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ABSTRACT

decommi ssioning of offshore oil and
ni ficant environmental, regulatory anc
te materials adds further ednicfyf iacnud ttyh e
tainabil iTthye oafi m hoef ptrhoicse ssst.udy i s to d
tainable management of hazardous wast

shore oil and gas. installations in thi

study combines several methods. A rev
n factors that influence hazardous was
ustrial experience and prahgs®Procalss)
d to rank the i mportance of these fact
ringo identified as the most influent.i
these factors intetrlhcou@gmdt Mo ws yhtcem:
se stages were brought todgétkser meod hbd
egrated to -depppedrotp far adreeoniosriko nt hat co

wl edge with quantitative modelling to
ardbesus processes during decommi ssioni
framework consists of six main el emenr
wl edge sharing, hazardous was tset r ma mi
i mi sati on. It was applied to twassemp
suitability and effectiveness: the G
tral North Sea, and the Brent Delta to
gr amme. Data were taken efrrvoinewsublApmpl
mewor k showed that early materi al i de
reduce wuncertainty in waste outcomes,
rovedouwtaisnge deci sions amdfirledducTkelde rar
hlighted conti nuiimwygenptroorbyl eensn twiotlh awad
ul ations are interpreted.

study demonstrates that i mproved con
gnment are as i mportant as technical s

ar structure that can be applveaeldud oi 0
combines expert opinion and objective

i nformati on becomes avail abl e. Thi s



and regul ators to i mprove the sustainabil
i ncorporate I|ive data from monitoring sy

i mpacts to make the framework more compl
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CHAPTER LNTRODUCTI ON

1. 1lntroducti on

The decommi ssioning of offshore oil and
that brings together technical, environm
decades, a | arge number of ageilng rsetgruu crtet
parti al removal. This scale of act-ter my
environment al I mpact .

A major difficulty within decommissioni ng

such as natwurally occurring radioacti ve
chemical residues must be identitf ireedy,ultartt
Poor management of these wastes can i ncr ¢
environment al ri sk. At the same time, gr
has placed more attentidhedn hewsedteser mk

Existing guidance and |l egislation give a
do not al ways address the uncert atkrmatkyi nagn
often depends on incompl ete i nff orrengautliaotni oz
can result in inefficiencies and relianc:
process. A more shasied uappr @aadh eivs deeaede
di fferent technical, rescdmamirca,ctamdc dr ehcouM

out comes.

This study responds to that Rbeaesde. d [ftr adree

designed to Iimprove the sustainabl e manac
gas decommi ssioning. The framewor k brin
hi erarchy ranking, and probabilistic mod:¢
and outcomes. By applying the frameworKk
UK sector, this study provwastse nmavmanq ebriea
made more consistent, transparent, and s



1.Background

There are over 290 offshore installatior
(UKCS)with 24 newi R202dn@lESShAawaz2zd®llé¢n an
installation reaches the end of its |ife
current regulations. Decommi ssioning th

nature of each one.chdhgednshal b@abheon ma

wor kforce over its |lifetime. With these
have been | ost or failed to have been pe
equi pment i nvenhe®r cesnme n cPermeornrt t oof decomn
materials testing must take place, but of
and quantities of hazardous materials pr e
can rnesiurhgr oper handling of material s, [
reduced recycled material s. This resear

by t hel Faourtdh oertt alThe »021¥) ous project high
i dentification of hazardous waste duri ng
understanding of the current | egislation.

1.Broject Aims & Objectives

The aim of this study is to develop a fr
hazardous waste generated during the dec:¢

i n the UK sector.
To achieve this aim, the study has the f

i . To i dentify the key faatsdares mamatg eimein i
decommi ssioning process.

ii . To determine the relative i mportance ¢
the Analytic Hierarchy Process (AHP).

IiiTo determine the most influenti al fac
mu lattit ri but e deci si on anal ysi s t hat |
Net work (BN) results.

iv.To integrate the outcomes of the AHP a
support the devel opment of a st macttwer

management .



v. To evaluat e t he effectiveness of t he

of fshore decommi ssioning case studies

This study ametphed ap pmrioxaecdh t hat combi ne
expert elicitation, AHP analysis and BN
i ntegrated to create a practical f roarnee wc

decommi ssioning case studies.

1.8cope and Limitations of Rese

It i's Iimportant to highlight the assumpt
researc and clarify its applicability.

h

valuable insights into oUKG&oreheycdomnas:!
e
c

al | potenti al scenari os, regions, or was
The specific Iimitations and assumptions
Geographical andTisda rruecseuaradh Fioscusspeci fi c a
and gas installations undergoing dedammi
considered to be of a fixed steel j acke
structures in the wat er sWhifl et hteh eUng & reedr ak
have broader applicability, variations it

and decommi ssioning practices outside thi

Key Factors and PrTdhee sreo dAed ssu nmpatvieo nbse:en d e
key factors identified in previous chapt
decommi ssioning process and the handl i ng
model s assume t haitg tphreo ckescso minoil o soiwosn a st a

outlined in regul atosrsyeqguifdel ivmad,atdlotnhso

Simplification of OWasher €l aest &l tati ons

and material s, with waste characteristic
history. To maintain feasibility, the mo
rat her t hadi vaindad ayls i mat & rm aatl u rtayl pl eys , o cscuucr hr
mat eorfioaw s peci fi.c Tdatsi wiptpy osacdl @erevents e

and the need for extensriewveearadha. beyond t |

Data Sources ahldle Unecceceltaimelyy on expert ¢
publicly avail éibhéethepodt SHEEO Elkerca t R e/t

Regul ator for EnvironmRREBD amdd DQdeeccoonmmmti SSSSii
3



out documentation. While these sources p
of uncertainty and potenti al bi as. Mi s si |
established probabilistic met hodsuqghs uchh
compromi ses precision i n -warel da bcseetnaasee tod.
Environment al and Tpee rnaotdieolnsals iRmpslkisf:y f ai
tote tank failures and containment br eac
hi storical i nci dweonrtlsd. cHoonwdei vteiro,n s r enaa y i
environmental, operatistasalt,haandar me cnhoatn i
Addi ti onalrleyl,atterda nfsgiolrur es are considere
adverse weather, and complex mechanical I
Regul atory and Stak€&€hel deseAssbmptisames

i nvolved in the decommi ssioning process

requi rements. I n practi ce, regul atory C
understandi ng. Sfirnanewad ryte sd mperageibpbded cc
knowl edge sharing, but Il ndustry practi ce
i nterests may | imit the extent of i nfor m:
Framewor k and Compai Tdaitei vdee vieil mipteat ifo nasme w
enhance hazardous wast e handl ing and

decommi ssioning projects. Whil e some pri
di fferences in regul atory, fanadmeiwod wksst,r ye ns
influbetkectiveness outside the UK. The c
of fers valuable insights but i's inheren
classification, radiological hazards, ani
Despite these | imitations, the research

i nteractions within offshore decommi ssi o
with additi-toinmd odadgea, striediles, and &adiapthi
enhance their applicability across di ve
contexts.

1. bhesi s Structure

Th
of
Fo

e

t hesi s tieh alp tveards dFhi ogritboeienach bui | di ng
the previous chapter tand omenetai ncg.htelse

| owing the introductory chapter, t he

4
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Thi s
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its a
Ch a ptt
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dous waste material s.
er 2 Literature Review

chapter reviews the relevant acaden
nt knowl edge surrounding offshore

nance. Gaps in the existing Irittehrea
rch. This chapter also provides the
s of the project.

eResearch Methodology and Techniqgue:

chapter presents the research met hod
tlines theadpgpliicadt ihdndPwadrecdhlyteop raoscsees
nses and prioritise key decommi ssi
ghout the study are explained, ensul

eDetermination of Key Factors in De

chapter describes how eRApPrThadapphi

arson's correlation coefficient sup
ecommi ssioning process. The finding

opment of subs(eRBNMedél| Bayesi an net wol
etnitial Bayesian Network Modelling

chapter focuses on the devel opment
ctive data obtained from expAdPt Tdes
was verified through sensitivity &

tness of the network structure.

eBayesian Network Modelling of Key |

chapter expands wupon the initial mo
tive data sourced from publicly ava
was further validated -hds®digthest®ingr

ppl i evolril ldi tdye ctoannri esasli oni ng scenari o0s

eDevel opment of a Bayesian Network

dous Waste Materi al s
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This chapter outlines the devel opment of
subjective and objective models establ i st
provided a comprehensive risk assessmpgt
decommi ssioning. Sensitivity analysis an

model 6s validity.
Chap8t ebDbecommi ssioning Framewor k

This chapter presents a proposed decommi
from previous chapters. A comparative an
decommi ssioning practices and the establ
application of t he proposed framewor k

decommi ssioning projects within the UKCS

the framework can be practically i mpl emei
Chapter 9: Di scussi on

This chapter critically discusses the fi
|l iterature and industry practices. It re

devel oped and highlights unexpedteed dutec
i mplications of the research for policy,

ChapltberConcl usi on

The final chapter provides a reflective
objective has been achieved, outlines tl
recommendations for future researvah.ueThd
Bayesi an-bd&Needvof kamework to improve haza
of fshore decommi ssioning.

1. 8ovelty of the Research

Of f shore decommi ssioning has been( bdel g
al ., 2018; Tan et aanld ,o0 p2e0r2alt;i olnial& eH U ,i c2 Ce
has focused on how key regulatory and su

maki ng.
The novelty of this research |l ies in the

Application of :Badyse srieasne aNecthwoapkpimoel € | Ba g

focusing specifically on the key factors
7



during offshore decopimolsabiolnii tgi, c ad 4 Davs NN

their i nteractions.

I ntegration ofiTExprese&nohl edger por at es i
through advocacy discussions and the Anal
refl ewbsl| dedkecommi ssioning chall enges.

Assessment of Knowl edge SharWmlgi keendt r Rd
decommi ssioning models, which focus on cc
of knowledge sharing, l'itability manageme

and sustainable decommissioning.

Comparative Analysis o:Thleeccdmndiys spiroonviindge s
evaluation of decommissioning regulation
Associ &Sbiudo Meafmin MSEIANNns dénti fying gaps a

can inform future decommi ssioning strate:

By addr e@sdseinntg ftiheed gaps i n current reaear
novel , fhalmewtoir ke nf loe c o mmi sefi onf hghor e O i

i nstal laftfiemisng p rbaoctthidcuaslt riyn saingdh trse gfuorat o

1. Fublications Generated from t
During the course of the research, the f.
T Ford, J., L o ulyahvniesy,, E..,, BHamrcok hi , A. ,

MacEacher n, E. , 2021, September. Ben

Of f shore Decommi ssionindPrbaeraddags wbé
European Safety and Rel i alfiplpi. t-3535@&n f

Research Publishing Services.
f Ford, J., Lou@awiey, K., Bhamrcokhi, 6B A.
2023. Il dentification of Key Factors ir

|l nst al IPartoicoenesdi ngsn of the 33rd Europea
(ESREL(PP23PaBHIi ted by M8rio P. Brito,
Mar ko Lepin and Enrico Zio. Research
9818071 Pelds

T Ford, J., Loughney, S., Wang, J., -Zawe
Devel opment of Gui delines and Code

Decommi ssioning ofr Repur posibnnggi mmfeedtim
8



Safer End of EOfgfsbered &LiShei ps Saf
Decommi ssioning of Offshore Structures:s
of the ASEAN & South Asia Regions.

Ford, J., L o uDgahvniesy,, E5..,, SBhahhrcook hi , A. ,
J. (2024) . Bayesi an Net wor k Analysis
Management . | n: Kol owrochdyaKces® Kmoshk
Safety areEdcSRE&dc 2r0i2tdy .Monograph Book Ser
and Reliability Agds®.ciati on, Gdyni a, [

1. 8oncluding RemarKks

The
t he

T

M

M

T

key points from this chapter are out
research:
Of fshore oil and gas decommi ssioning

i nvol vement of mul tiple stakehol ders
regul atory requirements.

Hazardous waste materials represent é
environment al i mpact and the | egal dut
The aims and objectives were defined
operati onal-makainndg dpercacseisosnes t hrough a
approach.

A research framework is proposed that
model ling to understand and evaluate

outcomes during decommi ssioning.
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CHAPTER PRI TERATURE REVI E'

Introdwmct

I's chapter revi ews the existing |litere
nagement , and decommi ssioning ©practice
entifies current research gaps, ihng,hlanmn

ovides the background context for the

I's study.

Rackground

United Kingdom's (UK) oil and gas i n
first onshore oil was produced in 18!
hore oil and gas were harnesscdadigsiersg
arrival of both world wars, It was

duction of oil and gas instead of its
oil from the United( Ctatg@setofalAmer 2@&%

w O ® »u o o

~+
]

oduction of government | egislation tc

sily.

owing the Second Worl d War, i nternat
hnol ogi es devel oped onshore during thi
8) . The United Nations (UN) comyehel
isdiction in 1964 as part oft hiet YKICSEr m
at of natural gas made by Br(ikKteingph. Redtlrl

= O

-

vestmeemt UK@S i ncreased, allowing the i
|l atively small amount in 1965 to 2.6 m
d reaching its peak in 1999 of 4.5 mi l
otdiuen i s cmirlriBioded gayy. a8d i s expencitleldi otr

BOE/ day by 2028 due to a shif t( NSOWAar d2s0 2n3

I n
s u
p a
gr

2015, al | United Nations ( UN) Me mber
staindbNe .g064aG3al 12 addresses responsi
rticularly ofGomdwl®Rabheghblightwhrc!| stat e

eenhouse gas emissions. Due to the <cu

10



the environment al i mpact from the entire

mi ni mi sed.

One of the most significant current disc
t hat of decommi ssioning. Within the UKC
activities -2d0u7 npge rtihoed ,20rle8qui ri ng tt d@s ir e
( SEPA,. 20089go0ommi ssioning spending reached
be at |l east A 21 Dbi(INISTan. @a0AB) hbegmedeéc a

spending is set to decrease in |line with
decommi ssioning spéNSTAgwrD R B #i pnecar&evaesni n2g0 3
of ageing installations.

The Convention for the Protecti-Ensbpf At lha

( OSPAR) requires the removal of all I nst
trees (OSPAR, 2010) . A decommi ssionyi ng
OPRED ( OGUK, 2015) . Il n 2018, 120,000
decommi ssioned installations (OGUK, 2019
Hence, ensuring the waste is handled co
e s sieant. 20% of overalll i nstall at-yeoar e

(OGUK, 2019), along with 20% of well s an:i

2. Becommi ssioning Process

I n line with current Uni ted Kingdom requ
from hazardous waste before any part can
be handl ed, transported, and di spowmsed he
environment . The decommi ssioning proces:
Within the UKCS, decommi ss,i owhanghsi & 0g aw
decommi ssioning costs by 35% by 2035 wh
( OGUK, 2019) . UK regul ati ons Eaurreo pckerainv eln
(EUQIl egi sl ati on, S ind tNaals o0 @ ScCPOAARY Magnntd oW s . Orp
required to submit a decommissioning pla
foll owing criteria wil!/ be met: safety,

societal I mpacts and cost s.

Pl anning the decommissioning for anthenst
Cess atPirord u(c@a P)n. This enables informati

to be gathered and a decommi ssioning pl al
11



Prior to the removal of an installati on,

of waste. OSPAR requires the removal of
trees ( OSPAR, 2010) . I n 2018, 120,m 0OC
decommi ssioned installations (OGUK, 20109)

decommi ssioning process has several pha
di smantling and disposal of the em&imgul at
2-1.

| '
I 1
| i
1 1
I i
I |
1 '
1 v

) I : ry
] | \ 1 |
' 1 1 : I' .

Operations/  C4P* Warm Suspension / iCold Suspension / Removal ! Dismantle 1 Surveillance
Late-life : Warm Stack | Cold Stack | i\ & Dispose
1 I
i H ' '
| 1 ! !
] \ I |
' I
Wam [ Gold Suspension, Part Removed, ! !
—» Suspension, — ! !
; ; Mannsd Mannsd | |
Live Wells | '
H '
| '
| '
| '

Warm

Fully Live
i

'
'

:

'

1 Fully ! Dismantle
H _.| Removed H & Dispese |1 Surveillance
i

'

'

End of producti e
nd of production- Lel suspension, |—
related Live Process Unmanned Unmanned

I

Need to manage reducing no. of Safety Critical Elements, and inspect/maintain

i

i

I

I

i

|

Cold Suspension, Part Removed, }» :

i

i

insp./maintenance ;

Need to manage Need to manage
for production Safety Critical

for current/future decom phase needs

phase & future Elements &
decom phase current/future
needs decom phase
needs

Figure2-1: Summary of Decommissioning Workflow (OGUK, 2015)

Tan et al. (2021) reviewed the I|literatur
met hodol ogi es of decommi ssioning costs &
conclude that there is currently ma slsacoknic
cost and enviroemmrmpamroaé Tihmpacstu pgproat s t he
Ahi Daag bui et al . (2017) , which suggest s
more freely shared among operators and
potenti al to combinel iathyd ofedube ¢ &eonsnui:
Wil kinson et al. (2016) discuss the I mport
those responsi bl e for pl anning the decor
When tasks suchame out&oassedsmentss dif;
the technically complex issues and have
Roberts (2013) also raised a similar 1 ss.1

and skiclilemcdief

12



The decommi ssioning process produces was

The waste from offshore installations r ai
NORM. Typi cal examples of hazardaslse swtas
resi dual di esel and oil s, dri || cuttings
hazardous waste enables i1its safe handl in
di fferent parties involved itn itnhe dedcsesmm
l'iability.

With the current move towards a <circul
decommi ssion an installation safely and

decommi ssioning process must address how

insal |l ati on. These hazardous materi al s
processed per current | egislation.
Existing |iterature tends to emphasise t ¢

rat her than examining how these ema&s sigf

during decommissioning. While the anddi
compliance references, few interrogate
mechani sms that wunderpin such data. This
of how regulatory obligati onsr ajremts|ladwe i

2. Becommi ssioning Waste Materi s

Part of the decommi ssioning process 1S I
the European Union (EU) Waste Hierarchy

management plan can be formul ated.

Waste is defined as "any substance or ot
required to discard" by the EU Waste Fr a

of fshore installations ranges from asbesH
Akinyemi, Sun and Gray (2020) developed
costs of reusing and recycling waste ite
primarily on the volume of steel precsest
waste materials and potenti al decont amin

(2016) highlights that waste should be r.
to create more transparent mdupmpoty tcdhhabaea

13



somet hing that i's simply going to be di

sustainabl e management of hazardous wast

2.4Dr2i | | Cuttings

OGUK (2019) states that the most signifi
contain different potentially hazardous

hydrocarbons and additives from the drill

There have been several studies on the s
while the installation is still operatior
management tool box for Chevradomil Thng 1ihuwi
t heir di scharge in order to identify an
| egi sl ation and reducing i mpact. de Al m
outline methods for dridluctcadtangusmaaiaga

existing technologies and suggested rein
met hMdsi nho eitndiilcat(ed lt9hat t here i s stil
destination for dril/l cuttings. They ha
the devel opment of | egislation on the di:

2. 4Na&t urally Occurring Radioactive

There have also been studies into the im
I n equi pment and components over ti me.

recycling of the equipment. The i nsj etchte
concentration of NORM (Heaton, Wade and E
traditional-pgrye gsshuroas gjihethiwahshi ng or sandbl
t he NORM scale and sludge contairry.ot Mdér
f

0 activity and composition must be det
decontamination. Cowie et al. (2012) hi
environment through the i mpr operCohnatni dnluion
surveying and testing must be conducted

Val eur (2011) reviewed the I egislation f
not al ways handled correctly due to dif
countries. The introduction of theld4dgt ri ant
the UK ai ms,btud @dmsmathitghilda ghts the i ssue
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Abi din and Mahasan (2019) also ¢
te is critical to the decommi ssioning

| e t hese studi es addr ess t he techni

-

acterisation, they offer 't mi ted di
nsistencies i nfl-makiceg.opMo st i ocampaplr o &

sn famdtti neat ment technol ogi es, rat het

> »w O

ning and risk management . There is a
ul ati onbBoraddrecwastresbBandl ing or rhepor
d for analytical model s capable of 1

i sion outcomes across the decommi ssi ol

Buman and Cul tur al Factor s

mmuni cation and knowledge sharing are

torical processes involve tacit knowl ¢
n through experience (Pulanyit, tb9 &6)n.
bally and can be | ost whenKnowlieddege sma

ated to activities or processes that

me individuals being abtlhertso npaeyr froatm

ommi ssi oning phase, whet her an act i
contractors or personnel not customar
installation may be whvblsgsedcontnactd
n those of regul ar operational per sol
ticularly preivi oess dretsisalnsr d geaarr chlealds s
ative (Mitchell, 2017) . They must be
ategically i mpacts decommi ssion-bageds
i ness ()Gagilandepéhds highly on the ¢
tical knowl edge must be i dentified, C
0ss decommi ssioning stakehohdewsdusal B¢

to their specialisms and originality

nes (2017) di scusses t he human fact
ommi ssi oning. This study highlighted
mi shandl i ng@soft hwa ptee craptte roinalwas t,hat
their cont ainer s, were broken or d ame
|l ined the succesbest bHiwe s Bocno mmiss sail d mit n «
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ure clarity on the hazard manageme
son et al . (2016) discuss the I mport
responsi bl e for pl anning tbhealdleatbi
asks such as risk assessments are
chnically complex issues and have
(2017) echo this awdedcgeggmest that

among operators and contractors.

gh the I iterature highlights the I
f it remains descriptive and does |
er . Few studies analyse howiesganm

i ve mechanisms shape stakeholder b
tanding of why |l essons | earned are
nts recur despitkeedaftf@indad gapdawomc

ts cultural and procedural factors

cul ar Economy & Sustainabi
installations currently considered
ar economy concept. Circul ar econ

ered during the early stageganemft as
ples drive the circular economy:

mi nate waste and pollution.

cul ate products and material s.
enerate nature (EIll en MacArthur Fol
the current thinking of a circul a
i, 2021). This was based on extra
1 s. Moving from a | i nealre noidfed c ytc

als so that materials never become
system approach (Velenture et al .,
s of foundation materiial s nsddmeaswi
ment guidelines. The EU circul ar

en further adapted and devel oped i1
source Efficiency (@GA®MBERE) Sawststahleaaaul
mmad st w6t h several suggesti-oae, pl as:
creasing the use of recycled cont el
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waste into a resource must be coc
Al t hough the materials I|ifecy
ut retrospectively-yaacoredivinlgamme

020) , moves could be made to r e

is through the remanufacturing a

y widespread within the automot:i

urrounding the reliabtl iasybandi e
e. There is also a |l ack of exp
es (Diganian et al 2024) . Ther e
ufactured, parotuhcudtaraly. ,el 2@23) ¢
S being sent to | andfil/
h (2016) highlights that waste sl
d, to create clearer supply chai
g that is simply going om tbe sug:
nagement be viewed as a "reverse
mai ntenance strategieas ngf tof fpglo@Er
i es. de Al mei da, Ara¥j o and de |
oi |l and gas processes through t
I aspectsmaki hlgeypwroesedssudgessi ampg
bility.WatRespldosiezon -avemideatpi bed
nce and safety management ( Sweet
the i mportance of sustainabil it
bl e management of hazardous was
es. Lindauere et al. (2020) | ool
ks . They identified challenges t
hnical and | egal Operators mus:H
bilities. Cal der ( 2i0sl 9b e ihn gy htl ri agn
re yard,t hike alitsh n& $ o fiHeptEy n ENlE iUt | K
e. Once an installation, or its

nder the per mi sdiedniomg.r edglihmes kruw
who al so staterdd tlhiagabiildietnite sf yii an ¢

i scussed the | ack of and | imited
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built i nformation. This 1 ssue had been
highlighted the difficulty in the tracki.

Al t hough the concept of a circular econ

sustainability Iliterature, its applicati
| argely theoretical. Most studiesodgioes sbi
give | imited attention to the organisati

circular practices once dismanbofiinge Wegi
are influenced by confl i ctsiang omh| satfiex gs
|l iterature therefore provi deseclointotmye pempr
can be operationalised within existing

opportunity for ibratseganatpps® and deci si on

2. Fafety

Robinson and Cowie (2003) highlighted th

the transportation of hazardous waste. T
but i s dependent on awareness, pgl ahnanzi anr gd, c
wast e. |t is influenced by the correct

procedur es. Khan and Amyotte (2002) stre

i nherently safer practicesuindeoffiskedr ¢ he|
of tracking and decontaminating hazardou
identification and handling. Akinyemi et

i n maintaining tramglaibbahdce yaamassentshie i we
Babal eye and Kurt (2020prdechopsaanaiaed thi

essential for safe transportation and di s
chall enges @afzardamusp wratsitreg tlto s hor e, not i
management throughout . Janjua and Khan (
environmental approvals are central to e
(2022) diew aobteéeme need for hazard aware
handl i ng. Vi dal et al . (2022) observed t
of car e, particularly when subcontractor

oshore processing and treat ment require
environment al i mpact s. Most recently, Ra
of radioactive materials such as NORM a

di sposal pa sosceerdtuireels. ar e
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Al t hough the reviewed studies emphasi se
duty of car e, mo st adopt a procedur al |
examinati on of how safety failures e me
i nrtper et ati on, contractor behaviour, and o
the relationship between information qu
management iis often treated as a sthitg c
reveal s an opportunity for approaches t

awareness, wast e tnraakcienagb iulnidteyr, uanncde rdteaciinsti

2. Bi g® Reef s

The OSPAR Decision 98/ 3 (OSPAR, 1998) pr

being | eft i n place either as whole or

Sstructures greater t hbaans eld0,, OfOl Oo astbi anhge sCtoi noct
concrete anchor bases whose removal woul
There is currently much debate as to whe!
The use of disused offshore installati on
since the 1980s, parts of the subsea st
converted to artificial reefs hadssppoet:
been reefed in the Gulf of Mexi co (BSEE,
Currently, al |l five Gulf states have 1in
artificial reef programme (BSEE, 2020).

gas emissions and decommi ssi oni ngorctoasttiso n
e

shore, enhanced fisheries and devel opment!

OSPAR (2010) prevents this for install
decommi ssioning Ohe tBeemBtreS8parSpdecommi s s
controversy as it was initially planned t
di sagreement between the stakehol ders an
groups, asr rmrmentUKa ngdo v®h eslela fda vsopuwrsead . d eSet p
driven by the concerns over potepmeéesalr enal
the abandonmeea of s p@SEPRARe psipainl.l-t s eat essth

option aneitrilgatn aralt emromal must be removed

JBrgensen (2012) suggests that OSPAR rea
creationwédtem desposal ofl Rd g mageaidk si nt shtaa |
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be a sustainable way of dealing with sub:
growth and suggests that this would have
Sea. Fowler et al. (2018) a&agmeememat t hin

provision of reef habitat and protection

that | eaving any chemical contaminati on
it spreading over a | arge area during it:
Ounanian, van Ta-MenbtalveeagdORGM2cabkl for

deci sions tobwhkkewaksesamease Ounant an,
Mo

North Sea threat ereopde esfp epcrioegsr.a mniehsr,o ungahr irni

5
(7))

alve (2020) discuss how existimagr itls

assisted in line with the EU Biodiversit
switching environmental mamagement from
To dat e, sever al studies have examined

focusing specifically on ecology and mar
consideration and knowl edge about t he |
decommi ssioning. Similarly, Sommer (20
examined in relation to the effects on he
jurisdiction applied. Toget heres etalrecshe t sht
been identified already as critical and |

Despite the range of environhmerfal &ahéd d
remains | argely polarised between ecol ogi

attempt to balance thesiegcuol oge fcidmogh @ wimntam

uncertainties over |iability, contaminat
treats the debate as a policy dil emma r a
i ssue. This narrow fr ammaknign govoferkasmeackosu | ol o

evi deased assessments of reefing option

suggesting an opportunity for a more hol]

2. Roles and Responsibilities

Cal der (2019) outlined the role oC€altdnheer
highlighted the i mportance of the safety
during the decommi ssioning process. Onc ¢
for dismantling, it is no | omgiemsfpadteiomre

Operators must have a clear understandin
20



(2019) also highlighted that when an 1ins
i's no |l onger under HSE wunti |l it reaches
by Parente et al. (2006), whg bfghkspbnhes

the project changed hands.

Adetoro (2009) also stated that identify
(2008) discussed the | ack of and | i mrted
built i nformation due -0ag bcuhia nkgfe)sa $itna t(set Cat fl
i nstallations built prior to 1998 OSPAR "
The information available about the inst:
a | imited budget foriliinspiecsat oomn WBVUSVEY S
(2013) also raised a similar issue, stat
skills deficiency.

Coll ectively, these studies hi ghlight t
fragmented across regulatory, contractua
|l iterature offers I|little empiri caoln agnuaalyi
or compliance outcomes. The discussion o
focusing on who holds responsibility rat
across multiple interfaces. dThtiosolgsapt hsaug
responsibility throughout the waste stre
decommi ssioning process.

2. C0ODassification of Chemical s

Ander son et al . (2018) outline the <c¢l as
Eval uation, Authorisation and Restrictio
This study highlighted the | ack of dat a
dif erent classifications of <certain c¢chemi
toxic, whilst the REACH criteria may not.

may not be classed as a risk onstllone olmst

they begin to breakdown. S¢hring et al
removal of hazardous chemical s. Due to
appear on permit applicati omgd fberent he iurs
the OSPAR may not be recorded in suffic
During the decommi ssioning process, the ¢

and decontamination wi loln mant thev ec odmtossii
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chemical s and t he natur e of their react

approach, which is to use a surrogate che
i ncorrect surrogate i s chosengresazar o u
was an issue that had al so been raised |
Ssubstitution of chemicals wunder the intr
These studies reveal that regulatory com
rather than predictive. The |l iterature te
as REACH and OSPAR i bBbw rahestg dubher é
decommi ssioni-mgndl iskg ode wiasit@ens. The | acl
and the reliance on surrogate chemical s i

This gap highlighted tdappprnoeaecdh efsort hiarit ecgarl
chemical classification and support cons

regul atory regi mes.

2. Decommi sWa othe nu mmar y

Through the analysis of available | itere
bet ween the sustainability of t he decon
management of hazardous waste material s.
that can be recycl ed, reused or disposed
enables its safe handling and treat ment.
involved in the decommi ssi onifngl ipahoicleistsy .c
t hese i ssues have t he potenti al t o cor
decommi ssioning process.

Whil e some research has been carried out
no single study has been conducted into t

and management of hazardous wasatna. r elghud a
surrounding decommi ssioning has been ide

|l iterature has revealed that there are ni

The l i terature therefore exposes a fre
i nterpretation, informati on quality, an
sustainability outcomes in decommi ssioni
ecomi c, or technical aspects but does n
framewor k. This absence of systemic ana
probabilistic model that can capture the
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transfermamage wast eperformance. Addressin
descriptive account s of decommi ssibasieng

approaches t haraksi unpgp ourntd edre cuinscieant ai nty.

2. UK Of fshore I ndustry Backgr ol

The UKCS aaoampreaesf seabed and subsoil o
rights. These rights include exploratior
came into effect following the Continent:
and development of oil Ring2gdho wki ¢lhdks awi

UKCS baQ@ield aamd GaGsGAatf @&rAi, t Y 02 0c)

Reykjavik

Figure2-2: Map of the UKCS, shown in blue, based on OGA da@@A, 2020c)
The following sections provide essenti al
decommi ssioning activities within the UK

supports subsequent discussion of$t aiasalei

chall enges.

2. 1T2y.ples of I nstallation

An offshore structure i s one which has ni
position in al/l weat her conditions. The

There are var i osutsr uscgtipudrset oéi nfiehioge depe

requirements and operating conditions. F
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ar e

primarily

di scussed.

concerned with producti on

Traditionally, installations are fixed st
framework or jacket that supports a topsi
heli deckeneroawteirng equi pment, hydrocarbon
and hotel services. The structure is hel

exampl e

of t he

structures are
pMarctei ns et

i n

Jacket —<

S g

Top Deck

g

Power Generation

mai n sectionsFiogf23ae fH ixxeld s
traditional | 26fisxeedd isnt eleK \
al ., 2023

B <—Drilling Rig

Helideck——> _C - ' ; Crane

Topside wme="" Quarters

Production Equipment

Flare Boom

Conductors

Jacketlegs

Piles

Figure2-3: An example of a fixed steel structu(8carborough Bull and Love, 2019)

Concretbagedvistyuctures consist of a bas

The

V Oi

d

space

wi thinttdetiesr sge uacft uhhyed rmaog a
24



filled

Concret-bagedvetyuctures

wi th bal

water and

mor e

N—~

| ast .

-bAars eadx ssmp luec Faufg 4. ecso r

e X p o(sherdu pm.e t200cleda)n condi t

=R/

—4

—/

column

bottom hull
(used as
o1l storage
chamber)

Figure2-4: An example of a concrete gravibased structurgFang and Duan, 2014)

An alternati ve

to the

fix

ed steel stru

are more prevaler

i Ol

ctu

|l eg platfoFmMmgks esTdhhwen tiopsi de i s a floati

seabed

by

sever

t he swhiblegt t he
pl atform

decommi

SSi

nst al

oned

al tensioned | egs.
ot her end i s connected
| ed i n t he UK was i n

ain@h a kermeobvaerdt ii ,n ROIOKy ar d
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upright

— Uil

L—tension leg

tiecback riserd|

S—

N

anchor pile

L

E

holistic base

L

Figure2-5: An example of a tension leg platforffrang and Duan, 2014)

Of fshore installations are very compl ex.
several thousand tonnes of steel as wel |
o f hydrocarbons, power generati oAl l hbhe:
structures present individual chall enges
decommi ssioning process is influenced by

i ntegrity.

