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Abstract

On the Norwegian Continental Shelf (NCS) there will be a wave of subsea and
platform wells that will eventually need to be plugged and abandoned (P&A’d) in
a safe and efficient manner. The well abandonment phase is the final stage
performed on the well, and it includes the establishment of permanent well

barriers to protect the environment.

All offshore hydrocarbon (HC) wells will, sooner or later, require permanent P&A
in order to control subsurface pressures and prevent the free flow of pore fluids
to the seafloor. There is a large diversity of well types to be P&A’d. Some less
complex wells can be plugged either by existing rig-less platform equipment, or
by a vessel technology. Other more complex wells will need a rig that can handle
more challenging and heavy P&A operations, including heavy retrieval of tubing

and casing, milling and cement repairs.

This thesis will discuss the process of permanently implementing P&A on the
subsea wells on the Gjga field, given that sometime in the future these wells will
need to be P&A’d due to declining production. There are currently eleven
production wells at the field, and these wells can be categorized based on
differences in well design. This thesis also covers an overview of rules and
regulations governing P&A activities on the NCS. “P&A of offshore wells represents
a significant cost and liability to operating companies and national authorities,
while at the same time being governed by prescriptive downhole requirements.
Current requirements are prescriptive as to the number and size of permanent well

barriers required, and the requirements are the same for all types of wells” [1].

The main focus of this thesis is on technical solutions that are available today,
but it will also discuss the possibility of performing a final P&A job through the
use of more time and cost-effective solutions. P&A creates no added value for
operators and therefore the operation should be done as quickly and cost-
effectively as possible. Today's conventional technology is in many ways
outdated, and to make P&A economically sustainable in the future there is a

great need for new technology and methods.
11



Method selection study of future P&A at Gjga field

Table of Contents

W00l 41 L0 A0 L=T0 F e 14 =) oL I
ADSEITACE..c i ————————————————— 11
List of ADbreviations ......cummssss—————" VII
LiSt Of FiUIeS. ...t ssssssss s ssssssssssssssssnssnns VIII
5 T 03 1 10 ) (T X
3 I 0 0T 00 LTt T ) o 1
B 22 Ted < 010 L 1
BT o0 T 0 3 1 2

2 Permanent P&A - Laws, Regulations and Standards.........ccccuinisnnnsnssnsnsnnnns 4
2.1 Definition of Plug and Abandonment ... 5
2.2 The Petroleumm ACt ... s s ssses 5
2.3 The Petroleum Safety AUtOTILY ... s 6
2.4 NORSOK D-010, TeV. 4 ...ocvrrrmsmsssmssssssssssssisssssssssssssssssssssssssssssssssasssssssssasssssssssssassssssssas 9
2.4. 1 WELL BATTIET'S w.coueuieureenreeseieceseesessseessesssesssesssessss s s ss s sess s sesss s s s st 10
2.4.2 Permanent P&A...... s 13
2.4.2.1 Requirements for permanent Well Darriers...... o eneseeneesseenssessesseseseesseeens 14
2.4.2.2 Positioning of Well DarTiers. ... emeinneenneinseesesseessesssessesssesssessssssss s ssssssssssessnas 14
2.4.2.3 Length requirements of Well DAarriers ... eeneeesseeseeseesesssessessssesssasesenas 16
2.4.2.4 Verification of well barrier elemMents ... neeseeneeseeseeseessessessesessessesenas 22
2.4.2.5 Removing equipment above SEADEd .......courreeneeereerneeeneersee e ssesesessesenas 23

3 Plug and Abandonment.........ssssssssssssssssssssssssssssssssssssssssas 24
3.1 P&A IN NOTWAY .oourrtiiseimsnssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssesssssnssssnasses 24
B0 o 37 N 1] 1 U U] 25
3.3 Conventional P&A OPeration ......mmisinisssssssssssssssssssssssssssssssssssssasas 26
3.3.1 WLl dIAZNOSTIC ciuuiuurierirreesereeeseeieetseessesssessse s sesse bbb sesss s s ss s ss s s 26
3.3.2 Kill the Wl ettt s s b s 27
3.3.3 Pull XMT tree and run BIoOwW OUt PreVenter ... sseessesseeseens 28
3.3.4 PUIL TUDINE coeeeeeeeeeetseene ettt sss s sesss bbbt s a s b e 28
3.3.5 LOZ@INE eereeeeeieeseeneeuseesseiseese e s s s s s sss s s s e bR R AR R 28
3.3.6 Establish primary and Secondary Darrier ... eeeneeseesseessssesssessseseens 29
3.3.7 Cut and pull intermediate CASINGS ....cureeemeenreenmeersereeessesseesseessesssesssessssssse s sssssssens 29

II1



Method selection study of future P&A at Gjga field

3.3.8 Establishing SUIrface DarTier ...t sssessse s ssessens 29
3.3.9 Cut and retrieve WellNead ... eeereernmecrsesseseerssessees s sssesssesssssssssssseees 29
3.4 Vessels used for P&A OPerations ... 30
3.4.3 Mobile offshore drilling UNIt ...t ssssse s sseseens 30
3.4.1 Light well INtervention VESSEIS ...t seessesssssssessssssss s sssssssens 31
3.5 Challenges of P&A Operations in NOrth Sea ... 33
K TR IO T o 1= o PPON 33
3.5.2 Abnormally-pressured zZones in OVerbDUIdeN.......oeeeceeneeeeesseesseesseessesseessesseesseens 33
3.5.3 MILLING covvereereeermeeesseeessseesssesssssesssssessssesssssesssssesss s sssss s s ss s ss s s s sss s sesssssssssesees 34
3.5.4 Available tEChNOIOZY ...ttt ns s s 35
3.5.5 Cutting and removal Of CASING .....couveeneereemeiseeneesseiese et seese s sesssesssessse s ssssssens 35
3.5.0 LOZ@INE w.coreeeeeeeeseenetnseese e bess st ssssesss s s s s s s bR R R b e 35
3.5.7 Removal of CONTIOl LINES.....vemeerereer e sseesssesssessesssseessesssesssessssssssssssssssseees 36
3.5.8 WellNead fatiUe.....cocoriuereeneeeeereeieetseesseeseesse s sssesss s st sessss s sessssssssssss s ssssssens 36

4 The Gjga field.......covmm s ———————— 38
s 0T 07 39
T 3720 1Y) o] ) 41
T S 30 D 3 0 43
4.5 Well Categorisation and COmMPletion.......iissssssssssss 45
MONODOTE ZAS WLttt e bbb b s s bbb 47
MONODOTE Ol WEIL ..ot e s s n s 49
MUltilateral OIl WLl ... e es s sess s sasesssssnas 51
4.6 Well iINteGIity ....ccouiiiicimnisessssnsmssssssssssssssssssssss s s ss s sssss s s s s s s sasanas 53
4.7 Plug setting depth ... 54
5 Plug and Abandonment Design and Operation.........mmmmn. 55
5.1 Monobore Oil Well ... 56
5.1.1 Well STAtUS at STATT-UP c.rrereeeeereeeeesseesseeseessessssessesssesssssssesssss st sesssesssasssssssssssssasessssssssssssns 56
5.1.2 BUllheading OPeration... o cceeeereeseesseessesssesssesssssssssss st sesssesssssssesssssssssssssssssssssseens 57
5.1.3 Installing deep mechanical PIUEG .....coeeemrenneenneesseieee et sssessse s sseseens 58
5.1.4 Punch tubing and displace a-annulus above packer to weighted mud............... 59
5.1.5 PUIl WOR, TUIN BOP.iiiectrtriis sttt ssssssss s ssssss st ssssssss s st s ssssssassssssssasassasens 60
5.1.6 CUL & PUIL TUDING tvuieeireeeetecteetectseetse s eesss bbbt s s s sess s ss s s s 61
5.1.7 Install ShallOW PIUZ ..ottt sesse s sessss s s s 62
5.1.8 PUIl BOP & HXMT ...ccourerurermeesssseesssesssssesssssessssesssssssssssssssssesssssssssssesssssesssssesssssssssssssssssassssesees 63

5.1.9 Run drilling BOP & retrieve shallow PlUg......ccoonenmeeneeeneeeneeeseesessssese e sseeseens 64



Method selection study of future P&A at Gjga field

5.1.10 Place cement plugs tOWArdsS FESEIVOIT ....cwueemeermerseesmeseessessesssesssesssssssesssesssessssssseens 65
5.1.11 Cut and Pull 9 5/8” CASING ....vcvreurrerreemeerreeeesseesesseisssssssssssesssesssesssssssssssssssssssssssssssssssens 66
5.1.12 Setting primary and secondary barriers for overburden ...........oneenneen. 67
5.1.13 Cut and pull 13 3/8” casing and pull seal assembly ......cc.cocnerrenrreenernreenreenseenneens 68
5.1.14 Open hole t0 SUIface DAITIOr ..t seesens s sasessse s 69
5.2 Multilateral Oil Well.......coovniimnnimimmmnssssssssssssssssssss 71
5.2.1 Well STAtUS Qb STATT-UP currerereeereereesseesseesseessesssssssesssessssssssssssssssssssssesssesssasssssssssssssasessssssssssens 71
5.2.2 BUllheading OPeration. ... ceeeeeseeseesseeseessssssesssessesssssssssssssesssesssssssssssssssssasessssssssseens 72
5.2.3 Install deep mechanical PIUG....ccco et sessse s 73
5.2.4 Punch tubing and displace upper annulus to KWM ........comneneenneenneenseenseenneens 74
5.2.5 Pull WOR and Run drilling BOP ...t seesesssesssessssssse s sssssseens 75
5.2.6 Cut and PUIl TUDING ...ttt essse s st sessess s s ssss s 76
5.2.7 Install ShalloOW PIUZ ..ottt esee et sess s sess s s s 77
5.2.8 PUll BOP and HXMT .....ccoieremmersnssssseesssesssssesssssssssssssssesssssssssssssssssesssssssssssssssssssssssassssesees 78
5.2.9 Run drilling BOP and retrieve shallow plug ... seeseiseeseens 79
5.2.10 Barriers towards the FreSEIVOIT .. e ssssssssssssssseees 80
5.2.11 Cut and pull 9 5/8” CASINE ...vcurreurreureerreerreemseesseeseesessssssssssssssssesssssssesssesssssssssssesssssssssssens 81
5.2.12 Setting primary and secondary barriers for overburden ..........nenneen. 82
5.2.13 Cut and pull 13 3/8” CASING..c.uuuurueureereerrermeesreeseesessessssssssssssesssesssesssesssesssssssesssesssssssens 83
5.2.14 Open hole t0 SUIface DAITIOr ..ttt seesess e ssssssse s 84
5.2.15 Well status after permanent abandonment.......ocneeneeeseeeseesseeseeseessesseesseens 85
5.3 Monobore Gas Well........covimmmmssssssssssssssssssss 86
5.3.1 Well STAtUS Qb STATT-UP cerrereeeeereeueeseesseeseessesssesssesssesssssssssssssesssssssesssesssasssssssssssssasesssssssssssens 86
5.3.2 BUllheading OPeration. ... cceeeeseeseeeseesseessessseessesssssss st sesssssssssssssssssssssasesssssssssssens 87
5.3.3 Install deep mechanical PIUG....co et 88
5.3.4 Punch tubing and displace upper annulus to KWM ........coomeonenneennernseesseenseenneens 89
5.3.5 Pull WOR and Run drilling BOP ...t seesess s ssssssse s sssssseens 90
5.3.6 Cut and PUIl TUDING ..ottt ess e essess st st sessens s ssssssss s s 91
5.3.7 Install ShalloOW PIUZ ..ottt sesse s sess s s s s 92
5.3.8 PUll BOP and HXMT ....ccorerrmmessnesssseesssesssssssssssssssssssssesssssssssssesssssesssssessssssssssssssssssssssesees 93
5.3.9 Run drilling BOP and retrieve shallow plug ... seeseseeseens 94
5.3.10 Barriers tOWAards FESEIVOIT .. rrsreerseessesssessseesssessssssessssesssssssssssssssssssssassssssssssenes 95
5.3.11 Cut and pull 9 5/8” CASINE ....ccureeurreureerreenreenseesseeserseessessssssesesssesssesssssssesssssssssssssssesssssssens 96
5.3.12 Setting primary and secondary barriers for overburden .........oneenneens 97
5.3.13 Cut and pull 13 3/8” CASING..c.cuuuurueureereerreemseesseeseesesssessssssssesssessesssesssesssssssssssesssesssssssens 98
5.3.14 Open hole t0 SUIfaCe DATTIOr ..t seese s ss e sasessse s 99



Method selection study of future P&A at Gjga field

5.3.15 Well status after permanent abandonment ........coccncereeseeneeseeseessessseessessesenns 100

LS 0 ot 1 ) o 101
6.1 Time EStimation ....cccccciiiimiiimsiiiesiiissiisssissss s s ssssssssssssssssssssssnss sssnsssssnnssssnnssnsnns 101
6.2 Innovative TeChNOology ... s 106
LT B 5 0= 72" | 106
6.2.2 Plasma-Based t0O0L. ittt esss s ss s st ss s st st s s sses 108

6.2.3 The MicroTubeRemover Wellbore Intervention tool.......eesscseecsesssennns 109

6.3 MODU VS LWIV ....coiiiiiiesiisssssssssssssssssssssssssssssssssssssassssensssssssssssssssssas senssasssssassesnsssasssnssanns 110
6.3.1 P&A completed DY MODU ......ereniiseenseiseessssseessssssessssssssssssssssssssssssssssssssssssssssasssees 110

