeline age on failure frequency. Pipelines normally go through an initial
period oftime (from 1-2 years to 10 yeadepending on the casi&)which higher failure frequency
are recordedf compared to the remaining parttbeir design lifewhere thefailure frequency is
almostconstant. The reasons thishave to beearchedhto external interference, operational issues,
material failure and defect welds. For examplaen the pipelinsystemis fist used an increase in
surrounding activities in the area expectedwhich translates into higher frequency for falling
objects. Moreovemost offabrication defects in material or welds will be revealethenfirst years

of activity ofthe pipeline. Therefore for what concerns the influence of the aging of the pipeline on
thefailure frequencieghe Concawe reports (2016, as cited in DNV GL, 2@bncludethat there is

no evidenrelation between thageing of the pipeline systeamd therisk of leakage.

Size

As DNV GL (2017)says several sourcelselievethat, as the diameter increasesj pel i ne s’
frequency decreaseA large diameteis usuallyassociated to karge wall thicknesswhich permits

to havemoreresistance against external interferenceagalnstcorrosion. However,some sources
reported byDNV GL (2017)believethatthe real reason whyfrequencie have this trend with the
diameteis that large diametsare ofterusedoverlong distances, while smalidiametesareusually
foundin the pipelinesiearthe platform zonghigheractivity intensity) Thus,it is impossible, with

the data available for the moment, to préive existence o negative correlatiobetween pipeline
diameterand failure frequency.
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Length of line

The isolated effect of the length of the subsea line on faleqeiencies is hard to determinethas
increasecatorrosiony material defectwith the length of the pipelineould bealso dudo two aspects,
rather than simply being correlated with the length of the pipeline:

1 In shorter pipelineow ratesare higher

1 Longerpipelineshave gotarge diametes and wall thicknesss

Location

For what concerns offshore pipelines, the highest fafheguencies are foundearthe platform,
where activities are more inten3énerefore when calculatinghefrequencieslocal conditions must
be consideretbo.

As a conclusion of this qualitative introduction to the influencing parameéteen bestressed out

again thathe parametersan be often linked to each othersigveral different wayghus the effect
of isolatedfactorsis hard to assess

7.12 Data banks and literature sources fopelines

Some literature source®ncerning CQpipelines failure frequencies are reported in this paragraph
with their own assumptions and observations to justify the usage of speafif data.

A detailed study has been done byncan & Wang(2014) where safety records of natural gas
pipelines have been used asaaalogue for C@pipelines based on the followirsgmilarities(refer
to Duncan & Wang2014)for furtherdetails):

Generally the same grades of carbon ste®lused(API 5 X55 to X70 or higher)

1

1 Thewelding and installatiotechniquespplied are the same
1 Theinternal and external coatingse similar if not the same
)l

If the gas is not properly dehydrated or contains imper{{&>, H>S, NG or other acidjhe
corrosion issuesncountered are the same

External corrosion is mitigated through the sarathodic protection

In many jurisdictions the same ASME design cagplies for botlpipelines

However Duncan & Wang2014)also remind that not alhe design requisitefor naturalgas and
CQO; pipelinesare exactly the saméor example, ant hr op o g£ n ic © nt@rd8pordie
that can strongly contribug to corrosion mechanism®espite this observatipibuncan & Wang
(2014) conclude thathe ‘natural gas- CO; analogy has no more valuenly if no satisfactory
dehydratiorof the CQ stream is performear if the concentrations of trntaminants areot kept
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at very low levels Therefore, in all th@thergeneraloffshore CQp i p e Icasesthe following
applies:

In the absence of any information on pipeliagures| ..,Jthe use of information from an
analogue, such as offshore natural gas pipelines, seems the most useful approach to
understanding the likelihood and consequences of failure of futureesulEQ pipelines for
sequestration

(Duncan & Wang, 2014, p. 137)

Duncan & Wang(2014) work is based on information from a database on natural gas pipeline
incidentsfrom theU.S. Pipeline and Hazardous Materials Safety Administration (PHMSsihg
historical data has its pros and cabancan & Wandg2014) indeed statethat

The implicit assumption in this approach is that historical incident rates (antethgoral
trends in these rates) can be extrapolated to predict future outcomes. This approach assumes
that a complete spectrum of types of accidents is represented in the data. The problem with
this assumption is that the data sets may be too limited dorately predict the future
occurrence of lowrequency but higltonsequence events. These kinds of events that may not
be represented in our actuari al dat a- set
unknownso.