2. 1Poa®si de Structure

The topside structure of an of fss hdrrielclkinnsg
wel |l head/ product i onRedeedcyk a2nodl 2dre Igltaésre sdheocwkn
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. Drilling Derricks &
Sub-structures

Mud & Drilling Utilities Modules

Pedestal Cranes

Exhaust Towers for
Gas Compressor Turbines

E».
N

h |

T
Flare Boom —= "~ -
LN
oy
A\

Intake Ducts ——— =

{

Helideck

Bulk Storage Units

Accommodation Bloc

Production Module

e—— Power Generation

Production Module Module

Utilities Module
Exhaust Towers for g

Main Generator Turbines

Wellheads Module

Figure2-6: An example of the main components of a topside stru¢titerth West Hutton
Platform (BP, 2005)

The drilling deck may contain the dri,l| r
adaccommodati on. The production deck ma
processing systems, power generation sys

may contain manifolds and shut down waatlewe
systems (Arnold et al, 2005) . An Fixguwrpd
2-7.

Y

'
[
‘ " [* 1 g
T |
T -
+ +
B 2]
g
s
1] By
L. HERD AREA j4) \
a
3
&
-
- -
[wTER | VELL W
| LALT. UN
|
= 1

CELLAR DECK

0L PRODUCTION FACLITY
72 X 150 FT. PLATFORM

Figure2-7: An example of the layout of a cellar deck (Arnold et al, 2005)
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2. 12a8ket Structure

I n a fixed steel jacket structur e, t he

supporting the topside structure, the | a
and substructur é&f s bg mi.a s ,Tbh2ef £nPaji onc kcso mp o n
structure are theanpidkets|leegrse,s W rDedd g ujr @i
2-8.

South Pass Block 77
“D" Structure

Water Depth 180'
No. of Well Slots 24

Waterfine f—-g:‘.‘:

-

Approx. Steel Weight (tons)
Jacket = 3,400
Piling = 4,100
Decks = 900

Total = 8,400

5 Mudiine

SN
i.._~ 84" O.D. Piling

DU
. H S
\

...~ 144" 0.D. Piling

"~ 12- 24" 0.D. Conductors

Figure2-8: An example of a fixed steel jacket structure (National Research Council, 1996).

2. 1Ri.4ecycl e of Offshore Installat:i

Oi | and gas installations have a compl ex
simplified to upstream, mi dstream and |
exploitation and production, midstraamd i ¢

downstream is the sal €Ehakdabdastrijbtal kpa
2005 tThefsmicsuses on the decommi ssioning st e
of the upstreamah@limse i s shown in
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Table2-1: Overview of the stages of the upstream phase.

Stage Overview

Exploration This phase takes many years and involves geological sunveysding
magnetic, gravity, seismic, 2d/3d/4d to determine the presenc
hydrocarbons. The process is a higlk investmentas the reserve foun
may not be economically viable for production. During exploration,
wells may be drilled as part of the process.

Appraisal If a site has been deemed to be potentially viable, further developmer
begin. Further exploration wells may be drilled.

Develop The site is prepared foroduction,and the drilling of production wells take
place as well as the installation of infrastructure.

Production Extraction and transportation of hydrocarbons. This stage lasts for m
the install ati on 0 s-lifel exténsian activitigs ana
change of operating phase.

CloseOut Once the installation and its wells are no longer economically viable

decommissioning process begins.

Decommissioning The wells are plugged, and the installation is removed.

During each stage of an installationds |
begart of the constructi on, installation,
hazardous materials range from asbestos

production pigde€ooward ee¢ qwilpmeRtOD2r i Vgl e

pl atform, UK | egisl ati pans awed Ir eagsu |ltahte ommast
usé®EPA, 2018; S¢ihrThigsedcdamllea@0tl®)i ssue
all owed to be used without (par Wi®dS | aaree en
Decommi ssioning of an installation begin:t

This process ensures t hatamdiset twoed | c d rsr ipeec
a way that al | recoverabl e equi pment i s
i nfrastructure can be cleaned and recover
situ depending on ameiir OESPAIR, g 204a0t. ©GUI

The removal of the topside structure 1is

remove it. Met hods for removal include:

i . Smal |l i pmelcle sections are dismantl ed an

ii .Heavythrbtugh reverse instaltloatciram,e mae
barges for removal to shore.
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iRever se Iiftlhoeatt oopvseirde i s cut from the |

one piece in a process that i1 s a revel
i v.Singliehei fopside and jacket are remov:¢
The topside structure and its equipment
other drilling maheemalal or Hhmaddopsi mat
or secured to prevent accident al rel ease
Once the installation has been removed,
of debris on the seabed. This i1is identi
decommi ssioning environmental surveys ar ¢
do not exceed all owed | evel s. The result
of the seabed around the structure befor
t he site continues i n order t o absys es kB e
decommi ssioning activities.
2. 1Qemer al Decommi ssioning Process
The decommi ssioning options :depehdcani oI
i nstallation, the current structur al I nt
and internationa(lUN,awls9 &2;d .0 SRARs, | a2t0i1o0n)s
Decommi ssioning can be split into three
| eawei tu. Generally, the decommi ssioning
structures and all or part otfhdrhe ijsacrketp
hazards to ot heMaawlsretras ho.fe it heel dsgeca@ MR ¥ s i
of fshore installation can be split i ntc
di smantling and recovery, moneictyccrliimgy/ a ed s
(Eft hymi ou, 2022; Oviccealaldt tale. ,r e2®@2Z2A)Nnt c
been submitted and approved, the decommi
showhi g&g e
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Well Plugging & Isolation & Topside Preparation Topside Removal Substructure
Abandonment Cleaning for Removal Ps Removal

' ' =~

Recycle, Reuse or

v

Post

oL Subsea
Decommissioning

Site Remediation Infrastructure

Survey & ) Romonal Disposal
Monitoring < <
Figure2-9: General Decommissioning Process
Once the installation has ceased operati:
Initially, any well plargegidgc amniiP&diywde d.m
is carried out in |ine with the governin
the end of its |ifetime. A key part of t

This process can be s phbsier dsnarov aihrr eaeb adn dso
2iintermedi at e abanidwenlmehneta d aanndd pchoansdeu c3t c
2015) .

Foll owing the completion of the wel/l P&A,
and pi@rcarnreised out . This typically 1invc
installation as |l aid out by the operato

venting, cleaning, and p@uSwe eatgero,f 2nakad; nk

The topside is preparedifsonr el eemmdbwalsheand ilae
for individual i nstall ations. I n the ins;
amount of remedial work is required to s
from the jacket structure. iQinec ei sprreepma\ad
chosen met hod, f o rs uebxmeempsli eb,l eu scirnagn ea og e nai
removed, it is transported tai samb sonhsyhifoiroe
2022; Akinyemi,)Sun and Gray, 2020

The substructure is removed, and any r e me
a hazard to other sea users. Any remaini

carried owohndiamidonpomaoni t oWalnlgeri sancdkonBale

Maclntosh .et al ., 2022)

2. 1Ri.6f erent Removal Processes
Total removal can be applied to both the
only. Tot al removal i nvol ves separating
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foundations and transporting i1t to an on
often carried out as a reverse engineeri|

The topside structure can be removed vVvia
of smaller modules via a smaller |ift ve
small e¢Spbekkes2015; Turner, 2015)

Parti al removal involves the removal of
structure. The jacket | egs(Jam uae mond dK hva
Leave in situ follows a similar process
jacket structure is |left or towed etfo pa om

( BSEE, 2020; JBrgensen, 2012)

2. 1Qommon Parties I nvolved in the L
The decommi ssioning process involves se\
i nternational | ocation, many of them are
of common parties that are involved in t|

1 Regulatory Bodies
I International
i Government
I Local Authority
I Environmental Agencies
1 Operator
I Onshore Personnel
I Offshore Personnel
I Contractor§ Underwater, transport, topside
I Contractors Engineering, preparations, removal, and disposal
1 Public Stakeholders
i Sea Users
1 Disposal & Decommissioning Yards

1 Suppliers & Equipment Vendors

2. 1Ras8ic Requirements for the Decon

The basic decommi ssioning process remai ns

of t he I nstall ati on due t o t he governi
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decommi ssioning process. The main pur pose
the seabed to a clear state (BEI'S 2018).

Decommi ssioning involves ©prior pl anning
activities commencing. The planning phas:e
that details the chosen decommi ssi oamndag
scheduling. Il n some countries, it i's a
(Watson et al ., 2023)

Decommi ssioning involves well plugging &
the facilities and pipelines must be dec
the surrounding area whilst( $wme dtream,si 20 la

2018)Site remedi ation takes place to ensu

2. 12K 90Of f shor&urmmamuystry

The decommi ssioning of an off sahsorteheynsda
numerous different materials that must b
prevent incidentS¢hrsiumd ats @lod, ] uzb d®dl o WIG
removal of the installation, miete cembibeu
moni t(oNad k er and Roberts, .2013; Macl nt osh

Collectively, the I|Iiterature describing t
understanding of install ati omst aofdf edesc «
i ntegration with sustainability or polic?
operational phases highlights the engi ne

studies transl ate this g$efcomiicmpr &dwniowd ewa
or regul atory coordination. -WlThs esd raep mrf oa
connects engineering practice with envi

connection developed in the subsequent c

2. UBited Kingdom Statutory Bac|

The 1959 discovery of the Gr oinntngreens tf iiend

oi |l a(nkde ngpa,s 2 OPLrlgoviilo uasnldy g ansalse xmp It e rda dtiiato @osn
Seismic investigation of,wtihde BBrietlil st odanonae
I n  1(9%6elmp,. 2DHiI1g increase inonuwmtreertst | &y

regul ations as to who governed which are
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Conference was hdlzZhacihmrGardevea @ilm) 10¥58 hi s

to

examine the main iIissuéeét&NCe®BHIi pgotoce

following conventions:

.Convent. n on the Territori al Sea and

iConvent.i

0

.Convention on the High Seas
on on Fishing and Conservati ol
0

iv.Convent.i n on the Continental Shel f.
The Convention on the Continental Shelf
continentfigla)shel t h@es seabed and subsoil 0
coast but outside the area of the territoa
to where the depth of the superjacent w
resources of the said areas; (b) to the s
to the coaétUsi bédi BSaandss, 1958)
ArticleTRBRestadaedali state exercises over
the purpose of exploring (amdtexpINaittiTidmegs,e
articles gave the coast al state power to
and production purposes. These installat
around them. These safety zoadnevsi ngusrte stoaukr
sea against any harmful agents associate
The United Kingdom government responded
This introduced the requirement of obtai
anyone who wishes to eXfLlootenamdapr Sthedc ¢
The | egislation governing thhe &wnoltead Kwint
to, or the introdhbaviog bifstoewcallgy sbace.i
The current statutory regime in the UK i
i ncluding OSPAR, UNCLOS and the Geneva Co
wi | | be met . Regul atory bodies enforce
can bé&igadY®hows a gener al overview of th
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AN International Laws & Treaties /
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! UK Laws & regulations /
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\\ Guidance  /
\ /
\ /
\
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Figure2-10: Hierarchy of Laws.
The current statutory regime is influenc
goal setting approach is used with operat
and environment al objectives and hceamvi nci
The foll owing Subsekcayensed ouegaihne anthe r e
governing offshore decommi ssioning in th
essenti al to understanding the compl exi
hazarwasse management, compliance and sus
2. 1ll3ntlernati onal Laws & Treaties

The UK is a signatory to the United Nat
(UNCLOS) . This is the princiopal convent
requires the signatory states ttobhexslbusgi t

economic zone (EEZ) as opposed to abandol

Article 194 of UNCLOS outlines the requi
of pollution of ECbevmati oa@ emyv,i hlenhalkgmtsoufr
must be taken to minimise the pollution
marine environment. Stsanheésr egsktatincems eat ¢
than the i nfComvanitomal oong $9822a)w of t he

The 1989 Guidelines and St mrsdarddsatfiormnst ke
on t he Continent al Shel f and i n Excl usi
Il nternati onal Mari ti me Organi sati on (1 M

abandoned or di susE@uioddlsihmese amdtatl dmad a

Of f shbakl Bhs otmse samd Sthreee@ oaand niem ttal e Skx c |
Zone,. 1989)
The UK is atlslne aCemgemtiooly on Preventi on

of Wastes and Other Matter 1972 (London
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London Protocol was agreed in 1996 and a
at sea includingmpdaet sbrmstareet her man

The Convention for Protection-Eafstt Ael Mat

known as the OSPAR Convention, i's design
NorHBEeast Atlantic. It came into f or cse siinncle
its publication. OSPAR Decision 98/ 3 ste

i nstall ati drKd riks pMac birbictkednd Mc Gol dri ck

2. 1BBur2opean Union Laws & Regul ation

Foll owing Brexit, retained European Uni
agreement appliedEoer p.r of2hOeR ilBDUh ad 0 ébsa s st |
framework for decommi ssioning but does h
framewor k, i n conjunction with the EU W
principles of both OSPAR apdltbhe bbhdbar €
brought onto | and (fBaradtyr,e 2t0R2e&nt or di s po:

The EU Environment al Liability Directi v
operators to prevent environment al damag
payfY€EU Environment al20i49dgDhil $ twadDi amended
Safety Directive 2013 which extended t he
mari ti me waters. This was i n r(eRsapdoonvsiec ht,o

2. 1Bni3t ed Kingdom Regul atory Framew

The Petroleum Act 1998 (amended by Energ
of fshore installations and pipelines on

Act 1998 allows the Secretary of State t

1T Make regulations relating to decommi s

1T Require the submission of costed dec
installation and pipeline.

T The persons who submit the decommi ssi c
carried out.

T I mpose penalties for failure to comg

decommi ssioning programme if the rel e\
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The current guidelines 1Issued by the BEI
deci sion and that the waste hierarchy wil

carried out wherever possi bl (eBraandly ,t h2e0 2g2e)

The Decommi ssioning Strategy 2021 was pu
(NSTA) . The NSTA was formerly known as t|
its name on (2NISTMar c2lDRZ2ODZ2commi ssi oni ng ¢
decommi ssioni ngUKeasn elmeermgayrtt ransi he on t o

i ndependent regulator with the SeRertertoalreyu

Act 1998. The environment al regul atory fu
Foll owing Brexit, the Marine Environment
wi || continue to develop strategy in |in

pl anning and envirothonefnintriodrecti on cont |

I n EngheanBnvironmental Agency (EA) regul ¢

i's also responsible for the environment al

the Scottish Environment al ProtectiuomceAg
Wal es and in Northern Ireland it is the |
Af fairs. I n t he mari ne environment , t h

responsi ble for the management ,cergaed ama
activities in waters adjacent to Engl and

Scotl and. OPRED is the environment al reg.

2. 1Beadl t h and Safety

The health and safety | egal regi me i mpo:
Safety at Work Act 1974, Offshore Safety
Regul ations 2005 . -bTahseesde raergeu |baatsieodt s nraey o usi
hazards and to mitigate them by reducin
( ALARP) .

Th&i neral Workings (Off wlaer e ntmotdalcleat i o
Sea GempJRclHg disaster that resulted in tt
install ations to be certified as fitwasgor

extended to include the offshore sector.

The inquiry into the Piper Al pha Disaste

over haul of the offshore | egislation. F ¢
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al | 106 of the recommendations were put
regul ations. The Offshore I nsequilae¢doalsl
installations to submit safety cases for

summar iTab2lei n

Table2-2: Summary of legislations introduced after the Cullen Report.

Legislation Overview
PFEER 1995 Focus on identifying and preventing fire and explosion hazards.
DCR 1996 Requires installations to be designed, constructed and kept in a sound str

state. It also deals with the installation of the structure.

MAR 1995 Requires demonstration that management systems are adequate and com
health and safety provisions.

PUWER 1992 Ensures safe provision and use of work equipment.

PSR 1996 Duties of pipeline operators relating to design, construction, operz

maintenance, and decommissioning.

2. 1Bubopean Union Waste Framewor k D

The EU Waste Framework Directive (WFD) 2
waste a duty of care. This forms the basi
t he Brexit trRadoivtiichnl hddrWW&dDd ai ms t o con:

prevent waste and where waste cannot be |

The UK government wutilises the waste hierl
waste hierarchy is part of ¢(BY, E20O0Idte ache
waste as fiany substance or object which
di scar do. Throughout the decommissionin

and must be disposed of saFeg3rleThe wast e
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Non-wasle

Waste

Preparing for Reuse

Recycling

Other Recovery

Figure2-11: Waste Hierarchy

This definition of waste is i mplemented
Protection Act 1990.

I f waste has undergone ,aerceggacdVvergy, dphematit
waste and achieves end of waste status.
makes any for mal regul atory decision whe
formal applicat(iRmamdolveicrhg <Q2WHMBI)t t ed

2. 1Buty of Care.

Those handling controlled waste, for exar
of care to ensure that the waste is:
f not wunlawfully disposed of.

f is only transferred to an authorised
|l i cence disposer.

T not misplaced or esc@PedksromOa2per sol

| f the waste is transferred, it mu s t b
accompanied by waste transfer noti ce. T |
i nformation to allow it to be idenwadt ed
knows enough about the waste to deal wit|
part of an audit trail along the waste s
The most preferred option is the prevent.
to the nature of decommi ssi on, t he age
i nvol ved, this is not al ways pobsiwhbkee,
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sho
or
re
mu

S u

t h

ot

adg

The
fur
Spe
200

s

uld be taken to reuse or to extend the
equi pment that may be prepared for r el
sed for the same purpose tchheys ivdesrree dc om
t be prepared through thorough <check
cessfully reusepdr owietsirsda intg. anyMadtelraral Br
l udes the reprocessingsed tbe ombheripml
t falls under the other recovery cat e
er materials which are otherwise used
regat e. | f @amnkee off ult hielsleed panmndntshe we

must be disposed of.

duty of care was introduced under t he
h

—

er extended by regulations incHeadi:
cial Waste Regulations 1996 and the S|
4. The duty of care states that al/l r
u

re:

.Waste is stored, transported and secu

escape.

.Waste is only transported by those col

3.Waste is only transferred to compani es

The
tre
of

wa s

The
t he
t he
det
t he

process or dispose of it.

Waste consignmeazamdoes Wast eaomust be

for a minimum of 2 years.

.Waste consignments notes for hazar dous:t

mi ni mum of 3 years.

se apply not just to the operators, k
ats or disposes of waste. The purpos
waste material s. Many oper attoo rma naggpeo

te streams during the decommi ssioning

re are 3 classi fi céataizaamrd ofucsr awmals tien:e rh .
decommi ssioning process must be <cl as
European (WMAUW,t e2 CCA8nalsmgnee i nst ances, m
ermine i f they are hazardous through

waste cl assi fiFdagtréen system i s shown
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‘ Waste ‘

Y

‘ ControlledWasteJ

{ ! l
[ Household ’ ‘ Commercial } [ Industrial J
: : !
Inert ’ ‘ Non-Hazardous Hazardous
(Non-Special) (Special)

Figure2-12: Waste Classification System

2. 1Bct7/ive Waste Management Pl ans

Active waste management plans are requir.

operators and to allow for the monitori
management plan should include the ient et
monitored, i dentification of the waste s
| ocation or change in volume of waste.

The active waste management plan shoul d
wastes. This must contain a summary of
It forms part of the decommi ssi omipreg prvae

t hrseeaages:

St agieatl the initial comparative asses
programme. |t may include weight, C

asbestos register.
St agjeodipl eted near cessation of produc

Stagdidal i nventory prior to dismantl

required for safe dismantling.

2. 10118 & Gas Authority Strategy

The Maximising Economi c( QR@&A,0ovvddy5 )(nMERo)d u:

promote the maxi mum economic recovery of

OGA the powers to enforce the MER Str at
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penal ties, and | oss of |licences. MER s

obligations stating that owners and oper
i al | alternative viable options for thi
ii.the decommi ssioning of the installati
i iinew technology has been deployed to o]
recovery from the installation and it :
Foll owing a consultation in 2020, the OG/
now entitled the OGGBGA,SEI2@TfPkPgygsednd@ORren
changes designed to aid in meeting the 21
Cli mate Change Act 2008 (Thomson Reuter:
alternative viabl e opetibecresn fexrpltolre di, n dtud
consideration of alternativiel iutsye. of a cal
2. 1Be®ommi ssioning Obligations
Decommi ssioning activities begin at | eas
an installation. The first step is to c
l ndustri al Strategy (BEI'S) to Tabad3shoswst ha
timeline of events | eading up to the decoc
and requirements that must take place pr.i
The decommi ssioning programme i S requirec
contain the foll owing:
[ ltems of equi pment, i nfrastructure an
must be identified and a decommi ssi oni
ii . Comparative assessment of decommi ssi o
emi ssi ons.
iiiDetailed decisions on how the soluti
hierarchy.
i v.Details on consultations with stakeho
programme management .
v. An environment al apprai sal that asses:
The decommi ssioning programme cannot be
the UK Secretary of St at e. The environ
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t h
un
st

s u

ogramme and consider energy usage and

qguirements have been satisfied and it
nsul tation. Foll owing the compdwet i roepa
st be submitted that includes seabed s

e activities.

Il 1l ectively, t he | egi sl ative and regul
monstrates a mature but highly fragmen
th international conventions such as O
d haowmdary requirements can create unc
e |iterature suggests that while these
eir complexity can hindestetf®rfaimcitemicseiat
derlines the importance of the framewor
atutory obligations into a coherent, C

stainabl y.
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Table2-3: Predecommissioning Activities

2 2
5 w w w w w = = E
m - e = = = = =] w W o c
g g = = = = = = E & Z = B
[ o c =1 =1 =1 =1 =) S 5 = ZZ
- = = = = = = % = = E A B
o L - — o0 D 1 el - Ive) =
- & S < = a 3 g g
] =]
&) &}
Initial meeting | Identify Submit 1% Feedback from | Submit 22¢ Feedback from | Submit final Written Submit Provide notice Ensure segregation of waste
with BEIS. options & draft to BEIS. BEIS. draft. BEIS. draft. approval from Decommission | of change of and records of waste
decommission BEIS. ing Operating status to UK disposal retained.
ing routes. Application Hydrographic
for any Office for
chemicals to pipelines and
be used or installations.
discharged.
Carry out BEIS consults Circulate 22 Submit OPPC

comparative
environmental
assessment of
options

Identify
impacts and
any designated
habitats.

Prepare 1
draft.

with other
government
departments.

draft to
Statutory
Consultees,
publicise in
press and
internet.

Carry out
baseline
environmental
survey if
required.

Permit.

Submit
Disposal of
Material under
FEPA.

Independent verification of
removal of debris from
seabed.

Seabed sampling to monitor
levels of contaminants.

Submit copies of debris
clearance and survey reports
to BEIS.
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2.13. D0Oscussion

LindRBe, Baram adids cPlegrtshoen r(DUBt)ness of
comparison with the US and Norwegian sect
accident driven and that although UK | e
Nor wegi athalseecbdD@i ¢ that the Norwegian s
artickEhgeprdand Lgunedsftei o(n20tlh%) goal setting
stating that companies and operators musHt

approval. This requires a high | evel of

Cal derstai00td®9)t hat one of the key issues \
i ndustry, and in particular, decommi ssi or
Operators must also be clear on whgnuandei
of fshore | egislation armEPAwi(&lOd1@®9h it @h Imiag h
of boundari es andigurel-g3ah owfs jausii snepil @t iowre.r
each authority and agency operate. The |

the | ow water l i ne.

Marine Scotland

N L]fce?l. 0Oil & Gas
uthorities Authority

[ HSE Offshore }

[ Maritime & Coastguard }{ BEIS ]
Agency

Offshore

Figure2-13: Areas of Jurisdiction of Regulatory Bodies and Authorities (based on SEPA (2018)).

BEIS

Calder h{(g®19)yhts that operators mu s t r e

decommi ssioning include work wundertaken
Onshore activities do not follow the sam
Contorrasc,t waste handl ers, dismantl ers and
with relevant body and be | icensed to ha

duty of care to audit any onshoowet wolhiks t p
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of identification to disposal, it mu st k
There is a possibility that i1t may get |

2.13. UK Statut oSuymniRaergyi me

Prior to decommissioning activities takir

for approval t o OPRED. Thi s mu st i ncl
management pl an. Waste materials must b
Fr amewor k, classified and details of how

management pl an.

Publicly avail abl ®udecempmirg si dvnigrmd i glha s «
vol ume of hazardous waste present, the ef

to removal

The decommi ssioning of of fshore instald/l
regul ati ons. A key issue in complying wi
whil st being transported, i s tdhree uaaderan :

To ensure operators meet their duty of
|l abell ed, stored, transported and process

includes ensuring all hwmaste Iha&t dafwastae mt

Overall, these observations suggest that the UK regulatory framework is comprehensive bu
administratively fragmented. Much of the legislative progress has been reactive, driven by
incidents rather than proactive policy development. Comparative studigsilpaly those
examining the Norwegian and US systems, indicate that regulatory clarity and early
integration of decommissioning planning can enhance safety and environmental
performance. The UK&ds goal sett ieavgyomthepr o :
operatordés interpretation of compliance,
These systemic features reinforce the need for a structured decision support framework, suc
as that developed in this thesis, to bridge the gap ketwegulatory intent and operational

execution.
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2. COémmon Decommi ssioning Pract
Countri es, UK, and Gulf of Me

Wor | dwi de, there are estimated to be cur
(Lockman & Brauch, 2022) . Each country
guidelines concerning the decommi ssioni ni
The decommi ssioning of offshoreAsscdtiadt iac

hed met hods to ensur e t hese COoS

o]
Sout heast AsIBEABoONanttiroyns t hGaul UK, o fa&Grdtihka iceo
establis

e

compl et ed.

=]

t he Uk, t he Energy Act 2016 di ctat e
ommi ssioning costs. OGUK acts as an i
ctions. Burthe G66déMOcthea BOEMygr Wan ag)s

ulatory authority overseeing a struct

n o

-~

entire |ifecycle of an installation,

UI—P

ommi ssioning expendituys ofusco el &icippg

uding pipelines and structures. | n
owed rimyy i am NaFHE ToR@QNASBedhad ce@ssation
r 1998, contributed t-opédryatoiper aft onmd .

-+~ T S ® =S O® 9 @
—

-~ T O O o0 « S O

D

o S 0O

mmi ssi oni ng aecdeidvuicttiiebsl,e whoirc ho piesr att @
nci al seceni tyesf,romssdaa@ner s, and a

mmi ssi onrdiecgomam s spostng monitoring. \

—

blish a financi ali ogruiarrga na etei viiutnide sf obr:

S5 9 O 9 O o

within a year of production commenc:¢

estimation methodol ogy, and the dec:«

o O T oo o ™ o 99 O
nw o

o
>S5 0 9
—

tain a cost ewxtdismate of proposed meth

—+

i s evident t hat al |l the considered <co

ensure the completion of dderc@ Mmhe siresip ot

operator s. Transparency i s cruci al, and
nitoring activities is vital

I n the UK, the decommi ssioning planning

before decommissioning, all owing for t h

operator, regul atory body, and ot her st

suh ssion of a draft decommissioning pl ar
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various options and environment al i mpact

avail able for stakeholders to evaluate.

Similarly, I n-de hemnsodVs, i otnhiengprset age 1 nvol
environment al i mpact report as part of t
be approved before commencing decommi s
PERONAS technical standar ds, requiring |
assessment, environment al management p |
assessment . Ri sk assessment is conducted

chodenommi ssioning strategy.

l ndonesia mandates a work plan and budgel
years before the execution of decosensni ske
best practical environment al option too
considering environment al i mpact, publ i c
Vietnam requires an environmentabki manhhtgo
whil e Bruneéecommius giecsnian & BRawWb miesgioomtc @\

cessation of production to the end of de:

Prior planning of decommissioning activi

process. It enables the evaluation of var
and environment al consideratiohsougwhi pe
consul tations.

Foll owing the planning and approval stag
can begin, including well plugging and at
topside structure and facility eysnovalhd
decommi ssioning monitoring.

Research on well plugging and abandonmen
wher e regul ations and gui del i npelsugign far n
abandonment integrity and prevent enviro
ofper manent wel | plugging are specified,
Mal aysi at hteogguailr erse mov a l of the well head
submitted to PETRONAS. Thail and sets wel

mi gration and confines hydrocarbon resour

Vi et namnanati mé aiint egrity of abandoned

removing well heads at | east 3m bel ow

48

we | |
t he



requirement and wel |l integrity for aband:«
|l ocation to a final decl ared state, mar ki

The removal of topside structures and f a
options cons-bgarsed basia.c®As ¢ countries a

|l eft to degrade and become enviaroen meperrt erl

removed except in special cases, while tF
all ows parti al or tot al removal as wel |l

al so deter mi ne remclvyabseopbawitsh ofrhaial acna
decontamination prior to removal. Vietna
removal, and Brunei assessdesaszackhaifd.shol
It i s evident that good practice involve
cabgase basi s. The base case should be
should be conducted to fully evaluate pof
I n the UKyt ar edorste must be submitted, pu
vol umes, costs, and remedial monitoring.
t hrough i ndependent seabed surveys.- Th
decommi ssioning processes, but i ssued pe
removal and wast edemetmmd dss,i oaandga spoykey t

and seabed mapping.

The current | egi sl ati veTlarb24puiwhe mesrnt ¢ haer e
decommi ssioning redabZbement s are shown i
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Table2-4: Laws and Legislations of UK, GoM and ASEAN Countries

International Laws UK Gulf of Mexico Malaysia Indonesia Thailand Vietham Brunei
1958 Geneva Convention of the Continental Shelf v v v v v
International Maritime Organisation (IMO) Guidelin
and International Convention for the Prevention Y Y Y Y (Not mandatory) Y
Pollution from Ships (1973)
Modifying Protocol 1978 (MARPOL) v v v
United Nations Convention Law of the Sea 19
Y Y Y Y Y Y Y

(UNCLOS)
Basel Convention 1992 v v v v v v v
COBSEA Regional Seas (ASCOPE) v v v v v v v
London Convention and London Protocol v v v
National Government Bodies & Agencies Department for Business PETRONAS Ministry of Environment Department of Mineral Fuels| Ministry of Industry and Trad¢ Ministry of Energy and Industry o

Energy and Industrial Strateg Malaysia Petroleun| Ministry of Energy and Pollution Control Department Brunei

Oil & Gas Authority Management (MPM) Division Mineral Resourcegd Revenue Department

Health & Safety Executive
Environment Agency
Scottish Waste Authorities
Northern Ireland Environmen
Agency
Department for Environment
Food & Rural Affairs
Marine Scotland
Department for Transport
Maritime &  Coastguard
Agency

Ministry of Defence
HM Treasury/HM Revenue &

Customs

The Crown Estate/Crowi
Estate Scotland

Joint Nature Conservatio
Committee

Natural England

Scottish Natural Heritage

Countryside Council Wales

(Directorate General of Oi
and Gas)

Ministry of Transport
(Directorate General of Se
Transportation) Ministry of

Ocean and Fishery

Office of Natural Resource
and Environmental Policy an
Planning

Petroleum Institute 0

Thailand
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Council for Nature

Conservation & Countryside

National Laws & Acts

1. Section 485A of Merchant Shippin|
Ordinance (1952)

2. Section 6 of Continental Shelf Ad
(1966)

3. Section 23 of the Economic Zone A|
4. Environmental Quality Act 1974

5. Environmental Impact Assessment]
6. Guidelines for Petroleum Industrie
Environmental Guideline for|
Decommissioning of O&G Facilities ir|
Malaysia 2019 DOE

Main statutory is Oil and Gas Act Ng
22 of 2001, Clause 11 Article (3) whic|
states that postproduction liability i
one of mandatory clause in Oil and G
Contract. Statuary in lower hierarchy i
* Minister of Energy and Mineral
Resources Regulation No. 15 of 20]
about Postproduction Activities i
Upstream Oil and Gas

1. Decision No. 40/2007/QDTg on
decommissioning of fixed petroleur
installations, equipment, and facilitie
(valid from 4/4/2007 to 11/2/2018).
2. Decision No. 49/2017/QDTg on
decommissioning of petroleun
installations, equipment, and facilitie
(valid since 12/2/2018 to replac
Decision No. 40/2007/QETg).

3. Decision No. 41/1999/QDTg on
safety management in oil and g
activities (valid from 23/3/1999 td
15/3/2015)

4. Decision No. 04/2015/QDTg on
safety management in oil and g
activities (valid since 16/3/2015 t
replace Decision No. 41/1999/QD
TTg)

- Well plugging & abandonment i
particular

5. Decision No. 37/2005/QBCN on
the protection and abandonment of
and gas wells (valid from 29/12/2005
9/9/2020)

6. Decision No. 10/VBHNBCT on the
protection and abandonment of oil al
gas wells (valid since 23/2/2014)
Circular No. 17/2020/TIBCT on the
protection and abandonment of oil al
gas wells (valid since 10/9/2020 f
replace Decision No. 37/2005/QD
BCN)

1. Petroleum Act B.E. 2514 (1971
Petroleum Act (No.6) B.E. 2550 (2007
2. Ministerial Regulations No. -20
(B.E. 2354)- concession agreemen|
Clause 40 of Ministerial Regulatiol
No.12 B.E.2524 (1981), Clause 15 (.
of Model Concession, DMF/P 2
annexed to Ministerial Regulatio
No.17 B.E.2532 (1989) (Fam et g
2018)

Petroleum Income Tax Act 1971
Thailand 1 Malaysia Joint Authority
Act B.E. 2533, 1990, Act on Offence
Relating to Offshore Petroleun
Production Places, 1987 (Internation
Association of ol & gas
Producers_584, 2017)

Petroleum Act (No. 6) B.E. 2550 (A.D|
2007) in which the Department
Mineral Fuels (DMF) acts as th
governing body & must regulate th
decommissioning  process  und
international & domestic laws &
regulations. After the enactment of th|
Petroleum Act in 2007, the
amendments included the imposition
decommissioning  obligations &
placement of financial securit
obligations. Yet, it does not provid
specific detailed decommissioning
requirements.

Ministerial regulatiorDesignation of
rules, procedures, conditions, schedul
of submission & placement of financig
security. The new ministerial regulatio|
to be issued will add more realisti
timeframes & specific details (as th
Petroleum Act beforets reenactment
was not realistic or specific enough ¢
decommissioning methods). Accordin
to Fam et al. (2018), in the updatg
Petroleum Act (No. 6) B.E. 255
(2007), Section 80 requires
decommissioning program inclusive
estimated decommissioning ste for
the approval of the Directgbeneral
before decommissioning begins.