6.3.2 P&A completed by LWIV and MODU .......coeneneeeseeseessseessssssssssssesssssssesssees 111

6.3.3 P&A completed DY LWIV .. seesseenssseessisesssssssesssssssssssssss s sssssssssssssssssssssees 112

6.4 BatCh OPeration ... s snsns 114
6.5 Recommendation for future StUAIeS.....coiummrmrismmsmmsssmsssssssssssssssssssssssssssssssssssssns 114

0720703 4 Lol L1 E o ) 116
2] <] =) 1 L 118
WL 0 0T 1 Lo 1. G 123
APPENAIX Bt A 124

VI



Method selection study of future P&A at Gjga field

List of Abbreviations

ALARP As Low as Reasonable Possible
BOP Blow Out Preventer

CBL Cement Bond Log

CDF Cumulative Distribution Function
DIACS Downhole, Instrumentation and Control System
E&P Exploration and Production

FWR Final Well Report

HSE Health, Security and Environment
HC Hydrocarbon

LWIV Light Well Intervention Vessel
NCS Norwegian Continental Shelf
MODU Mobile Offshore Drilling Unit
NORSOK the Norwegian Shelf's competitive position
NPT Non Productive Time

0&G Oil and Gas

P&A Plug and Abandonment

PAF Plug and Abandonment Forum
PDF Probability Density Function

PSA Petroleum Safety Authority

RMR Riserless Mud Recovery

TVD True Vertical Depth

USIT UltraSonic Imager Tool

VDL Variable Density Log

WBE Well Barrier Element

WBEACT Well Barrier Element Acceptance Criteria Tables
WBS Well Barrier Schematic

WH Wellhead

WL Wireline

WOR Workover Riser

WOwW Waiting on Weather

XMT Xmas Tree

HXMT Horizontal Xmas Tree

VII



Method selection study of future P&A at Gjga field

VXMT Vertical Xmas Tree

List of Figures

Figure 1 Production profile for The Gjga field [3] ..o 2
Figure 2 Governing Hierarchy of the petroleum operations..........ooneoneenseeseesseenees 4
Figure 3 PSA 1080 and fOCUS areas [7]..cerneeneererseesseesesssesssssessssssesssssssssssssessssssssssesnees 7
Figure 4 Example of Permanent P&A of a well with one reservoir........... 11

Figure 5 Well barrier schematic of an oil producer with gas lift during production

Figure 6 Permanent Well Darrier [5] . eeeeseeseesseesessessessesssessssssssssessssssssssessens 13

Figure 7 The fracture pressure of the formation rock dictates the minimum

Sy 0 oY o0 U=3 o o o B 10 2 O OOV 15
Figure 8 Permanent abandonment, open hole with cement plugs [5] ...cconeereeuneens 18
Figure 9 Permanent abandonment with two back to back cement plugs [5]........ 19

Figure 10 Permanent abandonment, single cement plug with mechanical plug

L0100 oL =L o) o 15 SO OO STORO 20
Figure 11 Permanent abandonment, with tubing stump left in hole [5]......ccc.c...... 21
Figure 12 Historical timeline, year of discovery and first oil produced [13]......... 24
Figure 13 "Bullheading” operation [20]......coemeeneneenesseeseseesseessessesssessessssssseseens 27
Figure 14 P&A operational sequence on EKOfisK [22] ...coreorenceneenreneenseeseeseeseesseens 30
Figure 15 Transocean searcher, used for drilling the wells on Gjga [25] ....ccccceu.... 31
Figure 16 Showing the LWIV, Island Constructor [28]......ccoeeneneesneeseesseessesseens 32
Figure 17 Overview of forces on subsea stack [34] .....conenmeneeneennesneesneeseeseeseesseens 37
Figure 18 Life of well with re-use of wellhead [35] ..cconeneenrenceneenreseeseeseeseeseeseens 37
Figure 19 Location of the Gjga field [3] ... 38
Figure 20 Field 1ayout [37] .eeeeeeeseessessessessesssssssssesssssssesssssssssesssesssssssssssssssssssssssssas 39
Figure 21 Gjga is well positioned to become the central hub for new

AEVEIOPIMENTES [3] coeureeeeurereeurereesseesreesessssesessesssessesssesses e esssssses s s e sanssnes 40
Figure 22 Well 10Cations [3] ...oeerereesereesseessessesssessesssssseessssssesssssssssesssesssssssssssssssssssssssssas 41
Figure 23 FOrmation SroupPSs [3] .. ereeenmesreessessesssesseessssssessssssessesssessssssssssssssssssssssssseas 42
Figure 24 Oil production is a major challenge on Gj@a [3] ..ccccuneereenmerreenmeeseeseeseesneens 43
Figure 25 Riserless Mud Recovery System [40] .....ooeneeneenmeeneesseessessessessesssesssesseens 44



Method selection study of future P&A at Gjga field

Figure 26 Monobore completion gas Well [41]....ceneneenmeeneeseensesseeseeseesseeseesseens 48
Figure 27 Monobore completion 0il Well [41] ...cneneenneeneeneeeesseeneesseeseeseesseeseeseens 50
Figure 28 Multilateral completion oil well, intelligent top completion [41].......... 52
Figure 29 Current well integrity Status [41] ....ooeneenerneeseeseessesseessessesseesseeseesseens 53
Figure 30 Well Status at STart-Up.....ceeeeeesneseeseeseessesseesssssesssessssesssessssssssssssssssssssssssens 56
Figure 31 DUllNEading ...t ess e sss s sssssssseas 57
Figure 32 installing deep mechanical plug ......coeneeneenseeneeseeneeseeseeeseeseeseesseeseeseens 58
Figure 33 punching tubDINg .. ...t ssss s sssssssneas 59
Figure 34 pull WOR, 1UN BOP ...ttt ssss e snsneas 60
Figure 35 Cut and pull tUDINEG ...t ssss e sssneas 61
Figure 36 install ShalloW PlUG ..ottt ensneas 62
Figure 37 Pull driling BOP and HXMT.......oeeneeecseesesseesesseessessessesssessssssssssssssens 63
Figure 38 Run drilling BOP and retrieve shallow plug.......coconemneneenneneesseeneenneens 64
Figure 39 placing reServoir DArTIers ... eereeneenereesseesessessseseessesssssssssessssssssssssssens 65
Figure 40 Cut and pull 9 5/8” CASING ...coruurerrermerreererreeseeseesseesesseessesseessesssssesssesssssssssssssens 66
Figure 41 setting barriers towards overburden Zone .........eneenneeseessessesseens 67
Figure 42 Cut and pull 13 3/8” CASING ...cvvreerrenrerreereereereeseesseesesseesesseessesssssesssesssssssssssssens 68
Figure 43 Placing open hole to surface barrier...... o eneeneseeseeseeseeseesseens 69
Figure 44 Well permanently plugged and abandoned ........cccnereenrereenneeneeneeseenneens 70
Figure 45 Well Status at STart-Up.....ceoeeeesneereesessessesseessssssssssssssesssesssessssssssssssssssssssens 71
Figure 46 Bullheading OPeration .........eneeneeneeeesssesesssssssseessessessssssesssssssssssssens 72
Figure 47 Installing deep mechanical plug.....coeoeeneeneenneeneeseeneeseeseesseeseeseesssesesseens 73
Figure 48 PUNCH tUDING ...t ess e s s sss s sssssas 74
Figure 49 Pull WOR and run drilling BOP ... esesseessseeeseens 75
Figure 50 Cut and pull tUDINEG ...t seeses st sssssssnens 76
Figure 51 Install ShalloW PIUG ...t sses e sssssssssssens 77
Figure 52 Pull Drilling BOP and HXMT ......ceneeneesseesesseesssseessesssssesssssssssssssssssens 78
Figure 53 Run drilling BOP and retrieve shallow plug.......coconenneneenneeneesneeseenneens 79
Figure 54 Setting barriers toOWards reSEIVOIT .......eeemerseemesseessesssessessessesssssssssssens 80
Figure 55 Cut and pull 9 5/8” CaSING ......cvuueerrenmerreererreeseeseesseessssessessesssesssssesssessssssssssssssens 81
Figure 56 Setting barriers towards oVerburden ........eneneneeseeseesseseesseens 82
Figure 57 Cut and pull 13 3/8” CASING ...cvvreerrerrerreererreereeneesseesesseessesseessesssssesssessssssssssssssens 83
Figure 58 Setting open hole to surface barrier ... eneeseseeseeseeseens 84

IX



Method selection study of future P&A at Gjga field

Figure 59 Permanently plugged and abandoned well.........ooneneenneneesneencenneens 85
Figure 60 Well Status at STart-Up.....oeoeeeeesneseesessessesseesssssssssssssssesssessssssesssssssssssssssssens 86
Figure 61 Bullheading OPeration ........eneeneeneesssesessssssssessesssssssssesssssssssssssens 87
Figure 62 Installing deep mechanical plug......coeonenrenneeneeseeneeseeseesseeseeseessseseeseens 88
Figure 63 PUNChING tUDING ...t eessesse e s s sssnens 89
Figure 64 Pull WOR and run up drilling BOP....... s 90
Figure 65 Cut and pull tUDINEG ...ttt sses s sssnens 91
Figure 66 Installing ShalloW PlUG......cceerereenneseereeeseeectsseses s sessssesessens 92
Figure 67 Pull BOP and HXMT ... eeceeeeseeseeseessesseessssssessssssessesssessssssssssssssssssssssssens 93
Figure 68 Run drilling BOP and retrieve shallow plug.......ccoconmneneenneneesneeneenneens 94
Figure 69 Setting barriers toWards reSEIVOIT ........oceenmeeseemesseessesssessessessesssssssssseens 95
Figure 70 Cut and pull 9 5/8” CASING ....ccvvueereerrerreereereeseeseesseesesseessesseessesssssssssessssssssssssssens 96
Figure 71 Setting barriers towards oVerburden .......eneeneneesseesseseeseesseens 97
Figure 72 Cut and pull 13 3/8” CASING ...cvcreerrerreereererreereeseesssesesseessesseessessessesssesssssssssssssens 98
Figure 73 Setting open hole to surface barrier ... eeneeseeseeseeseens 99
Figure 74 Permanently plugged and abandoned well ... 100
Figure 75 Time-distribution curve for P&A of a single well........cooereoninreneenn. 103

Figure 76 Productive time, NPT and WOW overview for P&A operations based on

data from RUSHMOTE ...t sssaenns 105
Figure 77 Current and new Interwell P&A practices [44] ....cenerneermeereesseessesseenns 107
Figure 79 The MicroTubeRemover Wellbore Intervention tool [46] .....ccccueeneenn. 109
List of Tables
Table 1 Minimum number of Well barriers [5] ... eeeeseeseeseeseeseesseeseeseeens 10
Table 2 Minimum cement plug 1engths [5]...oneneneereeseeseseeseeseessessesseessssseesseens 17
Table 3 Casing program and approximate depths of the casing shoe................... 44
Table 4 Well overview and casing cement barrier evaluation..........ooeeneen. 45
Table 5 Reservoir data for the Gjga field ... 54
Table 6 Fluid data for the Gj@a field........ s 54
Table 7 Operation sequence for P&A of one single well at the Gjga field............. 102
Table 8 Statistical properties of the forecast result.......ooineinenseneesseeneeneennes 104



Method selection study of future P&A at Gjga field

1 Introduction

The objective of this thesis is to examine how to plan a technical suitable and
cost-effective abandonment operation for future P&A of the subsea wells on the
Gjga field. The well abandonment plan will be in accordance with the Norwegian
Shelf’s competitive position (NORSOK) standard D-010, which will serve as
references in the authorities’ regulations. The thesis comprises the following

chapters:

Chapter 1: Introduction of the thesis

- Chapter 2: Laws, regulation and standards to be followed on NCS

- Chapter 3: Brief description of P&A concept, general operation sequence
and challenges related to P&A operation

- Chapter 4: Presentation of the Gjga field, reservoir, drilling and
categorization of the wells

- Chapter 5: A discussion of future P&A possibilities at Gjga field

- Chapter 6: Discussions

- Chapter 7: Conclusion

1.1 Background

P&A has gained a lot of focus in Norway during the past few years due to a
growing number of fields that are in their final production phase, and which are
going to be closed down. When production from an oil and gas (0&G) well is no
longer viable, the well has reached the end of its life, and needs to be P&A’d. This
operation can be divided into several phases starting with killing the well, and

ending with wellhead (WH) and conductor removal.

This complex and time-consuming operation will impose an enormous cost on
the government and operating companies. P&A could easily constitute 25% of
the total costs of drilling exploration wells offshore Norway [2]. It is therefore
important to implement the P&A strategy early in the design phase in order to

reduce the costs of the decommissioning phase.
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1.2 Scope of study

Gjga is a combined O&G field located in the North Sea, operated by ENGIE E&P
Norge AS. The field has been producing since 2010, and has been developed with
four subsea templates and one single satellite well connected to a semi-
submersible production and processing facility. It is currently producing from
eleven subsea wells with different well configurations. Reservoir depth is around
2200 metres Total Vertical Depth (mTVD), and in the overburden of the Gjga
field there is a potentially abnormal pressured zone in the Kyrre formation,
which in this thesis is assessed to be a potential source of inflow. The flow
potential and plugging requirements for each zone have been analyzed.
Production rates at Gjga field will decline slightly towards 2019 and the

following years, shown in figure 1.
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Figure 1 Production profile for The Gjga field [3]

According to the petroleum act, a decommissioning plan shall be submitted at
the earliest five years prior to or, at the latest, two years prior to the time the use
of a facility is expected to be permanently P&A’d [4]. The overall objective of this
thesis is, therefore, to establish an operation programme for future P&A of the

wells in a safe and efficient manner.



Method selection study of future P&A at Gjga field

For that purpose, this project consists of a theoretical part that intends to
introduce the regulations that should be understood, as these regulations

constitute a major driver for the whole P&A process.