(p. 132)

Moreover, historical datanany not be abld¢o predict future eventslue to improvements in
technologies and materials used.

PHMSA defines three types of failure:

1 Leaks (pinhole or puncture failure)
Ruptureqlongitudinal or circumferential crack)

1 Systemcomponent failures (nifanction of valves, failure of mechanical joints, breaks in
fittings, or flaws in compressors)

In PHMSA database, each tifesefailures has been attributegeveralcauses: internal corrosion,
external corrosion, outside forces and defects in construction or matéaaisver,Duncan & Wang
(2014)state thagenerally causes are linked with one another, thus it might be hardde the
failure data in neat categories.

Another literature reporthat deals witltCO pi pel i nes’ f a ithe Energy Inktitute q u e n
(Great Britain)(2013) which has already beenertionedin the hazard identificatiormThe premise
made by this articlesimilady to the work byDuncan & Wang2014) is that frequency data for risk
assessment coming from datanks and literature sourcesight carry drawbacks in terms of
accuracyFirst of all historical dat@an bancomplete onot up to dat, thus not applicable firesent
processesMoreoverthe most accurate risk prediction consists in calculatinggihee rate for the
cause of the spedaiffailure scenarioHowever,as CCS is an emergent technology, there is a lack of
dataon CQ pipelines  f a andiuig tleusdifficult to collect suchnformationin great quantity.
Therefore more generalised sources of datacommonlyused forCO; pipelinesrisk calculations

with eventualreadapations (Energy Institute (Great Britain), 2013ptherwise,thesegeneralised
datacan be used to calculate tirequencyof the worstcasescenarios Databases mentied by
Energy Institute (Great Britairf2013)are:
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a) PARLOC 2001the most comprehensive database for offshore gas pipelines available (report
published by UK HSE entitled PARLOC 2001 Pipeline And Riser Loss Of Containrtrent).
its most recent versiomcidents from the 1960s until 20@@e coveredData geographically
come from the UK, Norway, the Netherlands, Denmark and Germany

b) European Gas Pipeline Incident Data Group (EGtGyperation of 12 major European gas
transmission system operators and owner of an extensive data base of pipeline incident
(information collected since 19Y,0

c) UKOPA report collaborative pipeline and product loss incident data from onshore Major
Accident Hazard Pipelines (MAHPSs) operated by National Grid, Scotia Gas Network,
Northern Gas Network, Wales and West Utilities, Shell UK, BP, Huntsman 4 BK,
(informationup to the end of 2006

d) CONCAWE: inventorythat covess Europeanpipelinesfailures fran, in its latest version,
1971 to 2019

e) Pipeline and Hazardous Material Administrati@hS. Department of Transporfollection
of data specifially related to transmission of compressed supercritical(@G§2d byDuncan
& Wang(2014)as well).

A summary of the pipeline failure datreported i T a b | -eA nA.eX A Energyyinstitukee
(Great Britain)(2013) in incidents per 1000 kméar (it could not be reportelerefor reasons of
copyright) Accordingto Energy Institute (Great Britair(013) PARLOC 2001 data are the most
relevant, as thegre exclusivelyelatal to offshore incidents.

At last, in the alredy mentioned DNV GlLeeport(2017)the case of C&pipelines is considered as
well. According tot he a wpinoon,ifs'uf f i ci e n tmoniopng rs gerformet sn’
compliance with procedurefailure frequencies fohydrocarbongipelinescan be used fo€0O;
pipelines.In casethere are doubts associated to #uequacyof monitoring orof procedures,
hy dr o c pipelnesrfailure frequenciesmnnot bausedand a detailedcase specificanalysis of

the CQ pipeline is necessaryHowever, t is alwaysbetter practice, when estimating failure
frequenciesto considemll information on the specific pipeline (operational experience, inspection
results etc.) anthvolve experts in the evaluation.