The Mining Act (Revised 1984)

Chapter 44: The Petroleum Mining A
(Revised 1984)

Chapter 45: The Petroleum (Piggnes) Act
(Revised 1963)

Chapter 138: The Territorial Waters
Brunei Act (Revised 2002)

Chapter 189: The Land Code (Strata) A
(Revised 2000)
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Table2-5:; Similarities in decommissioning requirements for each country.

Gulf of
UK ) Malaysia | Indonesia| Thailand Vietnam Brunei
Mexico
Financial
. . Duty Holders
Cessation Post Security or
. . Financial must provide
Fund (Since Operation Surety placed
. L Owner/ Operator o Guarantee cost
Funding of Decommissioning 1998)i Fundi by individual o
Operator Bonds . ) Fund setup | estimation as
contribute to | contribute to or
o by Operator | part of D&R
by operators | by operator | combination o
activities
of
3-5 years 2-5years prior
o S Draft 3-5 ior t dependent
Pre Decommissioning Decommissioning Plan @ _ Y Y prior ,O ¢ ePen_ én o Y Y
years prior execution remaining
schedule reserves)
Comparative Assessment Y Y Y Y
Environmental Appraisal Y Y Y Y Y
Costs Y Y Y Y
Materials Inventory Y Y Y
Description of items to be decommissioned Y Y Y
Consultation with interested parties Y Y Y Y
Schedule Y Y Y Y
Project Management Y Y Y Y
Debris Clearance Y Y
Postdecommissioning monitoring & maintenance Y Y
Supporting studies Y
HSE Risk Assessment Y Y Y Y Y Y Y
Circulated for Public Consultation Y Y Y
Decommissioning Execution Cessation of Production Y Y
Venting/Flaring Y
Well Plugging & Abandonment Y Y Y Y Y Y Y
Cleaning, discharging, emissions Y Y Y Y Y Y Y
Oil Spill Planning Y Y Y
Seabed deposit management Y Y Y Y
o . Y (draft
Pipelines & Associated Structures Y Y Y Y Y
document)
Explosive Use Y Y Y
Debris Removal Options Y Y
Waste Handling Y Y Y Y Y Y Y
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Waste Shipment (across borders) Y Y Y
Safety Zones Y
Equipment & materials brought ashore Y
Export of installations and equipment Y
Export & import Y
PostDecommissioning Site Survey Y Y Y Y
Monitoring Schedule Y Y
Y
Y (Reports _
Y (within4 | required for | CrOnMeN Y (within 9
| report
CloseOut Report months of each permit a 'I:pol months of
completion) within 30 iEin completion)
days) month of
Y completion)
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2. 1B 4dcucfsi GIbekcalmmi sBn aati inge s

The regul ation of offshore decommi ssi oni
of Me xi co and ASEAN <countri es, refl ecti
environmental obligati ¢Wafsandeteglul at 860
2023)Each region has developed its own fr
needs, and i nt er(nfadteitoonraol, APyt nMehri.tassdh.i | e
ther e ar e similarities i n overwsar cihn ngl ¢
requi rement s, cost all océdaer omn mo@asad i mdn
2021, Fowler et al ., 2019)

2. 14Relgul at ory Approach and Compliance

The UK fol-fewsi rmg gampr oach, where oper a
compliance with regulatory objectives r at
(LindRBRe et al ., Z2ZBRL18; mOGARAod2p2O6b)des fIl e:
responsibility on operators (tWal kest iafnyd t
2013)In contrast, the GoM foll ows a presc

must adhere to predefined preaneendsr esetarbd
bodi easstblke BSEE. (BBEEappgbaarh taken by
with some nations adopting el ements of b
require structured decommi ssioning plans

cabgase (Kuansats al. , 2021)

One of the key differences between the LU

decommi ssioning. I n the UK, a detailed d
and approved before work begins. Thi s i
opi ons, stakehol der consul ta¢(bbekl, adls5
2020a)he GoM requires similar approval s,
financi al security throughout an ivnesttahd
necessary funds to CBargnetbtie®SBEAMAN266O6
approval processes varysapwirtolvesiorme nmatcii @

and others relying on government (Kwnatsi g

al ., 2021; 5Khan et al ., 202
2. 14Filn&nci al Responsibility and Cost Al
Funding decommi ssioning activities is a

regions have adopted varying approaches 1
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T UK: Under the Energy Act 2016, t he fi
falls on the operator or owner, with
costs. There is no requirement for up
deememdardrci a( OAEBK, r28k5;. OGUK, 2019)

T GoM: Operators must provide financi al
ensures that even i f a company becom
decommi Piacreintge et al ., 2006; Lockman

T ASEAN: Some ASEAN nations, such as Ma
cessation funds, where operators cont
Thail and and Vietnam require operator :
produenswmi,ng costs are coverlumavtheal .o
2021)

The GoMés bonding system ensures that de
out set, reducing the risk of financi al S
strength of operators, which has rt&ai aad c
ceases to exist before déA&abmmgosuionetngalo.
The cessation fund approach used i n Mal a)
ensuring a reserve of fcworsds idduematiidneb]| e2

2. 14Env.i3ronment al Compliance and Waste N

A key component of decommi ssioning S
regul ations, particularly regarding wast

1 UK: The UK adheres to OSPAR Deci sion
compl ete removal of offshore 6Kruktet
1999; EfthymiWaste 22R23agement foll ows
Waste Framework Directive (2008), witt
from offshore remd\B&E&IPAt 0 20dis8ho A&l diy® pn

T Go M: The GoM has a more flexi-b®Reefapp
program, where decommi ssioned structu
reduces removal costs and provides en\
strictegemo@emnemE, 2020; .JBrgensen, 20

T ASEAN: ASEAN countries take a mixed aj

removal whil e-sothherdsecpenmiistsi oni ng un

Mal aysia and Thail and mandate decont ar
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Brunei assess renmmoywase Oldaione§kweamat c a
al .,. 2021)

The UKG6s strict adherence to OSPAR gui deé
protection, but It may | imit flexibilit:)
alternativyekeeTbe aBpgsach wused in the Go
strategy that some ASEAN nationg Fossileh a:
2018; Ounani.an et al ., 2020)

2. 14Stlaklehol der Engagement and Public 1|7

Stakehol der i nvol vement-mdaki ndge caoolmamd sdii ofhe

bet ween regions.

T UK: Public consultation is a mandato
process, with decommi ssioning plans |

Cl oset reports are @$mel lIpub202Z4ay; a@GA,S

1T Go M: The GoM requires environment al a
publ i c i nvol vement compared t o t he
decommi ssioning reports, they(Raramoa
2020)

T ASEAN: Public involvement in ASEAN co
have for mal consultation processes, W

government r eg-mhhkitKwunsati nald.esda3sQG 2am;, ARIO 2

2. 14nR2ernati onal Statutory Regi me C

The UKOés transparency in decommissioning
compared to other regi ons. I n contrast,
regul atory approval r (aWahl ekre rt haannd .pRuobbleirct sc,
The comparison of decommi ssioning | egi sl

ASEAN countries highlights the different
financi al security, &mndnadn\ailr.qgn meOtlg | T Ackke
UKO6s -sgeotatli ng framework allows for flexibi
whereas the GoM6s prescriptive approach e
deci-maki(mBBESEE, 2020; Par eAlBtEAANetcoadmtr a B§ O 6
policies, often influenced by economic p
(Khan e§Kuwurhat &210.2, 2021)
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One of the key takeaways 1is the differei
ensures funds are available throughout a
operator responsibility, ((lbdeckmamnml ¢ty Talee
cessation funds wused i n Magraoyusnida saonldu tlinodr

cost distribution with financi al assur an

The envirornmemnt adettweaede stri ct removal (

( GoMOst 8Re gfss progr am) al so demonstrate

OSPAR ensures minimal seabed i mpact, tet he
and environmental disturbances.

Overall, while the UK maintains high reg
are |l essons to be | earned from alternat:i
ot her regions. Future resear ch c ofuil da necxip
assurance and sustainable removal opti on:
(wWat son et al., 2023; Vidal et al., 2022)
I n summary, international comparison shoyv
much by political economy and regul atory
regi mes such as those in the GulrnoovfatMeo:

wher eas t hseetUKonsg gforaaamewor k encourages ai

hi gh regulatory I|literacy and trust bet we:
parts of ASEAN, combining financi al ass.
managemernat,e ihdw srtegul atory | eaeqi ogal adi

These findings reinforce the rationale f
i ntegrate | egal, environmental and oper af

approach is devel opedt earnsd oafp ptlhiiesd tihne stihse.

2. RBsearch Gap

The literature rediepwhhanapysvsdoed ame:i
of fshore decommi ssioning, with a particul
considerations, waste management Tfreacteiva e

has highlighted the complexity of decomm
structured pl anning, stakehol der engage
requirements (OGA, 2020a; SEPA, 2018; Bal
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A comparison of UK, Gul f of Mexi co and .,

significant differences in regulatory enf
obligations (Kumar et al ., 2021; Lf oocl kl noawns
a goatlting regulatory framewor k, requiri
sustainability and safety objectives, whi
that ensures financi al readiness thnougl :
exhibi't regul atory variability, wi t h s o
structured approval pr eooyeassee se wehli U &t iod rhse.
The review has al so identi fied critical
regarding hazardous waste identification
| ssues such as unclear I iability,d ikmoom sei

transfer across the waste stream present
outcomes (Du et al., 2018; Robinson and (
a uni fied regul atory approachniasnds i mpg

emphasi sed across multiple sources.

Exi sting decommi ssioning models have priri

efficiency, with |imited emphasis on the
management and sustainability ftahcda oalss e nlc
an integrated analytical t ool that can n

Addressing this-drmgiaype mr,dpasyesde sfrrsea met avtoa k ¢ a |
l egal , operational and environment al di
framework developed in this thesis direc
data and exper tt ef thdogwe mehrets et d aecvtalrusa col | e

and compliance outcomes.

2. C6bncluding Remar ks

The following summarises the key points

the foundation for the research:

T Of f shore decommi ssioning is governed L
and UK | egislation. Thi s i ncludes er
regul ations, and health and safety fr;
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The
reg
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Reg
car
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Wh i
acr
The
to

and

re 1is evidence of fragmentati on b
i mes. This contributes to uncertair
ndary between off-bheerd wasteael hanhdbobi
ul atory overlap and inconsistency
e obligations, and poor traceabil i
chapter demonst r atseest ttihnagt atphper olbkc h
l e this allows for flexibility, it
oss all stakeholders involved in t|
se findings support themakiendg fforra m
gui de operators in aligning waste
sustainability targets.
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CHAPTER RBRESEARCH METHODOLC
AND TECHNI QUES

3.Introducti on

This chapter outlines the methodol ogy a
engagementsuppdgect siterchni ques, and anal yt
devel op a framework for the sustainabl e

of shore oil and gas decommi ssioning. The
met hods to ensure that expert knowl edge

framewor kés design.

A research frdmewaskdéWFefoped3to guide th

structure for the study. The framewor k d
Il ssues in offshore decommi sSsi onsicnugs,Si @emga
i nterviews, prioritising factors wusing t
t h relationships and uncertainty betweel

e
results from these stageese Wevel apmdntobf ¢
c

deci-supmort framework presented | ater in
Experts working within regulatory, oper a
sector were contacted to participate in

the |list of fact ewasstien frmauwmeangcei megndté ssazigpdr dgouu
AHP questionnaire. The outputs from the
produce a comprehensive methodology | inki
for i mprowadidgci i oi f shore decommi ssi on
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Research Aim: Develop a framework to improve the sustainable management of hazardous waste

generated during the decommissioning of offshore oil and gas installations in the UK sector.

/Research Objectives

01 —Identify key factors influencing hazardous-waste management

02 —Prioritise factors using AHP

03 —Develop an initial BN model using expert data

04 —Develop a combined BN model using expert and objective data

QS — Apply findings to design and test the integrated framework

~

/

Key Issues

Chapters 1 & 2 Chapter 4 Chapters 5, 6 & 7
Scope and
Initial Expert Bayesian
Identification of Opinions Network

|

4 N\ o
Identification of Key Factors
UK Statutory Regime
UK Offshore Industry
\_ 1 Y, Chapters 5, 6 & 7
Ve ~ / Multi-Criteria Decision Making \
International Statutory / \
Regime & Offshore BN Modelling Software
\_ Industry y _ _
l Primary & Secondary Data Gathering
4 )
Trends in Research & Data Analysis (AHP, Symumetric
Decommissioning Practices Method, Weighted Sum)
. -/ K\ //
Chapters 5 & 6 | Chapter 7
e N N
Initial BN Model N Combined BN Model
Development & Analysis Development & Analysis
N AN J/
's l a 's l D
Validation and Evaluation Validation and Evaluation
Chapter 8 h g

|

_[

Holistic Decommissioning Framework

Of f shor e

oper ati

decommi

onal

Figure3-1: Proposed

S S

factors

research framework.

oni ng i n

t hat i

vol ves
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i nterdependenci es

requires
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i n
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i ntegrates

expert

el ic
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used to identify and priorit-waeteéheamahkage
whil e BN modelling was applied to repres
how uncertainty propagates thr oughetthhoed ss
form an integrated framework that direct

sustainabl e management of hazardous wast

3.Rdvocacy Discussions

I ntervi ews can Vesxtsdehs ndokt weenicanresea
researchedo (Hammo2a@) & WEhéiggabnof an i
cannot be directly observed or measured

classified into three types:

i . Structured

i i .Semitructured

i iUnstructured

Prior to them being conducted, consider ar
the research project and & hWelalignksg b)dn.,t he

Structured interviews consi st of a ser.i
respondent in the same order. The respol
comparison. The highly structurefdi niat w
respontsiwee |l and onsthhiepnt bevwewer and intervi
Semwitructured interviews are used when a
for compari son wi t h i nformation-sgaubeue

interviews are the most common t3(P®9)usec
ensure continuity between interviews, t h
guestions to be asked. -endleas & oq wensatbil cen sd i

pl ace. The di sadvantage of this pr200deds)s.

The third type of interview is the unstr

the questions asksed |aomwa nmgo tf opr ad estceursmii men

to be successful, the interviewer mu st
detail ed, honest responses. Unstructur e
i nformatiospakbodi cafvedlyl (Doringer, 2020

the responses ,obhtaingdanakyyviasiadd compa
be difficult.
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An unstructured apprndoach nwas veleaveen ttoot a
about aspects of the research project th

used to develop criteria and alternati ve:

Experts were approaceducoutaellei paetviaw

(2002) noted that in group discussions,
i nformation than other respondent 99wl elilge ,
abilities and expertise that are relevan
person who is very knowledgeabl e about o
The ability to be cl| assiefriieedn caes aannd esxkpeel rlt
years (Finkbeiner, 2017). Through the ex
decommi ssioning sector, the experts are
di stiimtgwimshrrelevant information (Franz
di scussi on was to establ i sh what each
decommi ssioning and the management of ha.:

3.8ul-Crii teria Decision Making

Decision analysis methods have been a f oc¢
Nfseeks to apply | ogical, mat hemati cal , a
are chad alcyt euni queness, i mportance, uncer
preference$s968) (Howard

I n the instance when single attribute de¢
attribute method may be applied. Mul t i c
deci-md kinng t ool gqgiumawma lavwidntgguadtiht at i y20 If5a)c.t
MCDM has been applied to,macl meéi nighdwionfd

selection, sustBhinabiididwe atnaltylsa sabi | ity
compl ex -nhe&kdinsgi opmr obl ems and sever al subp
2021) . Al ternatives based on each subpr
the best al ttenren aatlitveersn aga movreg opti ons. An
i ncorporate subjective information.

There are a variety of different MCDM me

for each criterion are applied and the mi

I n this sxtudy.er a-mandiétntg sapproach was ada

combinati on of qgualitative expert judge
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sustainable offshore decommissioning. Al
because it-dalVvewspekpertisation of the ki
2 and provides a struct urNet wonrpku tma doe Itlhien

The most common met hods include:
i . AHP

ii . TOPSI S

i iiVI KOR

i v.ELECTRMar,2®mnis5) .

3. Anal ytical Hi erarchy Process
The methods described in Sections 3.4 to
gaps identified in Chapters 1 and 2. Tt
hazarmobosuse management and | i mit edr oinnmeengtras
and operational factors. To address thes
adopted. Expert elicitation was wused; to

the AHP structured these qualitative judg
all owed these relationships to be anal yse
a coherent framework that {ddrnkeakyxypes| a
with the studyés overall a i-wna sotfe i megpmraogve r

of fshore decommi ssioning.

The analytical hi erarchy process was fir:
t ool for mu | tmiadkr intgeTrh ias dmectitsdad nr el i es on
alternatives and aggregation to calcul at
i nconsistency dug utdg.memeé i nput of human

I n this study, AHP was applied to struct
i nfl uenci Awga sh &z amadnoaugse me n t during offsho
selected because it enables qualitatidveas:
numer i cal priorities, creating a trans|
environmental, regul atory, and operati one
i nput parameters -Netwsuksmqgdehdqu@lgiytedt inke

analysis to quantitative system evaluati

AHP i s based on fourwssitghpts:v @lraadtyiemry ,ambovei

sensitivity,20®I)y.si sl t( Ailsesasitoi er ar chal me
6 4



of a hierarchal structure between an ove

are compared with criteria to create a p:

AHP has been shown by Fran-a et al-maKi2mg (
process. They used AHP to identify key

advantage of being flexible aadl ambe Ogqgul
(2011) outlines some of the advantages ar
i's that AHP relies ,owhmid&lhlows digemetnht s @ifole
easily and for p,hhiuoritthi esctaom laé sioddret vi ie
mo d e | must be designed within a boundary
new alternative is identified, the model
amount wuotfatcioomp required as the size of th
Its usability and,2@idi6yer sdhiet hi eKarchiakey

on criteri a.

3.l ternati ves to AHP

The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) was
introduced by Hwang and Yoon in 1981 as a murteria decisiormaking method that
ranks alternatives based on their geometric proximity to an ideal solution (Hwang & Yoon,
1981). The fundamental principle of TOPSIS is that the chosen alternative should have the
shortest distance from the positive ideal solution and the furthest distance from the negative
ideal solution (Kolios et al., 2016). It involves normalisation of agiecimatrix, calculation

of the ideal and antdeal solutions, and computation of Euclidean distances to rank options

accordingly.

TOPSIS is websuited for problems involving quantifiable data and where todf$e
between benefit and cost criteria are required. However, it requires precise numerical dat:
and cannot directly accommodate qualitative inputs or expert judgement imtbevegy as

AHP. For this reason, the use of TOPSIS was deemed unsuitable for this project, which relie:
on both qualitative and expdrased assessments for complex offshore decommissioning

scenarios.

VIKOR (Vlisekriterijumska Optimizacija | Kompromisno Resenje) was developed by

Opricovic in 1998 (Opricovic & Tzeng, 2004). Itis a mudtiteria decisiormaking method

designed to identify a compromise solution that provides maximum group utility and

minimum individual regret. VIKOR introduces a ranking index based on the distance of each
65



alternative from the best solution using weighted and normalised deviations (Mardani et al.,
2015).

This method is particularly applicable when decisioakers need to reach a consensus or
resolve conflicts among stakeholders and is often applied in-ssgtiaical problems or
public decisioamaking. However, the method assumes a certain degree obdeauizker
consensus or preference structure, which was not available in this study due to the diverger
views of the stakeholders interviewed. Therefore, VIKOR was not considered appropriate
for this research, which required individual expert input to leatéd equally without

enforced compromise.

ELECTRE (Bimination Et Choix Traduisant la REalité) is a family of outranking methods
developed in the 1960s (Roy, 1968). It compares alternatives using concordance anc
discordance indices to eliminate less desirable options. The ELECTRE approach is more
focused ondentifying outranked alternatives rather than providing a full ranking and is
suitable for problems with necompensatory decision contexts (Zhang and Balakrishnan,
2021).

ELECTRE is advantageous when decisinakers cannot or do not want to assume full
tradeoffs between criteria. However, it can become computationally complex as the number
of criteria and alternatives increases and may not provide the clear prioritreapiored in

this research. Given the hierarchical nature of the problem being explored and the need fo

full ranking of criteria, ELECTRE was not selected for use in this project.

A key strength of AHP lies in its capaci:t
and transparently (Martins et al ., 2020
operations, -mehkirreg dmwstsi areconci |l et weenf
environment al protection, cost, regul ato
But schek et al ., 2023). For example, Eke
within decommissioning projtictenesi®momseé
reconciling expert Vviews.

I n contrast, met hods such as TOPSI S anc
nor mali sed datasets and numeri,@atompei f oo

unme-t tst agar ldecommi ssioning where qual.
Zhou, 2024,; Mahmudah et al ., 2024) . AHP
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gualitative i nput s I nto g u aensttiatbal tiisvhee d p |

comparison approach.

From a usabiAHP'ys sitnatnudcpbomipnetr,pngcewe crite

at a,emhmeces accessibility and reduces
i nvolving industry profeasabyais ®wkpemay
2024; l smail & Sum, 2023). Cognitive sci ¢

2tems at onceRdqjMus & PRI 7Z)y,r aal i gni ng with

Furthermore, the consistency check (CR <
of judgement coherence, i mproving the re
met hods that | ack such diagnostiX) tool s |
Recent I|iterature further supports the u

directly related to offshore decommi ssi ol

(2022) devebopedbuwtneakd enagi sfiroanme wor kP itnoc o
evaluate offshore infrastructure removal
addressing conflicting economic and envi
t ha AHPG6s structured, pai r wissuei tcaobnhpea rfiosr

mar ked by high stakeholder uncertainty a

il
pl a

t
k
ot her techniques, such as TOPSI S, may pr
ustrated AHPOs f | exiiadi Ipirtiyorhyt i aspapliyoinn
nni ng, demonstrating its -mdBpnhghbiilnivto
regul atobgsaddconskderations. Il n additio
to evaluate managerialsetompgsenceai i omf

expleed qualitative assessments where quar

AHPvas selected as the most appropri-ate
stakehol dnmeark idnegc ipsrioocnesses i nherent in off
waste management-cr\Whielre-ma Wieeg &asti @embbht gques
including TOPSI S, MHRORasandoEEBCHREed or
for contexts involving-ogaxmdrntt ajtadge me ratn,s

dat aset s.
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3. 50vlerview of Analytical Hi erarchy

Thenad ytical hi erarchy process is a tech
1970s. I 't i s amankuiIntgi cnreittheordi & hdaetc iad il conws
due to the i mpeuntt .of Thhuemamr ojcredsgs f ol | ows a
problem into hierarchal |l evel s to all ow
sol utSacant y and . Regdadseh,owls9 &5 )si mpl i fied f I
compl ete an analytical hi erarchy process.

Define objective/goal.

Y

Structure hierarchy from goal to lower
level alternatives

) 4

Construct hierarchy diagram

Y

A 4

Collect data through expert judgements

A 4

Complete pairwise comparison

) 4

Calculate criteria weights

Calculate
consistency

Obtain final ranking

Figure3-2: Summary of steps for analytical hierarchy process (bas¢f8aaty and Kearns, 1995)

The first step in the AHP process is sto d
This enables a hierar dhalm sthret ottemruig a aoli d
alternatives. The hFeg&3F ehal structure |

6 8



Goal ) Level 1 — Overall Objective
Level 2 - Criteria
Criteria A CriteriaB CriteriaC | <
Level 3 - Alternatives
Alternative 1 Alternative 2 Alternative 3 Alternative 4 | +

Figure3-3: Example of the hierarchal structure.

Once the hierarchy has been determined,
al ternatthlewe t antda to be compared. A que
comparison of the alternatives. The r ¢

comparison matrix to be produced.

The questionnaire requires the responde
i mportance using the Saat yTa®8kl e.Thi Bhe sS:
relative importance that Saaty recommend
(Saaty and.Kearns, 1985)

Table3-1: Scale of Relative Importan¢8aaty and Kearns, 1985)

Important Unimportant
Intensity of o Intensity of o
) Definition _ Definition
importance unimportance
1 Equal importance 1 Equal importance
Moderate Moderate
3 ] 1/3 )
importance unimportance
: Strong
5 Strong importance 1/5 )
unimportance
Very strong Very strong
7 ) 1/7 )
importance unimportance
Extreme Extreme
9 ] 1/9 ]
importance unimportance

. Intermediate
Intermediate )

2,4,6,8 ) 1/2,1/4,1/6,1/8 unimportance
importance values

values
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The alternatives can be presented to th
guestionnaire. For example, the compari s
be regdgabld2ed.| ustr at £bgeuae sste cotnincan roef and t he
alternatives, Al, A2 and AS3.

Table3-2: Section of example questionnaire highlighting the comparisons of three alternatives.

) Equally
Unimportant ] Important
|mportant
Al |1/9| 8| 17| 16| 15| 14| 13| 1/2 1 2 '\3/)4 5/6|7|8|9]| A2
Al | 1/9| /8| 17| 1/6| 1/5| 14| 1/3| 1/2 1 213|4|5/|6 @)8 9| A3
A2 | 19| us| 17 @ 15| va| 13| 12 1 2l3]als|e|[7]8]9] A3
Tab32ehows A2 is three times more i mportan

thanpbuvadtl A3 is 1/6 times | ess important th

i's constructed. NTxichée meaisi winaé ®magumidd). imat
The diagonal oifsjtdhree maqualx,t ovhteme val ue
P ® E @ .

. P p E 0
(0] [ o ~ o T
€ e E é,
Po Po E pu .

The completed matrix usTalBl2¢g hsamead xd mp |[Ae

P C X
b L
O |¢p(pl,l
p Iyl
i 9 Pu (3-2)
The next step is to normalise the matri x.
datia order to allow the alternatives to I
i s summed.
w w

(33
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Then each el ement i n t he matri X i s di vi

nor mal i sed pairwise matri x.
, 6 o E 0
o w ) e E &
B o €& @& E &8 (3-4)
® ®w E ®©
The weighted matrix is produced by divVvic
number of criteria used.
" d)
: B o o
(A) 3 2
e ° (3-5)
W
The consistency index is cal culnmetnetds .t o d
v — 3
OO_‘E—
P (36)

Whenies the number of el emdnmst st hbee immagx i coroummp
of the matri x. Pairwise compari son ma
eigenvector can(bebdeatetomenadduBNydigck, 2
o ®
37
The consistency index is then divided by

These val uTeasb3l3es hwhewre isnfgae¢ yt adddb)Keadres e b
if the consistency of the judgements are

Table3-3: Random consistency ind¢®aaty and Kearns, 1985)

Size of Matrix 1 2 3 4 5 6 7 8 9 10
Random Consistenc| 0.00 | 0.00 | 0.58 | 0.90 | 1.12 | 1.24 | 1.32 | 1.41 | 1.45 | 1.49
Index (RC)

The consistency r atSia@atmu aatn db & elgagses ttcH D& al
cases, 20% may be tolerated. I f the <cor

revi se nehnetisr. j udg
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5v 29 onp
Yo PT
(39)

The final priority matrix for each expert

of the weight for each criterion and wei

"OQEMIA'QE QI @ & 0 QE GO QA '@
(39

When there are multiple expert respondent

is only considered satisfactory if it:

i . Reflects thmeobslettihe [ja@assgondent s

ii . Responds to changes in individual pr e
i i iProvides ranking fofSaaheyaanervangae,s
I f none of stohpei nn ®@nnsonadreentconsi dered gre
aggregated response can be found( Suasaitnyg at
Vargas., &PRWda3yJeometric mean hetbrocdt oseahas

(20@Bé¢n a consensus cannot be made thr ouc

¥

) ) OWWwow 888w
(3-10)

3. 5Pe2arson Correlation Coefficient

Foll owing the AHP analysis, the Pearson (
Mo ment Correlation ,  Zok@fis ccahtul( Steeit)edvoy
relationships existed between each of t he
I S used to measure the extent of t wo v
relationship between them (Danra setr ealg,t h2
relationship between twBr owme&i DWOBYar s a
|l i mited to testing |inear relationships

nosi gni fi cant y2a0llwes. ( Armstrong

The Pearson coeiffici ermatl egldat-Bidend Shyng
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Bo o o
Bo o Bo o

(3-11)
Wheirties the Pearson ocwarreltahe ownaviawe dafthd i @

sampfi 8, t he mean ofvarhieadvaa ,uehse ovfa latuhten bxd f

sampl ® santdhe mean ofvarhiealvlad.ues of the vy

The value of the person coefficient i ndi
positive correlation indicates that the
Consequentl vy, a negative <correl aotvieoni ni nt
opposite direcFig#tas il lustrated in

r=1.00 r=-1.00 X x

Figure3-4: Examples of Pearson Correlation Coefficients

Tab34ei ndi cates the strength of the <corre
correlation coefficient. A magnitude of

of zero indicates that there is no correl

Table3-4: Pearson Correlation Coefficient Magnitude Strengths

Pearson correlation coefficient _

(magnitude) Correlation strength

m i pdr Very Strong

™ 1 TR Strong

™ 1™ Medium

™ i Low
3. robability Theory
Probability is the measure of | ikelihood
percentage, deci mal form or a fraction.

as .
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L. U000 MBI 0 IO@EE DO QBORO (317
vo VE 0HME GIIN 6 (A EOG MO E 6 Qi £ Y

Probability theory is governed by the fol
AxiamThe probability of an event is a re
06 ™ (31}
AxiamThe probability that at | east one o
equal to one.
06 p (1)
Axiom I3 two events, A and B, are mutual
occurring is the probability of A occurri
06° 6 06 06 (3_1$
Events are considered independent if the

of the ot her.

06D 0 6 (3_1%

Events are considered dependent i f the ou
0one® 006 06D (31

This basic pgrooBalyielsjbthy cid@a agsmut i | i sed i n

6Bdyesi an Networ ks

Bayesian networks can be wused to explor
utcomes for a system in a straightforwai

directed acyclic gr a(phe a phaalti.tuasne,s 2B0alyde)s 6

n this study, Bayesian Networks were us:
he key factors influencing hazardous wa
evi ew, expert discussions, and udie IAtHPale
he integrattrowvedf pexperties with object

ecommi ssi o-makgndecTbi ®osnenabl es the fr am
O simulate how variationandnwagegel atdteon

nfluence sustainability outcomes across
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Bayesian Networks were selected for t hi s
systems i nvol ving uncertainty, i mi ted

characteristics are consistent witbhgatclye

data is often incomplete, and many of t|
Net wor ks allow for both qualitative and
applications where expert judgmeynd, mwsrt

Khan, 2019) .

The use of Bayesian Networks in this proc
obtained throug$ht rAHKR uraned isetmer vi ews. T
dependencies among-hanski hgcdecs saads waB#
al | foawr sbasaedi o easoni ng, simulating how
out comes. The structure allows for dynan
assumptions are refined.

Sever al alternative methods were initial
(FTA), Analytical Hi-afanehyePhodesMoase e
( MCS) , and Fuzzy VLogi c. Each has stoéngt
uncertainty modelling, causal reasoning,
study.

Fault Tree Analysis was developed in 1962
i n sarfiettiycal sectors for identifying root
FTA is wuseful for i dent i fyicnganfdaullitmiptreodf
out comes. It cannot model uncertainty or
decommi ssioning (Ani mah and Shafiee, 2021
The Analytical Hierarchy Process was intr

deci-mdakinng using pairwise comparisons wi't

Al t hough it effectively capturesobabperts
relationships or feedback | oops. It was t
Net wor k, rather than as a primary tool (|
Monte Carl o Simulation was formalised by

uncertainty by generating outcome distri/l
Ul am, 1949) . MCS is sdéetieded odptr@d@bddns k m
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However, It cannot mo d e | variabl e depend

mu s

Fuz
or
|l og
abi

Ren

Bay
cau
i np
spe

wa s

Bay
can

nod

A s
par
t he

B N
di s
can

pro

t replace empirical data (Shafiee and
zy Logic was proposed by Lotfi Zadeh
vague inputs and has beesmakappgli ¢ldwewue
i c does not provide probabil assbcl agk
l ity to update with new dat a, whi ch |

jith, 2024).

esian Networks were chosen because th
s al relationships, i ncorporate uncert
uts. The graphical struct ur ed eandaabp teast i
cific decommissioning contexts. Thi s

te management and the dynamic nature

esian networks are constructed using |
either be discrete or continuous. T
e can be classified as a parent or chi

Parent node

Child node Child node
e «—

Figure3-5- Example of a Simple Bayesian Network.
i mpl e BN iigBseholwm timi s example, A is &
ent node of B. Therefor e, nodes B ani¢

addition of ,fuditdcetri me dtelseiamdi nfi Inken c

represents guantitative rel ationship:
tribution for each node is shown in a
be used to express FRihgbirdell asi oaséds ptsh
bability tables for a si mpl e BN.
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a; | P(ay
° a | P(a)
e [ O G il e

by | P(by]a) | P(b|ay o | Ple|a) | Ple|ay
b, | P(by|a) | P(by|ay) ¢ | Ple]a) | Pley]ay

Figure3-6- Example of a Bayesian Network with Conditional Probability Tables.

Bayesd Theorem wa'st dretvierly pleyd (T We bhetrse &lreBy e ¢
2016) Previous (unconditional) probabi
parameter wil |l be in a particular state.

of the state of a parameternfdgiecemdt he st .

Bayesd Theorem i s r2lp& esented using equat
2 . 0 CRE &
v & A (319

BNs satisfy the Wwhicah dMaatkes tphatpea tryode
of | tdsecedent s, given its parents. The
computation. This inference can come frr
t hrough vari albhlee neeltiwwirnkatiisonsol ved when

using Bayesd Theor em.