Thereafter, it will go through a general operational procedure, vessels used and
challenges faced during a P&A operation. The Gjga field is presented in chapter 4,
and a proposal for a thorough step-by-step elaboration of the operation itself will

be discussed in chapter 5.

New innovative technologies are under development, and future operations may
be more efficient in changing the whole procedure, some of which procedure,
together with probabilistic time estimation for a single well on the Gjga field, is
discussed in chapter 6. The final part of the thesis, with a conclusion, is

presented in chapter 7.
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2 Permanent P&A - Laws, Regulations and Standards

The rules and regulations governing the activities of 0&G companies consist of
various laws, regulations, guidelines and standards implemented by the
government. This chapter will provide the reader with an understanding of
which regulatory bodies control the P&A activities on the NCS. Figure 2 shows
the Norwegian Governing Hierarchy to which the Norwegian petroleum industry

is subject.

Acts
A

Regulations

Guidelines &
Standards

Company Requirements

Figure 2 Governing Hierarchy of the petroleum operations

Decommissioning activities on the NCS are defined in the 1996 Petroleum Act
and regulated by the Petroleum Safety Authority (PSA). The rules and
regulations issued by PSA cover all phases of the activities, such as planning,
engineering, construction, use and final removal. The guidelines often refer to
recognized standards as a way of fulfilling the functional requirements in the
regulations. Specific abandonment regulations are developed in NORSOK D-010
Well Integrity in Drilling and Well Operations. The standard defines the minimum
functional and performance-oriented requirements and guidelines for well

design, planning and execution of safe well operations in Norway [5].
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2.1 Definition of Plug and Abandonment

NORSOK D-010 covers the requirements and guidelines for well integrity during
plugging of wells on NCS, and accordingly divides P&A into two types: temporary
and permanent abandonment [5]. By defining terms such as plugging, temporary
abandonment and permanent abandonment, the reader will hopefully be

provided with an understanding regarding the definition of P&A.

* Plugging: “operation of securing a well by installing required well
barriers”.

* Temporary Abandonment with/without monitoring: “well status, where
the well is abandoned and the primary and secondary well barriers are/are
not continuously monitored and routinely tested”. The intention is to
temporarily plug the well, where the well is abandoned and/or the well
control equipment is removed, with the possibility to re-enter or
permanently abandon in the future.

*  Permanent Abandonment: “well status, where the well is abandoned

permanently and will not be used or re-entered again”.

In this thesis the main emphasis will be focused towards permanent P&A, as the
objective is to permanently abandon the wells on the Gjga field. The purpose of
P&A is to establish permanent barriers to prevent migration of HC from
reservoirs to the surface. All wells, whether they function as exploration,
production or injection wells, shall at some point be plugged with an eternal
perspective, with no visible traces of the well architecture or subsea installation
at the seabed. The decision to permanently P&A a well is often taken when the
production from a well is no longer profitable. This is usually after logs have
determined there is insufficient HC potential to complete the well, or after

production operations have drained the reservoir.

2.2 The Petroleum Act

The Petroleum Act (Act No. 72 of 29 November 1996 relating to petroleum
activities) provides the general legal basis for the licensing system that governs

Norwegian petroleum activities [4]. The requirement for a Decommissioning
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plan is implemented in the Petroleum Act and in section 5-1 Decommissioning

plan it is stated:

“The licensee shall submit a decommissioning plan to the Ministry before... The
plan shall contain proposals for continued production or shutdown of production
and disposal of facilities. Such disposal may inter alia constitute further use in the

petroleum activities, other uses, complete or part removal or abandonment.

Unless the ministry consents to or decides otherwise, the decommissioning plan
shall be submitted at the earliest five years, but at the latest two years prior to the

time when the use of a facility is expected to be terminated permanently.”

This forms the basis of this study, where the Petroleum Act requires licensees to
submit a cessation plan to the Ministry two to five years before the production

licence expires, or use of the facility ceases.

2.3 The Petroleum Safety Authority

The Norwegian PSA is an independent government regulatory body under the
Ministry of Labour and Social Affairs. The PSA, established on January 1 2004,
was separated from Norwegian Petroleum Directorate, and was established as
an independent regulatory body [6]. The organization has the main focus areas

illustrated in figure 3.
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Figure 3 PSA logo and focus areas [7]

The PSA is responsible for developing and enforcing regulations that govern
safety and working environment in all phases of the petroleum activities on the
NCS and associated land facilities [8]. The PSA have specified several regulations
in accordance with the Petroleum Act §10-18, and the four most central

regulations relevant for petroleum activities offshore are:

The Framework HSE regulations
The Management regulations

The Facilities regulations

s W N

The Activities regulations

Before proceeding further into the regulations and NORSOK D-010 there are two
terms that must be defined [5]:

* Should: “verbal form used to indicate that among several possibilities one
is recommended as particularly suitable, without mentioning or excluding
others, or that a certain course of action is preferred but not necessarily

required.”
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e Shall: “verbal form used to indicate requirements strictly to be followed in
order to conform to the standard and from which no deviation is permitted,

unless accepted by all involved parties.”

The most important sections in the petroleum regulations regarding P&A

operations are:

The Facilities Regulations - §48 Well Barriers [9]

» “Well barriers shall be designed such that well integrity is ensured and
the barrier functions are safeguarded during the well's lifetime.

* Well barriers shall be designed such that unintended well influx and
outflow to the external environment is prevented, and such that they do
not hinder well activities.

*  When a production well is temporarily abandoned without a completion
string, at least two qualified and independent barriers shall be present.

*  When a well is temporarily or permanently abandoned, the barriers
shall be designed such that they take into account well integrity for the
longest period of time the well is expected to be abandoned.

*  When plugging wells, it shall be possible to cut the casings without
harming the surroundings. The well barriers shall be designed such that

their performance can be verified.”

The Activities Regulations - §88 Securing wells [10]

* “All wells shall be secured before they are abandoned so that well

integrity is safequarded during the time they are abandoned, cf. Section

48 of the Facilities Regulations. For subsea-completed wells, well

integrity shall be monitored if the plan is to abandon the wells for more
than twelve months.

* Exploration wells commenced after 1.1.2014 shall not be temporarily
abandoned beyond two years.

* In production wells abandoned after 1.1.2014, HC-bearing zones shall
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be plugged and abandoned permanently within three years if the well is
not continuously monitored.

» [tshall be possible to check well integrity in the event of reconnection
on temporarily abandoned wells.

* Abandonment of radioactive sources in the well shall not be planned. If
the radioactive source cannot be removed, it shall be abandoned in a

prudent manner.”

To elaborate on this, the guidelines are referring to the NORSOK D-010 standard
to be used to fulfil these requirements. A more thorough review on NORSOK D-

010 will be given in the next section.

2.4 NORSOK D-010, rev. 4

The NORSOK standard is the result of collaboration between actors in the oil
industry, Norwegian industry and government. The standards have been
developed to ensure adequate safety and added value, in order to ensure cost
effectiveness and to eliminate unnecessary activities in offshore field
developments and operations. The objective of the NORSOK standards is, as far
as possible, to replace individual oil company specifications and other industry

guidelines for use in existing and future petroleum industry developments [5].

The NORSOK standard D-010 Well Integrity in Drilling and Well Operations
defines the minimum functional and performance requirements and guidelines
relating to well integrity in drilling and well activities. The standard is central
insofar as the establishment of barriers and abandonment activities on the NCS

are concerned.

Well integrity is an important term throughout drilling and well operations and
is defined to be “application of technical, operational and organizational solutions
to reduce risk of uncontrolled release of formation fluids throughout the life cycle

of a well [5]".
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2.4.1 Well Barriers

A well barrier is defined as “an envelope of one or several well barrier elements
preventing fluids from flowing unintentionally from the formation into the
wellbore, into another formation or to the external environment [5]”. The well
barriers shall be established prior to performing an operation by identifying the
required well barrier elements (WBE) that is present during the operation. A
well barrier consists of one or several WBE, which together form a barrier
envelope around the reservoir. A WBE is “a physical element which in itself does

not prevent flow but in combination with other WBEs forms a well barrier [5]".

The minimum number of barriers that is required when permanently
abandoning a well depends on different factors such as type and number of
source of inflow, as illustrated in table 1 below. In this context, a source of inflow
has the same meaning as a reservoir and is defined as “a formation which

contains free gas, movable HCs, or abnormally pressured movable water [5]".

For HC bearing formations from moderate to significant flow potential, a
minimum of two independent barriers shall be included in the well
abandonment design. Having two independent permanent well barriers

increases the level of reliability, and ensures adequate safety and redundancy.

Table 1 Minimum number of well barriers [5]

Minimum number

of well barriers Source of inflow

a) Undesirable cross flow between formation
zones

b) Normally pressured formation with no HC

One well barrier and no potential to flow to surface

c) Abnormally pressured HC formation with
no potential to flow to surface

d) HC bearing formations

Two well barriers e) Abnormally pressured formation with no
potential to flow to surface

10
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The primary well barrier, shown in blue in figure 4, is the first well barrier to
prevent unintentional flow, while the secondary well barrier (red) is the second
object that prevents unintentional flow from a potential source of inflow,
working as a backup for the primary well barrier. In addition to having primary
and secondary barriers for sealing the HC bearing formations, the well shall
have an open hole to a surface barrier, also known as environmental plug, which
is a “fail safe” well barrier to isolate flow paths in the wellbore. Its function is to
permanently isolate flow conduits from exposed formation(s) to surface, after

casing(s) are cut and retrieved [5].

g/////////

Figure 4 Example of Permanent P&A of a well with one reservoir

A well barrier schematic (WBS) shall be prepared for each well activity and
operation showing the different well barriers and the associate WBEs [5]. A WBS

illustrates what the well barriers will be for different scenarios in a well. An

11



Method selection study of future P&A at Gjga field

example on how to present a WBS is shown in figure 5 below for one of the oil
producers on the Gjga field during production. The primary well barrier is

shown in blue colour and the secondary well barrier in with red.

GOF IS\ve2

T~
WELL BARRIER SCHEMATIC B-1 AHT3
Qil Producer with gas lift
' Situation: During production | Well data
Installation: GJZA
Well no.: 35/9-B-1 AHT3
Well status: Oil Producer
Revision no. / Date: 1 | 20.03.2012
_______________________________ - Prepared: Tommy Andreassen
Verified: Gerhard V. Sund

Well barrier elements ||

PRIMARY

ion above reservoir

ion packer 7
< ion string below DHSV 25729 | Gauge camer and
SPM with GLV

18 %" wellhead 10 % x9718‘_x951§;nsng 2
10 %" casing hanger Cm@ cement 22
13 3/8" casing

hanger SECONDARY

20" csg, 982 m MD Formation at prod.packer phus
10 %" x97/8" x 9 5/8° >
casing
10 % casing hanger with seal S
assembl

@

O

shoe (1964 mTVD)
Tubing hanger with seals 10
Horizontal X-mas tree 31

r Lower Tubing Hanger Crown
7 I X o 11
B 13 3/8" csg shoe, —ud TEeT

A 2386 mMD/ 1964 p‘u""’eug' ng Hanger Crown "
Top of cement Inside
s \ GLY mTvVD

Notes:
- Completion string is tubing above production packer including
—_ com| )

T 7, - Gas Lift Valve is Vo rated.

Risk Status Code marked (X):

9 5/8" casing shoe

zone

Figure 5 Well barrier schematic of an oil producer with gas lift during production [11]

Additional information presented in a WBS is referenced to well barrier
elements acceptance criteria tables (WBEACT). In Chapter 15 of NORSOK D-010,

specific technical and operational requirements and guidelines relating to WBEs

12
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are collated in WBEACT that shall be applicable for all types of activities and

operations.

According to NORSOK D-010 a WBS should also be made [5]:
a) “When a new well component is acting as a WBE;
b) For illustration of the completed well with XT (planned and as built);
c) For recompletion or workover on wells with deficient WBEs; and

d) For final status of permanently abandoned wells.”

2.4.2 Permanent P&A

Permanent abandonment is already defined as “a well status, where the well is
abandoned and will not be used or re-entered again”. Permanently abandoned
wells shall be plugged with an eternal perspective taking into account the effects
of any foreseeable chemical and geological processes [5]. This means that the

well shall be sealed to the extent that a leak will never occur.

A permanent well barrier shall extend across the full cross section of the well
and include all annuli and seals, both vertically and horizontally, as illustrated in
figure 6. This means that an internal cement plug placed inside a casing is not
valid as a barrier unless there is verified good-quality cement on the outside of

the casing, as steel tubular alone is not accepted as a permanent WBE [5].

Figure 6 Permanent well barrier [5]

13
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The well barriers shall be placed adjacent to an impermeable formation with
sufficient formation integrity for the maximum anticipated pressure, so that the
formation does not constitute a weak spot creating a potential leak passage

around the cement plug.

2.4.2.1 Requirements for permanent well barriers

NORSOK does not state what materials to use as a permanent WBE. This is, to a
large extent, up to the operators. However, the suitability of the selected
plugging materials shall be verified and documented. A permanent well barrier

shall have the following characteristics [5]:

a) “Provide long-term integrity (eternal perspective);

b) Impermeable;

c¢) Non-shrinking;

d) Able to withstand mechanical loads/impact;

e) Resistant to chemicals/ substances (H2S, CO2 and HCs);
f) Ensure bonding to steel;

g) Not harmful to the steel tubulars’ integrity.”

The characteristics listed above are there to ensure the safety and integrity of the
barriers after abandonment on the long-term. Cement is the most common

permanent WBE used, since it fulfils the requirements and is well proven.

Removal of downhole equipment is required when this can cause loss of well
integrity. Control lines and cables shall not form part of the permanent well

barrier as these could be a potential leak path.