Data sourcesusad DNV GL ' s(20t7gpooratssess offshore pipelir
(detailsreported DNV GL ' g2017gpor t

. PARLOC?2001, issued in 2003 {Bedition),

. PARLOC 2012, issued in 2015 @dition),

1 NCs
DNV GL (2017)finally develops a specifitailure frequency model for offshore transport pipeljines
based ordaa of North Segpipelines, that have been divided into categonesh reference to their
dimensionsarea of operation and transported medi@nly some of these groupslentified by
DNV GL (2017) are here relevanas CQ for CCS isa processed fluidté composition ensures that

acceptance criteria fmorrosion rateare respected

T St eel pi pelines transporting processed flu
T St eel pi pelines transporting processed flu
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The offshore transport pipelineaodel by DNV GL (2017) to estimate failure frequency consists
of three elements: a first length dependent elemeet@ns length independent, which results from
pipeline characteristics and surrounding conditions, and a last one that accoamishfns being

unintentionally droppeénd dragged on the pipeliree@Appendix E ofDNV GL (2017)for details)
This model has also been use®NV GL (2019)to assess subsea dipes failure frequencieghe
frequency calculated by timodelis thusexpressed biqg. 5:

Ol 'QR 6 QED D Q) Qi WEFD "Q

D QN QEMDE BOO QI W 0 QO v

And the value of the parameters, depending on the case analysed, can be taR&MIGIN (2017)
and arereported in theéablebelow(Table7.1).

Factor O 240 >240 Unit
Length dependent failuresdg) 1.7%10 5.56 10 Per km year
Length independent failuressf§d |7 . 1> 10 1.4% 10 Per score gradgear

Failures related to dragged anch(
from ships underway gfagged Anchot

To be evaluated
according to
appendix E.

To be evaluated
according to appendix
E.

Per year

Table 7.1.DNVGL 6 s
FromiRecommended

The score is used to accodiot length independent parametand its value is assessed considering

recommended i
f ai | urbgDNV 6&l, 2087, (N@ 2010547 pReV. 2).DN\sGip, 36

failure

Copyright 2017 by DNV GL.

freqguenc

es for

the operational experience atige knowledge of the loads that could impact the pipesee 5.2.3
of DNV GL (2017)for details)

One last observation is thatNV GL (2019)identifiesranges oprobabilities
to three failuref r e qu e n c i g(%able £2¥®e¢t bygEC® (in eeference tstorageleakageks

The

attri

but.i

on of

matrix are presented @hapter 8

t he

v acbrrespanding

f r ewithuteenirdormateon regartlireg she
degree of impacin a risk matrix developed byVallmann et al(2015). More details on this risk

Category Description

Unlikely Less than 1% probable over the project period of 25 years
Exposure rate less than 2 *4per year.

Possible Between 1% and 10% probable over the project period of 25 years
Exposure frequency between 2 *4énd 2 * 16 per year.

Likely Between 10% and 100% probable over the project period of 25 years

Exposure frequency between 2 *3énd 2 * 16 per year.

Table 72DNV GL 06 s

c | @hs prabdbilitg at i on of
Adapted fromfMiljgrisiko for EL001, Northern Lights, mottak og permanent lagring avd@ 0y DNV GL, 2019(No.

2019 0746, Rev. 1). DNV Glp. 39 Copyright 2019 by DNV GL.

(https://cdn.sanity.io/files/h61q9gi9/global/d7d0d989ebb7229e009B8®3c042914ff672.pdf?miljoeriskor-el001-

northernlights-mottakog-permanemagring-av-co2-equinor.pdf
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7.2 Failure frequencies for injection wells

For what concernthe assessment of thea i |

ure frequenci es,themehodsi at e

presented at the beginning of the chapter still hold #seanticipatedthe following reasoning

concerni

ng wvappliess’ | eakages

[H]undreds of thousands of wellbores in the oil ansl igaustry have provided deep insight

into why and how frequently wellbores leak both during active operations and after they have
been plugged and abandoned. However, the overall impression of these subsurface industrial
analogues is that although theyJealarge statistical databases of performance, these have
limited relevance for predicting future performance of.Qf@ological storage sites. The
reasons are varied, but the conclusion is cldaiis considered best practice to estimate
probability for a given C@geological storage site leakage scenario based orspieific
geological and engineering system descriptidiss entails constructing a structural model
[(refer toWallmann et al. (2015pr further details on the models d3pof the specific storage

site subsurface based on seismic and wellbore data and subsurface engineering description
of the specific storage complex and injection project, complete with the relevant uncertainties
including those implied in forward modeig.