3. 6Fo2r mul ating a Bayesian Networ Kk

I n order to formulate a BayesiFamgd3dKNetwdrlk,
taken. This is based oepapbki gamdietbled 0 4)xne
Simon .(2016)
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Step 1: Establish
project definition.

v

Step 2: Identify
model objectives.

v

Step 3: Identify sets
of variables.

v

Step 4: Create
mfluence diagram.

v

Step 6: Obtain data.

v

Step 7: Evaluate
model.

v

Step &: Validate
model.
N J

Figure3-7 - Steps for Formulating a Bayesian Network.
Step 1 has been completed through the in
the | iterature review contained within t

be developed around researchhmobygltquwes t4i

designed around the initial model . The r ¢
mo d e | being developed to refl ect the ke
qguestionnaires. Once tthkee dmd dhe | h acso nbpel eent

anal ysed using Bayesian Network software.

3.6C8nditional Probability Tabl es
Generating the conditional probability t
chall enging part of the analysi s. The a

used to construct the tables &pnd &ahtenod

the hierarchalFigtBwect ure shown in

When nodes that have more than one pareni
wei ghted sum al Parsi t(l2ro 0@BmMiop osepr dych use:

pairwise comparison and their relative wi

The exaFmpgl3d@sehaws a child node, C, with t\
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Figure3-8- Simple Bayesian Network
I f the parent nodefthaeese:the same number
N T E T
V'MIT FME 0 G OONO O BNE & ¢ QQ
The compatible states for the parentds n

wé an w k ©¢&dan W
Wherké Bndicates the sets are identiocal

FoRi g8 et he compati ble parent combinati or

wé an i k ©0éanp i k 6 im i
For child node C, the probability distri
0 6sSé ady i 0 6swé ad i
This | eads to the weighted sum algorithm

0 W o B 88 as

LA WSOéE AP

Whede= 0O0,arsg= 1.,.;,2,m. . ., k

This can be applied FigddBlke child node C

3. CToncluding Remar ks

This chapter explains how the <chosen r
devel oping a framework for the sustainab

decommi ssioning. Each method was seltat et
close the gaps identified in Chapters 1
i nsight into regulatory and operational
priorities; and the Bayesi amoMWetkwyr Kacu 94
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and how uncertainty affects outcomes. T ¢
bet ween qualitative understanding and qu:

The following key points summari se the <c

for the analysi s:

T AHP was selected to capture and rank e
way, using pairwise comparisons and hi

T Bayesian Networks were developed to e

deci sion scenarios using both qualita:
T Advoebaacsyed di scussions all owed the i d:t
concerns, shaping the decision criter]

T The integration of AHP and Bayesian NEe
of handling uncertainty, data gaps, al
T The methodology is grounded in establ.

practical constraints and needs of of

This integrated approach directly addres:
by combining qualitative expert under st .

sustainabl dasred eovifddooce decommi ssioning

80



CHAPTER BDETERNNATION KEY
FACTORDECOMMI SSI OMIRNO® GH
EXPERPI NI ON

4 . Introdwmct

This chapter outlines the process wundert

i nfluencing offshore decommi ssioning anoc¢

rationale for using wunstructured i netder v
participants. The chapter then presents
and | inks them to the devel opment of a s

4 . Bxpert Discussions and Partic

Experts were approached to take part in virtual interviews. An unstructured approach was
chosen to allow for the interviewee to talk freely and at length, about aspects of the researcl
project they deemed important. The key findings would be used tlogeuriteria and
alternatives for the AHP. The backgrounds of each expert approached to take part are show
in Table4-1. Each expert currently works within the decommissioning sector sdgeaar

above level.

Four industry specialists were consulted through informal expert discussions arranged by the
supervisory team. Each individual was selected because they hold senior positions directl
involved in UK offshore decommissioning projects and possess extengieeesce in
regulatory compliance, waste management, or project delivery. The purpose of these
discussions was to identify key operational and regulatory challenges in hazaektes
handling rather than to gather personal opinions. The sessions wéreaixg and not
formally recorded, as they served to guide the design of subsequent structured analysi
through the AHP and BN models.
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Table4-1: Background details of experts chosen for semictured interviews and discussions.

Expert Role Expertise Area

_ _ _ Oversees regulatory approval and
Project executive at an environmental _
_ _ wastemanagement compliance for
1 protection agency with focus on _ o
o multiple UKCS decommissioning
decommissioning.

projects.
Project manager at an environmental Responsible for permitting and
2 protection agency with focus on environmental impact review of
decommissioning. offshore dismantling operations.

) ) Leads industry collaboration and
Business development director for regulat o
) knowledgesharing initiatives;
3 backed, not for profit trade body for energy _ _ _
o experienced in coseduction and
decommissioning. o
wastestream optimisation.

o ~ Coordinates operator engagement ¢
Decommissioning manager, not for profit o
_ _ decommissioning standards, dutfy
4 representative body for UK offshore oil an . _
_ care compliance, and wasgteuting
gas industry. .
strategies.

Although only four experts participated in these discussions, this was considered sufficient
for the purpose and scope of this research. Offshore decommissioning and hazateus
management are highly specialised domains in which the number of proésswih direct
regulatory, operational, and strategic responsibility is limited. The participants were
purposefully selected to capture the perspectives of the principal stakeholder groups
involved in UK decommissioning which include regulators, industrigies, and operators.

This aligns with accepted practice in expaititation studies, where the focus is on depth
and relevance of expertise rather than sample size (Franca et al., 2020; Babaleye and Kur
2020). Collectively, the four experts represehthe full range of viewpoints required to
identify key industrial challenges and inform the subsequent analytical stages of the study.
Each unstructured interview was conducted as a discussion using online video conferencint
software. Each followed the format of introductions, project outline, findings from work

completed and discussion on findings. This gave each expert the oppddwuige what

8 2



they felt as the most important issues affecting the decommissioning process. The result
are summarised ih a b4l2e

Table4-2: Summary of key points made during sestructured interviews and discussions with industry
experts.

Expert Key Points

High volumes of waste.

Lack of understanding of the waste management process.
Expert 1 ) . )
Different values between environmental and safety regulations.

Length of waste streainaim to reduce it.

= =4 4 -—a -

Lack of understanding of legislative compliance along the waste streal
Expert 2 operators.

Extent of conformity and discrepancies along the waste stream.

Lack of understanding of waste management by operators.
Sector dismissive of waste and onshore costs.

Lack of knowledge sharing.
Expert 3

= =4 a4 - -9

Duty of care and disposal of liability concerning onshore activities as part ¢
waste stream.

Misidentification/mislabelling of legacy chemicals.

Lack of knowledge sharing.

Lack of understanding of CDM regulations with regards to decommissioning

= =4 -—a -

E 4 Lack of clarity of legal jurisdiction and duty of care across different stage
xper
decommissioning.
1 Issues with mishandling, mislabelling and difficulty identifying older assets

equipment due to missing historical data.

4. B1I scussi on

The emerging theme from the expert discus:c
of the |l egislative requirements along th
from the previous study condudbtsed.vatEewne
due to the |l ength of the waste stream a
Secondl vy, the | ack of knowledge sharing

sharing would also accountoff olregaicey ichamis

assets.
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4 . dummary

The key points raised in the discussions
AHP hierarchy and a pairwise questionnai

i ndustry experts.

4. AHP Hi erarchy Model

The key factors identified during the ad
used to produce a hierarchy of criteri a

that breaks down a problem int opéaried,arrcar
and aggregated for a solution (Saaty and
Fig# e The number of alternatives has be
suggest that a persondés working memoFry <cC
Rojas, 2017).
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Goal To select the most important factors affecting the decommissioning
process
Criteria Understanding onshore Understanding Reduction in length of Reduction in volume
regulations offshore regulations waste stream of waste

Alternatives

Reducing costs of Understanding of Knowledge of offshore Understanding of . . Reuse of
T Knowledge & best S . . Identification of older .
decommissioning . . liability throughout processes by onshore legislative compliance . recertified/remanufact
practice sharing equipment -
process waste stream personnel along waste stream ured equipment

Figure4-1: AHP Hierarchy Diagram.
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4. Questionnaire Design

The questionnaire was developed wusing t
required respondents to compare alternat:.
(Saaty and Kearns, 1985) . The quesatconhk
all owGefnenr al Data Pr oGERRaindinvleRejgduoMad i ®
Uni veetshitays requirements to be met.

The questionnaire also gathered demograpl
of experience, industry sector and educa
Apperedi x

4. Kpplication of Pairwise Compe

The method ouz.wmased ol hosvedtimanorder to c
The responses to the distributed questi:
compari sohabm@3showest he pairwise compari so

for one individual expertdés judgement s.

Table4-3: Pairwise comparison matrix for level 1 criteria.

C1 Cc2 C3 C4

C1 1 1 7 7
c2 1 1 7 7
C3 1/7 1/7 1 1
C4 1/7 1/7 1 1

SUM 2.29 2.29 16.0 16.0

Using t heTabd43ca af rsamndardi sed matri x coul
T a bdt4e The matrix is created by dividing

col umn. | f the standardisation i s corre:f

Table4-4: Normalised comparison matrix for level 1 criteria

Criteria
C1 C2 C3 C4 _

Weights
C1 0.44 0.44 0.44 0.44 0.44
C2 0.44 0.44 0.44 0.44 0.44
C3 0.06 0.06 0.06 0.06 0.06
C4 0.06 0.06 0.06 0.06 0.06
SUM 1.00 1.00 1.00 1.00 1.00
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8 8

Using Eq. (3), the maxi mum eigenvector c:
P P P P
— T8 T — T8 1 — — T3l T
= 8 1 8 1 81 @ T8t @ ¢
This allows for the consisB@&ncy index to
vown UL
o O T8t TT
T p
The consistency ratio is cal T Tabhd8aerd Hgin
8) .
5y B g
— T
T80
The final priority matrix can be calcul a
criteria and alternative.
4. Besults & Discussion
The demographics for the respond&ald4de t o
Respondents two and three work in the edt
five, six and seven work in industry.
of fshore.
TabdseDemographics of Respondents to AHP
Number
Onshor
Respon Area of Exp Year st Current
_ Of f sh
Experi.
1 Safety Engi More ttF Supply Both
2 Maritime Enc 5-10 Ye Resear ( Bot h
3 Project Man. 1-5 Yea Supply Onsho
4 We | | Pl ugging More tF Consul't Both
5 Waste Manag More tF Lectur Both
6 Subsea Engi More tF Supply Both
7 Project Man. 5-10 Ye Oper at Both
The selection of seven respondents refl e
domai ns of of fshore decommi ssioni ng, i n



engineering, and project del i very. Gi ve
activiti essecttilins parovdsdes sufficient di v e
judgment. The group size also alirgngpawit k
5tao0 experts ar e commonly considered a
mai ntaining manageabl e consistency rati o
Saaty states that consistency ratios sho
consijaslttehnotugh a ratio of 0.2 can be toler
AHP analysis resulted in inadequate consi
cal cul ation of the Pearson Corsr ednayt i soinmidc

the responses.

A simple sensitivity check was also pertf
values within N10 % to observe changes i
key criteria remained consi stenstmalilndviacrait

i n expert judgement s.

Tabd46s hows the criteria and alternatives
respondent for each objective. 1t can be
is a small consensus. For the ravaenrtalflac
affecting the decommi ssioning process, 1
understanding of the offshore regulation

advocacy discussions and that of the | it

Table4-6: Criteria and alternatives with the highest weightings for each respondent.

) To ensure To ensure
To ensure sustainable
onshore offshore To reduce the To reduce the
and successful o o
Respondent o legislation and  legislation and  length of the volume of
decommissioning of _ _
. ) regulations are  regulations are  waste stream. waste.
offshore installations
understood. understood.
1 Cc2 A2 A2 A3 A7
2 C1 Al Al A2 A2
3 Cc2 A2 Al Al Al
4 C2 A3 A3 A3 A3
5 C3/C4 Al A3 Al A3/A5
6 c1/c2 A6 A6/A7 A1/A6/AT A3/A5
7 c1/c2 A6/A5 A2/A5/A6 A2/A5/A6 A2/A5/A6
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The weightings for each respondent for t|
s howia bdive It can be seen that the major

t wiot he understanding of offshore regul at:i

i ndustry is subject to sever al | egipelrdt i
respondents identified that the understar
'S no consensus on what the most I mpor t

review and previous researtcihf.i e Gelvietr atl h &re

i ndication of which is most i mportant.

Table4-7: Criteria Weightings for Each Respondent (R) for the overall goal.

GOATo select the most i mportant
process
R1 R2 R3 R4 R5 R 6 R7

Cl
c2
C3
C4

coooo
cooN
coooo
oOr N U
cooo
(RN N
oooo
e N
oooo
WwWER R
oooo
oo pr~Dbh
oooo
(@ I e IV SN N

Tabd48e hows the weightings for each responi

i's no overal/l clear consensus on which
objective. The results reflect thiesdundgdi o
and the individual roles of each expert.

the supply chain and the reuse of equi pt
associated with reusing equepmentespendér
i nvolved with waste management, has sel e

being most significant.
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Table4-8: Criteria Weightings for Each Respondent (R) for each objective.

Al
A2
A3
A4
A5
A6
A7

Understanding ons Understanding off:Reduction in |l engitReduction in volu
R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6 R1 R2 R3 R4 R5 R6
0.10.20.C0.00.2z0.00.20.20.¢0.20.20.20.170.210.40.20.20.20.10.10.:20.10.10.c¢c
0.:0.10.:2:0.210.C0.210.¢0.210.:2:0.€0.C0.210.170.20.10.00.C0.1210.10.¢40.:2z0.C€C0.¢(C0.c
0.10.2z0.¢0.20.20.060.170.210.0.20.20.00.:0.10.€C0.20.20.00.10.10.10.¢0.:z0.:¢
0.(0.210.10.110.C0.C0.C0.210.10.210.C0.C0.C0.C0.C0.210.C0.C0.C0.10.C0.10.¢(C0.c
0.0.10.:20.20.10.060.C0.210.10.10.20.060.170.10.10.1210.20.00.10.00.0C0.10.:z0. ¢
0.c0.C0.C0.C0.1710.¢0.C0.C0.C0.C0.10.20.C0.10.C0.C0.C0.2z0.C0.C0.C0.10.10.c
0.(0.¢0.170.10.170.20.170.C0.(C0.0.10.20.170.00.C0.C0.C0.20.:t0.C0.C0.10.10.1
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r exampl e, the respondent with a bacl
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re the most 1 mportant. Respondent 1, v
owl edge and best practice sharing were
an 0.1, there are patterns ierx ptelca erde §p
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process. Overall, the understanding of
and best practice sharing and the under st

highlighted. Thi s reiteratesndt hteh ef ianddvi
di scussions. The compl ex, everchanging e
i n decommi ssioning. W thout a clear unde.]

the process and al ong tThhee wcaosntcee pstt roefa nk nwo
practice sharing has been raised in the
reports and advocacy discussions.chahlge nl
staffing of offshotesisnefakhaiwi edger asdl t
amongst i ndi vidual parties. It i's thotu
decommi ssioning process would be carefull
of the currreggnitmes tAdanthu tgogreyd . of t he individu

trends |inked to each respondentos area

4. EFOQrt her Wor k

Foll owing on from the initial AHP analy
responses, it became apparent that only :
the comparisons. Anot her questmgndaveko
and forwarded to the initial respondent s

4. Pedarson Correlation Coeffici

Pearson Coefficients were cal d@lpamne dnisn oa
objective in the AHP analysis to deter mi:i1

4. Agplication of the Pearson C

Each of the respondentsd responses to thi

order to determine any agreements or di

respondent 1 is compared t o rTeasbgt@enhdoewmst t2h
i nitial data taken from the AHP anal ysis
values of each data set iIis then calcul at ¢
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Table4-9: Initial data for respondents 1 and 2 for objective 1.

Responc Responc

Xi Yi

7.000 0.111
7.000 6. 000
7.000 8.000
8.000 9.000
8.000 9.000
1.000 0.333

Using eduatihenP®garson Corr el 3t bdblas hCoovest ftih
calcul ations for each stage.

Table4-10: Calculations for each step of the Pearson Correlation Coefficient Equation.

o o © o o of © o O o ® o
0.66 -5.209 0. 444 28.051 3.531
0.66 0.509 0. 444 0.351 0.395
0.66 2.59 0. 444 6.722 1.728
1.66 3.59 2.778 12.907 5.988
1.66 3.59 2.778 12.907 5.988
5.3: 5.07 28. 444 25. 746 27.062

Sung) 35. 333 86. 683 37. 630

B o o
Bo o Bo o
oo
Mlo&ocoy@ Yo
> 8 [1-2]

\

The Pearson correlation coefficient for
i ndicates a strgmganipomngithate rtoberewatres

that objective 1 tios diempannti ssrsti owmiitnlg.r egar ¢

4. Rad8sults & Discussion

The results of t he sTem bdlleh ocTdal bdtte? ons ar e s h
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Table4-11: Pearson Correlation Coefficients for Each Respondent Pair

Objecti Objecti Objecti Objecti Objecti

R 1R 2 0.680 0.2083 0.211 -0.220 -0.112
R1IR 3 0.872 0.092 -0.115 -0.190 0.026
R1R 4 0.649 0. 356 -0. 032 0.236 -0. 195
R1IR5 -0.965 -0. 282 0.029 0.292 0. 388
R1R6 0.965 0.330 0.364 0.162 0.549
R1R7 0.965 0.123 -0. 258 -0.515 -0.410
R2R 3 0.603 -0. 073 0.094 0.256 0.046
R2R 4 0.397 0.491 0.399 -0.126 -0. 228
R2R 5 -0.680 0.138 0.238 0.163 -0. 442
R 2R 6 0.680 -0. 445 -0.401 -0. 443 -0. 139
R2R 7 0.680 -0.117 -0. 193 0.428 0.125
R3R 4 0.685 0.067 -0. 206 -0. 218 -0. 185
R3R5 0.729 -0. 248 -0. 080 0.204 -0. 042
R3R6 0.729 0.326 0.061 0.102 -0. 250
R3R7 0.729 0.241 -0. 037 0.170 0.073
R 4R 5 -0.476 0.072 0.087 0.510 0. 343
R 4R 6 0.476 -0. 116 -0. 368 -0. 403 -0.122
R4R 7 0.476 0.1009 -0.400 -0. 253 -0. 324
R5R 6 -1.000 -0.374 -0.123 -0.180 0.785
R5R 7 -1.000 -0. 332 0. 056 -0.175 -0. 078
R6R 7 1.000 0.135 -0.189 -0. 183 -0. 074
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Table4-12: Pearson Correlation Coefficients for Each Respondent Pair

Objective

Objective

Objective

Objective

Objective

R1R 2
R1R3
R1R 4
R1R5
R1R6
R1IR7
R2R 3
R2R 4
R2R 5
R2R 6
R2R7
R3R 4
R3R5
R3R6
R3R7
R4R 5
R 4R 6
R4R 7
R5R 6
R53R 7
R6R7

Strong Pos
Strong Pos
Strong Pos
Perfect Ne
Perfect Po
Perfect Po
Strong Pos
Medi um Pos
Strong Neg
Strong Pos
Strong Pos
Strong Pos
Strong Neg
Strong Pos
Strong Pos
Medi um Neg
Medi um Pos
Medi um Pos
Perfect Ne
Perfect Ne
Perfect Po

Low Posit
Low Posit
Medi um Pos
Low Negati
Medi um Pos
Low Posit
Low Negati
Medi um Pos
Low Posit
Medi um Neg
Low Negati
Low Posit
Low Negati
Medi um Pos
Low Posit
Low Posit
Low Negati
Low Posit
Medi um Neg
Medi um Neg
Low Posit

Low Posit
Low Negati
Low Negati
Low Posit
Medi um Pos
Low Negati
Low Posit
Medi um Pos
Low Posit
Medi um Neg
Low Negati
Low Negati
Low Negati
Low Posit
Medi um Neg
Low Posit
Medi um Neg
Medi um Neg
Low Negati
Low Posit
Low Negati

Low Negat.
Low Negati
Low Posit
Medi um Pos
Low Posit
Strong Neg
Low Posit
Low Negati
Low Posit
Medi um Neg
Medi um Pos
Low Negati
Low Posit
Low Posit
Low Posit
Strong Pos
Medi um Neg
Low Negati
Low Negati
Low Negati
Low Negati

Low Negat.
Low Posit
Low Negat.
Medi um Pos
Strong Pos
Medi um Neg
Low Posit
Low Negati
Medi um Neg
Low Negat.i
Low Posit
Low Negat.i
Low Posit
Low Negati
Low Posit
Medi um Pos
Low Negati
Medi um Neg
Strong Pos
Low Negat.i
Low Negati
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The AHP analysis resulted in varying con
than 0.1 are deemed reliable. The exper

the consistency ratios varied across eac|

I n order to determine if there was any
correlation coefficient was calcul ated ir

each respondent.

Objective 1: To select the most I mportant
The results show that for objective tlhe t}|
under standi nigs oif mpagtedpratt respondent 5 who
This echoes what has been identified fr
di scussions with industry experts that
of fshore instahdat mpostané.relevant a

The l i terature review highlighted t he
decommi ssioning of of fshore installati on
decommi sstonsngl so i mportant to obey the
the UK government and internal Il aw. Durir
nezer o targets. T h es eacd v dbcaaccldys 1duips ctubhses i iom
decommi ssioni ng; firstly, as t he expert
decommi ssioning is essential. Secondl vy,

within the decommi ssioning sector.

The respondents are in agreement t hat u

reducing the waste stream and reducing tl

views on which factor is the most i mport
They are in agreement it is important bu
This is due to the background of the re:

results highlight their differebérvbews ¢

waste management background so feels that

Objective 2: Understanding of onshore req
The results show that for objective 2, tI
or strong disagreement. There I s a geneil
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The Pear son correlation coefficient s hoy
respotnidreenftli vave a | ow to medium negative

are not al/l in agreement with each other.

The AHP results show that the knowl edge a

of liability are important in understand,;
Thi s makes sense as t o fully under st a
decommi ssioning, knowl edge and ,mess twoprl ac
understanding of l'itability and | egisl ati
backgrounds are reflected in their respol
I n order to ensure compliance and maxi mi
understanding of the | egislations.
Objective 3: Understanding of offshore r
Objective 3 resulted in a mix of positiyv
il lustrates that each respondent recogni
i mportant but to differing degreestbfl ia
area for discussion in decommissioning.

Durithagdvocacy discussion, atlhe ke>derutnsd efris
| egi sl ations and regul ations offshore.
correlation strength. This shows i1t 1is

AHP questionnaire r ets proensspecsn daggmti sn ahrieg hrlat

to which factor is the most i mportant. TI
of regulations as an i mportant factor whi
Objective 4 Reduction in | ength of wast
Objective 4, to reduce the |l ength of the
Whil st all agreed with respondent 5, the
Responses are mixed, those with positive
positive correlation, whil st the negatiyv
di ffering opinion could be duempbetbd ¢t b
guestionnaire purely thinking about their
stream may or may not seem i mportant to
Agai n, knowl edge and wunderstanding is hi
as reduction in costs, and identificatior
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of good practice, commonly pwoeid e@ntaiwladthe
of the waste stream and help to reduce c

Objective 5: Reduction in volume of wast
Objective 5, to reduce the overall vol um
do not agree on the | evel of i mportance.

4. $4mmary Pearson Coefficient .

The Pearson correlation coefficient i S U¢
The calcul ated coefficient represents th
correlation. A value of zerd imdicates

correlation.

For each objective, the respondents were
The results indicated that all the respor
that there are key factors ionfvotlhvee dAHP, WH ¢

that the key factors for each objective

i . Reduction in costs

i i . Knowl edge and best practice sharing,

iiiLiability throughout the waste stream
This echoes what has already been ident.
di scussions. So, the findings come down
Thi s underlines the need for a holtihset i «
decommi ssioning process. | f a framewor
practice of current/ past stakehol der s, t
regul ations and | i alkinloxzteifd e cwh ioathu cvie wlod ¢
sustainability of the decommissioning pr

It was anticipated that there would be

backgrounds, for exampl e, the respondent
similar usi elwsss brudt tktheen the <case. Each
expertise which has resulted in their d
associated with decammbssvasse unsogt. r eAlcthheat
research highlights that each of the fac:
needs to be addressed. How this would b
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i nvolve a higher 1 evel of discussion and

al most secretive nature of the industry

4. Cbncluding Remar ks

This chapter presented the findings from

of stakeholder insight in identifying ke
T There is a widespread | ack of under s
responsibilities, particularly along |

f Poor identification of | egacy materi a
present operational and compliance r i :

T Although perspectives varied, experts
accountability and traceability acros:

T The key points raised directly inform

demonstrated the value of ex pemdakiopi

framewor k.
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CHAPTER BNI TI AL BAYESI AN N
MODELLI NG OF KEY FACTOF
DECOMMI SSI ONI NG

5. lntroduwmct

This chapter describes the devel opment of

the complex interactwiasns inmafnlagemeinntg duaz
gas decommi ssioning. The model i Ntee @rnt atr @
revi ew, advocacy discussions, and the An;
bet ween the key factors identified in ealil
Of f shore decommi ssioning involves multipl

engagement with the Department for Energ
finalouctl orseeport. These activitieatiavbbut
success and sustainability of the process
and the determination dfantdheinrg melrdtoir ma ni

meeting environmentadet s.afety, and regul

The Bayesian Network approach enabl es t&h

probabilistic model , all owing relations
guanti fied. Test cases were devel opeyd tc
analysis was undertaken to assess the in

anal yses provided the foundation for ref

devel oped |l ater in this thesis.

5.Rackground

It is anticipated that a | arge number of
operations over the coming years (SEPA 2(
a series of Il egislations based Mertnagi o1
requirements and conducting decommi ssi on
huge cost s. Current UK recommendati ons

mai ntaining sustainable decommi ssioning
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The decommi ssioning process begins with
draft decommi ssioning plan. This is ciroc

Once this has been approved by BEI S, dec:

The |literatur €hanpyviceawdweet aihlae¢dkiey fact ol
process ar e:

i . A gap between the sustainability of t
and the management of hazardous waste
ii.Loss in clarity of l'iability due to
i nvolved in the decommi ssioning proce:
iiiA lack of knowledge sharing, trust i s:
iv.lssues surrounding incomplete or insuf
Visits.
v. Understanding of duty of care across |
vi .l denti fication of hazardous waste and
Advocacy discussions with industry exper:

i.Lack of knowledge sharing across the
ii.Lack of wunderstanding of | egislative
i i iVol umes of waste produced.

iv.Costs associated with the decommissi ol

5.8equence of Events

I n order to determine th&8ayadetawmacrnrk owo wl

devel oped. The BN would banWasled beiah tiel
sequence of events. This sequence of e
timeline and the anticiphiteg®lr erder of aci
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v

Identification of
Waste Materials

Knowledge & Best

Practice Sharing
Volume of Waste
Produced

Understanding of Understanding of
Offshore Legislation Onshore Legislation
Length of Waste
Stream Understanding of
Liability

Handling of Waste

Figure5-1: Interaction between key factors and sequence of events.
gure 5.1 shows how the main stages of
erational -baansde dk nfoawlteodgse i denti fi ed in
flects the sequence of activiti®esi drhian

oject and how they influence one anot h

e process begins with decommissioning,

oduction and begin project planning. T
i ch relies on accurate survewsd,est. eslthien ¢
entification of materials at this ear/l.\
e volume of waste produced and the | enq
operly identified @aoedssepaomatedusedteyn
duces the total amount of waste and th
ortens the waste stream because fewer
ans fewer stodkeholachdar ¢ herree iimv [ ess ri s
e handling of waste represents the oper

d administrative controls for managi n
pends on the wearlier stages, respeaaigal.

mmuni cation between stakehol der s.

e second group of elements in Figure 5.
e process. Knowl edge and best practic
erators, contractors and regul dte@ri s.| aW

|l ps to make sure that every stage of
ctors directly influence the understan

poor understanding of |l egi whatien reasl
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somet hing goes wrong. The fl ow of knowl

stakehol ders has a direct I mpact on accol
This sequence follows typical UKCS pract
testing and inventories, which then info
factors, along with routing decitdieons kedf
of escalation through environmental or |
the causal ' inks that are used to develc

section.

5.49cenari os

I n order to determine a possible sequenc

considered. This was spchidevded ommi Iscs o loinm
and cl oseout reports. This enabled the
that had been previously identified. Th:
environmental and émntabofl imiyskearedaltisng oh K
t he potential f ort oacnc uern vsiurcohn naesntaals peivieln tc
I f waste is not transported by approved
possibility of escalation to a I|liability
to |l egal srequirement

5.5Bni ti al BN Model

5. 5Aslsumptions and Limitations.

I n order to ensure the model 6s validity
' i mitations must be defined:

M The model has been bui lt for t he S i

undergoing decommi ssioning within the

fixed steel j acket type. There are
UKCS, epclkseneing its own unique deco
steel i nstallations account for the m;:

why they have been chosen as the basi
T The model has been devel oped based on

identi fied I n Chapter 2 . There are r
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decommi ssioning process and their sig
target of the individual expert. Thi s
decommi ssioning process and the handl i
pwrose is to determine the interactio

decommi ssioning framework to be devel

T The model assumes that the decommi ssi
of events as outlined in regulatory g
occur dusptexigriacj edtal | enges.

T Additionally, the model was construct
whi ch, whil e valuabl e, i ntroduces a d
l i mited availability of objective fail

fuet hconstrained the accuracy of pr o
Anot her key assumption is that all/l st
process have access to and correctly
real i tgryregmplae¢xi ti es often | ead to v
T Finally, the model i's specific to ins
capture the nuances of other offshore
practices. Despite these | imitations,

asseshengnteractions between key fact

be refined with additional data and i

5. 56No2des and Structure

The initial Hmoded ei Shskowmasi been devel op
the advocacy discussions and the AHP que
the key factors identified by industry e:

hazardous waste materi al
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T - NT-
N6- Knowledge Understanding

& BL'.‘:I Practice of Offshore
Sharing Legislation

N8- Understanding
of Liability Across
Waste Stream

N3- Reduce
Volume of
Waste

NS5- Reduce
Length of Waste
Stream

N9-
Understanding

of Oushore
Legislation

N13- Sustainable
& Safe Handling
of Hazardous
Waste

Figure5-2: Initial BN model illustrating the key factors in the decommissioning process.

The network in Figure 5.2 represents th
decommi ssioning process, f-voacutsee d masrpaegd me
process begins with the decision to hdeco!
deci sion has not been made, no further
decommi ssioning has begun, the identific.
i dentification determines what happeng, n
and environment al out comes. I f waste mat
increased | ikelihood of an environment al
The accuracy of waste identification- i s
practice sharing between stakehol ders. Wt
and processes is shared, t he | i kdleidlgeeodar
beptactice sharing are <closely ' inked t
understanding of I|liability across the wa
better awareness of | egal aafdempramce dmaoraé
operations. When l|liability is not fully
occur, for example through incorrect docl
of hazardous material s.

l denti ficati on of wast e material s al so
decommi ssioning cost. When the type and
materials can be processed, reused or r
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rt her i nfluences t hi's out come, since

ts become subject to differen
ts ensures that tlye awast e comtpi
obligations.

onships between nodes therefor

ty cascade through the process, infl

ssioning operations.
dual nodes are described in thi
Circumstance

ssioning Deci si oinT hMad ei s[ Stthad e
nting the initiating event, ha:

a within this node represents |
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vol ve

i cation of WasfTai Mlateéahaksnp8es
l ity of the <correct identi fica
Sssioning process.

Vol ume of Wai sTthel s|[ Sthaatnecse: nYoedse
l ity of the reduction of the v
ssioning process.

Decommi ssioninighCestbahSeanede
l ity of the reduction in the ci
Length of WastiehSsrehmn{ &tabds:
l ity of the reduction in the |
ge and Best Practidbhi Shahange
nts the probability of knowled
ommi ssioning process.

anding of Of fshord Thegi xlhatnigeer
nts the probability of the unde

d in the decommi ssioning proce:
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5.

I
Vv
d
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t
S
b
t

8.Under

node

stake
er

repr e

standing of Liability ailcTrhisss dhhaer
represents the probability of t
hol ders across the waste stream.
standi nige goifs [ @1t albaerse i TYhiss Nmdnce
sents the probabililtggiocdamtindar $

decommi ssioning process.

i nal Events

10FRurther Action ThStsatcéhsaa:nc¥esnodMo]repr es
required.

11IEnvironment al Evenit Th[iSt acleanceYesopdeNC
environment al event occurring if t he
identi fied.

l2L.iability EventTHiSst acdleanceresopde&Nojepre
occurring if the individual i abi |l iti
under st ood.

138Sustainable and Safe Handling of iTHaza
This chance node represents the prob
present are handled correctly and in
Bata for the I nitial BN Model

t's crucsealt hao émphasimeri cal outcomes o

al ues; i nstead, they illustrate the mod

ataset for wverification, it en hmankciensg caom

nertainty. Data for the initial model w

his data is |limited due to the difficuldt

o the smal/l pool b$oedpertorebpohdeht ef

ome nodes, data is | imited or not availa

e completed through subjective reasonin

he | i mi tyedofavdaaitlaabitlhiet model serves to d

dentified key factors.
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5.1 mit

ations and Assumptions

The devel opment of the Bayesian networ k w

The model
as outlin
speci fic
subjectiwv
The | i mit
further c

assumes that the decommi ssi onir

ed in regulatory guideftides, -t ohg

chall enges. Addi tionally, t he n
e data, which, while valuabl e, i
ed availabilitiystofri claj edteicvoenmi a

onstrained the accuracy of prob

assumption is that all stakeholders invol
and correctly initreempertts,| ewhesl @ads vei memge:
often I ead to varying |l evels of wunderst a

within the UK Continent al Shel f and may

struct wlerrensataroniant decommi ssi oning practic

provi des

decommi s s

5.8ppl i

The dat a

a valuable framework for assessi

i oning and can be refined with

cation of Pairwise Compe

for the bayesian network model

T a b51e The AHP analysis produced a weight

were t hen

The quest
were cons

rati os.

used with symmetric method to

ionnaires and Clraptoeard ERpamwies @n
tructed from the responses in o

The differing consistency rati o:

The responses that wédrsd ewicyhirmti loe wee gu

bayesi an

bet ween t

network in order to deter mine i

he identified key points.

109



Table5-1: Details the number of states for each node, the number of parent nodes, and the data source.