2.4.2.2 Positioning of well barriers

Ultimately the reservoir plugs should be placed as close to the top of the
reservoir as possible, but as a minimum NORSOK’s requirement is that the base
of the primary and secondary well barriers shall be positioned at a depth where

formation integrity is higher than the potential pressure below [5].

14
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Figure 7 The fracture pressure of the formation rock dictates the minimum setting depth [12]

This is to ensure that the formation will not fracture under pressure and create

potential leak paths around the barrier. The minimum setting depth for

placement of primary and secondary barriers can be calculated from equation 5.
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Where

Pint = Internal pressure [Bar]

Pfrac = Formation fracture pressure [Bar]

BHP = Bottom Hole Pressure [Bar]

x = Minimum depth of base [m]

TVDres = Total Vertical Depth to top of reservoir [m]
pfrac = Formation fracture [SG]

pauid = Well fluid [SG]

g = Gravitational constant (0.0981 kg*m/s?)

If pis given as gradient:

BHP-p, *TVD
X = pﬂmd res

(6)

pfraC - pﬂuid
Where
pfrac = Formation fracture gradient [Bar/m]

pmuid = Well fluid gradient [Bar/m]

2.4.2.3 Length requirements of well barriers
NORSOK D-010 section 9.6.3.1 and 9.6.3.2 gives requirements for external and
internal WBEs.

“The external WBE (e.g. casing cement) shall be verified to ensure a vertical and
horizontal seal. The requirement for an external WBE is 50 m with formation
integrity at the base of the interval. If the casing cement is verified by logging it
only requires a minimum of 30 m interval with acceptable/good cement bonding to

act as a permanent WBE. The interval shall have formation integrity [5]".

Furthermore, it states that the casing cement shall be verified by logging for
critical cement jobs and for permanent P&A where the same casing cement is

part of the primary or secondary barriers.

16
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“An internal WBE (e.g. cement plug) shall be positioned over the entire interval
(defined as a well barrier) where there is a verified external WBE and shall be
minimum 50 m if set on a mechanical plug/cement as foundation, otherwise

according to EAC 24 [5]".

EAC is the acronym for Element Acceptance Criteria. As already mentioned there
are various WBEACT, which can be found in chapter 15 of NORSOK D-010. The

minimum cement plug length for different scenarios is summarized in table 2.

Table 2 Minimum cement plug lengths [5]

100 m MD with 50 m MD if seton a 50 m MD if seton a
minimum 50 m MD mechanical/cement plug | mechanical plug.
above any source of as foundation. Otherwise | Otherwise 100 m MD.

inflow/leakage point. A 100 m MD.
plug in transition from
open hole to casing
should extend at least 50
m MD above and below
casing shoe.

In section 9.6.6 in NORSOK D-010 there are illustrations of different permanent
abandonment options one can choose from, by combining mechanical plugs and
cement. The choice will, to a large extent, be affected by the well and

abandonment design.

17
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Open hole with cement plug

An abandonment of an open hole using a cement plug is achieved by setting a
primary cement plug that consists of 100 m of cement across/above the
reservoir; this is extended for a minimum 50 m above the reservoir. There is a
secondary cement plug 50 m below, and 50 m above the casing shoe. The
requirement is to have sufficient formation integrity at the base of both well

barriers.

EXTERNAL INTERNAL

| 777 D
/

-1 v

Min 50m

Verification: tag
OH plug

ey 100m )
)

Min 50

'source
of inflow

Figure 8 Permanent abandonment, open hole with cement plugs [5]
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Back to back plug

Abandonment of open hole or a perforated casing/liner is abandoned by setting
two back-to-back cement plugs from the reservoir. The primary cement plug
consists of a minimum of 100 m of cement from the reservoir, which is extended
50 m below and above the casing shoe. The secondary cement plug is 50 m set on
the primary plug. The external cement height is minimum 50 m, or 30 m,

provided that the casing cement is verified by logging.

EXTERNAL

. Verification: tag
2 x 30 m verified cement plug

by logging

Secondary 50 m

%

Verification: tag

and pressure test
primary plug 50 m
inside casing

source
of inflow

Figure 9 Permanent abandonment with two back to back cement plugs [5]
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Single cement plug in combination with mechanical plug

Abandonment of a wellbore where a mechanical plug is used in combination
with a cement plug is illustrated in figure 10 below. Here one can observe that a
pressure-tested mechanical plug serve as a foundation for a single cement plug,
which acts both as primary and secondary barrier. The internal continuous
cement plug needs to be verified by tagging. This is done by tagging the cement
plug, by drilling into cement.

EXTERMNAL INTERNAL

Veertication: tag
cement piug by
driling irm
cemant

7
7 /

Verficaton:

2xS0mor2x30 pressure tested

m logged cement fundament

Ll X

AL AN

e

Reservoir/
source of inflow

Figure 10 Permanent abandonment, single cement plug with mechanical plug foundation

[5]
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Tubing stump left in hole
Figure 11 shows an example of abandonment of a wellbore by setting a primary
cement plug above the reservoir, and a secondary cement plug within the tubing
and tubing annulus. When completion tubulars are left in the well and WBEs are
installed in the tubing and annulus, the position and integrity of these shall be
verified:
a) “The casing cement between the casing and tubing shall be verified by
pressure testing.

b) The cement plug (inside tubing) shall be tagged and pressure tested [5].”

EXTERNAL INTERNAL

Verification:
pressure tested
fundament

Tubing: tagging

AN

// A annulus:
Pressure testing
Min 50m Secondary and volumetrics

AN

Min 50m
Verification: tag

cement plug

Reservoir/
inflow

Figure 11 Permanent abandonment, with tubing stump left in hole [5]
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2.4.2.4 Verification of well barrier elements
In section 4.2.3.5 one can find the requirements for verification of WBE. It is
stated that when a WBE has been installed, its integrity shall [5]:
a) Be verified by means of pressure testing by application of a differential
pressure; or
b) When a) is not feasible, be verified by other specified methods.
WBESs that require activation shall be function tested.
A re-verification should be performed if:
c) The condition of any WBE has changed, or;
d) There is a change in loads for the remaining life cycle of the well (drilling,

completion and production phase).

Verification of cement plug

Cement is the conventional plugging material used as a WBE when permanently
abandoning the well. This is due to it being relatively cheap, easily accessible
and, to a large extent, it fulfilling the requirements of permanent well barrier as
stated in section 2.4.2.1. Some important criteria to highlight related to

verification of cement plugs are:

* (Cased hole should be tested either in the direction of flow or from above
* The plug installation shall be verified through evaluation of job execution
taking into account estimated hole size, volumes pumped and returns.

* For an open hole plug, its position shall be verified by tagging. An open
hole cannot be pressure tested due to possible formation fracturing.

* A cased hole plug shall be verified with tagging. In addition it shall be
pressure tested, with two requirements: a) pressure tested 70 bar above
estimated leak off pressure below casing/potential leak path, or 35 bar
for surface casing plugs; and b) not exceed the casing pressure test and
the casing burst rating corrected for casing wear.

* Ifthe cement plug is set on a pressure tested foundation, a pressure test is
not required (impossible to verify if it is the mechanical foundation or the

plug that holds). It shall be verified by tagging”.
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Verification of casing cement

Cement in the annulus has to be verified to approve the plug. It is required that
the length shall be verified through logs or using record from the cement
operation like volumes pumped, returns during cementing, etc. The cement
sealing ability shall be verified through a formation integrity test when the

casing shoe/window is drilled out.

2.4.2.5 Removing equipment above seabed
Removal of equipment above seabed is the last stage of the decommissioning
phase, and is beyond the objective of this thesis. But, in short, NORSOK D010

states that [5]:

* “For permanent abandonment wells, the WH and casings shall be removed
below the seabed at a depth which ensures no stick up in the future.

* Required cutting depth shall be sufficient to prevent conflict with other
marine activities. Local conditions such as soil and seabed scouring due to
sea current should be considered. For deep water wells it may be
acceptable to leave or cover the WH/structure.

* The location shall be inspected to ensure no other obstructions related to

the drilling and well activities are left behind on the sea floor”.
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3 Plug and Abandonment

This chapter will provide an overall understanding of what P&A is, and describe
a general P&A operational sequence, as well as the two types of vessels normally
used for these operations. Further, some of the main challenges experienced on

the NCS will be identified.

3.1 P&A in Norway

Norway has a relatively short history as an O&G nation with the first discovery
on Ekofisk in 1969, and the first production from the field starting in 1971.
Subsequently, a number of major discoveries such as Statfjord, Gullfaks, Oseberg

and Troll were made, as demonstrated in the timeline below.

Ekofisk Statfiord Gullfaks Oseberg Troll Asgard Snohvit Johan Sverdrup

\

(1969) (1974) (1978) (1979) (1983) (1981) (1984) (2010)
197 1979 1986 1988 199 1999 2007

Figure 12 Historical timeline, year of discovery and first oil produced [13]

Several of these major fields have produced for almost half a century and the
production rates are now in decline. A new phase is being encountered in
petroleum activities in Norway, where we will see a large amount of production
wells reaching the end of their lives. The industry is facing what is referred to as
a “Plug Wave” [14]. This has led to a growing attention to P&A on the NCS during

the last decade.

A P&A forum (PAF) was established in 2009 to promote development of
solutions to the current and upcoming P&A challenges on the NCS. PAF arranges
annual workshops for the exchange of experience. The main purpose is to
present the latest status and encourage the industry to resolve these challenges
with robust and efficient technical innovations [15]. Today, P&A represents a
significant and increasing liability for 0&G companies and limits their ability to

optimize their portfolios. The technology development within oil recovery and
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subsea installations has been a Norwegian success history, while innovative
technology within P&A (decommissioning) market has more or less stagnated.
Present solutions are very expensive, and this has led to a growing market

within P&A services.

Studies executed by @ia and Spieler show that there are currently 352 wellbores
ready to be P&A today at the NCS, with 2545 wellbores being ready at some
point in the future [16]. Using fifteen rigs full-time, it would take forty years to
permanently P&A all these wells and expected future wells on the NCS. With
current rig rates and the solutions available today, this can be estimated as
amounting to 876 billion NOK [17], which is approximately 16 % of the

Norwegian pension fund.

3.2 P&A phases

Based on Oil and Gas United Kingdom (0&G UK) Guideline on Well Abandonment
Cost Estimation, well abandonment operations can be divided into three different
phases to indicate the work scope [18]. These are reservoir abandonment,

intermediate abandonment, and WH and conductor removal.

Phase 1: Reservoir Abandonment

During the reservoir abandonment phase, the primary and secondary permanent
barriers are set to isolate all reservoir producing or injecting zones. The tubing
may be left in place, partly or fully retrieved. This phase is completed when the

reservoir is fully isolated from the wellbore.

Phase 2: Intermediate Abandonment

In this phase, the liners are isolated, milling and retrieving casing operations are
performed and the barriers against the intermediate zones are set. The tubing
may be retrieved if not already done in phase 1. The phase is considered to be

finished when all the plugging operations have been completed.
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Phase 3: Wellhead and conductor removal
The last phase includes retrieval of WH, conductor, shallow cuts of casing string
and cement filling of craters. Phase 3, and the abandonment operation, is

completed when no further operations are required for the well.

3.3 Conventional P&A Operation

There is a large variety of well designs depending on different factors as
condition of the well, top of cement, number of reservoirs, geology etc., and so
the P&A operation of the different wells will vary. However, some general

principles in the operational procedure will be presented in this section.

The main steps of a P&A operation can be presented in the following order:

Well diagnostic

Well kill

Pull XMT and run blow out preventer
Cut and pull tubing

Logging

Establish primary and secondary barrier
Cut and pull intermediate casing

Establishing surface barrier

© © N o ok W N

Cut and retrieve WH

3.3.1 Well diagnostic

Before starting on the P&A operation it is important to know the condition of the
well and the potential inflow from both the reservoir and overburden. According
to NORSOK D-010 all sources of inflow shall be identified and documented,

including shallow sources of inflow [5].

Many of the wells on NCS are old and have a lack of available data. The original
well design is known, but the accessibility and condition may have changed over
the years. The current state of the well will, to a large extent, form the basis for
the P&A design. The accessibility to the reservoir, reservoir and fracture

pressure, are used for calculating and choosing the setting depth of the primary
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and secondary barriers. Well diagnostics are usually performed with a light well

intervention vessel (LWIV) using wireline (WL).

3.3.2 Kill the well

A fully-producing well, known as a live well, should be killed before entering. A
well kill is an operation of placing a heavy density fluid into the wellbore to stop
the well from flowing, or having the ability to flow into the well [19]. There are
different methods of killing the well, but the most common practice is known as
bullheading. In a bullheading operation, pumps are rigged up to force the
production fluids backwards into the reservoir. A way of doing this is to start
with pumping brine down the production tubing with a high pump rate forcing
the production fluid back into the formation illustrated in figure 13. The injection
pressure must be larger than the WH pressure, but the upper limit is determined
by the criterion that one must not exceed the casing or tubing burst pressure, or

fracture the formation during the operation.

Figure 13 "Bullheading” operation [20]

The pumping is continued until all the HC has been displaced into the formation

and the tubing is filled up with fluid of sufficient density to contain the reservoir
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pressure. The WH pressure will then vanish and intervention operations can be

conducted [21].

3.3.3 Pull XMT tree and run Blow Out Preventer

In order to have well control the Xmas tree (XMT) is removed, and the blow out
preventer (BOP) is installed. The operational procedure for when the XMT shall
be removed depends on the type of XMT. When a vertical XMT (VXMT) is
installed, the well is secured with primary and secondary barriers before
removal of the VXMT [5]. In situations with a horizontal XMT (HXMT), a deep-set
plug is installed before removal of the HXMT, as is the situation on the Gjga field.
In this case, prior to pulling the production tubing, the kill fluid is displaced
through the production tubing and A-annulus. Then a shallow plug is set inside

the production casing after tubing retrieval, and before removal of HXMT [5].