(Wallmann et al., 2015, p. 15)

However, ast has been done witpipelines, theiteraturesources alternative is here presented as

well. The sourcethat deal precisely witRO, wellsareZEP (2019)andDNV GL (2019)

7.2.17EP

The origirs of Z E P (2&19)datg and other related observatiofsye already beemmentionedin

Section 4.2.3The tablereporing the probability associated to each failure scenario is here recalled

(Table 7.3)
- Peak Duratio n | Total Mass Lost
. Probability of .
Scenario leakage (%) Leakag el (in years or|to surface
Rate (t/d) days) (tonnes)
Active well leakage 0.5 50 250 days 12500
Active well blowout 0.15 5000 250 days 1250000
Abandoned welblowout 0.1 3000 1 years 1095000
Seepage in abandoned well 0.5 7 100 years | 255500
Severe well problem, no  reps 45 6000 2 years 4380000
successful
Table7.3:Leakage parameters for wellsé. failure scen
Adapted fromi C £5torage Safety in the North Sea: Implications of theE® or age Di r ect iZere 0, by

(https://zeroemissionsplatform.euAgpntent/uploads/ZEfeport CO2-StorageSafetyin-the-North-SeaNowv2019

Emissions Platformp. 30

3.pd)
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7.2.2DNV GLfor Equinor

The esti mat i o nprolmlilitieswa@dohel bg DNVTGA ol ther Northern Lights project
(2019) is based on theeport"Input to ERA Memo May 2019With reference to the supplementary
report "Northern Lights (Aurora Complex)uBsurfaceContainment Bowtie Analysis, Issue 3.0"
(DNV GL, 2019) Notice that these data acasespecificand could, ifpractically possible, find a
more general applicability only after expentdaspecificevaluations

As for ZEP (2019) thetableis recalled Table 7.4)

Mass-flowrate

Scenario Probability released

Duration

CO; leakage via
injection wells during | <1% <10 ton/day < 1 year
the injection period
CO;, leakage via bean
heads after the <1% < 1 ton/day
injection period

CO; migrates from the
well to the overlying
sediment packet <1% < 1 ton/day
("overburden”) during
the injection period
CO; migrates vdically
under Drake roof rock
in Aurora, for example
towards fault zones in
NW / SW, migrates
northtowards Troll,
and leaks out of
existing well (s)

CO; migrates north to
the Troll area through
the Johansen / Cock
formations, passes the| < 1% <1 ton/day
Svartalv fault, and
leaks out of existing
well (s)

CO; migrates north to
the Troll area through
the Johansen / Cock | <1% < 1 ton/day
formation, and leaks
out of existing well (s)

IN

100 year

IN

1 year

<1% < 1 ton/day

IN

100 year

IN

100 year

IN

100 year

Table74:Leakage paramet er s f iorelateretdNbrihén Ligltsprojectr e scenar i
Adapted fromfMiljgrisiko for ELO01, Northern Lights, mottak og permanent lagring agvd;6y DNV GL, 2019(No.
2019 0746, Rev. 1). DNV Glp. 32 Copyright 2019 by DNV GL.
(https://cdn.sanity.io/files/h6199gi9/global/d7d0d989ebb7229e0019B8®Bc042914ff672.pdf?miljoerisifor-el001-
northernlights-mottakog-permanerdagring-av-co2-equinor.pdf

The three categories for failures frequencigsntified by DNV GL (2019)(Table7.2), areapplied
by DNV GL (2019)t o wel | s’ f a tod, and eesittridutioe of th&requengectass is
then implemented itherisk matrix(Wallmann et al., 2015)
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8. Rodheak acteri zati on

In the previous chapteepproaches to assess the severity of the environmemiatts caused by
potentialCO; releases in seawater have been presdQiegpter6), andfor each scenario, methods
to estimate the frequency have been identifi@apter7). Having collected theseata, risk can be
characterizedFirst of all we arebriefly mentioningthe methodo characterize risklevelopedoy
Wallmann et al(2015) andused byDNV GL (2019)as well,having taken them as reference works.
Afterwards, quantified metrics are introduced d&dimer description ofisk.