Node Name Data SoNumber oParent N

NliDecom decision made Yes/ No 2 (Yes, 0O (None)
N2ildenti fication of waExpert 2 (Yes, 1 (N1)
N3iReduce volume of wasExpert 2 (Yes, 1 (N2)
N4 Reduce decom cost Expert 2 (Yes, 1 (N2)
N5iReduce |l ength of wasExpert 2 (Yes, 2 (N3, N
N6 Knowl edge & best praExpert 2 (Yes, 0 (None)
N7iUnder standing of offExpert 2 (Yes, 1 (NG6)
N8 Understanding of |liaExpert 2 (Yes, 2 (N7, N
N9 Understanding of onsExpert 2 (Yes, 0O (None)
N1OFurther action requiExpert 2 (Yes, 2 (N5, N
N1LEnvironment al event Expert 2 (Yes, 2 (N2, N
N1lPLiability event Expert 2 (Yes, 2 (N7, N

N1BSustainable & safe IExpert 2 (Yes, 3 (N1O,

The number of states refers to the possil
expressed as fAYesoO or ANoO. This binary
assignment and maintain consistdmoyn wihteh ,
and interviews. Using two states also p
becoming excessively | arge, since the nul
the number of parents and staapoelsi tpaenr, n200d(
det ai |l esd amel tmodel | i ng (e. g. ALow/ Medi ur
numerical data that are not currently avs:
column shows how many nodesdaiba&asxeéed yomnt

-~

el ationships described earlier. For exa
Waste Streamd node has two parents becaus
Legislationo and AKnowledhe d@aEkdpB8est OPr 8
i ndicate where subjective probability va
elicitation rather than empirical dat as el
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5. 8pplication of the Symmetric

The conditional probability tables wazre
The priorities obtained from the AHP anal
t hat correspond to then hGhedrpatrecrine caVv e st rtuh
more than one parent, the symmetric meth
Das (2008) was wused. I n order to il lustr
net work modelasi shéwng&3 @ddheedcot ati on for t
be used throughout TahS2e section are showi

Knowledge &
Best Practice
Sharing

Understanding
of Offshore
Legislation

Understanding
of Onshore
Legislation

Understanding
of Liability
Across Waste
Stream

Figure5-3: Part of initial bayesian network model used to demonstrate propagation of conditional probability
tables.

Table5-2: Notation for parent nodes.

Parent Nodes Not at.i
Understanding of Onsh Q
Knowl edge & Best Prac R
Understanding of Offs S
Child Node

Understanding of Liab T

The parti al e g %dceokn tsahionwsn ai nc hidli d feo @@t t o

configurations as it has three parents
corresponding conditional probabfdiiftfyertea
probability distributions. This require
experts to generate. Conditional probab
parent nodes, for exa'hdplse rn bpuarieomtss. wo ullhe
enabl es the conditional probability tabl

111



Applying the m€hlapadi eddecrciobnpdati bl e par en
parti al netFwa@mhBies hbevmon <t r a%led by Equati o

T o7

Géad 7 k AN 1k &AW i
k 0 nQhRY 1 RY i
0 D AoE £ O GVE D GO Qb TE ¢ (5-1)
Hence the probability distribution over |
0" 0éalh 7 kO"™OéaN 1 kO"™oOE Al i
0D AW UDE & 0 DQE D DD QT £ (52)

The relative wei4dhwesr es haoswsni ginredTabol et he |
respectively in order to quantify the re
T.

The weights are positiva @anghQif pd Ehaonrdma l
b E 0 p8

The industry expert pooEi dteandh@®hBeeDat i\
probability di stributions over t he chil

configurations.

The al gor i Eqhum t5sBwawn uised t o produce the di
T, based on Das (2008).

bonho Badn B 08 os GEAH ©
0@ & TR &4 HE Y phf8 €0 (5-3)

This was applied to the distribution o0\

configuratiTab®3e shown in

Table5-3: Distribution over child node T for compatible parent configurations.

Probability Dist s=Ye s=No
0Y O6Eap i 0.930.06:
0Y 0&6¢ap | 0.06 0. 93¢
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The relative weights f Dab5S#d e Tphaerseen twenroed ec

pawirse comparison and AHP.

Table5-4: Relative weights of parent nodes.

Parent Nodes Wei ghting Relative
Understanding of On Wi 0.10
Knowl edge & Best Pr W, 0.07
Understanding of Of W3 0.60

The parental di stributions for the <chil

Stream, were <calcul at edd3anstdng Ameexdamml
application of the algorithm where the p

the possible parent a@labdseni sgasafiobhpwas

Table5-5: Possible parental configurations for the parent nodes.

Parent Node State: Ye
Understanding of Ong:c Yes
Knowl edge & Best Pre N o
Understanding of Off Yes

The states of t hEalbédg ernes unlotdeed sihno wnh e nd i s

node:

0°Y O OY &Y OQi (5-4)

Thi s was t Epewatabpelsiueldt ithog i n the foll owin

0°Y O O 0 HY OQi
0 &Y OGOEan ©Qi 0 &Y d®wE AN 0 ¢

O &Y OWEOE al OQi (55)
EquabSeonnabl ed the probability of the chil
0"Y O oY 0&HY OQi 0. 903 (5-6)
When the child node is in state No, accol
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0Y O Oy §HAY OQi mrwy (57)
This process was then applied t oairmstelveaand
parent nodes. Calcul ations were compl et e
The final conditional BpmryeBahliwloirtky moatell e &
Appersdi x
5. I6st Cases
Four different test cases were conducted
on the chosen child node.
Case One
Test Case 1 examines the scenari o where |
to stalt@® ®WNoordpresenting the complete f a
at the start o f the decommi ssioning pro
sustainable and safe handling of hazardo
showhi gb4 e Thi s demonstrates that 1 f wast
the probability of achieving sustainabl e
reduced.
Decision |1au.3vres Actiolloo —
0.00 No eenn No
-1 D F—T i 1 i
- BEMA Yes —» ["9"‘5-46 Yes
N3- Rae'm;‘r:“v:h.mo 4.56 No WaSE No
2.61 Yes
B8 No
MQiSl»;i‘;Yes
Mﬁ]. 3\ »‘,‘\e u :Nt‘:anidnlalny ,1: 1.65 No
of Muaaz:tr:nus 7|
9.15 Yes
B0I8S No
Figure5-4:Test Case 1: Nod.e N2 set to stat
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Case Two
Test Case 2 examines the scenari o where 1
an absence of knowledge exchange between
safe handling of hazardous wasta RdecHfecas ¢
Thi s suggests t hat a | ack of communi c
decommi ssioning stakeholders negatively
safely and sustainably.
o F Sy —T - il
,,...\ l /
—_— ./
s

Figure5-5:Test Case 2: Node N6 set to stat
Case Three
Test Case 3 examines the scenario where |
a poor understanding of the onshore | egi
the stakeholders involved. Undebl ¢ hasd ct
handling of hazardous waste dedrn @&6 esT hfirsc
il lustrates that the understanding of on:
sustainability -raamdl|safgetypeafat wansse | f
awareness of the | egal requihroegmentos onsdh®
there i s an increased risk of misclassif]i
materials being incorrectly processed, r
no-mompl i ance and pobvengi ahshdocedertsonnet
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- Decom Decision
Nade

N1D- Further
Action

I—— e ———— l.m:jes

& e A e 2.21 vest 125 Ves n Leﬂts]a;ltguu —
3.16 No s No
507 ves :c su;e::“y ule-g}::ilmy
o e — T
1 4?0Ves
i e
1 S.78 Yes
No

Figure5-6: Test Case Three: Nodd9 in state 100% No.
Case Four
Test Case 4 examines the combined scenar |
state ANooO (10 PgEBT,e @aBi S hoapr eents a cU
identification, communication, |liability
decommi ssioning process. Under these con
handl i ng of hcarzeaarsdeosu sf rwoans t6e. 3d7e % t o 4. 57
assumes materials are not correctly iden
of the | egislation and regulations that ¢
modélkhaves as expected and hi ghlights s
compliance areas can compound one anot

perfor mance.
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Nl- Decom

N1O- Further
Decision Made a

Action
es —————» 1.00 Yes
0.00 No 9900 No

N1l- S ; Nb- Knowledge 2 N?- Understanding
P '4;— _uen(iflcap?n Best Practice of 0ffshore
of Waste Haterials Sharing Legislation

0.00 Yes ' 3.45 Yes
—la | B8ISS No

nt
SO0 ves 4 0.00 Yes ¥
1.00 Mo e —— D

N12- Liability
3.00 Yes e

s
| -
N3- Reduce Volume _—No 1 00 Yes
of laste 1000 1.00 Mo
2.61 Yes
9788 Mo
N5- Reduce Length N9- Understanding
of Waste Stream of Onshore
Legislation
5.62 Yes
B4 Noz E— 1,
N13- Sustainable &
Safe Handling of
Hazardous Waste
4.57 Yes
B5EE No
Figure5-7: Test Case FouNodes N2, N6, N8 and N9 all s e

5. Mbdel Val i dati on

The validation of the Bayesian Networ k m
in the I|Iiterature on engineering and enyv
and Neil (2013) and Pitchforth amdiMersg ér
structur al verification and behaviour al

and consistently with the real system i
through a series of 1 nterenalxicoonmss iosft eBmagyye
monotonicity, proportional influence, an
The framework of Weber and Simon (2016)

nks of the network accuratelyverefstagets

study. Quantitative validation was furthe
software, following the procedures descr
relative iofhl uemmpaud wfodea on t he model 6s
demonstrate that t he model structur e, I o
accepted Bayesi an Net wor k validation pr
applications.

I n order to ensure the model 2saitti smhu sets u
series of validations. This involves exa
to highlight any problematic ar eaaxs owi tbhai
verification and sensitivity analysis to
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Axiom 1: A slight increase/ decrease in p
an increase/decrease in the child node.
and N10O were changed by 5%, andttelde ef fld

seen that this change in the input resul
Tab36e This shows that the model satisfie
parent nodes, the value of the child nod:

Table5-6: Effect of the change of prior probabilities of the parent node on the output node.

5% Change in Probability

Probability of N11 N3 N5 N6 N8 N9
Yes 73.8% 6.45%  6.45%  6.62%  6.39%
No 26.2% 93.5%  93.5%  93.4%  93.6%
Axiom 2: The tot al i nfluence magnitudes

from (evidence) on the values shotwlvd deelnws
attributes. This is shown by tN6, eNVecN9
N10O on the output node N11.

Axiom 3: The total i nfl uence magnitudes
the evidence should be gratdterbubas.t Aat
sudbvi dence should have |l ess iafdlawvincenoa
from parent nodes. Parent nodes N11 is co
is entered 100% into the nodes and the s

I Fi g8 el t can be seen that the wvariation
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100

80
60
40
20
.. . - . .................. T e -

=)

‘No Evidence NI1+N3 NI+N3+Ng NI+N3+NG+N7 NI1+N3+NG+N7+N@ NI+N3HNG+NT+NHN10
mYes 6.38 516 301 36 280 23
=No 9362 94.84 96.00 964 9711 97.7

Figure5-8: Effect of variation of child and parent nodes.
5. %2nsitivity Analysis

The objective was to test the sensitivit
analysis was conducted using the HUGI N s
the sensitivity analysis would ofnvtoHesrech
i nput wvariables by equal percentages to
node. The sensitivity wizard in HUGIN r
and the desired input noedeted sSTdhetlsdtatiet
i mpact on the focus node. HUGI N cal cul at €
i n turn, inputted into an Excel spreadsh:
The results Farge9erletsemamdbd nseen that t he
l ine with a positive gradient. It also it
i's most influentiigusomiintadlfeoamnmsd made KNhil
When rtoloits node is increased by 10%, the f
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Figure5-9: Sensitivity functions for the input nodes acting on the output nodej MELstainability and Safe

Handling of Hazardous Waste.

5. DBscussion and

The

i nf I

this model
t he
he

on

aim of wa s

uence sustainabl e

mod el

pai

dat a for t
di buti
showhi gbl @

wa s

stri of r wi se

N1- Decom

- Further
Decision Made Mo fyrthe

Concl

obt ai

Uusi on

ne h
handl
tdh rtohue |

son

to deter mi

and safe
ned

compar.i gue s

Action B
PNGE00 Ves —— 1.98 Yes
1.00 No No
N11- b N&- Knowledge & N7- Understanding
Environmental N2- Identification Best Practice of &ffshore
Event of Waste Materials Tharlag e
L e — 2.22 Yes 1.25 Yes gl 9,90 Yes
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N- Reduce Decom o L
y .
Across Waste Nl2- Liability
' 1 5.09 Yes Strean Event
I No - 14.47 Yes ———{ IENNNNNSHIE2 Yes
N3- Reduce Volume
of Waste (eSS No =] 15.18 No
1 4.71 Yes
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. 'es
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"

N13- Sustainable &
Safe Handling of
Hazardous Waste

| 6.38 Yes
eEer No

Figure5-10: Marginalised probabilities for each node of the initial BN model.
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This model was devel oped using feedback

|l iterature review. A simple sequence of
which, in turn, allowed f odrhreoddel| deovas!| ¢ pin
a series of test in order to validate it
test cases were modelled to determine ho\

The results from the test cases demonstr

of waste materi al s, knowl edge and best |{
of fshore and onshore | egislatiensphagwahi
wast e management practices. Sensitivit)
responsiveness to changes in key input v

i nfluence of di fferent factor s.

Despite Iimitatipasticauldanlay adwuae [tadid heé y
opi nitdhres mod el provides valwuable 1insight
considerationsharaindg kdhymwd rmidge i mpact Il the
was found that the identification of was

sharing had a significant effect on the
This echoes the findingsudfe rifdmeewpeandti ndg
with previous studies and industry feedt

approach to waste management during decol

5. Fdture Work

Further refi nement of the model coul d be

dat abases and histor Exalantdie gmond els i tom iinrgc

range of of fshore installation types and
applicabilityi méehelatsae coll eetal on and mac
further i mprove pr edimotriev ee fd eadmiaakayn, gl eati

sustainable decommi ssioning practices.

5. C6bncluding Remar ks

The devel opment of the 1 nitial Bayesian
expert knowl edge wimtaltkk i 3¢ r unett throedds . d ddiies i

summari se the key takeaways from this ch:
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The initial Bayesian Network demonstr

derived inputs can be structured into
The model confirmed that waste i1ident
knowl edge sharing are significant i nf]

Sensitivity testing showed that chang

downstream variables, supporting the |
This model provided the groundwor k f
expanded variable sets, and more robu:
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CHAPTER BAYESI AN NETWORK
MODELLI NG OF KEY DECOMMI S
FACTORS USI NG OBJECTI VE

6. lntroduwmct

This <chapter presents the devel opment a
framework using objective data from publ
buil ds upomftomenealx mordtel descri bedr athed hae

from-ocdtosreeports, PON1 notifications and
The purpose of this stage is to verify t
empirical evidence supporoessor chall enge:

Once a decommi ssioning plan has been app
all owing the removal of topsi des, Ssubsea
activities are governed by a serimd¢ tolie
handl ing o f hazar dous materi al s mu st c
Equi pment may require decontamination or
or reuse. The sustainability ofmather ioavlesr
di verted to | andfil!]l rather than reused

The validated BN framework developed in
evaluate these sustainability outcomes ar
over al |I-suWpeprarsti ontructure described in the

6. Assumptions and Limitations

I n order to ensure the model 6s validity

l i mitations must be defined:

T The mo d e | has been built for t he S i

undergoing decommi ssioning within the

fixed steel j acket type. There are
UKCS, epcleseneing its own unique deco
steel i nstallations account for the m;

why they have been chosen as the basi:
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e data required to generate such a 1
search project.

mpl i ficati oni Qfff sWaosrtee iMasttearlilaatsi ons
ui pment and material s, with waste
cati on, and operational history. T ¢
nerwhssedcl assification system rath
pes, as doing so would result i n an
ta that i s beyond the scope of this

i ance on PubhiimTbkey nAwairli zlall e dRataa u s

urced from HSE roeuptorneporQPREDancd op
commi ssioning documentation. Whi | e
commi ssi opubbi phogdecasl ed report s,

d introducing gaps I n representati ol
vironmental anidl h®a fmeotdye | Usa enrptl a if n teys

tote tank failure or containment b
st reported i nwordledht son Hiotwievres , ma y a
vimeanhal and operational ri sks, whic!
del ConBhe aBayesi an network i s base
dustry practices. However, decom
vancements, and mar ket conditions a
nagement s ttroartye g¢c @esp | iraengcuel amechani s
actices in the future.

odes in this model were defined usi.
el ected because the avail able object
ocuments, and PON1l notificatri cmrtdanc
mati on. These datasets generally re
r than the extent or severity of th
cts the resolution codndihtei oanvaali | parbd bee

mpl eted using reliable and traceabl
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Al t hougsht antuel tar continuous nodes are con
detail, this woul d rqeucadiirtey ldaartgae tvhaaltu nae se
for UKCS decommi ssioning projecitnss Adopit $
with t He sexdp amotd e | devel oped in the previ
bet ween subjective and objective out come
remains transparent, replfiicrmebrhent aansd mari &
becomes available in the future.

6. Blodes and Structure

The strucnadel ,ofFhtadvei, wias devel oped wusing
identified during the AHP and buil't uport
contrast to the previous model, this netyv
expert opinion. fThemdptuh!| walsy caVailcakrlide

cl eosue¢ report s, hi storical PON1 records,

HSE.

The inclusion of this data all owed for &
provided insight into operational chall e
alone. This approach ensured t heobnsoedreviatrie
of fering a more empirical basis for the
The structure of this model foll ows the

activities and the relationships betweer
deci sion to begin decommissioning, awhitdte

compl etion of equipment inventories, det
These stages are essential because the qgu
determines how waste i s cldaes sriefpireeds eenntds na

condition that can be supported by ionutorr

reports.

The intermediate events represent points
For exampl e, i f a complete inventory ex
i ncreases the chance that al | mattlree i @ad s
permits for transport and handling have
mi shandling and Iiability incidents. The
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t he vol ume of wast e produced and t he f

identification all ows more materials to &
The nodes for materials transported in t
physical or mechanical failures that coul
have been described as fail urte alordeersmalo o
rather than routine operations. Failures
i ncrease the chance of liability. The fi
out comes, refl ect t ee ©cdmgecgu e nfcheesy osfh otwr
pl anning, documentation and containment

sustainably at the end of the process.

N1-T1s DECOM
taking place?

N2-Is therea
complete
inventory?

N3 —Has a detailed
survey taken place?

N5 —Have all the
correct permits been
applied for?

N4 —Has all the
‘material been
identified?

N6 —Location of
decontamination

E1 - Liability Event

N7 — Materials
Transported in Tote
Tanks

N§ — Original

Containment
N9 - Final E3 - Environmental
Destination Event

Figure6-1: Initial Bayesian Networkrom objective data

E2 - Environmental
Event

The marginalised probabiHiigtuirees 6f.02r. each |
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M1 - I DECORt. [5]

a00m YVes

100 Mo

N3 - Has a detail. ]

40.30 Yes
50.70 Mo

NE - Is there a o [
2540 Yes
FH60 Mo
4 - Has all mater [5] HE - Have the cor[5] E1 - Liability Evenf]

4573 Ves - 4700 Yes ——————— 5206 Ves
5437 MNo 2,10 Mo 4704 Mo

Hé - Location ot Decon [

7659 Onzhore
2341 Offshore

N7 - Waterials Transported in Tote T \

468E3 Catastrophi
ool Largag I-Tnplg‘c 18.00 Seals E3 - Environmenta []

006 Small Hole T8 ahies 6503 Yes

e - Original Cortainment [53]

WIGF None ‘g:?; "F;Pniss — 3407 Mo
5.44 hiachinery
15.24 Undefined
34.67 None
S i era e
102 Yes 054 Reuse
980F No BG.44 Landfill
Fi g2 e Marginalised probabilities for eacl
The model cont ai ns t wel ve nodes repr ese
tcomes. Their descriptions and state d:¢

itiating Event

I s decommi ssioningiThksngsptheer P&t ahe
Itiating event, i s decommissioning taki

itiation of the decommi ssioning proces:
termedi ate Events

|l s there a completéThinyeohanyge [ Bbdee

obability that there is a complete inv

Has a detailed survéV¥hitakehaptacaof &t
obability that there is a detailed sur.yv

(. details of materials that are presei

Has al |l the materi ali Tha en cihderctei fnioedde

obability that al/l waste materials hav

Have all the correct per mitThi beemanpep
presents the probability that al | t he

en applied for and obtained.

Location of decontamind@ahiench8hatesnd

he probability that the decontaminati on
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Materials transported in tote tanks |
s chance node represents the probabil

transportation of waste material s.

Original containment [ States: Seal s,
s chance node represents the probabil

| ated for transport to onshore for de:
al Events

Liability EVEmMits [Shanees . noves,r &dpl esent

nt occurring.

Environment Eivldnts [cShtaantcees :n oYees ,r eNor]e s
re i s an environmental event occurring
ks.

Environment al TEviesitc i &n @a¢ esod&esep Ne$

re is a failure in isolated equipment

Final Destinati on [iSltha tse sc:h aReccey cnloed, e

bability that the waste materi al i's r

HData Acquisition & Anal ysi s

l e 6.1 summarises the twelve nodes us
each. The structure of the model , d
ence of a typical offshor e deicaol mnsiusrsvi
ugh permitting, decontamination and
ined fromuOPREPDoctese HSE records ar

mentati on. This ensured t hagt aghees coofr

O ¢ 9 O ¢c

mmi ssi oning process that can be obse]

h node within the Bayesian Networ Kk r ef
handling and cl assification of hazar

mber of stateso i ndi cat es t he , dissitcihn c

Yes/ Noo for binary decisions or multipl

X a

mpl e containment failure or waste des|

t hat directly influence t he sred etcurea al
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dependencies between operational activit

transparent way.

Table6-1: Node details for bayesian network.

Node Name Data Source Number of states Parents
N1i Is DECOM taking place? Yes/ No Questio 2 (Yes, MO (No
N27i Is there a complete inventory? OPRED -cubDse& ep 2 (Yes, M 1 (N

technical appe

N3i Has a detailed survey takenplac HSE and OPRED 2 (Yes, P 1 (N
N4 i Has all the material bee Deri ved from P 2 (Yes, P 2 (N
identified? wei g-eumdal gor i N3)
N5 7 Have all the correct permits bee OPRED envi roni 2 (Yes, P 1 (N
applied for? data and BEI S
N6 Location of decontamination OPRED cubseepo 2 (Onshore, 1 (N

N7 7 Materials Transported in Tot HSE report on 4 (Catastrc 1 (N

Tanks failure rates hol e, Smal |
N81i Original Containment PON1 incident 7 (Seals, VvV 1 (N
Tanks, Ma c
Undefined,
N9 - Final Destination OPRED -cubseepo 3 (Recycle 2 (N
Landfil]l N6 )
E1- Liability Event OPRED enforce 2 (Yes, M 1 (N
and case revie
E2 - Environmental Event (due to tot HS E environme 2 (Yes, M 1 (N
tank failure) records
E3 - Environmental Event (due t HSE and PON1 ¢ 2 (Yes, M1 (N

containment failure)

The details of each node and their conne
the data source, number of states and th
for each node was obtained fromRRERD cealmits e :
reports, published decommi ssioning docum
sources provi de i nf ormati on on reporte

n

management outcomes from completed decoml

The number of states shown in the table
take. Binary states such as AYeso and @ Nc
an activity could be confir med hfamo nm wtoh es 1
were used where graded conditions exist,
waste destinati on. Thestwde wnfodest mebil eat

and variability in the anédsemation extr a:
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Direct data from HSE, OPRED aredgopulbsl iwalsy

possi ble, while derived nodes such as N4
data. The event nodes were based dntthoouwg
HSE environment al release records, OPRED
cl eosue¢ reports. I ncident frequencies were

di stributions for each node.| Threbabplkbobt
the model are based on objective and veri
measurable condition i nfluencing the ov

management .

The environmental event nodes were differ
first represents releases associated wit
events |linked to containment fdasktumes i on
t hat the Bayesian network <correctly mod

environmental consequences during the de:
Case One

This test case involves the scenario where nodes N2, N3 and N4 are in a state of 100% N
as shown irF i g &2. ka this event, the probability of waste reaching landfills increases
from 66% to 71%, and the possibility of waste materials being recycled decreases from 33%
to 29%. This shows that in the event there is no comprehensive inventory present, and n
detailed survey has taken place, the probability of the waste materials being correctly
identified decreases, and more waste would be destined for landfill. This would reduce the
sustainability of the overall decommissioning project, increase the risk ofmdistg and

lead to further consequences.
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N1 - |z DECOM?.[3]
es
0.00 Ho
N2 - Is there 3 ¢ [3] N3 - Has 3 detail. 5]

000 ‘Ves 0.00 Yes
Mo No
N - Haz all mater ] NS - Hawe the oor.[5] E1 - Liability Even[5]
0.00 Yes Ll A ez ————— A1 Yes
No T460 Mo 25.80 Mo

ME - Location of Decon [€]

9900 Onshore
1.00 Offzhore

N7 - Materials Transported in Tate T3] \A

g - Original Containment
2.0E-4 Catastrophic riginal Cortainment 3]

B.OE4 Large Hole 327 Seals E3 - Enwiranmenta [3]

2563 Small Hole 9.0 “alves EETG es

GO0 Hone 1663 Fipes — 1624 No
7.892 Tanks

7.0% hachinery

19.70 Undefined
1555 Hone

M4 - Final Destination[3]
EZ? - Environmenta [5<]

14090 Recyloe
1.00 Yes 0.30 Reuze
000 Ho SHED Landfill

Figure6-3: Test case 1. Nodes 2 to 4 in state 100% No.

Case Two

This test case involves the scenario where nodes N2, N3, and N4 are in a state where 100
Yes as shown irF i g 6-4. & this scenario, all the historical information concerning
equipment and materials is present, the surveys have been completed to a high standard, a
the waste materials present have been correctly identified. This results in an increase in th
probahlity of the waste materials being recycled or reused, ultimately increasing the
sustainability of the overall project.

H1- |z DECOM1.[R]

Yes
0.00 Mo

M2 - | there 3 ¢. 3]

Tes
0.00 HNo

N3 - Has a3 detail .5

I ==
0.00 No

/ \
\ /

M4 - Has all mater [5] M% - Have the cor.[] E1 - Liability Ewen[3]
Yes - TG0 Yes ——— 3588 Yes
000 No 25,40 Ho 411 Mo

HE - Location of Decon ]

50.00 Onshore
50.00 Dffshore

N7 - histerials Transported in Tote TI) \A

Mg - Original Contai rit
1.0E2 Catastrophic riginal Containme: [

003 Large Hole 11.75 Seals EZ - Environmenita [>]
012 Small Hole 5.00 Valves 4380 Yes
99 None .40 Pipes — 730 No

400 Tanks

.55 Machinery

9.95 Undefined
8 - Final Destination[3)
5453 Recylos

5735 Mone
116 Yes 0.82 Reuse
93184 Mo 4 G Landfill

EZ - Ervironmerta <]

Figure6-4: Test case 2: Nodes4lin state 100% yes.
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Case Three

This test case focuses on the failure of containment during transport. Node 7 is set to 1009
catastrophic failure of tote tanks, as showR in g &5. &he effect on the final destination

node is an increase in probability of the waste materials reaching landfill of 66.4% to 99.8%.

N1 - Is DECOMt.[3]

HZ - Is there 3 ¢.[i]

31.94 Yes
B5 .06 MNo

L
\\-\t

G980 Wes
1.01 Mo

\
/

M4 - Has all mater [

M3 -

Has a detail. [i9]

4260 Yes
5140 Mo

NE - Hawe the cor.[3] Ei - Liability Ewenf:]

OFE8 Yes
232 Mo

HE - Location of Decon []

N7 - Waterials Transported in Tote T[]

I atastrophic
0.00 Large Hola
D00 Small Hole
D00 Mane

EZ2 - Environmerta []

oo Yes
1.00 Mo

0.00 Onshore
000N Offshore

I

Md - Final Destination>]
0.10 Recyloe
0.10 Reuse
SaMED Landfil

L FE.46 Yes —————
26.54 Mo

2701 Yes
¥2.00 Mo

Mg - Original Containment [

000 Seals
0.00 “alves
0.00 Fipes
0.00 Tarks
0.00 hachinery
0.00 Undefined
0000 Mone

EZ - Enwironmenta [37]

1.00 Yes

— 9900 No

Figure6-5: Test Case 3: Node N7, is set to 100% catastrophic failure.

6. Model Validation & Sensitivi:t
A Bayesian network must undergo validation to ensure that it satisfies the axioms
(Loughney, 2018). The validation of the model provides confidence in its results. The
validation process involves examining several different combinations and scenaraerin or

to highlight potential problematic areas. A three axibased verification procedure was
followed, which is used for partial verification of the proposed BN model (Matellini et al,
2013). On completion, a sensitivity analysis is carried out in omléeimonstrate how
sensitive the network output is to the variations of its inputs.

Axiom 1: A slight increase/decrease in prior probabilities of each parent node should elicit
an increase/decrease in the child node. For this axiom, the input of no8esey@ changed

by 5%, and the effect on the output node, N9, was noted. It caebdhat this change in

the input results in a change in the output node, N9, as sholva ib2t1€eThis shows that

the model satisfies axiom one as by altering the values of the parent nodes, the value of th

child node has changed.
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Table6-2: Effect of the change of prior probabilities of parent node on output node.

5% change in probabi

Probabili -~ N2 N3 N 4 N 6 N7 N 8

Recycl e 32.1 32.5 32.3 20.3 33.0 55.14
Reuse 0.5:. 0.5 0.5 0.3 0.5. 0.8:
Landfill 67.3 66.6 67.1 79.2 66.4 44.6

Axiom 2: The total influence magnitudes of the combination of the probability variation
from (evidence) on the values should always be greater than one from the set\oflsube
attributes. This is shown by the effect of changing the values of nod8soN2he output

node NO.

Axiom 3: The total influence magnitudes of the combination of probability variation from
the evidence should be greater than that from the sey attxibutes. Axiom 3 requires that
subevidence should have less influence on the values of a child reodewitlence received

from parent nodes. Parent nodes N7 and N8 are composed of nodes N6, N4, N3 and N
When evidence is entered 100% into the nodes and the states of each node are 100%, tl

results are shown iR i g 66. B can be seen that the variation satisfies axiom 3.

Figure6-6: Effect of variation of child and parent nodes.
A sensitivity analysis was carried out in order to assess the robustness of the model. |
demonstrates the response of a given node to the changes in values of other input node
133



(Matellini et al, 2013) (Loughney, 2018). This demonstrates whether the moded as
intended. For the sensitivity analysis, the nodd Nifal destination was examined as this
was an output of the model. Knowing which nodes are most influential can assist in
experimentation, analysis and further development of the model. Nodeb i@ not
important could subsequently be discarded or replaced. The objective was to test the
sensitivity of node N9 to its input nodes. The sensitivity analysis was conducted using the
HUGIN sensitivity wizard. Without the use of this tool, the séngrt analysis would
involve increasing and decreasing the states of the chosen input variables by equa
percentages to allow for a clear comparison with the chosen output node. The sensitivity
wizard in HUGIN requires the user to select the desired foode and the desired input
node. The state for each node is selected so that it would have an impact on the focus nod
HUGIN calculates a sensitivity value for the node. This value was, in turn, inputted into an
Excel spreadsheet to allow the valubédncreased and decreased. The results are presented
in

F i g &7rltecan be seen that the graph produced is a straight line with a positive gradient.
It also indicates that tote tank failure is most influential on the focus node il
destination. When this root node is increased by 5%, the focus node increa%es by

68.0%
67.5%
67.0%
66.5%
66.0%

Tote Tank Failure: Catastrophic

65.5% ==@==COriginal Containment: Seals

Final Destination: Landfill

65.0%

64.5%

64.0%
-10% -5% 0% 5% 10%
Input Node Variaton

Figet®ensitivity functions for theifimpaut drecdeé 9 a
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6. Results & Discussi on

The focus of the model is to determine the interaction between the critical factors identified
through expert discussions and AHP analysis completed as previous research by the auth
(Ford et al, 2023). The numerical data has been obtained from a etiorbiof these
analyses and publicly available data from the HSE and OPRED@lbgeports. Three
different test cases were analysed to determine the influence of different parent nodes on
chosen child node.

The Bayesian network model provided a str
key decommi ssioning factors, particul ar |l
transport, and final disposal opwlgloime ss o
alongsi-dei egpernputs, the model of fers i
the sustainability of decommissioning pr;

The results highlightagtehea eicrapnonii tsa&n oeni ofg

in terms of survey completeness, inventot
cases conducted provide a cl earr awcnd earnsdt a
waste management outcomes. This discussi
the causal relationships, i mplications,
decommi ssioning sustainability.

The first t wo t est cases f ocus on t he |

identi fication on the final destination

Test Case 1 showed that when no compl ete

survey has been conducted, the probabil i
71%, while the |ikelihood of recwystii atge sl
a | ack of historical records and inadequ
material s, which in turn affects waste

suggests that material s wiet h npateeandt icd la sfs
wast e, |l eading to a | oss of wvalwuable res

decommi ssioning project.

Test Case 2 demonstrated that where al|l
completed to a high standard, and waste |
materials being recycled or remuesdt he cirnmp
of earalgye pl anning and comprehensive docu

is correctly classified and processed ac:
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These findings align wi t h exi sting I it e

i nventories and knowledge gaps in hazar dc
in offshore decommi ssioning. A d dsrheasrsii nng
i mproveldeepcogdpractices, and investment

Test Case 3 scenario showed that the fail
i ncrease in the probability of waste bei.
i's due to contaminated or daemafgoerd rneactyecrliiec

|l eading to their classification as hazarc

associated with tote tank failure is si
contamination, pot emtdi alncrreeqawsleadt driyabpdn al
Containment integrity during transport I
Failure of storage or transport Systems
compliant for recycling, | eadi ng itscsiioman
cost s. Environment al and |iability risk
securely contained, necessitating stric
regul ations. Ensuring safe and c¢oemglriiar
mi ni mising environment al i mpact and | mpr
decommi ssioning. Test Case 3 focused on
the transport of hazar doust omaotnesrhioarles dfercool
facilities.