3.3.4 Pull tubing

Pulling the tubing and the upper completion is a heavy operation and is typically
done by a MODU with machinery that can handle high loads. In some cases when
dealing with long wells it might be impossible to pull the entire tubing. Then the
tubing is cut and the lower part of the tubing is left in the reservoir. In most cases
the tubing needs to be pulled for various reasons e.g. requirement to log behind
the intermediate casing, or the removal of control lines as they can be a potential
leak source [5]. The normal procedure is to cut the tubing above the production

packer, remove the XMT, install the BOP and then pull the tubing.

3.3.5 Logging

Logging is an important part of the P&A operation procedure to verify that the
cement behind the casing is of good-quality. If the well diagnostic shows that the
wellbore is intact, and there is good communication with the reservoir, WL can
be used. The UltraSonic Imager Tool (USIT), Cement Bond Log (CBL) and
Variable Density Log (VDL) are run prior to setting the barriers in order to
confirm the annular seal of cement behind the casing. If the cement is good-
quality, it can be used as part of the permanent barrier. If this is not the case, a

milling job might be required, and this is time consuming and not preferable.
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3.3.6 Establish primary and secondary barrier

When the tubing is cut and retrieved, the next step is to install the primary and
secondary barriers against the reservoir. If the annulus cement (cement behind
the casing) is verified and proved to be good-quality, cement can be installed

inside the casing.

3.3.7 Cut and pull intermediate casings

Since the intermediate casings are not usually cemented all the way to the top,
they have to be removed before setting the surface plug to establish a full cross
section barrier. Casings are retrieved mainly for two reasons: to establish a full
cross section barrier and to get access for logging, since current logging

technology is not able log through multiple casings.

3.3.8 Establishing surface barrier
The surface permanent plug is then installed. When casing cement is of good-

quality, it is sufficient to set a surface plug inside the casing.

3.3.9 Cut and retrieve wellhead

The last phase of a P&A operation is to cut and retrieve the WH. According to
NORSOK standards, the WH and casings shall be removed below the seabed at a
depth that ensures no protrusion in the future. Required cutting depth shall be
sufficient to prevent conflict with other marine activities. Local conditions, such

as soil and seabed scouring due to sea current, should be considered. For deep-

water wells, i.e., in water depth exceeding 600 m, it may be acceptable to leave or

cover the WH/structure [5].

A typical Ekofisk P&A sequence from ConocoPhillips is presented in figure 14
below. Blue and red are used respectively to illustrate the primary and
secondary barriers throughout the operation. The representative Ekofisk P&A
requires five plugs, meaning that there are probably two sources of inflow to be

considered.
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[(Nesting topaise | [ Retmwembng | [Setreservowphigs| [SetMocenepugs | [Cotiss cesmg | [Pullise casng | [Ferf 1338 casing |

Figure 14 P&A operational sequence on Ekofisk [22]

3.4 Vessels used for P&A operations

When performing a P&A operation, it is necessary to access the well at many
different stages. This is known as well intervention, and can be defined as the
ability to safely enter a well with well control for the purpose of doing a number
of tasks other than drilling [23]. Interventions normally fall into two general
categories: light or heavy intervention. Light well intervention is typically done
without a riser by smaller monobore vessels. Heavy intervention is done by
larger mobile offshore drilling units (MODUs), in combination with a marine

riser or work over riser (WOR).

3.4.3 Mobile offshore drilling unit
Well intervention has historically been performed by MODUs. The traditional
definition of MODU is associated with the deployment of drilling rigs, and can
generally be divided into three major types of units [24];

* Jack-ups

* Semi-submersibles

* Ship-shaped
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These are large vessels that can perform all type of P&A operations, such as
pulling up production tubing and cutting and retrieving casings. The MODUs
have high cost, and are best suited for drilling and heavy workover operations.
Eliminating, or at least reducing the use of these vessels can achieve significant

cost savings.

Figure 15 Transocean searcher, used for drilling the wells on Gjga [25]

The conduit that provides a temporary extension of a subsea well to the MODU is
called a drilling riser. Risers can be subdivided into low-pressure (marine riser)
and high-pressure risers (workover riser). A marine riser is a large, vertical pipe,
usually 21”, between the BOP and rig floor. Since the BOP is located below it,
marine risers do not need to contain full well pressure [26]. A WOR is a smaller,
thick-walled pipe used with surface BOPs. Because the BOP is at the surface, the
WOR must contain full well pressure. The WOR system that was previously used

when drilling the wells on the Gjga field can be found in Appendix A.

3.4.1 Light well intervention vessels

The aspiration for the industry should be to reduce the use of MODUs for P&A
through increased use of light well intervention vessels (LWIVs). These types of
vessels are smaller sized, typically monohull supplier type vessels performing
intervention on live subsea wells without the use of a riser system to the surface:

an example, that of Island Constructor, is shown in figure 16.
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Use of LWIVs releases rig time for drilling and completing new wells to sustain
oil production. They are more mobile than MODUs allowing them to wait until
the weather forecast is more suitable for the whole operation period.
Furthermore, these vessels have a lower daily cost compared with semi-
submersible rigs, which can aid in reducing the cost of P&A [27]. There are,

however, a number of operating limitations compared to use of a drilling rig:

* No marine riser hence no circulation path. This means that one cannot
monitor the fluid level, and fluid cannot be used as a barrier during
operations.

* Difficulty pulling the completion tubing or casing strings.

* Limited to WL and potentially coiled tubing deployed tools.

e Weather limitation.

Figure 16 Showing the LWIV, Island Constructor [28]
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3.5 Challenges of P&A Operations in North Sea

The process related to P&A is technically-challenging, with complicated and
time-consuming, high-cost operations. P&A is a multifaceted operation and

introduces several challenges, some of which will be addressed in this section.

3.5.1 Weather

Weather is a big issue for any well operations performed on the NCS. Logistics,
mobilization, operation, equipment limitation, and much more depend on
weather conditions [29]. During well activities bad weather conditions could
force suspension and therefore delays of the operation. This is commonly known
as Waiting on Weather (WOW), and a lot of time and money can be wasted on
this. It is difficult to avoid WOW, but the choice of vessel and season of operation
are parameters that can reduce delays. Analysis done by Valdal showed that
LWIV have more WOW compared with semi-submersible ships, mainly because
of vessel size, and that summer is statistically the best time for a P&A operation

due to lower wave heights than the rest of the year [30].

3.5.2 Abnormally-pressured zones in overburden

Shallow water flow (SWF) and shallow gas can be an expensive problem for
drilling exploration wells, and is also an issue when planning the abandonment
of the wells on Gjga. SWF is a phenomenon that may be a result of different
mechanisms, but usually occurs when fluids under greater than hydrostatic
pressures are present within highly permeable sands, with very little

consolidated overburden [31].

Drilling operations encountering these zones, without securely placed casing, are
subject to high risk where fluids will flow out of the formation and up the
borehole and drill string. Drilling operations are vulnerable at shallow depths

below the sea floor before casing is set, and BOP is installed.

According to the regulations, abnormally-pressured formations with the
potential for flow to surface have to be plugged with two well barriers in the

abandonment stage [5]. This can be a very complicated operation since it adds
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one additional casing string removal in the overburden, and two additional

barriers must be in place to isolate this zone.

3.5.3 Milling

When abandoning a well, permanent plugs have to be put into place, sealing the
wellbore in all directions, including all annuli horizontally and vertically [5]. In
many wells the position in the casing where the plug will be placed is not
cemented, or the cement is bad-quality. In order to place a plug that meets the
requirements, communication is needed from the wellbore to the annulus. The
conventional way of doing this is to section mill the required length of the casing,
perform a clean-up run, underream the open hole and emplace a balanced
cement plug [32]. These operations are time consuming and difficult to execute

safely and effectively.

There are several challenges related to the milling process. Section milling fluids
must be able to keep the open hole stable, and have sufficient viscosity to
suspend and transport swarf and debris to surface. The required fluid weight
and viscosity may cause equivalent circulation density values that exceed the

fracture gradient, leading to [32]:

* Losses while circulating
* Swabbing

*  Well control problems

* Poor hole cleaning

* Pack off around bottom hole assembly

There are also some health, safety and environmental (HSE) challenges present
due to the handling and disposal of the generated swarf and debris. Swarf is
metal filings or shavings removed by a cutting tool, and swarf handling is
regarded as one of the main challenge in traditional milling. The metal returns
have sharp angular surfaces which can damage the BOP and surface equipment.

Personal protective equipment should be worn to protect hands and eyes [32].
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3.5.4 Available technology

The process of conventional P&A4, including milling, is time consuming, costly
and poses several challenges. In the Norwegian sector of the North Sea, there are
more than 2545 wells ready for P&A in the future [16]. While the technology in
extractive O&G from reservoir has evolved considerably in recent decades, there
have been few evolvements within P&A. The operating companies are searching
for new innovative and technical solutions to meet the challenges represented by
P&A operation. The overall goal for the petroleum industry is to make the P&A
operation as cost-effective as possible, without compromising the quality and/or

safety.

3.5.5 Cutting and removal of casing

The cutting and removal of a casing string is a very technically-challenging part
of an abandonment operation. A conventional P&A operation is usually
performed by cutting and pulling the casing in order to fulfil the requirement of a
cross sectional barrier. It might also be necessary to remove casings for
establishing the open hole to surface barrier, or for setting the barriers for
reservoirs in overburden formations. The casing string could be stuck due to old
cement and settled particles in the annulus, and multiple cut and pull operations
may be necessary to free the casing. If the casing remains stuck, section milling
may be necessary. Another reason for removing the casing is due to limitations

with current logging technology.

3.5.6 Logging

The cement behind the casing, known as casing cement, has to be verified as an
element of the barrier plug. The most common method used to verify the quality
of casing cement is by logging. The ability to log cement and its isolation
properties through pipes/casings is an important contribution to providing
understanding and confirmation of the existence of good cement behind the
casing area. Current logging technology is not capable of logging through
multiple casings, meaning that one must remove all inner casings in order to

verify the quality of the cement behind B- and C-annulus.
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Data retrieved from the logs need to be reliable, since the cement will be part of a
permanent barrier that will isolate the reservoir for “eternity”. Interpretation of
the data retrieved depends largely on subjective interpretation, and this may

lead to considerable uncertainty when using logging instruments.

3.5.7 Removal of control lines

When performing P&A it is desirable to avoid pulling the tubing from the well. If
the tubing has control lines attached, especially in the deeper regions where
isolation plugs are set, this could lead to difficulties. These completions, with
tubing and control lines attached, are called intelligent completions and were
introduced to remotely monitor and control wells. The control lines can cause
challenges when cementing the A-annulus past the cable clamps, and the control
lines themselves may constitute a potential leak path for the HC. It is required
that the control lines be removed from the location of the barrier plugs [5]. The
only way of doing this, with the technology currently available, is to remove the

entire production tubing, which is a time consuming and difficult part of P&A.

3.5.8 Wellhead fatigue

Fatigue capacity of a system can be defined as the system’s ability to
accommodate cyclic loading before experiencing failure. During recent years,
fatigue loading on subsea WH has been increasing due to the complexity and
duration of offshore activities. Additionally, the use of larger and heavier BOP
stacks has grown significantly [33]. These factors have led to an increase of

fatigue loads experienced by the WH and casing system.

Analysis of a connected riser and well system is both complex and
multidisciplinary, as schematically illustrated in figure 17. During all riser-
connected operations, the well system is subjected to fatigue loading induced by

environmental forces such as [34]:

e Waves
e (Current
e Wind

* Rig motions
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Figure 17 Overview of forces on subsea stack [34]

P&A is the last phase of the “life cycle of the well”, as shown in figure 18, and
operations usually involve use of multiple stack-ups, which causes fatigue
damage rate to vary. P&A operations include pulling the XMT, tubing, casings etc.
and setting a number of zonal isolation cement plugs as already mentioned.
These operations may take several weeks depending on the complexity of the
well system. ENGIE E&P Norge is therefore performing a WH fatigue analysis to

estimate the accumulated fatigue damage before starting on the P&A operation.

A ) (
7 S \

Figure 18 Life of well with re-use of wellhead [35]
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4 The Gjpa field

The Gjga field was discovered in 1989 by Hydro. The license is located in blocks
35/9 and 36/7 in the Norwegian North Sea, see figure 19, and is owned by
ENGIE E&P Norge AS (operator, 30%), Petoro (30%), Wintershall Norge AS
(development operator, 20%), A/S Norske Shell (12%) and DEA Norge AS (8%).

The first producing well was finished in November 2010, and was drilled by the

semi-submersible rig, Transocean Searcher.
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Figure 19 Location of the Gjga field [3]

Gjga is a combined O&G field, and initially estimated to contain 82 million barrels
of oil and condensate and 40 billion cubic metres of gas [36]. The field has been
developed through four subsea templates, and it has a total of seven oil
producers and four gas producers. Template B, C and D are in approximately the
same location, see figure 20. A total of two gas wells and seven oil wells were
drilled from these three templates. One gas well and two oil wells were drilled
from template E located between the P5 and P7 segment, while one gas well, F1,

was drilled as a satellite well from P1 segment, as shown in figure 22.
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Figure 20 Field layout [37]

The rich gas (contains condensate) extracted from the reservoir is exported
through the FLAGS pipeline to St. Fergus in Scotland, and the oil is exported
through the TOR2 pipeline to the Mongstad power plant north of Bergen,
Norway. The power used to run the Gjga production platform is, as the first
platform in the world [38], being transported through an undersea cable from
Mongstad, reducing carbon dioxide emissions from the field. The water depth in

the area is in between 350-370 metres mean sea level (MSL) [36].