8.1 ECO: approach

Wallmann et al(2015)(i.e., ECO; project)charactererisk by means of a risknatrix (Table 8.).

Severity measured il s ity of _ li
Environmental Value S€Verity of environmental impact
Propensity to Leak Incidental Moderate Major Critical
. Negligible / small | Negligible / Moderate .
Unlikely 9 g glg . . Large negative
negative small negative | negative
. Negligible / small | Moderate . :
Possible g g . Large negative | Severe negative
negative negative
Very Likely Moderate negative Large negative | Severe negative | Severe negative

Table 8.1:ECQO; risk matrix
From:fiBest practice guidance for environmental risk asses
K., Haeckel, M., Linke, P., Haffert, L., Schmidt, M., Buenz, S., James, R., Hauton, C., Tsimplis, M., & Purchell, M.,
2015, (85847 (D14.1)). ECO2 Project Officp. 27 CC BY 3.0.
(https://doi.org/10.3289/ECO2 D14.1

The information required tenter in therisk matrix arg for what concerns theeverity of
environmental impactobtained through the methodsed by EC@to assess the impact on the
valuable organismpresentedn Section 6.2.Jand for what concerns frequericys  r, taethgee
categories ardealt within the report byDNV GL (2019) whichreadaps thento the case of pipelines
[ wells (Section 7.2.2

Notice thatin Table 8.1 Wallmann et al(2015)haveestablishd criteriafor the acceptability of

risk: categories have indeeddmset on the base ttie value of botlhe severity of the
environmental impact and the frequency of the scenario.
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ECO s met hod has al r ead)DNV®G&Ilu 8049; Wifenesfet ak,l2@land p p | i
has proven to be a valid way to approach the thematic of risk characterization fandweSer, it

must be noticed that it is a risk mattased characterization of risk, not a fully quantitative approach
based on quantitative risk metrics as described in the following.

8.2 Risk metrics

As presented irSection 1.6 quantified expressions for risk cahe established assumingthat
guantifiedvalues, and nobnly ranges, forexpressing both thinpactof the consequencesdthe
frequeng of the failurescenario, are availabl&@his is the case, aguantitative methods to assess
both impactnd frequencyave been identified ithe frameworkOne such approach to express risk

in a quantified way is throughsk metrics Johansen & Rausan@012) have made available an
overview of existingrisk metrics,for damages referred both to humans and to the environment.

Before the relevant ones are presented, some
T Al ndi vi dual risk: The risk to an actual or
events.

91 Societal risk: The risk to a society or population related to a single event that may affect
mul tiple persons. 0
(Johansen & Rasand, 2012, p. 1)

The risk netrics in relation toenvironmental damagwlentified byJohansen & Rausari@d012)are:

1. Potential environmental risk (PER]} represents théfrequency of a definedonsequence
category for a certaimrganism, populatiorhabitat or ecosystemvithin an area® (Johansen
& Rausand, 2012, p. 3PERis an individual risk(w h o0 s e of'life amalegousis the
individual risk per annumIRPA) and it iscalculated as followéEq. 6)

=_s-Pr(@9-Pr@[O [6]

Where_s is thefrequency othe spill S per yeay E is the exposure tahe spill for the area
(‘fa’) and C is the undesiredconsequencassociated to that release scenaNotice that
reference is made to tifrequency of the spilimeaning the initial release scenabat for our
case this coincides with the frequency of thieal scenarioMoreover, he probability that,
given the exposure to the spitkganisms encounteindesired effectéPr (6[O) can beseen
as thevalue of PAF, obtained fromthe SSDs either WOR or biomarkersrelated The
undesiredeffects to which theconsequence scenario (C) is referrarg those to which the
PAF used is referring to.