6. Bummary

This chapter has demonstrated how a Baye
decommi ssioning, usingopeblal calay e av &diel aibn
decommi ssioning factors. The findings in
hazardous waste materials play a critical
reused, or senmodeol lalnsddf i hl ghlITihgeht s t h
documentation, survey quality,e adneds tpienraniit
The results of the test cases reinforce
i nventories and conducting det ai |l ed sur
assessments are incomplete, the prebabs]|
reducing the sustainability of the deco
containment during transport were found 1
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l'iabi Il ity risks, further wunderscoring th

transportation regulations

The Bayesian network shows that the final destination of hazardous waste materials is
ultimately influenced by their identification. This is dependent on the historical information
available and the quality of the survey and testing during the initialndacssioning
process. It follows that if hazardous waste materials are incorrectly identified or their
presence unknown, they may eventually end up in landfill instead of recycling or reuse. It
also increases the risk of environmental or personnel acsiddr@n the material reaches

the onshore processing site.

In conjunction with the findings of the previous research, which highlighted the issues
surrounding the understanding of legislation, lack of knowledge sharing and the emphasis
on reducing costs, this highlights the current issues with decommissioningragau the
UKCS. Despite stringent legislation and regulations, there is still uncertainty in their
understanding.

This discussion has provided a detail ed ¢
demonstrating how key decommi ssioning f a
safety, and sustainability outcomedhenshe
survey procedures, stringent transport sc¢
frameworks to ensure that of fshore deco

practices.

The f i ndicnhgasp tegfrn ftohricse sever al key consi d
decommi ssioning sustainability and regul
i . The completeness of materi al i nventor
classification and disposal outcomes.
ii.Failures in transport cont ai nment Sy ¢
environment al i nci-dempsj aand. regul at o

ii 1A structured approach t o d e c o Rsnt i asgsei
assessments and robust transport saf
sustainability outcomes.

i v.lmproved data colkeeecpiinogn,, andyikmd wlreede
stakehol ders are critical for ensurin

best practices.
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The study underscores the need for enhanct
waste trackinsg syahemert opaftety protocol

objectives are met in offshore decommi ssi

6. oncluding Remar ks

The objamwaseed Bayesian Network has strer
mo d e | and all owed for I mproved validatd.i

outcomes of this chapter:

T The i nclusi on of objective dat a pr o
relationshiops, particularly regardir

i nconsi stenci es.

T The model reinforced the i mportance o
site surveys prior to dismantling.

T Data | imitations stil!]l exi st across
valuable in -duppentaesgueppenons.
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CHAPTER DEVELOPMENT OF A BA

7.

Th
cr
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t h
t h

Th
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i n
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7.

(I
es
h a
pr
de

NETWORK USI NG COMBI NED DA’
HANDLI NG OF HAZARDOUS W
MATERI AL S.

Intr odwmct

i's chapter presents the devel opment o f
eated by combining the two previous net
this model is to explore how mhesetirenhgg
e overall robustness of the analysis ar
e key factor s-wiarsftleuenamiargge meaazarddiousig o0

e combined network incorporates relati
ndi ngs, and empirical data fooam depommi
rged structure allows both qualtietdatwivteh
single probabilistic framework. The mo

ries of t est cases to ensure consisten:

e results of this chaptsupporm fhamebasi
Chapter 8, providing a more comprehe

pendencies that affect sustainabl e off:

Ret wor k Devel opment

order to determine the interaction of
tablished. The sequence of eCGhampt Ehwoul
ndling of hazardous waste material s w;
ocess,; hence t he sequence of events

commi ssioning. The identification of

watse produced, the | ength of the twaetwa st

ma

of

terial s. The process is also influen

fshore and onshore | egislation.
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The networksChdptiahswerde i mombined to prod
Fi géxsehows the new, combined network indi

net wor ks and those that are from individi

N1- Decom
Decision Made
N2- Complete N3- Detailed R Knnw.lcdge ad
Inventor S Best Practice
Y ¥ Sharing

N5 — Reduce N6- Identification ) . L
Volume of Waste of Waste Materials N7- Correct Permits N8- Liability Event
N9- Reduce Decom
Cost

N12- Materials
Transported in Tote
Tanks

N10-
Understanding of
Offshore
Legislation

N13- Original
Containment

NL&- N15- Final NIE-
Environmental Destination of Environmental
Event (Tote Tank Event (Containment

,
Failure) VIEER Failure)

N11-
Understanding of
Onshore Legislation

Subjective Network

Objective Network

Common to Both Networks

000

Figure7-1: Bayesian network developed from previous networks.

The initiating event node, i's decommi ssi
networks as this is an established start
any further activity occurs. | Aaddot deaam
management actions are required. The node

is also common to the previous network

hazardous waste. The i deeadtilfy ciarnfilome rod e an:
vol ume and final destination of the wast
they can be processed accordingly, reduc
the potential gff.or reuse or recyclin

The intermediate event nodes were selec
influence on the probability of t he mat
identified through surveys, testi nlgedagned ot
t he decommi ssioning process and of i nd
stakehol ders. The understanding of both ¢
key factor from the |iteratureinevuedwdanm
combined model. These nodes are | inked t
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the transfer and handling of waste mater.|

i n compliance or Iliability issues. The n¢
al so included, reflecting boaimd tthiee fc¢unrdi
Government objective to reduce decommi ss
deci sions relating to recycling, reuse a
I mpact on sustainability outcomes.

The final group of nodes relates to the
materi al s. The method of transport depen
of fshore or onshore, and this iontéd utrannikafff

These nodes have been retained because t |

environment al i ncidents. Separate enviro
bet ween incidents causedr dyulttoiterg tfam&mf ao
as these are reported and managed diff el
retained to r eprceosnepniti atnfte roirskr egful abory
destination nodeyaotuscamet herstuheamodbl | i
i's recycl ed, reused or sent to |l andfil!/l
i nfluence, such as further action or red
remaining nodpsesdrertr efbeemost significan
previous anal ysi s, |l iterature and expert
focused and aligned with the aim of i mpr

waste odursihmg e decommi ssioning.

7. Blodel Assumptions & Limitati

I n order to ensure the validity and comp!
and | imitations are defined:
T The model has been developed for the i

undergoing decommi ssWbhnil egt Wwiet giemet laé

mod el may be applicable to other regi
conditions outside the UKCS may intro
considered in this model
T The model has been devel opedChbaapsteedrd o n
3as wel | as the modeChapMMeafsi ousl y deve
T The model is concerned with the handl

Specific hazardous materials such as
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would increase the number of nodes, t

c

and the requirement for specific data
of t he network to influence the devel

decogmmioni ng process.

T The model I's based on a combination o
and publicl youtvarn ¢ mdodtes.cl $esme condi ti
mi ssing dat a, requiring completion us
thegweed sum algorithm. While these m
the | ack of cwaoanrplrde hdeantsa vliei mietad t he mod

T While the modelreilmaledd & saitlruarnes pnoordte s (
it does not account for al | potenti a
we atrheelrat ed i ncident s, or mechani cal

coulfd nreethese risk assessments.

7. let wor k Detai l s

The final combined network model i's show
nodes that integr-laaeed hreelsathijershives expte:
t he obj edcrtiiween dsattrauct ure devel opedentns Ct
combined framework for assessing how ope
i nfluence the sustainable management of h
The individual nodes are detsworn lbeidndglinudds
intermedi ate, and final event nodes, 1inte

i dentified from previous models and publ i
I nitiating Circumstance

1.Decommi ssioning Deci si oinT hMad ei s[ Stthad e
representing the initiating event, <col
taking place. The data within this n

decommi s®icesisng pr
Il nter medi ate Events

2.Complete I nventdidhi pStatese Yosde Ne&]pr
t hat a full and accur at e materi al s i

decommi ssioning plan.
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Fi

3.Detailed Survey CompTetedch&nhaeé esand&e
probability that a detailed survey of
the findings are complete.

4 Knowl edge and Best Practidbhi Shahange
represents the probability that knowl
among the stakeholders involved.

5.Reduce Vol ume of Wali sTthel s|[ Sthaatnecse: nYoedse
probability that the total waste volu
reduced through recycling, reuse, or

6.l dentification of WasfTaiBMatéanaksnp8es
probability that al | waste materials
removal, based on survey and inventor

7.Correct Per mi tisl h[i St atheasn:c eYenso,d eNor]lJepr es
all required permits for waste handl in

8. Reduce Decommi ssioni highiCosdahgrbdeatresacde
probabi |l istay itnhgatmecacssutr es are achi eved
environment al performance.

9.Understanding of Of f shor @ Thegi sclhatniceel
represents the probability that stake
|l egi sl ation and regul ations applying

lo0uUnderstanding of Onshorei ITbkgsslcahtainacre
represents the probability that st ake
onshore waste handling and processing.
l11Materials Transported in Tote Tanks [
NonieTlThi s chance node represents the pr
tanks during transport of hazardous m;

12Qr i gi nal Containment [ States: Seal s,
NoneJThis chance node represents the
containment of equipment before or dul
nall Events

13Liability EventTHhiSst acdlresnceresodd&Nol epr e
occurring if permits are incomplete,
compliance is uncl ear.

143



l14Environment al Event (Totei MTRAINkKk d&chaahue
represents an environment al event occ
hazardous waste transport
15Environment al Event (Cont daiTmmentc hRaicle
represents an environment al event 0 C
containment during transport or deconi
16Fi nal Destination [ StaiThbkss ®&bkRawceenod
the probability that the waste materic
the preceding conditions
7. Pata for Combined Bayesian N
The data for the model have been Toahrtae n e (
For some nodes, the conditional probabil:|
the methodhapaeéirned in
Table7-1: Node details for bayesian network.
Parent
Node Name Data Source Number of States
Nodes
N17i Decom Decision Made Yes/No Question 2 (Yes, No) 0 (None)
OPRED closeput reports and technic
N2i Complete Inventory ) 2 (Yes, No) 1 (N1)
appendices
N3i Detailed Survey HSE and OPRED reports 2 (Yes, No) 1(N1)
N4 Knowledge and Best o ] o
) ) Expert opinion and literature finding: 2 (Yes, No) 1 (N3)
Practice Sharing
Expert opinion supported by closeit
N57 Reduce Volume of Was 2 (Yes, No) 1 (N6)
data
N6 Identification of Waste Derived from AHP and expert 2 (N2,
. ) . 2 (Yes, No)
Materials feedback (Ch. 5 & 6 integration) N3)
) OPRED permit records and BEIS
N71 Correct Permits ) 2 (Yes, No) 1 (N6)
guidance
Inferred from incident trends and
N8i Liability Event ) 2 (Yes, No) 1 (N7)
compliance reports (OPRED, BEIS)
Expert opinion and historical project
N9i Reduce Decom Cost 2 (Yes, No) 1 (N6)
data
N107 Understanding of o ] )
o Expert opinion and literature review 2 (Yes, No) 1 (N7)
Offshore Legislation
N117 Understanding of Expert opinion and OPRED
2 (Yes, No) 1 (N10)

Onshore Legislation

compliance data
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Parent

Node Name Data Source Number of States
Nodes
N127 Materials Transported HSE tote tank failure data and incide 4 (Catastrophic, Large Hole, Sm 1 (N6)
Tote Tanks records Hole, None)
o ) PONL1 incident data and closeit 7 (Seals, Valves, Pipes, Tanks
N137 Original Containment ] ) 1 (N6)
reports Machinery, Undefined, None)
N147 Environmental Event Inferred from reported tote tank failu
) 2 (Yes, No) 1 (N12)
(Tote Tank Failure) patterns (HSE data)
N157 Final Destination of ) 2 (N6,
OPRED closeout reports 3 (Recycle, Reuse, Landfill)
Waste N13)
N1671 Environmental Event Inferred from historical containment
) ] o 2 (Yes, No) 1 (N13)
(Containment Failure) incident trends (PON1, HSE)
The data shown in Table 7.1 combine bot
representative model of decommi ssioning
l'iability event nodes were informed by paeé
rtaher than by direct numeri cal dat aset s.
such as tote tank failures and contai nme
conditional probabilities. | n wcls eass whoerr e
and environment al events, the probabili it
on engineering judgement and the causal
operati onal practi ce. Fhotra i enxmeennpt | eo,r at rgarne
considered to increase the Iikelihood of
poor | egislative understanding increased
al | relationshibkbs wawi € hirrrat het incet awod C Ol
decommi ssioning behaviour This approach
engineering Bayesian network studies (Lc¢c
conditional proddbti hi ouegls laogi dalr i nfer el
are unavailabl e. The purpose of this appg
correcanafdwrscd behaviour when evidence wa
mo d e |
/7. 6est Cases
Val i dati on foll owsneewoab!l ipshaecd | Bay aussiealn
environment al ri sk studies. The process
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reflects the actual sequence of decommi s:¢
remains | ogical when evidence is entered
guidance on BN verification and&vHKMeENRdat s
2013; Neapolitan 2004; Weber & Simon 201°¢
I n Iine with these sources, the model wa
targeted adjustments of kegs pasedcdtt moders!
mo s t I nfluenti al i nputs behave in a man

observed decommiTestociasgspwacei cenducted

of the parent nodes on chosen chil dingoudees
7-2.
N2- Complet o _\-“* N “m“““i‘m\ DES:hZZ?iESEYES
e sa | —
411 No - - “///
N5 - Reduce Vol s TR A// f/m( NB- Liability
IIIII | G Ol : ‘/ P Ev‘(-nl‘
e Ity -t
"\ r
N3- Raz;:: Decom / / \ / .
;g gg ;li S / NAD 2 :u;f:f;r:;fi.; ing . 'g lo:ls n:; e
N12- Materials Transported in e ) 993 Yes IE‘EL?
Tote Tark 1124 Seals W7 No
0.16 Catastrophic 5.36 Valves
0.18 Large Hole 235 ?‘apniss
il =" 4l ey
56.81 None
\ / N,
\ 4439 Yes
P — ”
49.35 Landfill
Figure7-2: Initial prior probabilities of combined network.
The test cases were chosen to evalwuate t
and final destination of hazardous waste
stage planning andiN4n)f otremawausothei a oec p(eM& pa n
N7) , cont ai nment reliability (N8 and N9)
consequeiNcless) .( Nlhtese are the stages that
and industry guidance as t het pion ndesc orfimih:
projects.
Nodes N2, N3 and N4 were selected becau
entering the system through inventories
materials are correctly identif i eddu.c eN ondaes
and cost (N7), while N8 and N9 represent
directly affects environment al and saf e
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compliance, environmedqtalti patfonmaescel &8
chain all ows the model to be assessed whe

rewdrl d failures have historically been ¢

Case One

Test case one involves the scenari o where
present have not been identified due to
3 and 4 are set to 100% no whFli g3 moden 1
case, the pedbabhibheyovtetdatdbmaomiopsioafeisish e
N7, decreases from 74% to 42%. The prot
produced, node NG, decreases from 74% t
materials are incorrectly ideagsgedi@ldong h
overall cost of the handlingThingd @EooOKres s
mi sidentified or undocumented material s r
agener al hazardous wast e, increasing t he
recycling or reuse.

0.00 No W3- Detailed Survey Sharing

Ne- Complete 1.8 Yes
Tnventor y / 0.00 Yes oEza Mo
I o -
0.00 Yes
No
S \ M- Tdenci fication NB- Liability
of Uaste 1= Event
P I 2406 Yes — 4] 2642 Yes
5749 No 2594 No 358 No
N3- Reduce Deconm /
Cost
\ N1l- Understanding
4228 Yes WD~ nderstanding of onshore

57.71 No Legislation

W3- original ,e.‘m nnnnn 165 Yes
e

893 Yes 98195 No
|07 No

N1B- Ma

ol T 2350 Seals

0.33 Catastrophic 10.00 Vabes

0.33 Large Hole 16.80 Pipes

0.33 Small Hole 8.00 Tanks
18100 MNone 7.10 Machinery
19.90 Undefined

/ 14.70 None
o \
7301 Yes

1.33 Yes W35~ Final bw 26.89 No
8867 No

50.70 Recycle & Reuse
49.30 Landfill
Figure7-3: Test case one fahe combined network.

Case Two

Test case two involves the scenari o wher
materials had ,noats bséheoghviid. d ennNoidfei eNl6 1 s all
catastrophic indicating that there has be

the hazardous materi al s. This results in
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eventoduete ot@aakr fi®&9p Wr eowom 99 . 9 %. The p

materials would be disposed of via | andf |
A e e
1.26 No N3- Detalled Survey Sharing
\\-\» 1.95 Yes

47.02 Yes

5298 No @alTs No
Nb- Identification of / -
= EirD) (e ] Uaste Materials o= @ T Qe G
4251 Yes g D 2x Yes M408 Ves — 098989 — 2642 Yes
5748 No 25584 No 1358 No
- suce e / /
N1l- Understanding
4229 Yes N1O- Understanding of Onshare
57.71 No of 0ffshore Legislation
Ni3- Original Containment Legislation 165 Yes
N12- Rate = T 993 Yes BEISE No
t k
2350 Seals W7 No
I C atastrophic 1000 Valves
0.00 Large Hole 16.80 Pipes
0.00 Small Hole 8.00 Tanks
0,00 None 710 Machinery

19.90 Undefined
14.70 None

7N S DN

7301 Yes
09198 Ves 2699 No
0.02 No

1.53 Recycle & Reuse
8RR Landfill

Figure7-4: Test case two for combined network.

Test Case 2 examined the consequences of

focusing on tote tank integrity, reinfor
unsustainable waste handling owstycsdmaens. | e
waste contamination, mabepl abnkessneaerdsi
di sposal in controlled | andfil!l Ssites ra
containment failures siaglnhifdfiiclkntaydi nege
These failures |l ead to contaminati on, r
Enhanced transport monitoring and seco

I mpl emented to mitigate these risks.

7. Model Val i dati on

I n order to ensure that the Omoadpetle rshadt insofdi
subjected to a series of -axaloimd atais@ensv.er i

sensitivity analysi s.

The validation used the samemotniorteei &x ircel

combined influence and,tdami narne es todn ddairrd

verification (Neapolitan 2004; Das 2008;
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For the first axiom, small changes were

whil e observing the child node N8. These
identificati on, which are expectedt dion nhe
performance. Confirming that variations

demonstrates that the model behaves pred

i nformation changes.

The second axiom was examined by enterin
N3 and N4 to test whether the combined e
I nput al one. This reflects the convaerdgi r
i nventory completeness jointly deter mine
tested for N8 and N9 -@vnenrtelnaotd eosn. tToh iesn vc

net work aggregates evidence sensibly acr

The third axiom was tested by comparing
as N8 and N9)pardarmt trhades ft math are not di
N7. The result showed that parleditnondaetsh:
nomarent, verifying that -phebambdkl tgttabt
aligned. This provides assurance that th

with the structural dépendéndiyes identif]

Axi om &§light increase/decrease in prior
an increase/decrease in the child node.
were changed by 5% and the effect othd he
child node Tcaabi2eb e Tshed esn sihmws t hat the mooc

altering the value of the parent nodes, |

Table7-2: Effect of the change of prior probabilities of the parent nodes on the child node.

5% Change in Probability

Probability of N8 original N2 N3 N4
Catastrophic 0.16 0.15 0.15 0.13
Large Hole 0.18 0.17 0.18 0.16
Small Hole 0.29 0.28 0.29 0.28
None 99.38 99.40 99.38 99.44
Axiom 2: The tot al i nfluence magnitudes

from (evidence) on the values shotwlvd deelnws
attributes. This is shown by thé&3efhdciN
the child node N8.
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Axiom 3: The total i nfl uence magnitudes
the evidence should be graadterbubas.t Aat
sudbvi dence should have |l ess iafdlawvincen oa
from parent nodes. Node N1O is composed
evidence is entered 100% i ndeoatrlke 100@est
are shdwmsien I't can be seen that this wvar

52

51

50

49

48

47

46

45
No Evidence +N3 NI+N2+N3 NI+N2+N3+N4 NI+N2+N3+N4+N8 NIHN2+N3+N4-+NS+N9

mRecycle & Reuse 50.65 K 50.64 50.7 512 50.75
m Landfil 4935 . 496 493 488 4925

Figure7-5: Effect of variation of child nodes and parent nodes.

The pattern obB6seirsvecdonisni shhiegnutr ewi7t h expect
net work studies in engineering systems (
results sho@&nrehl|l eédatgurlee 7combi nedles ndnhd e
conditional dependencies withiNdA, t N8 aed\
contributes discrete probability states
through

o

onverging relationshiypsacWhesn mo
nodes, the combined elfifreedr csami fptro diurc et s
without indicating any numeri cal error.

shows that as more evidenicegemstuipfpiocat n@gn c:

introduced, the probability of Iandfil!]l
or reuse increases. The minor wvariation
within the Baylkamainnmodeil sranderitn i ts of
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The sensitivity analysis was conducted u

use of this tool, the sensitivity analys
of the chosen i nput variabl es mpyrecuwal wp
chosen output node. The sensitivity wizeé
focus node and the desired input node.
have an i mpact on the d ogcarss intoidwi.t yHUGd INuU ¢
val ue was, in turn, inputted into an Exc:¢
decreased. The objective was to test the
The results are shown in

Figure7-6a nFli gv#. e |t can be seen that node N9

0.166%

0.164%

0.162%

0.160%

0.158%
=@==Small Hole

Final Destination

0.156%

0.154%

0.152%

0.150%
-10% -5% 0 5% 10%

Input Node Variation

Figure7-6: Sensitivity functions for the input node, N8 acting on the output nodej Nibal destination.
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11.255%

11.250%

11.245%

11.240%

11.235%

Seals

Final Destination

11.230%

11.225%

11.220%

11.215%
-10% -5% 0 5% 10%

Input Node Variation

Figure7-7: Sensitivity functions for the input node, N9 acting on the output nodej Nihal destination.
7. 8 scussion & Conclusi on

The aim of this model was to further inv
factors in the handling of hazardous wast
devel oping a network that combiinneedd tnhoed eps
were both common to the previous model s

subjected to a series of test cases to el

| t was found that the identification of

destination of Tthhee dweasetl @ pmreetnetr iodl &€ hi s Ba

to investigate the interactions between |
materials during decommi ssioning. By c¢oml
net wor k mowemsdelt hpr mmwei des a holistic r¢
processes, i ntegrating aspedtionef twasntse C
regul atory compliance.

The Bayesian network model devel oped 1in

i ntegrating key decommi ssioning factors
and sensitivity analyses highlighthmehe
integrity, and regulatory compliance i n
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Thmodredi nf orces sever al key findings:

i . Material identification is the most si
di sposal

ii .Poor survey data and incomplete 1inve
i ncreased decommi ssioning costs.

iiiFailures in containment and transport
ri sk |l evels and sustainability outcomi

i v.Regul atory compl-shacengnoe&hawi sthgenee
to i mprove hazardous waste handling e

7. €@oncluding Remar ks

The following key points summarise the development and findings from this chapter:

1 A Bayesian Network was developed that combined the structures and data inputs of
the two previous models.

1 The network integrates both expbdsed subjective data and empirical objective
data from publicly available sources.

1 The model structure was refined to remove redundancy and reflect shared factors
influencing the handling of hazardous waste.

1 Scenariebased reasoning was used to validate the model using test cases, anc
sensitivity analysis was performed to assess robustness.

1 The combined model allows for a more holistic representation of offshore
decommissioning waste management, showing how data type integration enhance:

decisionmaking insight.
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CHAPTER BECOMMI SSI ONI NG
FRAMEWORK

8. 1lntrodmct

This chapter outlines a proposed framewol
of of fshore oil and gas instdlhteatrens. nu
decommi ssioning framework and oil and ga

chapters have also beenThseseadppbi cafoom ¢

framework to an installation within the
undergone decommi ssioning is demookgratuanc
to each decommi ssioning project I's outl
application of the framework is il lustrai

8. Background

Since the discovery of oil and gas withi

|l egi sl ation and regul ations governing th

A fundament al change occurred foldmwRemor
(1990) Il eading to the implementation of
shift tewatdngoalalth and safety regul at

systems has since been reaf ftiegmeldorbiyz amc
(Tikka et al ., 2024).

A framework is a structured set of rules
clarity to the i mplementation of | aws, p
span the full l i fecycl e, forfo mo fefxsphloorreat o iol
decommi ssioning. These frameworks have e
(Martin, 2024), and habvaes d ch cernevaisri onngrheyn tf anlc
regul atoryTkeempl hdnongs of ahAHBawesilameN
influence the framework's design. The f
pl anning, dismantling, waste management,
Framewor ks have been successfully used i

and the use of materials since the Manha

nucl ear power in the commerci al rse cdeowe lda
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further wi t h an emphasi s on safety and
comprehensi ve, covering radi ati on prot e

preparations.

1946 saw the creation of the Atomic Energ
Ki ngdom At omic Energy Authority had bee
coordinate the development of nucl ear we

first nuclear reactor to be used for gen

Cumbria. Due to the complexity of the pl s
Within the UK, there are al so geepnaerrtanhe n.
stakeholders in the nuclear decommi ssi oni
nucl ear decommi ssioning and oi l and gas
di fferences. Due to the scal easanveklrmatawsr itt
of research that has been conducted, t h

concerning decommi ssioning projects.

Despite the differences between nucl ear
nuclear industry framework can be appl ice
guidanc,20RIBAEAffers guidance on the sel
much | i ke the guidance offered to the oil
stringent safety protocols to protect wo
oprate within strict regul atoirtyhifm atmkrevolri
either industries. Regul atory compliance

rectory bodies.

The Nuclear Decommissioning Authority (NDA) Framework (NDA, 2024) outlines the
governance and operational framework for the decommissioning of nuclear sites in the UK.
The main purpose of the NDA framework is to define the relationship and responsibilitie
between the NDA and its sponsoring department, the Department for Energy Security anc
Net Zero (DESNZ). The objective shared by both organisations is the safe, secure,-and cos:
effective cleanup of the UK's nuclear sites, with a focus on environmentatpon and
community wellbeing. The framework prioritises safety, accountability, and financial

responsibility throughout the entire decommissioning process.

The decommi ssioning stages of a nucl ear i

of oil and gas install Bt g&ine. These sta
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Facility Shut-
Down

Post Operational Decontamination Demolition Environmental Site End-State
Clean-Out & Dismantling Remediation : e

Figure8-1: Stages in Nuclear Decommissioning

The stages are similar I n that they bot
remediation and monitoring. Nucl ear de
scrutiny and political sensitiviti.esOidlue¢
gas decommi ssioning, whil e attracting 1in
profile. Both industries prioritise the
Hence, they both incorporateahetgrdoahab
throughout the decommi ssioning process.
Safety assessments form a <cornerstone
meticulously identifying potenti al hazar
protect workers, the public, and the envi
This includes:
i . Thorough <characterisation of the faci
| ocations of radioactive material s.
ii .Analysis of operational history: Undert
current state of structures and syst el
iiiDetailed planning of decommissioning
techniques, and required resources.
iv.Hazard identification and risk assess.|
both radi olroagdicaoallo gaincdaln,onand evaluatin
v. |l mpl ementation of robust control me a
conditions to ensure the safe executi
vi .Environment al monitoring and compl i an
ensuring adherence to environment al r
Decommi ssioning nuclear facilities also
chall enges, similar to those experienced
i .Staffing and competency: Ensuring an
handl ing t he specialized tasks i nvol
retraining or recruitment of personnel
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owl edge management : Preserving cor |

arned from past operations and de
perienced personnel transition out
mmuni cati on and stakehol der engage.|
rkers, |l ocal communities, and ot her

ansparency throughout the process.

iv. Psychological and soci al I mpact s: Rec
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The
haz
t hat
dec

nucl

(0]

d anxiety experienced by workers fa:

mmuni ties reliant on

nucl ear decommi ssioning and oil and
rs, the public, and the environmen
sment , and safety control me as uhr es
rs oper ate under stringent regul at

cedur es, waste management, and site c

and the Basel Convention appliycées. |
il ndustries recognise the need to encg

communities, and worker s, througho

sparent communi cati on, addn dérs sfirmgne awa

urage |l earning from experience and i

involves analysing |l essons | earned

ices into future decommissioning pl .

nucl ear industry has a | onger histor

US, where several nuclear power pl ant

or, while facing a growing wawel ofl &

r

i ence. Nucl ear decommi ssioning pro

er and more complex facilities compar

cale can influence t heancdo nepxleecxuitti yo no. f

nucl ear decommi ssionisag maramgwagk rh

ards but also t-hadisiggitakahaeraotstihi

i s stil]l classified as hazardous t o

mmi ssioning deal s kwi thhy draozaar dons matd

ear industry has devel oped specific

di sposing of radioactive wagst ®.acrtdBmwuesh hvaazs

t hat

must be disposed of in accordance wi
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tations and Assumptions

proposed decommi ssioning framewor |

azardous waste materials and I mprc
decommi ssioni ng. It draws on | ess
mmii gi osectors (Gu, 2018) . Howeve
tations must be acknowl edgSecd pteo oc¢

i dalthieonf ramewor k has been devel oj

mmi ssioning wilt h$meltfhe( WKCE)o.ntWhiel
be applicabl e t o ot her regions,
ronment al policies, and industry |

he proposed approach outside the |

arison with NucilTehaer cDentpoammissosni obne
mmi ssioning and oil and gas decom
practices. However, fundamental o
rdsk m@mamdagensent requirements | i mi
mmi ssi oning met hodol ogi es can b €
mmi ssioning projects.

|l atory CompliiTarec d rAsnewmnp tki cansss u me s
contractors fully comply with UK
ability in regulatory interwareltdt
ementation

Avail abi |l iitTyh ea nfdr almmeawosrpka r reeniciye s ¢
| abl e decommi ssioning reports, e X
ide useful gui dance, incompl ete o
g e necntti cers may i ntroduce gaps oOfr

mmendati ons.

rali sation of iWahset ef rHaammedw oi rnkg cPart aecgt
e management strategies based on
e streams (e.g., radi oactive wasH
dags)yequire customised handling i
e .

mption of StakEhelfdeream€wdld ebemph a
i ng and stakehol der engagement

mmi ssi oni ng. However, vari ations
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agreement s, and competitive interests

contractors share best practices and |

Despite these I imitations, the framewor Kk
hazardous waste management and regul ator
Future refinementsi meuddtancolrbpbecapeéeat e |
and expanded case study anal yses t o e

decommi ssioning projects.
8. Bevel Doeadmmi sEn ame w@r Kk

8. 4Sclope & Application

This framework is designed to be flexi bl e
and by different stakehol ders. It is no
regul atory requirements butncea.nstead, to

8. 4dFkr2amewor k Structure

Thi s f r,anewosFigkee®2n si nst ructured to focus or
been identified as most i mportant to the
during decommi ssioning. Each component ¢

of expecdefioesthkeai ntended outcome.

Stakeholder Engagement & Knowledge Management

Decommissioning Planning

Legislation & Regulatory Compliance

v — Element 1: Liability  [+—

Element 3: Volume of
Waste

l Risk &I Hazard Management
Element 4; .
Element 5: Cost L] Monitoring, Reporting |4— Element 6: Waste
Reduction & Learning Stream Management

Element 2:
—»| Knowledge & Best
Practice

Figure8-2: Proposedlecommissioning framework.
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sequence of eL2ement wwi ahil mgkicalr @ r 8®

I mpl ementation and I mprovement. The f
ause a clear understanding of | egafoan
ot her activities. W thout a defined

ommi ssioning process can be effectivel

wl edge and Best Practice (El ement 2) f
rned and technical expertise enabl es

i gations safely and efficientgayni sTaotgiec

cultural conditions required for the
ume of Waste (EIl ement 3) is placed nex
te generation depends upon compliance
ctice. Considering waste vol umesteraerany
i sions on transport, treat ment and di
edded from the outset.

Itoring, Reporting and Learning (EIe
hanism for the earlier el ement s. It

tured and performance against s ulsitnakisn
k to 1Bl emenmesitying compl-shacengvalut d:
viding data on waste volumes and mat el
t Reduction (El ement 5) is introduced
pl ace. It focuses on I mproving ef fi
i mi sation, while ensuring that <cos$t s
ponsibility. Managing <cost at t his st
ndaries of compliance and sustainabil |
al |y, Waste Stream (EIl ement 6 ) repres
ment s. By this stage I|liabilities are

i mi sed, pernmoorrinaomackedgios t seihmy e been op
ble the waste stream to be shortened,
ectly influences El ement 6 by promotir
ection t hat sarreydu b anduonvneercs t whec é @birmait
ountability.

overall sequence therefore, refl ects
abilitwy)(EItehmeonutgsh 1sustainabid)ityoaaeflf
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d I mpl ement B6t)i.o PAr(rBolwemdinm dst iccapu ree the dir
d feedback between el ements. TFehnebf f ®tctt
| ationships identified in the Kdhygpdiears
d 7, where |iability, knowl edge transf

fluence factors affecting sustainabili!l

AE WBndament al Considerations

gi ssSacticessf ul decommi ssioning projects
gi slation and regulatory regqoimpémamtce.
e wasstscenari o, a hazardous evemtaorcasl
e entire waste stream would be benefici
r each regulatory body. Understanding |
l uding across the entuceessastédsnhntrien)
ol ves a thorough wunderstanding of | e

c
v

iabilities must be clearly communicated
a

nspAsterosed in | AEA guidance for nucl
il gning strategy selection with | egal ail
I and gas decommi ssioning, i ability
ma&d through cololpabanatrisgn waest wedrmndl er
24) .

owl edge SharingShanmd nBe tnoWt acdigiece best
arned is crucial to improving the effi
cilitates the identification, handl ing
ntral -kKmaordibregdgase/ forum enables inform
ojects. Lessons | earned should coout nu

ports.

ent i:Pacatobnt he decommi ssioning proces:
ste material s. Al l i nstallations shou

esent onboard. During their | i feti me

legi sl ation have changed. Knowl edge and

en
t h
de

co

sure the identification of material s.
e decommi ssioning process.matahi al swouuh
termine how they wil/l be handled and,

mpl eted to a high standardtodateeg i Fegds
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regul ations and guidance. Comprehensi ve
transportation, and di sposal mu s t be mai
regul atory bodies as required, Aenosuatag

current records of waste materi al s and

transport methods, are essential for tra:t
Decont anfiondtoiwomg wel | i solation and cl os
or sealed for transport to shore. The d

of materials present during the survey al

Final Delsnt ionradteiront o maxi mi se sustainabild.i
should be recycled or reused. This may
the materials and equi pment. I nformat i

mu s t be passed on from offshore to onshc

accidents from occurring, resulting in el

8. 4dElde ment s

8. 4 .Hl.elmelnitadi | ity
The understanding of Iliability during the
I n order t o under st and l'iabilities, t he

regul ati ons.