Summarized:
* Four 4-slot templates
* One single satellite template in north
* Power cable from Mongstad
* Oil exportin Tor II pipeline to Mongstad
* Gas export to Flags UK
* Vegatie in to Gjga

4.1 Geology

Gjga field is located in the northernmost part of the Horda Plateau, on the east
side of the northern Viking Graben. The location is ~50 km northeast of the Troll
field and ~40 km northeast of the Fram field as showed in figure 21. The upper
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Jurassic reservoir has similarities to the adjacent Fram and Troll field. The field

was discovered in 1989 by the 35/9-1 exploration well, and further appraised by

the 35/9-2 and the 36/7-1 wells.
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Figure 21 Gjga is well positioned to become the central hub for new developments [3]

The field can be divided into seven fault controlled segments (P1-P7). The P2/P3
segment forms one tilted fault block in the southwest of the Gjga Field. A
southwest to northeast striking fault splits the P2/P3 segment into two
compartments. The P2 /P3 structure is bounded to the west by a North-South
striking fault, which separates the P4 segment from the P2 /P3 structure. The
intersection of the late Jurassic- early Cretaceous unconformity with the fluid
contacts defines the remaining part of the structure. Locally, this erosional event

has removed more than 60% of the upper reservoir section [3].
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Figure 22 Well locations [3]

4.2 Reservoir

The main reservoirs are the Krossfjord, Fensfjord and Sognefjord formations in
the upper Jurassic Viking Group, and consist of alternating sand, silt and shales.
The reservoir quality varies from very good to poor, both vertically and laterally
[36]. There are both proven O&G deposits in the Sognefjord and Fensfjord
formation. In the northernmost part of the field, gas was discovered in
Krossfjord formation, and O&G in Middle Jurassic sediments associated Brent

and Dunlin Groups as shown in the formation groups’ figure 23 below.
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Figure 23 Formation groups [3]

The reservoir pressure was initially hydrostatic, about 235 bar and reservoir
temperature 82°C. Reservoir column and fluid contacts vary among segments.
Reservoir column extends from about 2000 metres depth to 2348 metres below
sea level (deepest proven oil water contact). This gives a gross reservoir
thickness of just less than 350 metres. Column distributed on a 30-45 metre

thick oil zone, with an overlying gas cap of up to about 300 m gross thickness.

The greatest challenge related to drainage of Gjga reservoir is extraction of the
oil. Reservoir layers dip sharply so that the distance from the oil zone of the gas
respective water is short seen in figure 24. The total recovery rate is estimated

at 21% for oil and 69% for gas.
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Long horizontal oil wells for maximum drainage
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Figure 24 0Oil production is a major challenge on Gjga [3]

4.3 Drilling

The drilling of the first production well started on 19 January 2009. One of four
exploration wells in the Gjga field was abandoned as a result of severe SWF [25].
After initiation of SWF, it turned out to be difficult to kill the well. Because of the
likelihood of experiencing similar scenarios drilling the thirteen production
wells, measures were taken to avoid this. This involved drilling the 26” top hole

section with weighted mud, using Riserless Mud Recovery (RMR).

Excess pressure, called overpressure, can cause a well to blowout or become
uncontrollable during drilling. RMR is a dual gradient technology that enables
drilling tophole with weighted and engineered mud to prevent SWF and still be

able to bring the fluid and cuttings back to the rig.

The RMR system consists of a suction module that is run and installed on the
WH. This has a collection chamber where well returns are collected and diverted
through a hose to a subsea mud pump. A mud return line allows pumping or
lifting the mud and cuttings back to surface before the marine riser is run [39].

This system is illustrated in fig 25.
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Figure 25 Riserless Mud Recovery system [40]

In this way a “closed loop system” is established. Mud and cuttings are collected
at the seafloor and returned to the shakers. The same concept is used for drilling
deeper after the riser has been run. Selection of the technology is typically driven
by its ability to impact drilling efficiency and safety. The main advantage of the
RMR is that engineered drilling fluids can be used for drilling the top hole
sections, thereby eliminating discharges of mud and cuttings at seafloor [39].
The technology made it possible to allow setting of the 20” casing deep enough to
cover the SWF zone, eliminating an extra liner across the problem zone. The

wells on Gjga consist of casing sizes and approximate depths given in table 3.

Table 3 Casing program and approximate depths of the casing shoe

30” Conductor 445 425
20" Casing 1000 1000
13 3/8” Casing 1945 1960
9 5/8” Casing 2260 2100
7" Liner (B-1) 2335 -

44



Method selection study of future P&A at Gjga field

4.5 Well Categorisation and Completion

For abandonment of multiple wells, it should be recognized that each well is
unique and the well abandonment design should be considered on an individual
basis. However, because of the extent of work, the eleven production wells will
be categorized into monobore gas wells, monobore oil wells and multilateral oil
wells. This is done in order to simplify this thesis, as a thorough study of every
well would require a tremendous amount of work. Table 4 below shows the
eleven production wells including some important information about shoe

depth, top of reservoir and quality of cement.

Table 4 Well overview and casing cement barrier evaluation

Well Shoe Top Primary Overall
Ylgﬂes Well ID Production Depth Reservoir Barrier SBZigixga[%) Cement Egrgx;irét
Type (m) (m) (m) :
35/9-B- Producer -
B-1 1 AHT3 oil 2745 2867 Yes
35/9-B- Producer -
B-2 2 H Gas 2646 2642
35/9-B- Producer - Not stated
B-3 3H/ . u 3440,8 2650,7 in final well
0il
HT2 report
35/9-C-
c1 1AY1H, gg’d“cer ; 2890 2165
AY2H
35/9-C- Producer -
C-2 2 AH oil 3142 2706
35/9-C-
c3 3Y1H, gg’d“cer ; 2844 2112
Y2H
35/9-C-
C-4 4Y1H, gg’ducer ; 2854 21605
Y2H
35/9-D-
D-1 1Y1H, gg’ducer ; 2928 2244
Y2H
35/9-D- Producer -
D-3 3H Gas 2307 2289
Not stated
E-1 35/9-E- | Producer- 2438 2465 in final well
1H Gas
report
Not stated
35/9-F- Producer - o
F-1 1H, AH Gas 2140 2139 in final well
report

The casing cement job was logged with USIT, CBL and VDL logs during drilling.
Logging of 13 3/8” casing and 9 5/8” liner is, according to the final well report
(FWR), interpreted as having confirmed good barrier cement in the interval
where it is planned to place the primary and secondary barriers. Table 4 above
shows the overall good-quality cement of the wells, with the colour green

indicating that this is in accordance with the regulations stipulating a minimum
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length of 30 m logged casing cement. It should be noted that well C-4 does not
have the required casing cement height in accordance with NORSOK-rev 4
requirements, but was in consistent with rev 3, which was applicable at the time

of drilling the wells so dispensation will most likely be given.

All the production wells are installed with HXMT and completed with 7" tubing.
The HXMT is installed on top of the WH, before the tubing and tubing hanger are
installed inside the tree. The main benefit for the HXMT is the possibility of
replacing the tubing without retrieving the HXMT in the event of tubing leakage
etc. However, for P&A purposes the tubing hanger and tubing need to be
retrieved before the HXMT can be retrieved. Cross sectional schematics of the

WH and HXMT can be found in Appendix B.
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Monobore gas well

There are four monobore vertical/slanted (up to 46°) gas wells in field:

B-2,D-3,E-1,F-1

Standard components:

Open hole gravel pack and screens

Plug/Isolation Valve (either glass plug or full bore isolation tool)
- Opened during clean-up and remains open

Single cycle tool

- Closed during completion and remains closed

Rupture disc

- Safety measure to avoid damaging casing when well heats up
Production packer

Downhole pressure/temperature gauge

- Located ~100 m vertically above reservoir

- Monitors tubing and annulus

7” production tubing

Downhole Safety Valve

HXMT
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Gjoa - 35/9-B-2H

Statoil

—— Top of HXT 378,8m RKB Completion
REV Author DATE SIZE
0 Are Jostein Pedersen 30.05.2012
HXT FMC T

SCALE:

WH Datum 381,3 m RKB

Subsea WH FMC UWD 15 k with stacked hangers
Seabed 385 m RKB

30" Conductor 446,5 m
MD

10 3/4" VT 65,7# Q-125 Casing

Halliburton, 7" Halco SP TRSV 464,5 m MD RKB

10 3/4"x9-5/8" XO 566,2m MD

20" Shoe 994,5/986 m MD/TVD

9-5/8" VT 53,5# P-110 Casing

7* 29# Tubing Vam Top 13Cr-80

TOC 2040/1725 m MD/TVD

x ’
TOC @ 224011847 m MD E2% 13-3/8" Shoe 2422/1958,5 m MD/TVD

Halliburton, HPS Production Packer 2546,3/2034,.8 m MD/TVD

\ BOT. Single Cycle Tool 2581,8/2057,5 m MD/TVD

Roxar, Down hole Gauge 2516,6/2016,3 m MD/
TVD

Halliburton, Collar with 3100 psi rupture disc

TCO, TDP2 Glass Plug 2583,4/2058,5 m MD/TVD
2578,2/2055,2 m MD/TVD

S / 9-5/8" Shoe 2645,5/2100 m MD/
TVD
Halliburton, Top of GP assy 2596,8/2067,4 m MD/ X’ Daviation 46,2 deg
TVD

Weatherford, 6-5/8" Sand Screens 300 micron
Top 2734/2162 m MD/TVD - deviation 46,0 deg.

Halliburton, Gravel Pack Sand

TD of well 2925/2298 m mdiTVD -
deviation 42,0 deg.

Figure 26 Monobore completion gas well [41]
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Monobore oil well

Three monobore horizontal oil wells in field:

B-1, B-3,C-2

Standard components:

Standalone screens

- Some wells also have blanks sections and/or swellable packers in the
reservoir section

- B-1 has smaller screens than all other wells due to drilling problems
[solation Valve

- Opened during clean-up and remains open

Single cycle tool

- Closed during completion and remains closed

Production packer

Downhole pressure/temperature gauge

- Located ~100 m vertically above reservoir

- Monitors tubing and annulus

- Not working on C-2

7” Production tubing

Gas lift valve

Downhole safety valve

HXMT
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Gjoa - Well B-1 AHT3 "
Qil Producer w/Stand Alone Screen ,;';, _
10%"x 9 7/8" x 9 5/8" casing 4" Statoil

Tubing Hanger
T' Down Hole Safety Valve
(DHSV)
(4534463 m MO/TVD) Ll 10 34"x9 78" Casing X0
(570570 m MD/TVD)
A N
5 %" Side Pocket Mandrel (SPM)
Wipre-installed Gas ift Valve (GLV)
/ (2055/1814 m MD/TVD)
13 38" Casing
(2386/1964 m MD/TVD)
\A A
T" Liner Hanger wPBR
TP Gauge (Top PBR @ 26952143 m MD/TVD)
(261212087 m MD/TVD)

978" x T Production Packer
(26412107 m MDITVD)
§'x 7" Liner Hanger wPBR
(Top PBR @ 30452329 m MD/TVD)
5%/ tubing for plug below
production packer (two joints)

6" hole TD at 4419/2335 m MD/TVD)

7" Single cycle ool (SCT)
(2682/2134 m MDITVD)

7" Fullbore isolation valve (FBIV) s
(2683/2135m MDTVD P 4 %" SAS, Baker Excluder 2000 coarse
(27945&?25[,'1"&;'}?30) (270-290 micron)and blanks 4 %» Vam

Top 12,6#3143-4410m

Figure 27 Monobore completion oil well [41]
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Multilateral oil well

Four multilateral horizontal oil wells on field:

C-1,C-3,C-4,D-1

Two horizontal branches in the reservoir

Standard components:

Standalone screens

Multilateral junction

- Includes Downhole, Instrumentation and Control System (DIACS) valves
with pressure/temperature gauges

- DIACS position indicators (except on C-1 lateral branch)
Downhole pressure/temperature gauge (tubing only)

- Located at reservoir depth

Production packer

7” Production tubing

Gas lift valve

Downhole safety valve

HXMT
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T HXT datum 378,6 m MD GJﬁA . WELL C-1 AY1 H AYZH i ‘

7
gyl poi 11 M0 Multilateral Completion Installation " '!
Intelligent Top Completion '
o "
REV ORAWN DAE | SEE D [a[O I I
WH 3811 m M )
» 0| SteenTinoSvenningsen | 28.0ct2011 | A4
Toil sweer ASRUN Completion
30" Conductor Shoe M5(445 m NDITVD
104" 6578 Casing
HAL 7 $P TRSV-SK 463 m ND
104" 6578 X $18" 53,5 X0 570 mND
7" Tubing 268 13C/8 P10 VT
20" Cag Shoa 974/%6m MOTVD
| | 918668 Casing 870 - 207 m D
Top reservoir
2165/2060 m MD/TVD
T0C 150011473 m MOTVD
TO 6752335 m MOTVD
133" Shoe 2068,419687 m NOTVD Top Window 2827,13 m MD 5%" screens 5815,76003,2m MD
Bt Window 283190 m MO 418" Scroans 495364637 m
l— MO
| YO 918 66,44 x 9.58° 5354 Casing 2107 m MO 658" Scrvans 441046998 m O
Scoop Head
Weatherlrd GLM 8pp. 206811971 m NDITVD {dev, xx deg) N5 128 m

Roxar Gauge 2723/ 2732 m MO/TVD

658" Swell Packer 3636,7 m MD T Bull Nose 6022 m MD ]
WO 35" HCV-ICV {shrouded)

658" Screens 4173:4638m MD
27253 m MD

Wo X0 —
1984 m NO

9:4/8" Shoe 2917,8/2333 m MDITVD

-'-—--ulrllll-

TOC 20751878 m MDTVD

WD HF1 Prod. Packer

Iup Liner fhnw PBR 27557 m MD

Swal Packer 4105 m MO
deiacbi bt LLyz e 651" Scroons 30263822 ND \= gel Packer 3838 m ND
4 2834021 MD kot
Roxar Gauge 27152332 m NDTVD Bon 34" Supar13%Cr 2730 m W0 Top Deflector 2829,0m ND YOL ZXP Linor hanger 287145 m MD
tRSaran ) Feet Mspbly 4" Malnbore stinger 2825 m MO Prdiacrstam N
2820728268 m : s

Defleclor S T0 64491 2335m NOTVD.
FIXRID Junction dev, 90 deg.) Nexe I

Figure 28 Multilateral completion oil well, intelligent top completion [41]
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4.6 Well

integrity

Figure 29 shows the current well integrity status of the eleven wells. There are

nine green wells with no integrity issues. However, two of the wells are yellow.