Asforthe’ | o s s casdwhdratht lecaizedindividual risk (LIRA)is definedfrom the
IRPA neglecting the probability of presence of the individual in the area of irffpa|S)),
which is indeeddifficult to estimate the same reasoning could be applied the
environmenral case This would permitas the LIRA does with thiRPA, to conservatively
estimatehe PERN those cases in whigche parametdpr (E|S) is not available

2. Recoventime (RT) It representéithe probability peyear of having aaccident that exceeds
the time needed by tleeosystem to recovénom damageé (Johansen & Rasand, 2012, p.
3). It is an individual riskandit is calculated as follow&Eq.7)
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Where_s is the fequency of the spil6 per year Dq is the dimage duratio@andRT is the
required recovery timé his metrics isvoweverof limited applicability as therecoverytime
may be impossibleo establish imdvancgJohansen & Rausand, 2012)

3. FE diagram: It is a fidiagram displayingthe relationship betweethe frequencyand
environmental- economic loss in gingle accideri (Johansen &Rausand, 2012, p. 3}
expresses societal risKk whose ‘1 oss of | i f endasrepleserged u s’
through a plot which has on tleeaxis the environmental damagéE) and on thasaxisthe
cumulatefrequency(Fe), meaninghe frequencyof all of theaccidentghat cause loss of at
least'E’. The environmental damagE) can be calculatedor example by multiplying the
value of PAFwith thetotal number of organisms living in the areaimpact this computes
thenumber of organisms affectadotice thatif the PAF is not constant over thdolearea
of impact an integral should be useshere the value d?AF depend®n the locatiorfEq.8)

0O . 066G T 6 M6 [

The advantage of this risk metricsngts capability to dstinguish between high consequence
- low probability and low consequenebkigh probability event§lohansen & Rausand, 2012)

For whatconcerns acceptability criterias it has been doneith the ‘loss of life analogue they
should be sefor theseenvironmentaparameters as welEnvironmental thresholds for these values
should be set referrinp o P A F ’irsrelatianto W®©Rs(notice thatWORs, for example, the
number of deathsareuniversal parametsy. These can #nbe translated into biomarkérs PAF s
reported on thg-axis of the biomarkers based SSBrough the method presented $gnni, Lyng,
Pampanin, et al(2017) and Sanni, Lyng, & Pampanif2017) being the biomarkersand their
correlated effect (to which the biomarkeAF is referred)stressoispecific(thus not universal)

Limit thresholdsare generallglefinedby internationalnationalgovernmentsyhich, inother words

is out of the scope of this work. However, efforts shouldnbee to define these criteria in the near
future so to be able tapplythis quantified risk analysis also tbe environmetal aspects of CCS.
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0. DI sawmgesciooomme ndati ons

The aim of this work, discussed@®ction 1.4was briefly, to suggesseveral alternative approaches
to performeachERA’ stepapplied toCCS(confined to the activities of transport and injection) and
to be able to quantitatively determine risk

As already mentioneith Section2.5, for reasons of timejot every single aspect has been treated in

the required detadndalternativeapproaches havenly beenpresentedwithout performing a final
selectionDespitetheimmediate utilityof this workas a guidance the risk assessmeas it provides
astepby-stepprocedurea final and complete methodologlyould be developed, by performing the

end of phase two and phasef McMeekin et al(2020) regardingrespectivelythe optimization of
eachsteps and thee ac hi ng of e X p er tecdhniques sefectesl mosconsplet® the t h
procedureFuture studies shoulihereforeaddresghe accuracy andfficiency of the methods here
suggesteand, by that, identifya definitive and standardizealpproacho perform CCS ERAfor the
activities of transport and injection

A generakkomment orwhat has been done @ach sectiofis here presenteaihd, inadditionto that,
somerecommendationfor future advancements are suggesiecelation torefinements needeahd
knowledge gaps that should be addressed

1) Problem Formulatiorin this first step of the ERAhe goal of the ERA has been clearly stated
out and contextualised. Moreoyen the conceptual modelthe logical pathway followed
throughout the work has been summarizexintroduce our future recommendatiorg weed
to stress once mown the identification othe COCs Only CO; has been considered in this
work, however, for a more complatek assessmeprocedure, the impact of impuritighat
could be present in the streashould also beonsideredFuture resear@should therefore
work towards the integration of the relevant informaticoncerning how environmental risk
posed by imprties should be dealt with, inside this framework.