Purpose Statement: To ensure all parties
safeguarding the company and stakehol der

Expectations

i . Initial |l iabilities across the waste

ii . Management wupdates this to include an:

i iil.ndi vidual requirements and commit men
of liability.

iv.Ef fective communication is maintained.

v. Liability and obligations are communi

vi .Pol i ci es, standards, and procedur es

regul ations and are achievabl e.
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8. 4
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sust a
Pur po
recyec
Expec
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i i iWa
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v. Wa
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.Hl.emekKntowl edge & .Best Practice

edge and best practice sharing, as
iency and safety of decommissioning

i ng and treatment of waste material

se Statement: To i mprove decommi ssi
i ng proper handling and treatment o

practices.

tations

ssons | earned are pubbushedpbntdecol
alogue and forums are established b
centr al-s karoiwl e ddyaet abase/ forum i s est

t ween projects.
mmi t ment to | earning from internal i

fective communication mechani sms ar

od relationships and an environment
e established.

nNtinuous I mprovement is supported.
rformances ar e evaluat ed, and fee

commi ssioning.

sitive relationships are establishe:i

.Hl.e88mewvid|l Bme of Wast e

i ng the volume of waste produced i

ct . By reducing waste, reuse and r
inability goals and governmamd @i mie
se Statement: To enhance sustainab
l'ing, and aligning with government

tations:

ste materials are correctly identifi
ssible reuse of equipment is expl or
ste materials are contained and trar
ui pment is rigorously decontaminate:
ste recyclers are consulted.

st practices are shared.
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viiKnowl|l edgel adfe uppgi sl ation i s maintaine

8. 4 .Hl.Ament 4: Monitoring of Material s,

Close monitoring of materials during th

includes volumes, permits, destinations,
Purpose Statement: To maintain accurate
through diligent monitoring and reportint
i . Waste materi al and equi pmesthiaiteventnat

volumes, | ocation, and transport mode.

i i . Knowl edge and best practice sharing a
iiiCommunication between stakehol ders an
i v.Pl ans and procedures ar e mai nt a

|l egi sl ation/regulations/ guidance.

V. Monitoring requirements and | inks to |
vi .Regul ar testing, i nspections, and sur

| ocations of waste.

vViiA culture of responsibility is establ]

8. 4 Hl.ébmenotGReSd uct i on.

Cost reducti on I s an i mportant consi de|
expectations for efficient decommi ssi oni
reduction initiatives, projects can achi

objectives.

Purpose Statement.o achieve cost savings while ensuring waste handling processes favour

recycling and reuse over disposal.

Expectations:

i.  All costs are assessed, and competitive quotes are obtained.
il.  Options to reduce the cost of waste handling are explored without favouring disposal
over recycling or reuse.
iii.  Recycling or reuse of materials is prioritised wherever possible.
iv.  Processes are in place to continually monitor costs throughout the project.
v. Key performance indicators are clearly defined and communicated.

vi. A culture of reuse/recycling alongside cost reduction is established.
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8. 4 Hl.eomeWastébe Str eam.

Minimizing the length of the waste stream is crucial for efficient waste management.
Purpose Statemenfio streamline the waste stream, reducing handovers and ensuring
accountability at all stages.
Expectations:
i.  The waste stream is reduced in length to minimize changes/handover of materials.

ii.  Liability across waste streams is identified.

lii.  Waste definition across boundaries is updated and understood.

iv.  Reputable parties are used.

v. Adequate supervision and accountability are maintained across all stages of the wast

stream.

8.DBi scussi on

Frameworks serve to provide a common ur
coll aboration among stakehol der s( Men veonltvuer
Purnel EftR9@iloul n20h2) context of decommi

aims to enhance consistency and clarity I

processes, and responsibilities. It W 0
ambiguityrmbki dgci sFoamewor ks i necsosrgnosr alt esc
from previous experiences, hel ping stake
effective solutions. It would also prov
expertise, and best pract ioclelsa baomoantg wset aak
oriented environment in the future.

The results of the previous <chapters ha
sustainability of the handling of hazar-c

process ar e:

i .Understanding of | egislations and reg!
i iKnowl edge and best practice sharing

i ilidenti fication of waste material s

A recurring theme is the critical need f
compl ex web of | egislation and regul atio
decommi ssi ohRalygi pysorce& sCowi e, 2003, N8&TA
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complexity is compounded by the invol ven
di ffering interpretations of | egal requi |

l nadequat e knowl edge sharing among st ak
decommi ssioning process and hi nder t he
potentially |l eading to fgd&dhreldeci2i2oins A&n
Gray, . 2R20pl |l aborative approach, wher e Kk

shared and disseminated, fostering a cul
I mprovement would aid in the sustainabil.i
Accurate identification and characteri sat
cruci al factor i n ensuring i ts proper

i nventories, l nadequat e surveys, oamd oifr
mi sclassification, potentially resul tinq
managed, l eading to environme(nEfatl h ycnoinotua,n
AKi nyemi et Thl s, etmpha@¥yi ses the neecdhfemrsi
data collection to ensure the reliable

decommi ssioning process.

The proposed framework should aim to enh:
a clear and consistent understanding of
st akeh(oNDdre,r s2020; | AEA, . 20RBBs B8&6&Ed RO2CE
gui dance document s, training progr ams,
i nterpretations and best practices. |t

exchange among stakeholidsehrisng Tihn dsu sctargyle df o
repositories, and mentoring programs to

expertise.

The framework should develop and 1 mpl e m
characterising, and documenting hazardot
accuracy, reducing the risk of misclassif

The framework should encourage the adop
vol ume, reducing waste stream | ength, an
Thi s coul d i nvol ve i ncentivising sust ai

impl ementing such practices.
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8.ABpplication of Proposed Fram

|l nstall ati on
The foll owing case studi es demonstrate
decommi ssioning framewor k. Beyond verify
beew xraeni ned to identify how its applocat
pl anning. The purpose of this analysis i

il lustrate how the franakwaonrgk anan siumprao \ne

when applied proactively. I n eachl icaqlste
opportunities to minimise waste, reduce
regul atory compliance. These optimisatio
S y s tbeansse d approach t hat i ntegrates t ec

considerations throughout the decommi ssi ot

8. 6l.nlt r o diuCcotl idoenn e y e

Within the Moray Firth Basin, approxi mat
| i es t he ©orloddeunceiyneg gfaisel d 14/ 29, 14/ 28b,
Fig&#3 e The field was discovered in 1996

started in 2004, cessation of producti o
abandonment was completed in 2018. The
(52. 5%)aldn obelEsso (39 %), Lasmo (4. 5%), f
Technol ogy, 2002). The platform was a nor
1,400 tonnes topside, five pl atbfaekmtwe ltIt
Fergnshore facility (Shell , 2102 )pi | €eldc es tf
anchored by ei ght pil es. The pl atforr

measur ement and ganamt roovler ma gihlt i taicecsoommb2 a
helcikd g Of f shore Technology, 2002).
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Belfask,

Figure8-3: Location of Goldeneye Field, depicted by red circle, 100km off the coast of Scotland (NSTA,
2024).

The draft decommi ssioning programme was
2019. The removal and di smantl ement of
Contractors, the onshore dismantl ement w
andhe subsea removals were completed by
decommi ssioning programme encompassed t he
topsides, jacket, wells and subsea i-nfira:

fl anges.

8. 6S@2mmary of Decommi ssioning Progr
The initial decommi ssioning programme CO|

1 Phase I Removal of bulk hydrocarbons and pipeline cleanout.

Phase 2 Platform wells plug & abandonment (P&A), convert NUI to Permanently
Unattended Installation (PUI) platform.

Phase 3 Disconnection and removal of the platform.

1 Phase 4 Subsea infrastructure removal and remediation within Goldeneye areas.

The topside structure was to betoemevedp

and B80mhfAe jacket structure were removed ¢
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Norway by Heermads Thialf (Kil ow, 2021) .
and disposed of . Prior to dismantl eme
purged and vented offshore (ShellooRORHKAAC

onshor e.

The c¢closeout report submitted to BEI S, d

transfer applied for, environment al mo ni f

8. 6W8ste Material s

The initial vol umes of waste and t e bd et
8-1. | t can be seen t hat there were di s ¢
hazardous water and materi al s i ncreased

approximately 250 tonnes of carbon steel
and coatings (Shell, 2024). For the inst
recycled or used for energy recoverys- T

wei ghed values from the heavy flfiefrte nvcees sienl

Table8-1: Materials and waste returned to shore (Shell, 2024).

Original Estimate  Tonnage to Shore

Material/Waste Disposal Method

(Te) (Te)

3269Te reused

Carbon Steel 8745 3980 3304Te recycled
407Te recycled following PUI campaign

Stainless Steel 141 120 Recycled

II\\IA(;;IIZSerrous 113 64 Recycled

Concrete 123 134 Re-Use

. The plastics were included within the ron

Plastics 30 0 .
hazardous material for energy recovery
3.3Te recycled

Haz Mat/Norm 2 267 1.6Te Energy recovery
262Te landfill
5.4Te Reuse

gther Non 608 148 133.6Te Recycling

azardous

9.1Te Energy Recovery

8. 6Ldssons Learned

The closeout report submitted to BEI S b

decommi ssioning project. The areas ident |
i .l dentification of hazards for mobil i s:
ii Applications for transfrontier shipmei

iiil.dentificati onipafrthaadraddwys iwadgthe fir

i v.Handling of radioactive sources in iol
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v. Awareness of the roles and responsi bil

contractors.

8. 6Appl ication of NetworKk

The Goldeneye decommi ssioning project wa
I GhapG en o determine how theui ssepsri deaotl
handling of hazardous waste. The nodes tF

i Mmab82&i t h their corresponding states.

Table8-2: Altered nodes and their inputs for the Goldeneye decommissioning project.

Node State
NiDecommi ssioning D 100% Yes
N2Compl ete I nventor 100% No
N3Det ail ed Survey C 100% No
N4Knowl edge and Bes 100% No
N5Correct Permits 100% Yes
Nl-Understanding of 100% No
N1l-RMaterials Transp:t 100% No
N1®riginal Containi 100% No

Nodel0l0:% Yes as decommi ssioning was takin

Nodel020: % No as the closeout report highl
identified and suggested that hazardous Vv

to the inventories not being complete ant

Nodel®0% No as although surveys had tak

determine types and volumes of waste pres

waste had been identified, the surveys wit
Nodel040:% No as the closeout report indica
been i1 denti fied. For exampl e, ceramic f

had not been initially identified (Shell

Nodel®0% Yes as the close out report det

obtained for the works authorisations, di

Node 11, 102%&N&3as the c¢closeout report d

bet ween stakehol ders but the role and r e:

The resulting BayeBig#4d emet work i s shown |

170



N&- Llability
Event

7- G
Permits

4251 Yes 4| e S ! . es —— 100 Yes
57.49 No 0.00 No 9800 No

- e / /
N11- Understanding
N10- Understanding o re
of 0ffshore

of Waste

4229 Yes
5771

egislation
Legislation
000 Yes
N13- Original |
N12- Mate: Comtainoent _DDDYES I o

I Tate Tanke No
2350 Seals

0.33 Catastrophic
0.33 Large Hole :g SB \F/?E“\:SS
0.33 Small Hole 800 Tanks
BAI00 None
7.10 Machinery
19.90 Undefined
/ 14.70 None
N14- Environment tal /
Event (Tote Tank
Failure) @301 Yes
133 Yes N15- Final Destination of Waste | 76,99 No
BEIET No

50.70 Recycle & Reuse
49.30 Landfill

Figure8-4: Bayesian network foGoldeneye decommissioning project.

It can be seen t haitr etdhuec eo uvtopluutmeo forfe dwlaesst
decommi ssioning cost both have been i mpac
of the closeout report. The volumehafl ha

negative effect on the overall cost of t|I

Table8-3: Changes in probabilities of target nodes for the Goldeneye decommissioning project.

Node
N6-Reduce Volume of Waste N7-Reduce Decommissioning Cost
State | Original | Goldeneyel Change| State| Original | Goldeneye| Change
Yes | 74.19 42.51 -31.68 | Yes | 73.94 42.29 -31.65
No 25.81 57.49 +31.68 | No 26.06 57.71 +31.65

6ApPEp |l i cati on of Framewor k

The framework proposed was applied to t

project
El emeirLti abi | ity

Purpose Statement: To ensure all parties
safeguarding the company and stakehol der

Application to Gol deneye:
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Il ni ti al l' i abilities: l denti fied across t |

repatriation of i1 onising smoke detectors.

Management wupdates: Il ncluded waste handl

transfrontier shipment regul ations.

l ndi vi dual requi rement s: l denti fied thr

session.
Ef fective communicati on: Mai ntained thr ol

Policies and procedur es: Updated to refl
Shi pment of Radioactive Waste and Spent I

El e meirKinoavl edge & Best Practice

Purpose Statement: To i mprove decommi ssi
ensuring proper handling and treatment o

best practices.
Application to Gol deneye:
Lessons | earnedutCaptponrdd iamdclshhsae ed dur

Di al ogue and for ums: Establi shed between

Decommi ssioning.

Knowl-edgeing dat abase: Could be i mpl ement
Permits and Consents Familiarisation ses:
Commi t ment to |l earning: Demonstrated thr

mechani sms.
El emeivto!l 3 me of Wast e

Purpose Statement: To enhance sustainabi

recycling, and aligning with government

Application to Gol deneye:

Waste identification: Il ncluded ceramic fi
Reuse of equipment: Explored during the
Cont ai nment and transport: Ensured to a
materials | i ke ceramic fibres.
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Decont amin
El e meirvio n4 t

Pur pose St
through di

Applicatio

Waste inve

smoke det e
Communi cat

Pl ans and

of wast e.
Regul ar in
El e meirCto s§

Purpose St

recycling
Applicatio
Cost asses
Cost reduc
Recycling

Moni toring

El emeinMa s@& e

Purpose St

account abi

Applicatio

ation: Ri gorous decontaminati ol
oring of Materials, Reporting

atement : To maintain accur ate

l T gent monitoring and reporting
n to Gol deneye:

n tt edraitees,: iKiecptudupmg vol umes and

ctors.
i on: Maintained between stakeh:

procedures: Aligned with regul

spections: Conducted to monit ol
Reduction

atement: To achieve cost saving

and reuse over disposal

n to Gol deneye:

sment: Competitive quotes obt al
tion options: Explored without
prioritisation: Ensured for mat
costs: Throughout the project
Stream

atement : To streamline t he w a

ity at all stages.

n to Gol deneye:

Waste stream reduction: Mi ni mi zed change:
Liability identification: Across the wasHt
Waste definition: Updated and understood
Reputable parties: Used for waste handl i
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Supervision and accountability: Maint ai n

8. 6Ap/pl i cati on of Fr aOwenwo ruks itoon Gol d

The decommi ssioning of the Goldeneye i n:

project within the UK can be conducted.
and Transfrontieouthinememt shi Jihlee &t hdowréi n ¢

project. These involved hazardous waste 1
and responsibilities. Despite the project
still arose. Through the@oappli d¢dateisen fafct

vol ume of hazardous waste produced and ¢t}

addressing these issues, the handling of

Applying the framework to the Gol deneye |
opti mi sed t Hohracsuegdh psl caenma rnigo. El ement 1 (L
all ocation of responsibilities betowdemn si
reducing duplication and wuncertainty. El
I mprove communication between offshore ar
earlier projects to inform oper attoroinnag a
Reporting (EI ement 4) woul d provide accl
outcomes, supporting transparency and ac«
5) with Waste Stream (EIl ement 6¢c)o nveood i dd a
shi pments and mi ni mi sing unnecessary tor
compliance. Coll ectively, these opti misa:
proactively to improve effici emdyi,onsuisnt

decommi ssioning projects.

8.17nt r odiuBcrteinotn Del t a

The Brent Field Iies in block 211/29 and
noretast of the Shetland Isles (Tayl or et

i Ri g8 e The field was discovered in 1971
fields to begin production. Il nitially ¢ttt

with investment and sever al upgrades, it
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Four platforms were insfAhphaed BeaweenCha

Production commenced in 1976 and at i ts
MMbopd supplying 13% of the UKOGs oi l and
2 061) . The field underwent a program of
field from predominantly oil producti on
billion (Shell, 2009).
12| 213 |2 Iﬂ&_
|M|)ﬂ)41342“!3“!453‘347”‘!““7“‘1”“‘"1!l!!t)iuAlC7II'N2|22D!
L e P A P A A S R
walnlﬂm“’“*:’ml?u‘”
n!lwz 03 | 104 Cived i | @ Landan | 56 | 57 P X
Figure8-5: Location of Brent Delta Installation (NSTA, 2024)
Brent Del tlheguasomcnidédtreegravity base stru
concrete cells secured to the seabed by
|l evel , acting as the | egs ftoorr atghee (tBoepcskinua

The topside platform stipuatergi coasi deé¢ ek

deck and drilling deck. As wel | as norm
utilities and procesispmgd wihteh ta plse ldied ead }
(Shel I, 2015, Beckman, 2012) .

Pl anning for decommi ssioning of t he en

decommi ssioning programme for the Delta

approved by BEI'S in July 2015 (Shell, 2 C
compl ea edi mgl e piece | i ft and carried out
and transported to Abl e Seaton Port, Tee:
2024) .
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The decommi ssioning of the Delta platfor

install ations. The topside was removed
completed in February 2019 (Shell, 2024
ounéd the method of removal and disposal
structure was to remain in situ and un
decommi ssioning of the GBS was included
(Shell, 2015).

8. 7Sulmmary of Decommi ssioning Progr

The decommi ssioning programme consisted

T Wel | plugging & abandonment

f Conductor removal

T Topside Preparation including | eg cut:t

T Topside |ift & transfer

1 Topside dismantling onshore.
Prior to the topside being |ifted, t he |
vented to ensure no hydrocarbons remai ne
and | eft open to sea. Residualamdhemotca |l
to be shipped to shore. The di s mamotnltihn c
period onshore. The closeout report sukb

permits for waste transferaapdpleedohot gat

8. 7TW&st e Materi al s

The volumes of waste maltadb8ideal Fhgereraatked|

were reported in the <closeout report su
recovered was 23560 tonnes which is appr
i nitial decommi ssioning programme (Shel/l
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Table8-4: Actual values of waste materials recovered from Brent Delta topside (Shell, 2019)

Material/ Wa Actual Valu Di sposal Me

Ferrous 20, 538.13 Recycl ed

No-RFRerrous 1,650.11 Recycl ed

NiCd Batteri6.54 Recycl ed

Smoke Detec 0.55 Recycl ed

Wast e R

Recycl ed 287. 48 Recycl ed

Waste Recov 196. 814 Waste to En

Gases 0.01 Recycl ed

Reuse Items 320. 72 Reused

NORM Wast e 21.12 Landfilled

Asbestos Wa 64. 62 Landfilled

MMMF 147.26 Landfilled

General Was 304. 96 Landfilled

Ot her Waste 21.66 Landfilled
Due to the method of reporting the esti
comparison with the actual volumes of mat
out repor testthhamattehei novwearst e vol uemev whs mds
coppeckel alloys and stainless steel F
was recycl ed, 1.4% reused, OoB®w Usedfif ot
was an underestimate of t mat evroil aulmse  volfi ca
i mpacted on the volume of waste disposed
8. 7L8sson Learned
The submitted closeout report outlined t}
decommi ssioning process. The identified
i .l mprove stakeholder and mar ket engage.]
it . Focus on cost saving in early stages
i iiEnsure accurate data with regards to

present

i v.Ensure accurate and detailed surveys
v. Ensure fulll purging of pipes and tank:

177



8. 7TAplpl i cation of NetworKk

The Br eddc dmrit pgiogreicng was appl i ed dtea atiH e
i Chapéteor determi ne how t he -oiude pwa dli c da fi fses
handling of the hazardousi whb tbeyn nhahteesrei a lss
| i stTeach8t5wm t h t heir corresponding states.

Table8-5: Altered nodes and their inputs for the Goldeneye decommissioning project.

Node St ate
NiDecommi ssioning D 100% Yes
N2Compl ete I nventor: 100% No
N3Det ail ed Survey C. 100% No
NdKnowl edge and Bes: 100% No

Nodel0l0:% Yes as decommi ssioning was takin

Nodel® 0% No autheeplbose highlighted that
vol ume of waste material s, t here was sti

not been initially identified (Shell, 20

Nodel®@O% No aswsutheepboseindicated that tl
of fshore prior to the removal of the i nst

were carried out onshore.

Nodel 0% No as the closeout report indica
identi fied.

The r eBauyletsiensgwo r k i iRs gauh ew B
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(I

decommi scsoisan ihnagy e

N9- Reduce Decom
Co

4278 Yes
57.71 No

Fi g86 e Bayesi an

can

M12- Materials

Tr,
in Tote Tank:

ansported

0.33 Catastrophic

0.33 Large Hole

0.33 Small Hole
B8I08 None

be

publ i s hoeudt

NiS- Final Destination of Waste

N13- Original
Contalnme

ntalnment

2350 Seals
10,00 valves
1680 Pipes
8.00 Tanks
710 Machinery
1890 Undefined
14.70 None

5070 Recycle & Reuse

49.30 Landfil

seen

N10- Understanding

N&- Lia
Event

#4086 Yes ———»

2594 No

/ ™~

of 0ffshore
Legislation

net wor k f

993 Yes
BOD? No

7301 Yes
2698 No

or

t he

bility

2642 Yes
358 No

\ N11- Understanding
- of Onshore

Legislation

165 Yes
BEES Mo

Brent

Del t ¢

thairedheceoutr @ludme 6dfedwaet

bo

crl eopsoer t

t h

been

i mpacted

nega

Table8-6: Changes in probabilities of target nodes for the Brent Delta decommissioning project.

Node
N6-Reduce Volume of Waste N7-Reduce Decommissioning Cost
. Brent - Brent
State | Original Delta Change| State | Original Delta Change
Yes 74.19 42.51 -31.68 Yes 73.94 42.29 -31.65
No 25.81 57.49 +31.68 No 26.06 57.71 +31.65
8. TApppl i cati on of FrameworKk
The proposed framework was applied to th
El emeirkti abi | ity
Purpose Statement To ensure all parties
safeguarding the company and stakehol der
Application to Brent Delta:
I nitial liabilities: I dentified across tFh
and oubtseeport identify the relevant reg

17

9



Management of 't abi lities: |l ndi vi dual re
reports.

l ndi vi dual requi rement s: Details of signi

such as Able UK Limited suggesting indivi

Ef fective communicati on: Mai ntained thr ol

newsl etters and meetings.

Policies and procedures: The decommi ssi
with BEIS Guidance Notes and other rel eve

approved during the project by HSE.
El e meirKinoavl edge & Best Practice

Purpose Statement: To i mprove decommi ssi
ensuring proper handling and treatment o

best practices.
Application:to Brent Delta

Lessons Learnedoutcarmpdapmparetd, i mpediofsiecal |y

sections for each stage of the decommi ssi

Di al ogue and forums: established between
Knowl edge sharing: established between t
included the sharing of materi al vol umes
coll aborated with the dismantlim@g@.team t
Commi t ment to | earning: the project wuti
to aid in the design of the single | ift

El emeivto!l 3 me of Wast e

Purpose Statement: To enhance sustainabi

recycling, and aligning with government

Application to Brent Delta:

Waste Il dentification: an inventory of ma
successfully identify all/l hazardous mat el
Reuse of equipment: explored successful
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Cont ai nment and transport: resi dual [ i gt
Radioactive materials were sealed and tr
(1993) .

Decontamination: carried out offshore pri
to still contain residual materials duri |
El e meirtond4d t oring of Materials, Reporting
Purpose Statement: To maintain accurate
through diligent monitoring and reportin

Application to Brent Delta:

Waste inventories: I npreensthhenntti 0 | wenes wre g
correct. I n some i nsteaxntciemat @ c ean d oil u neetsh
than the actual volume present.

Communicati on: mai ntained bet ween stakeh:q

Pl ans and Procedures: aligned with regul

substances.

Regul ar i nspections: i nspections and su
t h

-

oughout the project.
El emeirCtosd Reducti on

Pu

r e

-

pose Statement: To achieve cost saving

O

ycling and reuse over disposal

Application to Brent Delta:

(7]

Cost reduction optwieares prroencoticsdabyer dorua p @ hree ©
that cost reduction should have been con:

Recycling priorities: recycling and reus:
Monitoring costs
El emeinMtas® e Stream

Pu

accountability at all/ stages.

]

pose Statement : To streamline the wa

Application to Brent Delta:
181



Waste stream reduction: the use of a sing
|l ength of the waste stream.

Liability identification: l'iabilities id
and | egislations.
Wate definition: under stood as waste wa

in transit.

Reputable parties: established contract

project.

Supervision and accounttdMeadtid yst rmaam.t ai n

8. 7Di6s cus sCoomc lansdi o n

Through t he anal ysi s of t he publicly a
decommi ssioning project, the network and
i ssues encountered included i nsuf f iucriaetnet
esti mates of hazardous materials and ins
identified that the project would have b
measures. When the Bayesi an nredjweoatk, wats w
that the identified issues did have a ne
reducti on.

The proposed framework emphasised the ne

materials, which would have enhanced the
i nventories. Thi s woul d have reduced tF
Conderation of cost reduction, whilst ma
occur from the planning stages through
programme. This would be supported by det
structure to allow for the identificati ol

Applying the framework to the Brebts®dekl

optimisation could have i mproved both ef
(Liability) would have ensured cleaeen d
the operator, contractors and waste recei

Knowl edge and Best Practice (EI ement 2)
comparabl e North Sea projects counhadt elra vae

surveys and purging procedures. Enhanced
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have provided traceable data on hazardot

corrective action. Early integration of
(El ement 6 ) would have allowed | ogistic:
redundant handling and transportation. |

framework could be wused proactively to

I mprove the over al | -spcearlfeo rdneacnocmemi osfs i founti unrge
8.18egi sl ative Alignment

Findings from the frameworkoés applicatior
|l egi sl ation would strengthen coordinatic
decommi ssioning out comes. One of t he r
deommi ssioning is the complexity of t he
overl apping | aws, regul ations and conve
i ncluding nati onal |l egi sl ation, I nternat
agreesmesuch as OSPAR and the Basel Conve
high standards of safety and environment
uncertainty for operators, particul aely
activity. Case studies such as Brent Del't
of responsibility can delay decisions an
classification or shi pment reqmuti r e me ntgy
|l egi sl ative alignment to i mprove clarity,
rocesses and harmonising definitions coc
arlier engagement betweeg memgel aftfoe st iane

waste reduction.

Any changes toward alignment, however, m
t hat have been developed through inciden
deregul ati on but i mproved coordinati on,
goviem@gq bodi es. Cl earer guidance document

templ ates would achieve many of the be

environmental or safety standards. The p
mapnpgi | egal and operational responsi bili
structured interface bet weiethe rergald tait oe.y |
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framework contributes to | egislative al i

cooperation and efficiency rather than r

8.8ummary

The devel opment of a structured decommi
sustainable hazardous waste management [
chapter has outlined the key princifpiem

nucl ear decommi ssioning pract-woebd ®8ayes:

The compari son between nuclear and oil ar
chall enges, including regulatory oversigl
engagement . Whi | e nucl ear decommi ssnidoni
compl-daheen, of fshor e deconmmdsva stored clgi n
mechani sms and relielsednocemmleiaazndeg. ohh e py

aims to bridge these gaps by providing

knwl edge sharing, and regulatory clarity.
The application of the framework to the
projects demonstrated its effectiveness

i nventories, cost i nefficiencies, iagmd nign:

best practices from nuclear decommi ssi on
i mproving sustainability, cost efficier

decommi ssioni ng.

8. COncluding Remar ks

The following summari ses the key outcome:

T A decommi ssioning framework was devel
Bayesian Networks, expert opinion, an

T The framework addresses six main prin
vol ume reducti on, materi al moni torin
management .

T I1't has been structured to be used al o

to provide a clearer route through col
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T The application of the framework to
highlight key areas for i mprovement i
understanding.

T The framewor Kk of fers a practical t oo

environment al outcomes during offshor
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CHAPTER Bl SCUSSI ON

9. lntroduwmct

This chapter discusses the findings of th

| t evaluates how the research contribut e:

in offshore oil and gas deodmmhes womikng a
areas for future research. The foll owing
and applied and reflect on how the study:
9. Pevel opment and Applicabil it
This thesis utilised the iIinput of i ndust
devel op ®Baygedetawmorofks t hat were used to i
handling of hazardous waste materials du
i nstall ations. The findings were used to

be usedrtothrepplecommibBss oappgoacbckessl ds
that highlighted the i mmwotthapceoe bafoi domhliin

empirical data is |Iimited (Fran-a et al .,

The rationale for this research originat

the decommi ssioning process. The i niti:
research indicated that there immiasgampihb
of fshore installations and the manageme

identification of i tsaad a@r dhoaunsd | wargit nea ealnt aalr | aet
l'iability and waste cl assiefdeabimmmnsiss oair
with calls for c¢clearer procedur al standa
Franz and LTahres eenv,@ mQg0 On2Q) .r e gald loastsi cof rcd sauli tt

for stakehol ders which, in turn, i mpact s
The discussions with industry experts <co
the understanding of the | egislation anc
decommi ssi o(nWinlgk iprrsoocne sest al .., 120 1d&r; d ern gted
sustainable and safe handling of any haz:
current environment al | eAghaolt hee q uisrseumee nitds
persistent |l ack of knowl edgacesmmar ahgo am
Engel seth (2017) and Fowl er et al . (201
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i nformation | oss atThiossc®mopeskeé hiasbsEnesns t av
number of changes in operators, staffing
commi ssioning is not only an issue fac
erational offshore i ntshteebl atadonen E&Badhr

o T o o U
® ® O T o
c

—h/\Q_

han

A f

ntry governing the waters where they
ween these countries and the UK. The

ommi ssioning market.

itially a Bayesian network developed a
cussionslrharmsd ftoHd oAteR. met hodol ogi cal [
18) and Matellini et al . (2013), who
model |l ing causal relatiThhmes i ps oif nt df f
determine how the key factors identif
ardous waste materialsat Thhe identafi

erials and knowledge best practice sheé

dling of the handle hazardous waste.

urther Bayesian net wor k iwa sc hdaepviieel doapbead

t heEEHSYlecommi ssioning programs and cl osec

i de

con

eac

A f
and
fro
cl a
reg
t hr

ntification of the hazardousreaserinane
landfi |l | . This demonstrated the mgnpor

cess, the iIimportance of knowledge shal

hird Bayesian network was developed b
sists of nodes common to both model s
h model. This model al so showed fthatat

acted their final destinati on, t hus af

ramewor k was developed using the findi
t he Bayesian networks. The proposed
m already completed decommi ssi onei ntgh ep
rity of the decommi ssioning process
ul ations and guidance document . The f

oughout the decommi ssioning process.
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9. Bimitations

The project has sevearrael isdpeenctiifflice THhaigyme st Cabt
net works contained cotndi#ad oinmd o npplaedtasnimilnmi
constraint in offshore risk modelling wh
and Khan, 2019; ShafWerenanhe Ad e dw,p kries a2 2
werseel ected based on the findings of the
This approach ensured that exdeer twijtuidamem
as recommended swppmomti | aegs earcaelsi Ohr an-a e
2023 )h.ederso do not i nclude specific types
availability of dabhe Tbhessadme ait s oampploif c &
of the wawhtie hstwmeeaemdpeyond the resolution
al ., 2021;. OGUK, 2019)

9. Further Resear ch

I n order to expand and develop the reseat

be explored:

Expansion of number off verxtpheert sr eusseeadr dho rwa
l ar g

n
er sample size of experts, potenti a
stakeholders both within the UK andnwbhte
e

current decommissioning climate.

Long ter mTdhase retsieday ch project provides
process. A | arger scale, |l ong term projec
over ti me, potentially from the initial
i nbt g into the effectiveness -teff mdi impard
decommi ssioning activities. This would be
and effectiveness of t he pyr oupnoasnetdi cfirpaarteend
Focus on specitfhe Iwatsereatsutrreearnevi ew hi gh
research on waste materials such as NORM
material s. Further research could inve
hydr ocar bons

Economi ccWahh|l yeesfocus on cost reducti on
the research could dWepekpadoodo&datotheckode€t
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project. This could be an overall | ook =

specific type of waste material s.

Stakehol der: FEnghge mesnttudi es coul d i nvest
stakehol der engagement throughout the dec
coll aborative and inclusive approach and

begtac.tices

I n addition to these gener al areas, futur
framework within [ive or upcoming decommi
This would enabl e practical vawai sdtaet itorna coef
cost contsotlakaehdl demt ecoordinati on. The E

devel oped by-ti meegmoatiitrog i ngaldata or di gi
predictive risk assessmentonmsuri Bgt acdi ve

include economic and soci al i mpact 1indic
of sustainability performance. Comparat.i
regul atory regimes, bBubéaxiaso Nocwalydohel .
best practices and inform international |
Beyond its academic contribution, this r.
policy. For operators and contractor s,

demonstrate compl-handkingredaoses,waahe e

performance within decommi ssioning progr

highlights opportunities to iIimprove =alig
management |l egi sl ation, reducing duplic
proteon. The i ntegrati-sappdr tprtodaolbs,l i st
Net wor ks, of fers a-béseddpobiocyfdesiegndar

transition towards a more sustainabl e off

9. 6oncluding Remar ks

This section summarises the key findings

T The AHP supported the prioritisation
understanding, waste stream managemen

priorities across industry respondent:
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The results reinforced the finding th
knowl edge have tangi bl e effects on r
compliance.