E-1 is yellow because of a production wing valve actuator failure in the XMT. The

wing valve is, however, not a part of the barrier envelope and will not be of any

concern during the P&A phase. Some concerns should be noted with regard to

the cement height behind 13 3/8” casing in well C-4, this being lower than the

NORSOK D-010 requirements after changes were implemented in 2013.

Status summary

/ Giea
Integrity status

|
o o

n
o wn

Valve PM status

Well status
distribution

Documents Integrity and

pressure status

Valve PM test
overview

One barrier failure and the other is degraded/not verified, or leak to
surface.

One barrier failure and the other is intact, or a single failure may lead to
leak to surface.

One barrier degraded, the other is intact.
Healthy Well - no or minor issue.
Not defined

Total: 11

Leakage test ESD valves system Cycling Service and check
test
B 0 Failed M o0 railed
0 Deviant 0 Deviant
M 117 Passed B 0 Passed B 0 Done B 0 Done
0 Not defined 0 Not defined 0 Not defined 0 Not defined
B 0 Overdue B 0 Overdue B 0 Overdue B 0 Overdue
Life cycle status
I 2 Permanent P&A
0 Temporarily P&A
n 0 Suspended
O 0 Intervention/Workover
B 0 Shut-in due to well integrity
B 11 Operating
0 Not defined
Total: 13

Well slot Changes Pressure Corrective
overview overview overview actions
Barrier status
Pri  Sec
o o M 0 Failed
12 3 Deviant
10 s WM 19 Functioning
0o 0 0 Not defined
Total: 11
Annuli status
A B c
o o o WM 0 Live annulus outside leak criteria
o o o 0 Live annulus within leak criteria
11 11 11 W 33 No annulus communication
0o 0o o 0 Not defined
Total: 11
Corrective actions
| | 0 Corrective action overdue
0 Corrective action started
0 Corrective action planned
B 11 without corrective actions
0 Not defined
Total: 11

Figure 29 Current well integrity status [41]
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4.7 Plug setting depth

To meet the requirements from NORSOK D-010, the well barrier must be set
deeply enough so that the pressure from below does not fracture the formation
at the depth of secondary plug. NORSOK D-010 states that the secondary plug
shall be positioned such that the base of the plug is at a depth where the
formation is strong enough to withstand the potential pressure from below [5]. A
well that is permanently abandoned shall be plugged with eternal time
perspective, and the reservoir pressure will not necessarily stay the same as it is

now. For this thesis the following data is used:

Table 5 Reservoir data for the Gjga field

Reservoir data

Maximum Reservoir 236.7 Bar
Pressure
Depth of Reservoir 2200 mTVD

Table 6 Fluid data for the Gjga field

Fluid data

Gas gradient (pgas) 0.225 SG
0il gradient (poi) 0.623 SG
Sea Water gradient (psw) | 1.03 SG

The minimum depth of the base of the secondary plug is thus found from

equation 5 already derived in section 2.4.2.2 and gives:

* (Gas gradient: TVDpg = 1743 mTVD
* Qil gradient: TVDypjye = 1485 mTVD
* Sea Water gradient: TVDpiug = 498 mTVD

The gas gradient is considered as worst case scenario and is included to compare

with oil and water filled casing. Because top of reservoir depth will vary,

minimum setting depth must be calculated for each single well for later study.
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5 Plug and Abandonment Design and Operation

This chapter will present an operational plan for the three different well types
already categorized in section 4.5. The P&A is done according to NORSOK
requirements. A WBS is made in Microsoft Visio, showing the well barrier
envelope and associated WBE performing each operational step. Microsoft Visio
is a tool much used in the industry for drawing graphics showing continuous and
independent primary and secondary envelopes. The purpose of having two
independent barrier envelopes is that one can allow incidents to happen, and yet

have a safe back-up solution [42].

Something that is special about the Gjga field, and which has already been
mentioned, is the SWF that may occur in the weak Kyrre formation. This zone
holds higher than normal pressure levels and caused trouble during drilling
operations. When P&A operations are planned for on the Gjga field, this zone
shall be plugged with two barriers in addition to the reservoir barriers. This case
study will include the operation of placing two barriers to seal off the zone for

permanent P&A.

[t is important to mention that there are always uncertainties related to well
operations. When a well is entered to perform an operation, incidents may occur
that require sudden changes in the primary plan. Most well operations are
carefully planned in detail, but as unexpected events occur during the operation
the plan must be adjusted. The operational steps presented in this case are based
on operations performed according to the plan with no unexpected events. Also
the depths will vary among the different wells, so adjustments should be made
for further study. That is why this parameter has not been included through this

examination.
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5.1 Monobore Oil Well

There are three monobore oil wells on the Gjga field (B-1, B-3 and C-2). The well

design of the oil wells is in many ways similar. B-1, however, has an additional 7”
liner penetrating the reservoir. Therefore, B-1 is used as an example in this study

due to the other two wells having many similarities with monobore gas wells.

5.1.1 Well status at start-up
Objective
* Permanently P&A well.
* Reservoir formation at x2200 mTVD.
* Assuming shallow water present.
e USIT/CBL/VDL log verified good cement behind 9 5/8” and 13 3/8”
casing.

Barriers

Installation/rig: Gpa
Well no.:
Well status: Monobore oil producer
Revision no_/ Date: 1 [ 21.04.2016
Pre pared: Krister Aunan
Verffied:
PR AR
Formation above reservoir 51
Production packer 7
Completion string below
DHSV 25129
9 5/8" casing below 5
produ ction packer

20" csq. Casing cement 22
Downhole safety valve

Minimum PSA depth DHSV) 8
SECONDARY
. Overpressured Formation at production

i1l shallow waterfiow packer depth 51

13 3/8" csg
9 5/8" casing 2
95/8 casing hanger vath
seal assembly 5
Tubing hanger with seals 10
Horizontal XM S tree 31
Lower Tubing Hanger 1"
Crown Plug
Upper Tubing Hanger 1
Crown Plug

. Notes:
95/8" csg. - Completion string is tubing
above prod. Packer
incduding components
Top of resesvolr Gas Lift Valve is V, rated

7" liner shoe

Figure 30 Well status at start-up

56



Method selection study of future P&A at Gjga field

5.1.2 Bullheading operation

Objective and activity

* Install WOR before entering live well, expected high pressures.

* Pull crown plugs

* Kill the well by bullheading the reservoir fluids back into the formation
and pump down heavy fluid to overbalance the well.

Barriers

WOR

BOP E-‘“‘_

0 ) ®

Well data

Installation/rig: Gjea
Wellno.:
Well status: Monobore oil producer
Revision no./Date: 1 | 21.04.2016
Prepared: Krister Aunan
Verified:
HXT & Well barrier Ref. Table Verification of
NORSOK D- N
I O ml  elements 010 ' barrier elements
I PRIMARY
|
| Formation st casing shoe 51
|
| 9 58 casing cement up o 22
| roduction er
9 58 casing 2
Production packer 7
Production tubing 25
Ges Lift Line | Horizontsl XMS tree 21
Warkover riser 26
LRP/EDP 42
Subsea lubricator valve for 4
" 5
testing
20" csg. Surface flow tree 34
-—1+ Mirimm PSA depth Wireline BOP 37
:5:% R — SECONDARY
B / i1 shalow waterfiow Formation st prod.packer 51
depth
‘ 13 3/8" csg.
9 58" casing 2
Al
/ / 9 58" casing cement 22
% 9 58" casing hanger and 5
/ / sesl sssembly
é / Tubing hanger withseak 10
é / Horizontal XMS tree 31
—/ Lower riser pack age (LRFP) 42
% Notes :
% - Subseashear sealram
/ . {SSR) & openduring
/ | operation, but s marked as

98/8" csg. closed to illustrate barrier
envelope towards resenvorr

-LRP & common WBE

Topox during this operstion.

7" liner shoe

Figure 31 bullheading
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5.1.3 Installing deep mechanical plug

Objective and activity

* After the well is killed a mechanical plug is set above the reservoir as
foundation for further P&A work.
* Deep-set plug will function as a WBE.

Barriers

- ==
Wireline =
BOP

o9 O3 R

Well data

Installation/rig: Gjoa

Well no.:

Well status: Monobore oil producer
Revision no. / Date: 1 [ 21.04.2016
Prepared: Krister Aunan

Verified:

Gas Lift Line |

Well barrier el ey, Verification of
elements 010 barrier elements
PRIMARY
’ Formation at casing shoe 51
20" csg. 9 5/8 casing cement up to 22
LA oA L snimumPaa depn | production pa cker
9 5/8 casing 2
Overpressured Production packer 7
shaliow Production tubing 25
waterfiow

. M echanical plug — Vo rated 28
13 3/8" csg. SECONDARY

Formation at prod.packer

depth 51
9 5/8" casing 2
9 5/8" casing cement 22
9 5/8" casing hanger and 5
seal assembly
Tubing hanger with seals 10
Horizontal XMS tree 31
958" csa. Lower riser package (LRP) 42

Notes:

Top of

resarvolr

7" liner shoe

Figure 32 installing deep mechanical plug
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5.1.4 Punch tubing and displace a-annulus above packer to weighted mud

Objective and activity

* To create good communication between tubing and annulus.

*  When the foundation is set, the tubing will be punched. It will be
perforated above the production packer.

* Brine is pumped down annulus to test the circulation and communication
of the well.

* Run crown plugs

Barriers

HXT
|
: Well data
| Installation/rig: Gjoa
| Well no.:
| Well status: Monobore oil producer
! Revision no. / Date: 1 [21.04.2016
Prepared: Krister Aunan
Verified:
Well barrier Rel e, | Verification of
elements 010 barrier elements
PRIMARY
Formation at casing shoe 51
9 5/8 casing cement up to 22
20" csq. production packer
Minimum P3A depth 9 5/8 casing 2
Production packer 7
Overpressurea [Production tubing 25
i ::‘:‘r";';‘ M echanical plug — VO rated 28
SECONDARY
13 3/8" csg. "
Formation at prod.packer 51
depth
9 5/8" casing 2
9 5/8" casing cement 22
9 5/8" casing hanger and 5
seal assembly
Tubing hanger with seals 10
Horizontal XMS tree 31
Lower riser package (LRP) 42
95/8" csg. Notes:

7" liner shoe

Figure 33 punching tubing
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5.1.5 Pull WOR, run BOP

Objective and activity

* The WOR is replaced by a drilling BOP in order to pull the production
tubing. As this operation cannot be performed through the smaller bore
size WOR.

Barriers

Drilling
BOP

Well data
Installation/rig: Gjga
Well no.:
Well status: Monobore oil producer
Revision no. / Date: 1 [ 21.04.2016
Prepared: Krister Aunan
Verified:
Well barrier zg‘;g;‘:o Verification of
elements 010 barrier elements

PRIMARY
Fomation at casing shoe 51
9 5/8 casing cement up to 2
production packer
9 5/8 casing 2

= Production packer 7

i challow waterow Produdion tubing 25
Mechanical plug — V0 rated 28

13 3/8" csq.
SECONDARY
Formation at prod.packer 51
depth
9 5/8" casing 2
9 5/8” casing cement 22
9 5/8" casing hanger and 5
seal assembly
Tubing hanger with seals 10
Horizontal XMS tree 3
Lowertubing hanger crown 1
plug
9 5/8" csg. Uppertubing hanger crown 1
plug
Notes:
Top of reservolr
7" liner shoe

Figure 34 pull WOR, run BOP
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5.1.6 Cut & pull tubing

Objective and activity

* Pull crown plugs.

* The production tubing is cut above the production packer with a cutting
assembly with rotating knives, and then pulled.

* The tubing is cut to enable placement of cement plug for reservoir
barriers.

* By use of BOP and marine riser, the P&A operations involving retrieval of
tubing hanger and tubing, placement of barriers and cut and pull casings
can be performed with sufficient barriers in place.

Barriers

Drilling
BOP

Installation/rig: Gjsa
Wellno.:
Well status: Monobore oil producer
Revision no. / Date: 1 [21.042016
Prepared: Krister Aunan
Verified:
PR AR
Formation at casing shoe 51
9 5/3 casing cement up to 2
——— Minimum PEA oeptn production packer
[95/8 casing 2
[ Production packer 7
i samwasemon | Produciion tubing 25
o i echanical plug- VO rated 28
7 | 1338 esg. SECONDARY
Fomation at prod.packer 51
depth
Y,
Z 9 5/8" casing 2
Z 9 5/8" casing cement 22
% 9 5/8" casing hanger and 5
% seal assembly
é Tubing hanger with seals 10
; Horizontal XMS tree 3
Z Drilling BOP 4
% Notes: Displaced Kill
95/8" csg weighted fluid (KWF) will
also function as a barrierif
possibility to monitore.
Top of reservoir
Resenv 7" liner shoe

Figure 35 Cut and pull tubing
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5.1.7 Install shallow plug

Objective and activity

*  When the tubing is removed, a shallow plug shall be installed in

production casing prior to removal of the XMT [5].