2) Hazard identificatiomnd characterizatiohe results emerged this second stegire a series
of potentialcausesthat could leadtp i p e | i n € failure, andthexcerdiedpandingost
credible failure scenarig tha could arise fromthem Credible scenariosvere then
guantitatively characterize@jther bymeans ofa mass flowrate released oy a hole size.
The suggestioris, in order to perfornthe most completenvironmentalisk assessment, to
apply a hazard identification technique to the specific system andfydehtiough that, a
series ofpossible failure scenarids be simulatedandaddto thosethe general scenarios
identified by this work.

3) Exposure assessmeitt this partofthe ERAcar bon’ s fate in the ex
has been addressed. Several alternative approaches have been proposed and some relevar
points have beemghlighted, for exampleéhe higher accurady the description of the release
achievable through release modeds, moreover, importanaspects related to transport
(Pham et al., 2020)hat should be taken into account &finer modellingof the dispersion.
However, a important selection of the most accurate and efficient models should be
performed both forwhat concerns the description of ttedease antioth forthedispersion
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andadjustment®n the procedure chosshould be dont give relevance ttheobservations
done byPham et al(2020) Moreover otherknowledge gaps still need to be addezas
well. There are alreadyome research projecthat will be available inherecentfuture,that
areoriented towardghe solving ofuncertaintiesOne such studgpinelli & Ahmad(2015)is
already taking placés Spinelli & Ahmad(2015)state

The lack of knowledge on G8ubsea releaseehaviormust be filledvith a scientific
approach; this would help in growing the chances darindustrial deployment of
CCSEHR technologies and its acceptantae Joint Industry Project SulcO; will
explore CQ subsea releasdsy generating data from wedlefined experiments under
differentconditions of leak size, pressure, water depthsdirettion of therelease.
The purpose is to generate knowledge for mod®igrovementand to provide
gui dance for imode.]l d e v ewhseqpedae sagsessmants.u n d
Information is needed about what happens when SQeleasedunderwater, the
behavior of plumes and bubbles and how 66, disperses above water. Better
understanding is also needed of tB@; outflow, at the leak point, for different sizes
of release, at differentlease depths. The effect@b, release on water acidity will
be measured in various failure scenarios including different release eatdsvater
depths.

(p. 1113)

4) Effect assessmemuantitative approaches have been suggested for this step of the ERA, by
means of the SSDs. Moreover biomarkieased SSDkBave leen given relevant attention due
to the substantiandvantagesffered bythe use of biomarkeis the field ofenvironmental
risk assessmelfiseeChaptert for details) What we would suggest for future research works
is to officialise the utilization of certain piHdiomarkersand to start implementinghis
informationinside effect assessmestftware(e.g, DREAMS).

5) Frequencies estimation this step of th@rocedurewe havemainlydeal t wi t h f r e
datasourcesandsome other alternativ@proachesaveonly been mentioned, for example,
predictive approachdg.g, Wallmann et al(2015). For what concernp i p e lhistorieak ’
data,we have seen thain certain casesherecould still be someuncertaintyon whether
natural gas failure frequenciascuratelyapplyto the case of Cthus, tirtherverifications
should be done in this sen$®hile, in relation topredictive modelsthat, as said iChapter
7, are morecase specificfurthertess should be performetb either be able tobtainmore
accuratefrequencyvalues thanthe analogudistorical databased on natural gagr asa
validaton of the last ones

6) Risk characterizatianFor what concerns thisonclusive parof the ERA, approaches to
guantitativelydeterminerisk, caused by a failure scenari@ve been proposgbly means of
risk metrics As said at the end @hapter8, thereis the impelling need to defirstandardized
limit thresholds in relation to risk metricsabovewhich risk must be reduced his would
finally permitto extend theapplication field of thequantitative risk assessmeadsoto the
environmental aspects of CCS.

It is thushoped and, in parexpected thaseen the urgency of this issue, this wailt be takeras
a helpfulstarting poinfor the development, by means of the adjustments and recommendations listed
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above, ofa final and completenethodologicaframework for the environmental risk assessment of
CCS(with reference tdransport and injectioanly).