The Bayesian network model s provided ¢
across the offshore decommi ssioning wse
of correct identification, traceabili:1

The combination of AHP and Bayesi an

judgement Hadedcemwmaril di ng, filling t
decommi ssioning research.

The insights gained from the model |l incg
of the proposed framework, | inking em
tool that can be applied in industry.
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CHAPTER TXMONCLUSI ON

10l htr ooduwmct

This chapter provides the overal/l concl u

research objectives were achieved and oul

10R2view of Research Ai ms and

The decommi ssioning of offshore oil and
numerous stakehol der s, regul ati onai macdddt
il nvestigate t he sustainability of UK o

management of hazaebjdeafsi wahentei, f wiind kdyy I
a framework forasi munadovéémddanneti co8bapséeons f

objectives are as foll ows:

i .ldentify & evaluate gaps in the curre
It was identified that stuhrerroeu nadri en gg a phse
hazardous waSher enater aallsa.ck of under
reqguirements along the waste stream,
bounfaoy offshore to onshore andt htehye
are transferred bEhevree nirdaduier emd n tp afr ¢

undersobandiabi |l ities amongst stakehol c

This adds to the existing body of k nc
nature of offshore and onshore waste t
where regulatory responsibilities | ac
denti fies t he transitional phase of

underexplored aspect of the decommi ssi

iConductbhasedi vwleri fication of operator 1
noomompl Aaseeies of discussions with i
the distributionqokespaonwaseesgmp dtho s
various key factors ¢ dritBRayondd tawmbe kas

di scussi ons wiitdhe nitni df lhnsetdreyt Wwedp er tt @ ck o
| egi sl ative compliance along the wast:

of conformity and discrédepamwaisesal asloondg
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there Iis a | ack of knowledge sharing
sharing contributes to iIissues with th

asséhse. experts concerns align with fi
the 1 mportance of |l egi sl ative require
contribute to these concerns include
number ofFdetakehvol ved. hlitg hw avso | aul nsecs
ar e sntgi Iplr pbdeain d cht meereaed itso reduce the oV

stream.

Thet hesised AHP t o identify t he mo st
decommi ssioning. The results from AHP

regul ations was of highcompemd asne € h W

was most i mportant, the experts highl
of fshore regul ations, reduction in coOS:¢
understanding of Iliabilities througho

This thesis contributes by providing &
mi sal i gnment of responsibilities | mpac
of expert interviews combined with AHF

eMasating risk perception and awar enes

applied to this context in such depth.
idonduct multi attribute decision anal
influenti al fact ors aclIrhes sBatylees i mfnf snhea
devel oped in this research project pr
t he sustainabl e and safe handl ing
decommi ssioning. The model s wer e nkegve
|l iterature reviews, and publicly avai
compl ex i nt er ascstiioonn sn go fp rdoecceocsnsnei s

The models highlighted the i mportance
mat erlifalwaste materials &ahe pobbabili
being disposed of ilmclkardf iildiemftii vbeyncee
the presence of historical i nventori e

t horoughness of surveys that have tak

decommi ssioning activities.
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This represents a novel application o

insights with public datasets to si mi
operations. It advances current thinki
hi storciedalai ohy can be l i nked directl
probabilistic reasoning.

i vDevel op a holistic benchmarking frame

Af ramewas kprtoposBedused during the decc

on the i denti fied key principles for
materials. This framework was structur
vol ume reducti on, sat eredust imoni t and
management. The framework is intended

l egi sl ation

This framework offers a practical t o
guidance documents and regul atory ref
and operational aspeppost i &y sothneem, d efciils
decommi pyiacriicgs are currently benchm

v.Use a case study to demonstrTahe prhoep oa

framewor k was applied to two case s
Gol deneye and Brent Del t a. For both
inventories, insufficient surveys, an
i derdt.i fTihe fr amewor k was then used to |
projects, including <clarification of
waste identifmemitti omi, ngt,hocomugihder ati o
streamlined waste streams

Thi s d eendd h s t-wrceatd Id use of t he propose

decommi ssioning projects. It provides
hazards, i mprove wast e handl ing str
responshowtasiyng its value beyond t hec

10C8ncluding RemarKks

Thtehehsiigshl i ghted significant gaps in the
stream, particularly concerning the wunde

sharing among stakehol der s, and the und
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l'iabilities. It was emphasised the nece

and materials, highlighting the chall eng:
Ththerseivseal ed confusion and a | ack of <cl a
stakeholders, including the duty hol der,
of awareness of l|iabilitiéndusspegciexlpleyt
concerns about a | ack of understanding
knowl edge sharing, duty of care, and hi gl

|l iterature review and other findings.

Tharal yhiiecaprokbgss i dentified that the un
reduction in costs, knowledge and best p:

t hroughout the waste stream ar e Bkegy st at

net work models showed that correct ident
and the understanding of I|iabilities wer
hazardous waste. The model sf adestoaiHieghlsiu

inventories.

A holistic framework was developed to g
l'iability, knowl edge sharing, waste vol ul
and waste streeldhm mgpmpddemdnton of the frat
Brent Delta case studies demonstrated h
insufficient surveys, and misidentificat.i

out comes.

The application of the framework to the
demonstrated how i ssues rel ated t o i nco

mi sidenti fication of hazardous waste coul

I n summaptryo jhedcste i denti fi ed key areas fo
decommi ssioning, emphasi sing t he inter
knowl edge sharing, wast e management , an
framework and the BN modells fpcrovader e i

i mproving the sustainability and safety
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APPENDI XAHR: Questionnaire
Example Explanation
The goal of this study is to investigate
activities and the management of hazardous
of fshore installation. compari sohhtecmpbgqgta
and uni mportance. The key -Wiase ocesmpari sonbe
Table 1- Importance Weightings
| mportant Uni mport ant
Intens| pegjni| 'NLeNS| petini
i mport uni mpor
Equal Equal
1 1
| mport | mport
3 _Modera 1/ 3 M(_)dera
i mport uni mpor
Stron Stron
5 i mport 175 uni mpor
7 yery s 1 1/ 7 Ve_ry S {
I mport uni mpor
9 _Extren 1/ 9 Extren
i mport uni mpor
I nt er mg Il nt er mg
2,4, 6 i mport 1/ 2, 1 uni mpor
1/ 6
val ue val ue
The questions are to be judged based on
experience in the offshore industry. The
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Goal To select the most important elements
when purchasing a mobile phone.

Storage

Criteria ?
capacity

Phone B Phone D

Obj ectfa vseel ect the most i mportant el ements w

et

Criteri|lExtremely wunimportagqu Extremely

<
« »

To achi eve

objective,

i mportant 1/(a2/7|112/({2/)2/|1/2/]1/ 1 23456@89
compared '
capacity?
To achi eve

objective,

i mportant 1/(a/7112/({2/)2/|2/2/]1/ 1®3456789
compared
phone si ze

To achi eve

objective,

i mportant 1/1/1/@1/1/1/1/ 1 2(3|4([5]16(7]8(9
phone si zc¢
to storage

Explanation:

The price of the mobile phone is 7 times more important than the storage capacity.
The price of the mobile phone is 2 times more important than the mobile phone size.
The mobile phone size is 1/6 times more unimportant than the storage capacity.

208



Respondent Demographics
Q1 Are your core activities:
onshore
of fshore
both
ot her

I f you selected other, please speci

Q2
Less than 1 year
1-5 years
5-10 vyears
More than 10 years

Q3 What is your area of expertise?
Waste management
I

We | plugging and abandonment

Project Management

Permitting and regulatory compl i a

Safety engineering

Materials disposal and site clear

Surveying

Civil Engineering

Mariti me Engineering

Ot her

I f you selected other, please speci

Q4 What is your highest | evel of qual.i

GCSES

Apprenticeship

A-Levels

HNC

HND

Bachelor's Degree

Master's Degree

Postgraduate Diploma or Certifica

Doctorat

D

Ot her

I f you selected other, please speci

Q5 Do you hold chartered engineer stat

Yes

N o

Q6 Do you hold incorporated engineer s

Yes

N o
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The

Alternatives

guest.i

Reducing costs of
decommissioning
process

onnaire

wi || be

Goal

Understanding
onshore regulations

Criteria

Knowledge & best
practice sharing

Understanding of
liability throughout
waste stream

based on the

To select the most important factors affecting the
decommissioning process

Understanding
offshore regulations

Reduction in length
of waste stream

Knowledge of
offshore processes
by onshore
personnel
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legislative

I I ow

ing

Reduction in volume

of waste

Understanding of

compliance along
waste stream

Identification of older
equipment

hierarchy.

Reuse of
recertified/remanufa
ctured equipment




Par tWilt:h regards to the goal Ato select the most i mportantefattohe &bl ¢owimg:the decommi ssi oni

Go all To select the most 1 mportant factors affecting tH
Criteria ngtremely uni mportant Equal Extre;nely
Under st amdihmggolfations 179 1/78| 177 176l 1/5| 174 173] 172 1 2 3 4 5 6 7 8 9
under stahtismggwlfati on
Under st amsihmggeolf ati ons 179 178 177 176| 1/58| 174 173 172 1 2 3 4 5 6 7 8 9
reduction in | ength
Under st amdihmggolfations 179 1/78| 177 176l 1/5| 174 173] 172 1 2 3 4 5 6 7 8 9
reduction in vol umeg
Under st afdismgpgefations 179 178 177 176| 175 174 173 172 1 2 3 4 5 6 7 8 9
reduction in | ength
Underst addismgpgefations 179 1/78| 177 176l 1/5| 174 173] 172 1 2 3 4 5 6 7 8 9
reduction in vol umeg
Reduction in lLength of wg ., ,91 1,8\ 1/7| 12/6| 1/5| 1/4| 1/3| 172 1 2 3 4 5 6 7 8 9
in volume of wast
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PartWiz2:h regards to the criteria fiuUnderstanding of onshore regulationso rank the relative i mpo

Criteria Understanding of onshore regul ations

Alternative Iixtremely uni mportant Equal Extremel=y

Reducing costs of decommissiof 4,4 1,g| 1/77| 1/6| 1/5| 1/74| 17/3| 172 1 2 3 4 5 6 7 8 9
best practice shari.|

Reducing costs of decommissi ,, o1 4,81 1,7 1/6| 1/5| 1/4| 1/3| 1/2 1 2 3 4 5 6 7 8 9
understanding of liabilit

Reducing costs of decommissil 4,41 41,8 1,7 1/6| 1/5| 1/4| 1/3| 1/2 1 2 3 4 5 6 7 8 9
knowl edge of offshore proc

Reducing costs of decommissi ., 4| 1,8l 1,7 1/6| 1/5| 1/74| 1/3| 1/2 1 2 3 4 5 6 7 8 9
understanding of | egislatiyv

Reducing costs of decommissi ,, 4 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4| 1/3| 172 1 2 3 4 5 6 7 8 9
identi fication of ol de

Reducing costs of decommissiol , 9 1,8 1/77 1/76| 12/5| 174 173 172 1 2 3 4 5 6 7 8 9
recertified/remanufactu

Knowledge & best practice shal 4,91 43,9 1/7| 1/6| 1/5| 1/74| 173| 112 1 2 3 4 5 6 7 8 9
l'iability throughout tH

Knowl edge & best practice sheg o1 4,80 1,7 1/76| 1/5| 1/74| 173 1/2 1 2 3 4 5 6 7 8 9
of fshore processes by ol

Knowledge & best practice shal 4,49 9,9 17,7 1/76| 12/5| 1/74| 1/3| 172 1 2 3 4 5 6 7 8 9
l egislative compliance a

Knowledge & best practice sha 41 4,81 9,71 1/76| 1/5| 1/4| 1/3| 1/2 1 2 3 4 5 6 7 8 9

ol der equi pment

Knowledge & best practice s| 4,9 9,9 177 1/76| 12/5| 1/74| 1/3| 172 1 2 3 4 5 6 7 8 9

recertified/remanufact u
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Criteria Understanding of onshore regul ations

) Extremely uni mportant Extremely
Al ternative < Equal >
Understanding of lTiability th 4, of 4,8l 1,7 1,6 12/5| 174 173 172 1 2 3 4 5 6 7 8 9
knowl edge of offshore proc
Understanding of liability th o, 91 1,8l 1,7 12/76| 1/5| 174 173 1/2 1 2 3 4 5 6 7 8 9
understanding of | egislatiyv
Understanding of lTiability th ,of 4,80 3,70 1,6 12/5| 174 173 172 1 2 3 4 5 6 7 8 9
identification of ol de
Understanding of [liability th o, 91 1,8l 1,7 1/6| 1/5| 1/74| 173 1/2 1 2 3 4 5 6 7 8 9
reuse of recertified/remi
Knowl edge of offshore process
e e sl anding or  RUTETRY rre| rre| 1s7| 1re| 1r85] 1/4| 173 112 1 2 3 4 5 6 7 8 9
Knowledge of offshore process| ., , 4 4,8l 1,7 1/76| 1/5| 174 173 172 1 2 3 4 5 6 7 8 9
the identification of q
Knowledge of offshore processl 4,41 1,8l 1,7 1/6| 1/5| 1/74| 173 1/2 1 2 3 4 5 6 7 8 9
the reuse of recertified/
Understanding of legislative 179 1/78| 177 176| 1/5s5| 174l 173| 172 1 2 3 4 5 6 7 8 9
to the identification o
Understanding of legislative 1790 178 177! 176| 1/5| 174a| 173 172 1 2 3 4 5 6 7 8 9
to the reuse of recertifi ¢
ldentification of older equ 4,9 4,8 1,7 1/6| 1/5| 1/4| 1/3| 172 1 2 3 4 5 6 7 8 9
recertified/ remanufactu

213




Partwi 3h regards to

t heef fcmaetgael iaa | Uhrsde rr satnekn dihreg r el ati ve

mportance of the

foll owing:

Criteri a

Understanding of

of fshore

regul ations

] Extremely uni mportant Extremely

Al ternati ve < Equal >

Reducing costs of decommiyg ., 1/ 1/ 1/ 1/5| 1/ 1/ 1/ 2 1 2 3 4 5 6 7 8 9
knowl edge & best prac

Reducing costs of decommisf 11 11 17 1/ 5 17 11 1/ 2 1 2 3 4 5 6 7 8 9
understanding of | iabild@i

Reducing costs of decommis| ,, 1/ 1/ 11/ 1/5| 1/ 1/ 1/ 2 1 2 3 4 5 6 7 8 9
knowl edge of offshore pro

Reducing costs of decommis| ., 11 11 17 1/5 17 17 1/ 2 1 2 3 4 5 6 7 8 9
understanding of | egislati

Reducing costs of decommis| 1/ 1/ 1/ 1/5]| 17 1/ 1/ 2 1 2 3 4 5 6 7 8 9
identification of ol d

Reducing costs of decommisf ,, 11 11 17 1/ 5 17 11 1/ 2 1 2 3 4 5 6 7 8 9
reuse of recertified/re

Knowledge & best practic{ ., 11 1/ 17 175 17 17 1/ 2 1 2 3 4 5 6 7 8 9
understanding of |iabilit

Knowl edge & best practice § ,, 1/ 1/ 1/ 1/5| 1/ 1/ 1/ 2 1 2 3 4 5 6 7 8 9
of offshore processes b
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Criteria Understanding of offshore regulations
Al ternative Ext:remely uni mportant Equal Extrem#ely
Knowledge & best practic{ ., 1/ 8 11 17 1/5 17 1/ 1/ 1 2 3 4 5 6 7 8 9
understanding of legislati
Knowledge & best practicy ., 1/ 8 11 17 1/ 5 1/ 1/ 1/ 1 2 3 4 5 6 7 8 9
identification of ol d
Knowl edge & best practice 17 1/ 8 1/ 1/ 1/5 1/ 1/ 1/ 1 2 3 4 5 6 7 8 9
recertified/remanuf act
Understanding of liability 1/ 1/8| 1/ 1/ 1/5| 11/ 1/ 1/ 1 2 3 | 4 5 6 7 8 9
the knowledge of offshore
Understanding of [iability 1/ 1/78| 11 1/ 1/5| 1/ 1/ 1/ 1 2 3 4 5 6 7 8 9
the understanding of | egi sl
Understanding of 1iability 1/ 1/8| 11/ 1/ 1/5]| 11 1/ 1/ 1 2 3 4 5 6 7 8 9
the identification of
Understanding of liability 1/ 1/8| 11/ 1/ 1/5]| 11 1/ 1/ 1 2 3 4 5 6 7 8 9
the reuse of recertified
Knowl edge of offshore proce
to the understanding of | e 1/ 1/ 8 1/ 1/ 1/ 5 1/ 1/ 1/ 1 2 3 4 5 6 7 8 9
stream.
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Knowl edge

of of fshor e

proce

A R A L 1/ 9 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4 1/ 3 1/ 2 1 2 3 4 5 6 7 8 9
Criteria Understanding of offshore regulations
Alternatiyve 4Extremely uni mportant Equal . Extremely

K”OIWO' etdhgee roefusoeffosfhorreeceprrtoicfei 1/ 9 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4 1/ 3 1/ 2 1 2 3 4 5 6 7 8 9
U”(‘fﬁ{n;;f‘gg'?g f;e'leg'ef]{f‘}: 179 1/8| 177 17e6| 1/s5| 174l 173| 172 1 2 3 4 5 6 7 8 9
CUO”mdpearrSetda ”tdo' "9 e°fr e'uesge' So'fatr'e 179 178 177 17/e6| 1/s5| 174l 173| 172 1 2 3 4 5 6 7 8 9
'de”ﬁ'efc'eff‘};f’gdﬂe‘r’n;gﬁgai? 179 178 177 17e6| 1/s5| 174l 173 172 1 2 3 4 5 6 7 8 9
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PartWi4h regards to the criteria AReduction in |length of waste streamo rank he rel
Criteria Reduction in |l ength of waste stream
Alternative Extremely uni mportant Equal s Extremely

Reducing costs of decom ,, 41 4,8 1,7 1/ 1/ 1/ 1/3 1/ 2 1 3 4 6 7 9

to knowledge & best

Reducing costs of decom

to the understanding o 1/ 9 1/ 8 1/ 7 1/ 1/ 1/ 1/ 3 1/ 2 1 3 4 6 7 9
stream

Reducing costs of decom

to the knowledge of of 1/ 9 1/ 8 1/ 7 1/ 1/ 1/ 1/ 3 1/ 2 1 3 4 6 7 9
personnel

Reducing costs of decom

to the understanding of 1/ 9 1/ 8 1/ 7 1/ 1/ 1/ 1/ 3 1/ 2 1 3 4 6 7 9
waste stream.

Reducing costs of decom ., o1 4,8l 1,7 1 17 1/ 1/3| 172 1 3 | a4 6 | 7 9

to the identificatio

Reducing costs of decom ., 41 1,8 1/,7| 1/ 17 1/ 1/3| 172 1 3 | a4 6 | 7 9

to the reuse of recerti

Knowledge & best practd ., o1 1,80 177 1/ 17 1/ 1/3| 172 1 3 | 4 6 | 7 9

understanding of | iabil
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Criteria Reduction in |l ength of waste stream
, Extremely uni mportant Extremely
Al ternative < Equal >

Knowledge & best practi o, 91 1,8 1y 1/ 1/ 1/ 1/ 1/ 1 4 6 | 7| 8 9
knowl edge of offshore p
Knowl edge & best practi

understanding of | egi sl 1/ 9 1/ 8 1/ 1/ 1/ 1/ 1/ 1/ 1 4 6 7 8 9

stream.

Knowledge & best practy ,, o 4,8 1 17 17 1/ 1/ 1/ 1 4 6 | 7 | 8 9
identification of (¢

Knowl edge & best practyi ., o/ ;,g| 1/ 1/ 1/ 1/ 1/ 1/ 1 4 6 | 7| 8| o
reuse of recertified/
Understanding of | iabi

compared to the knowled 1/ 9 1/ 8 1/ 1/ 1/ 1/ 1/ 1/ 1 4 6 7 8 9
onshore personne
Understanding of 1liabi

compared to the wunder 1/ 9 1/ 8 1/ 1/ 1/ 1/ 1/ 1/ 1 4 6 7 8 9
compliance along w

Understanding of liabil ,,4] 1,8 1/ 1/ 17 1/ 1/ 1/ 1 4 6 | 7 | 8 9
compared to the identi
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Understanding of | iabi

compared to the reuse (¢ 1/ 9 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4 1/ 3 1/ 2 1 4 5 6 7 9
equi pment
Criteria Reduction in |l ength of waste stream
Alternative Extremely uni mportant Equal Extremely
Knowl edge of offshore p
compared to the wunder 1/ 9 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4 1/ 3 1/ 2 1 4 5 6 7 9
compliance along th
Knowl edge of offshore p
compared to the ident | 1/ 9 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4 1/ 3 1/ 2 1 4 5 6 7 9
Knowl edge of offshore p
compared to the reuse (¢ 1/ 9 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4 1/ 3 1/ 2 1 4 5 6 7 9
equi pment
Understanding of | egi sl
stream compared to th 1/ 9 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4 1/ 3 1/ 2 1 4 5 6 7 9
equi pment .
Understanding of | egi sl
stream compared to 1/ 9 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4 1/ 3 1/ 2 1 4 5 6 7 9
recertified/ remanuf g
Pdentification of oldert g9l 1y8| 177 1/6| 1/5] 1/4] 1/3| 172 1 4 | 5| 6| 7 9
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PartWi%:h regards to the criteria fAiReduction in volume of waste" rank the relative importance
Criteria Reduction in volume of wast e
, Extremely unimportant Extremely
Al ternative < Equal >
Reducing costs of decommissioninf . gof 5,8l 1/ 1/6| 1/58| 174 1/3| 11 1 > | 3| 4| 5| 6 7 8 | o
practice sharing.
Reducing costs of decommissioning ,,6 4] ;,g| 1y 1/6| 1/58| 174 1/3| 11/ 1 > | 3| 4| 5| s 7 8 | o
l'iability throughout was
Reducing costs of decommissionini , 6 g/ 4,8l 1, 1/6| 1/5| 174 173 1/ 1 2 3 4 5 6 7 8 9
of fshore processes by ons
Reducing costs of decommissioning ,,4] 1,8 1y 1/6| 1/58| 174 1/3| 11/ 1 > | 3| 4| 5| s 7 8 | o
|l egi sl ative compliance al
Reducing costs of decommissioning ., 6 4| 7,8 1/ 1/6| 1/5| 1/4| 173 11 1 > | 3| 4| 5 6 7 8 9
ol der equi pment .
Reducing costs of decommissioni| 4,49 1,8 1/ 1/6| 1/5| 1/4| 1/3 1/ 1 2 3 4 5 6 7 8 9
recertified/ remanufacture
Knowledge & best practice sharing ,, 4/ 1,5 1y 1/6| 1/5| 174 173 11 1 > | 3| a | 5 | 6 7 8 | o
throughout the waste st
Knowledge & best practice sharinp 4,491 5,g 7/ 1/6| 1/5| 1/74| 173 11 1 2 | 3| 4| s 6 7 8 9
processes by onshore peij
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Knowl edge & best practice sharing

. 1/ 9 1/ 8 1/ 7 1/ 6 1/ 5 1/ 4 1/ 3 1/ 2 1 2 3 4 7 8 9
compliance along waste ¢
Criteria Reduction in volume of wast
. Extremely unimportant Extremely
Al ternative < Equal >
Knowledge & best practice sharin 4, 91 1,9 177 1/76| 1/5| 1/74| 1/3| 172 1 2 | 3| a 7 8 9
equi pment
Knowledge & best practice shal 4,41 4,8l 177 1/6| 1/5| 1/4| 1/3| 172 1 > | 3| 4 7 8 | o
recertified/remanufactur g
Understanding of liability througl 4,9 4,g| 1,7 1/6| 1/5| 1/4| 1/73| 172 1 > | 3| 4 7 8 | o
of offshore processes by o
Understanding of liability thrd ., o0 9,81 1,7 1/6| 1/5| 174 1/3| 172 1 > | 3| 4 7 8 9
understanding of | egislative
Understanding of liability thrq ., o1 9,8l 1,7 1/76| 1/5| 1/4| 1/3| 172 1 > | 3| 4 7 8 | o
identification of ol der
Understanding of liability throuty 4,91 43,8 177 1/76| 1/5| 1/74| 1/3| 172 1 2 | 3| 4 7 8 9
recertified/remanufactur €
Knowledge of offshore processes | 4,41 91,8 1,7 1/6| 1/5| 1/4| 1/3| 172 1 > | 3| 4 7 8 9
understanding of |l egislative ¢
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Knowledge of offshore processes | ., ,qof 9,9 1,7 176 1/5| 174 17/3| 1/2 1 2 | 3| 4| 5 7 8 9
identification of ol der

Knowl edge of offshore processes bl 4,9 1,9 177 1/76| 1/58| 1/74| 1/3| 1/2 1 2 | 3| a | s 7 8 9
recertified/ remanufactur 4

Criteria Reduction in vol ume of wast e

Al ternative <Extremely uni mportant Equal . Extremely

Understanding of legislative comy ., o1 4,9l 1,7 1/76| 1/5| 1/4| 1/73| 172 1 2 3| a4 | s 7 8 9
identification of ol der

Understanding of legislative comy ., o1 41,9l 1,7 1/76| 1/5| 21/74| 12/73| 172 1 2 | 3| 4| s 7 8 9
reuse of recertified/remani

ldentification of older equip 4,491 9,8 1,7 1/76| 1/5| 1274| 1/3| 172 1 2 | 3| a | s 7 s | o
recertified/ remanufacture
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APPENDI XAHB: Dat a

Response 1
Goal

To select the most important factors affecting the decommissioning process Demog rap hics
Criteria Core Activities Iﬁoth
c1 Understanding onshore regulations Years Experience
(] Understanding offshore regulations Role
[e] Reduction in length of waste stream Expertise
ca Reduction in volume of waste Highest Qualification |Masters
Chartered? Yes
Alternatives Incorporated? No
Al ducing costs of d issioning process
A2 Knowledge & best practice sharing
A3 Understanding of liability throughout waste stream
A4 Knowledge of offshore processes by onshore personnel
A5 Understanding of legislative compliance along waste stream
A6 Identification of older equipment
A7 Reuse of recertified/ remanufactured equipment
Objectives
Objective1  To ensure ble and ful d ing of offshore i
Objective 2 To ensure onshore legislation and regulations are understood.
Objective 3  To ensure offshore legislation and regulations are understood.
Objective 4  To reduce the length of the waste stream.
Objective 5  To reduce the volume of waste.
Objective 1
Pairwise Matrix
c1 2 |c3 [ |
c1 1 1/9 16
C2 9 1 9 9
c3 1/6 1/9 1 1/3
Cc4 1/8 1/9 3 1]
SUM 10 2/7 11/3 19 18 1/3
Normalised Matrix
Criteria
C1 C3 c4 Weights
C1 0.10 0.32 0.44 0.23
2 0.87 0.47 0.49 0.65
Cc3 0.02 0.05 0.02 0.04
c4 0.01 0.16 0.05 0.08
SUM 1.00 1.00 1.00 1.00
Consistency
Consistency Index
n (size of
comparision
matrix) 4]
Cl 0.494
Saaty's Random Consistency Index (RI)
[n | 1] 2] 3] 4] 5] 6] 7] 8| 9] 10]
|7 | o o 0.58] 0.9] 1.12] 1.24] 132]  141]  145] 1.49]
Consistency Ratio
[ © oo
Objective 2
Pairwise Matrix
Al A2 A3 Ad AS A6 A7
Al 1 1/8 5 5 7. 9 d
A2 8 1 El 9 9 1 9
A3 1/5 1/9 1 9 9 5 A
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Saaty's Random Consistency Index (RI)

|n | 1] 2] 3] | 5] 6] 7| 8] 9] 10|
|7 | o o 0.58 | 0.9 1.12] 1.24] 1.32] 1.41] 145] 1.49]
Consistency Ratio
Ob'!ective 4
Pairwise Matrix
Al A2 A3 A4 AS A6 A7
Al 1 1/9 1/9 9 g 9 9
A2 9 1 1/9 9 9 9 1/2
A3 9 9 1 9 9: 9 1/2
A4 1/9 1/9 1/9 1 1/9 9 1/9
AS 1/9 1/9 1/9 9 1 9 9
A6 1/9 1/9 1/9 1/9 1/9 1 1/9
A7 1/9 2 2 9 1/9 9 1
SUM 19 4/9 12 4/9 35/9 46 1/9 28 1/3 55 20 2/9
Normalised Matrix
Criteria
AL A2 A3 A4 AS A6 A7 Weights
Al 0.05 0.01 0.03 0.20 0.32 0.16 0.45 0.17
A2 0.46 0.08 0.03 0.20 0.32 0.16 0.02 0.18
A3 0.46 0.72 0.28 0.20 0.32 0.16 0.02 0.31
A4 0.01 0.01 0.03 0.02 0.00 0.16 0.01 0.03
A5 0.01 0.01 0.03 0.20 0.04 0.16 0.45 0.13
A6 0.01 0.01 0.03 0.00 0.00 0.02 0.01 0.01
A7 0.01 0.16 0.56 0.20 0.00 0.16 0.05 0.16
SUM 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Consistency
Consistency Index
n (size of
comparision
matrix) 7
al 1.467,
Saaty's Random Consistency Index (RI)
|n | 1] 2] 3] 5] 6] 7] 8] 9] 10]
[# | o o 0.58 0.9 1.12] 1.24] 1.32] 1.41 1.45] 1.49]
Consistency Ratio
cr [©@ 1]
Objective 5
Pairwise Matrix
Al A2 A3 Ad A5 A6 A7
Al 1 1/9 9 9 1/9 1/2 1/9
A2 9 1 1/9 9 1/2 9 1/2
A3 1/9 9 1 & 1/2 9 1/2
A4 1/9 1/9 1/9 1 1/9 1/9 1/9
AS 9 2 2 9 1 9 1/9
A6 2 1/9 1/9 9 1/9 1 1/9
A7 9 2 2 9 9 9 1
SUM 30 2/9 14 1/3 14 1/3 55 111/3 37 3/5 24/9
Normalised Matrix
Criteria
Al A2 A3 A4 A5 A6 A7 Weights
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A4 1/5 1/9 1/9 1 1/7 9 8
AS 1/7 1/9 1/9 7 1 8 5
A6 1/9 1 1/9 1/9 1/8 1/9
A7 1 1/9 1/7 1/8 1/5 1
SUM 10 2/3 24/7 15 1/2 311/4 261/2 46 31 1/9
Normalised Matrix
Criteria

Al A2 A3 A4 AS A6 A7 |Weights
A1 0.09 0.05 0.32 0.16 0.26 0.20 0.03 0.16
A2 0.75 0.39 0.58 0.29 0.34 0.02 0.29 0.38
A3 0.02 0.04 0.06 0.29 0.34 0.20 0.23 0.17
A4 0.02 0.04 0.01 0.03 0.01 0.20 0.26 0.08
A5 0.01 0.04 0.01 0.22 0.04 0.17 0.16 0.09
A6 0.01 0.39 0.01 0.00 0.00 0.02 0.00 0.06
A7 0.09 0.04 0.01 0.00 0.01 0.20 0.03 0.06
SUM 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Consistency
Consistency Index
n (size of
comparision
matrix) 7|
Cl 1.313
Saaty's Random Consistency Index (RI)
|n | 1] 2] 4] 6] 7| 8] 9] 10|
|7 | o] 0] 0.58 0.9 1.2 1.24] 1.32] 1.41 1.45] 1.49]
Consistency Ratio
Objective 3
Pairwise Matrix

Al A2 A3 A4 A5 A6 A7
Al 1 1/6 i 9 9 5
A2 6 1 9 £ 5 9
A3 1/7 1/9 1 9 9 i 9
As 1/9 1/9 1/9 1 17 9 1/9
AS 1/9 1/9 1/9 7 1 &l 1/9
A6 1/9 1/9 1/9 1/9 1/9 1/9
A7 1/5 1/9 1/9 9 9 1
SUM 72/3 15/7 17 4/9 44 1/9 37 1/4 55 24 1/3
Normalised Matrix

Criteria

A1 A3 A4 AS A6 A7 Weights
Al 0.13 0.40 0.20 0.24 0.16 0.21 0.21
A2 0.78 0.52 0.20 0.24 0.16 0.37 0.41
A3 0.02 0.06 0.06 0.20 0.24 0.16 0.37 0.16
A4 0.01 0.06 0.01 0.02 0.00 0.16 0.00 0.04
A5 0.01 0.06 0.01 0.16 0.03 0.16 0.00 0.06
A6 0.01 0.06 0.01 0.00 0.00 0.02 0.00 0.02
A7 0.03 0.06 0.01 0.20 0.24 0.16 0.04 0.11
SUM 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Consistency

Consistency Index

n (size of

comparision

matrix) 7
Cl 0.945
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Al 0.03 0.01 0.63 0.16 0.01 0.01 0.05 0.13

A2 0.30 0.07 0.01 0.16 0.04 0.24 0.20 0.15

A3 0.00 0.63 0.07 0.16 0.04 0.24 0.20 0.19

A4 0.00 0.01 0.01 0.02 0.01 0.00 0.05 0.01

AS 0.30 0.14 0.14 0.16 0.09 0.24 0.05 0.16

A6 0.07 0.01 0.01 0.16 0.01 0.03 0.05 0.05

A7 0.30 0.14 0.14 0.16 0.79 0.24 0.41 0.31

SUM 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Consistency

Consistency Index

n (size of

comparision

matrix) 7

] 1.139

Saaty's Random Consistency Index (RI)

|n | 1] 2] 3] 4] 5] 6| 7] 8| Ell 10|
|7 | o o 0.58 0.9 1.12 1.24] 132| 141|145  1.49]

Consistency Ratio
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