The availability ofsuchstandardized practical guidelinebould guarantethe performance of the
best structured and stractenvironmental riskassessmentf CCS which is a fundamental step
towards the gain of social consensaisd thus the diffusiomf this GHGs mitigationstrategy
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10 Concl usi on

To conclude, tapreliminary methodological framewodeveloped by this woris our answer tahe
impelling needto define complete and standardized practical guidelinessiess and manage marine
environmental risk associated to CCS projefis the aspects concerning the subsegineering
systems

To briefly retracghiswo r k' s st etigedinaltathi@vementetfte scopmf this work which
was tostartsetting the way for the development of a complete and standardized procedure to perform
a quantifiedERA for the subseangineering systemwe have tanitially recall thata structure for
the frameworkhas been identifiedThis has been done by selectihg generalERA aspects that
could have been relevant to our case emelgrating thenwith the knowledge on quantified risk
assessmentTwo reference workbave than been selectddNV GL, 2019; Wallmann et al., 2015)
andintegrations have been madgh the aim to extend the applicatiofield of these guidelines,
suggest newer solutions and being ableuangjtatively describe risilBBy meansof a vast literature
review, alternative methods to approach each drémeework steps have been proposed, when
possible (as not all approachesand theories have been analysed isufficient detail), some
comparisons and considerations have been made, despite not arriving to andindéfinitive
selection of théestmethodgo be used

Theaim, during a risk assessment, is to simulate potential credible failure sceassmsate to those
a risk level and, by the evaluation against acceptance critbiajfy appropriate risk measures to
either reduce risk or maintainacceptableNotice that he description of risk adopted in this work
both accounts for the magnitude of the impawctl thefrequency /probability associated to the
occurrence of the failure scenario.

An overview of failurecausesandassociatedredible leakagscenarioshas beempresented in the
‘“hazard i denti fi c alhapbert). Tdendn ocdér tordesaibeahe fate af OO o n
seawatercredible failure scenarios habeencharacterizedin terms of mass flowrate released

hole size othe leakageandhave beemodelled by means of release and dispersion mdseleral
alternative approaches have been propobkedever for the purpose ofleveloping definitive
methodological guidelirssfor CCS environmentaisk assessmend, selection of the most accurate
and efficientmethods should be performed.

Giventhe results of the dispersion model, the effects could be desdviaedusmethodgo describe
the degree of impact aravailable, howeverargumentations have been played in favour of
biomarkersbased SSDsas they provide a quantified information on the degree of impadth
reference to biomarkers, that are sensiindeasy to measumdpoints

Moreover,techniques to assefiequencieshave beempresented. Predictive approaches have been
just mentionegdas an alternative toistoricaldata, buhave not been dealt in detal/hile, for what
concerns historical dataatabases oreference literature sources have been ciiedhe case of
pipelines, vihatevertechniqueone decides to applihe usag®f the methodby DNV GL (2017)to
assess subsea pipelifadure frequenciess strongly recommended, aséparatelygives relevance

to different influencing factorsRegardlessfurther research should lmEarried outin relation to
frequencies estimatiom order tocollectmore accurate and caspecific data.
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At last, having identified procedures to assess the degree of impact and maihedsmate
frequencies, risk has been quantitatively characterized by me&sk pfetrics.Our focus has been
mainly on risk metrisas theynot onlycomply with the description of risk used in this work, thety
alsoprovide a quantitative characterization of the level of fi$lere is however still much work to
be dondo consolidate their use, &mit threshold for thesealues applied to the environmental risk
posed by CCSstill need to be defined.

Despite the knowledge gaps and uncertainties that still need to be addvessedconclusion,

believe that through this work a starting stegowards the development of a methodological
procedureto assess environmental risk of GGfas been madéurther studies arandoubtedly
required to compare the accuracy and efficiency of the approaches proposed and solve the remaining
knowledge gapsbut, n the meanwhilethis preliminary frameworlcan already find some on field
applicationsas a guidance to perfor@CS ERA,and anyways it constitutes the foundation die
recommendedluture dedicated studies.
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