Barriers
Drilling ’
BOP
SSt
|
HXT
r—= - (miml T T T = L5,
' R
| AN X0 (& |
[ PMY
I £2
<
[ L PV,
1 v !
: WWEGEEY |
Installation/rig: Gjsa
=
Ay | Wellno-
) | Well status: Monobore oil producer
= A Revision no. / Date: 1 [ 21.04.2016
GasLiftLine 1 Prepared: Krister Aunan
y Verified:
= ele Well barrier RefTable —1[\/erification of
NORSOK D- B
elements L o10 barrier elements
PRIMARY
20" csq.
9 Fomation at casing shoe 51
PR P S I Minimum P&A depth
9 5/8 casing cement up to 2
production packer
9 5/8 casing 2
Production packer 7
Mechanical plug- VO rated 28
7 SECONDARY
Formmation at prod.packer 51
depth
9 5/8" casing 2
9 5/8" casing cement 22
9 5/8" casing hanger and 5
seal bly
Tubing hanger with seals 10
Horizontal XMS tree 31
95/8" csg.
Drilling BOP 4
Notes:
Top of resenvolr
7" liner shoe

Figure 36 install shallow plug
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5.1.8 Pull BOP & HXMT

Objective and activity

* The well is secured by to primary barriers, thus the BOP and HXMT can be

pulled.
* The HXMT need to be pulled after tubing is retrieved and barriers are in
place.
Barriers

J
|

Well data

ALY
Al

Installation/rig: Gjoa
Wellno.:
Well status: Monobore oil producer
20" csg Revision no. / Date: 1 [ 21.042016
. Prepared: Krister Aunan
______ I S A A, Minimum P&A depth Verified:

Overpressured

Well barrier sgh;?)uxeu Verification of
é shaliow waterflow elements 010 barrier elements
13 3/8" csg. PRIMARY

Fomation at casing shoe 51
V/ 95/8 casing cement up 1o .

production packer

9 5/8 casing 2

Production packer 7

Production tubing 25

Mechanical plug- VO rated

SECONDARY

Formation at prod.packer
depth

51

9 5/8" casing 2

9 5/8" casing cement 22

9 5/8" casing hanger and
95/8" csg. seal by 5

Mechanical plug — VO rated 28
Notes:

Top of reservoir

7" liner shoe

Figure 37 Pull driling BOP and HXMT
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5.1.9 Run drilling BOP & retrieve shallow plug

Objective and activity

e Land BOP on slot.

* Retrieve shallow set plug.

Barriers

AP

MPR

7,
% 20" csg.

Minimum P&A depth

Overpressured
shallow wate

13 3/8" csg.

9 5/8" csq.

Top of resarvoir

7" liner shoe

 Well data
Installation/rig: Gjea
Well no.:
Well status: Monobore oil producer
Revision no. / Date: 1 [ 21.04.2016
Prepared: Krister Aunan
Verified:
T Ref. Table i i
Well barrier Norsokp. | Verification of

elements
PRIMARY

Formation at casing shoe

010

barrier elements

9 5/8 casing cement upto
production packer

9 5/8 casing

Production packer

Production tubing

Mechanical plug V0-rated
SECONDARY

Formation at prod.packer
depth

9 5/8" casing 2
9 5/8" casing cement 2
9 5/8" casing hanger and 5
seal assembly

Drilling BOP 4
Notes:

Figure 38 Run drilling BOP and retrieve shallow plug
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5.1.10 Place cement plugs towards reservoir

Objective and activity

* Place first cement plug towards the reservoir.
* Place second cement plug towards the reservoir.
* Verify cement by tagging

Barriers

Choke line Kill line

Well data

Installation/rig: Gjea
Well no.:
Well status: Monobore oil producer
Revision no. / Date: 1 [ 21.04.2016
Prepared: Krister Aunan
Verified:
5 FTable o 5
Well barrier e Ven_ﬁcatlon of
elements 010 barrier elements
PRIMARY
207 csg. Fluid column 1
_____ Minimum P&A depth

SECONDARY

:: Overpressured Formation 13 3/8" casing 51

i1 shallow waterflow shoe
13 J/§ casing 2

13 3/8" csg.
13 8 casing cement 2
13 ¥8 casing hanger 5
Wellhead 5
BOP 4
Notes:
1. USIT/CBUVDL log of 13 3/8" casing and 9 &8 casing have
confirmed good barrier cement
95/8" csq.
Top of resenvor
7" liner shoe

Figure 39 placing reservoir barriers
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5.1.11 Cut and Pull 9 5/8” casing

Objective and activity

* (Cut95/8” casing at planned depth.

* Retrieve 9 5/8” seal assembly, casing and casing hanger.

Barriers
Choke line Kill line
AP
ssR
PR Well data
Installation/rig: Gjea
Well no.:
Well status: Monobore oil producer
Revision no. / Date: 1 [ 21.04.2016
Prepared: Krister Aunan
7 Verified:
7 Well barrier Ref. Table | Verification of
NORSOK D- .
elements 010 barrier elements
PRIMARY
20" csg. Fluid column 1
N I Minimum P&A depth
SECONDARY
Overpressured Formation 13 3/8" casing 51
shallow waterflow shoe
13 3/8" casing 2
13 3/8" csg.
13 3/8 casing cement 22
Z 13 3/8 casing hanger 5
/ Wellhead 5
BOP 4
Notes:
1. USIT/CBLNVDL log of 13 3/8" casing and 9 5/8" casing have
/ confirmed good barrier cement
/ 95/8" csg.

. Top of reservoir

7" liner shoe

Figure 40 Cut and pull 9 5/8” casing
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5.1.12 Setting primary and secondary barriers for overburden

Objective and activity

* Install 13 3/8 mechanical plug, tag and pressure test same.

e Displace to seawater.

* Set cement plugs on top of mechanical plug through setting tool.

Barriers

Choke line

Kill line

Overpressured
shallow waterfiow

13 3/8" csg.

9 5/8" csg.

7" liner shoe

Well data

Installation/rig: Gjea

Well no.:

Well status: Monobore oil producer
Revisonno./Date: 1 [21.04.2016
Prepared Krister Aunan

Verified:

Well barrier uonsoxo- Verification of
EEENS 010 barrier elements
PRIMARY

Fluid column 1

Formation 13 3/8" casing
shoe

SECONDARY

51

13 ¥8" casing

2

13 ¥8 casing cement

13 ¥8 casing hanger

Wellhead

BOP

Notes:

1. USIT/CBL/VDL log of 13 3/8" casing and 9 5/8" casing have
confimed good barrier cement

Figure 41 setting barriers towards overburden zone
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Method selection study of future P&A at Gjga field

5.1.13 Cut and pull 13 3/8” casing and pull seal assembly

Objective and activity

* (Cut 13 3/8” casing at planned depth.

* Retrieve 13 3/8” seal assembly, casing and casing hanger.

Barriers
Choke line Kill line
AP
fs= | ]
VPR
7R
Well data
Installation/rig: Gjea
Wellno.:
7 Well status: Monobore oil producer
Revision no. / Date: 1 [ 21.04.2016
Prepared: Krister Aunan
Verified:
Well barrier RefTable | Verification of
NORSOK D- 8
elements 010 barrier elements
PRIMARY
20- csg» _
SECONDARY
Fomation 20" casing shoe 51
20" casing 2
.. Overpressured
11 shallow waterlow
20 casing cement 22
13 3/8" csq.
20" casing hanger 5
Wellhead S
BOP 4
Notes:
1. USIT/CBU/VDL log of 13 3/8" casing and 9 5/8” casing have
confim ed good barrier cement
95/8" csg.
Top of reservoir
7" liner shoe

Figure 42 Cut and pull 13 3/8” casing
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Method selection study of future P&A at Gjga field

5.1.14 Open hole to surface barrier

Objective and activity

* Install 20” mechanical plug and pressure test same.
* Displace well to seawater.

* Place cement plug on top of mechanical plug through setting tool.

Barriers
Choke line Kill line
AP
$s= I ]
UFR
MPR
Well data
Installation/rig: Gjsa
Well no.:
Well status: Monobore oil producer
Revisionno./Date: 1 [ 21.04.2016
Prepared: Krister Aunan
Verified:
Well barrier oo, | Verification of
EENENS 010 barrier elements
20" esg. PRIMARY
Fluid column 1
SECONDARY
Formation 20" casing shoe 51
2 Ve Overpressured
% i 11l shallow waterow 20" casing 2
13 3/8" csg.

20 casing cement 22

20" casing hanger 5

Wellhead 5
BOP 4
Notes:

1. USIT/CBL/VDL log of 13 3/8" casing and 9 5/8" casing have
confimed good barrier cement

9 5/8" csg.

Top of reservolr

7" liner shoe

Figure 43 Placing open hole to surface barrier
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Method selection study of future P&A at Gjga field

5.1.15 Well status after permanent abandonment

Objective and activity

* Pull marine riser joints and BOP.
e (Cutand retrieve WH below seabed.

e Wellis final P&A’d.

Barriers
| Well data
Installation/rig: Gjea
Wellno.:
7 V Well status: Monobore oil producer
Revision no. /Date: 1 [ 21.04.2016
// Prepared: Krister Aunan
// Verified:
/ ' Well barrier || Ref. Table Verification of
) NORSOK D- -
/‘I |/ elements 010 ‘ barrier elements
PRIMARY
Formation st prod. Packer
depth (Shetland) 51
9 58" Casi t 22
207 csg. 958" c:sri‘rﬁ;mm 2
7 7, Cement plug #1 24
% SECONDARY
/, Shetland formation 51
/////— 9 58" casing 2
/|><|// 9 5/8" casing cement 22
/ é snrﬂlawv‘m
/ . Cement plug #2 24
A 13 3/8" csg. PRIMARY (SWF)
In-situ formation 51
13 3/8" cas ing cement 22
133/8" casiing 2
Cement plug #3 24
SECONDARY (SWF)
In-situ formation 51
13 3/8" casing cement 22
13 3/8 casing 2
958" csg. Cement plug #4 24
Open hole to surface well barrier
Casing cement N/A
Tepat 20" casing cement 22
20"casing 2
Cement plug #5 24
7" liner shoe Notes :

1.  USIT/CBLVDL log of 13 3/8" casing and 9 58" liner have
confrmed good barmrier cement

Figure 44 Well permanently plugged and abandoned
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Method selection study of future P&A at Gjga field

5.2 Multilateral Oil Well

There are four multilateral oil wells on the Gjga field (C-1, C-3, C-4 and D-1), with
two horizontal branches into the same reservoir. All multilaterals are completed
with DIACS to allow for individual clean up, and individual control of branches if

needed.

5.2.1 Well status at start-up

Objective and activity

e Ref. to section 5.1.1

Barriers

Well data
Installaion/rig: Gea
Well no.:
Well status: Multilateral oil producer
Revision no./ Date: 1 [ 21.04.2016
Prepared: Krister Aunan
Verified:
V\Ilel barrier L/aen_ﬁca:lon of
:Gas T Line elements 010 rrier elements
PRIMARY
Formation above reservoir 51
[

Production packer 7
Completion string below
DHSV 25/29

20" ¢sq. 958" X978 x 10 %" 2
casing
9 5/8" liner cement 22
DHSV 8

SECONDARY
Formation at prod.packer 51

5|

7 v dep!
__%_________é___ Minimum P&A depth 10 % x9 75" x9 558" )
/ % H Overpressured casing
i / / i i+ shallowwaterow 407374 casing hanger with
%
/ % seal assembly 5
7
Tubing hanger with seals 10
7
é Z Horizontal XMS tree 3
/ / Lower Tubing Hanger
M Crown Plug "
é 13 3/8" csg. g&;:zrr]'l;::‘lltl)igng Hanger 1
_é — Notes:
Top of reservoir -Completion string is tubing

above production packer
including components.

-Liner hanger packer and
Gas Lift Valve is Vo rated

9 5/8" csg.

Figure 45 Well status at start-up
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Method selection study of future P&A at Gjga field

5.2.2 Bullheading operation

Objective and activity

e Ref. to section 5.1.2

Barriers

WOR

BoP | -

e

Minimum PAA deptn

Overpressured
shalow waterfiow

NOUNNNNONNNNNNN

N\\N

R\:\

13 3/8" csg.

L\\\\g\\

. Topcfreservair

058" csg.

Well data
Installation/rig: Gjea
Well no.:
Well status: Multilateral oil producer
Revision no./Date: 1 [21.04.2016
Prepared: Krister Aunan
Verified:
Well barrier Ref Table | Verification of
NORSOK D- N

elements 010 barrier elements
PRIMARY
Formation at casing shoe 5
95/8 casing cement up to »
production packer
95/8 casing 2
Production packer 7

Gas LiftLine . Production tubing 25
Horizontal XMS tree 3
Workover riser p.<]
LRP/EDP 42
Subsea lubricator valve for
testing 4

20" csg.

Suface flow tree 4
Wireline BOP 7

SECONDARY

Formation at prod.packer 51

depth
95/8" casing 2
9 5/8" casing cement 2

9 5/8" casing hanger and
seal asssembly

Tubing hanger with seak 10
Horizontal XMS tree 3
Lower riser package (LRP) 42
Notes:

- Subsea shear sealram
(SSR) s open during
opersgtion, buts marked as
closed to illustrate barrier
envelope towards reservoir

- LRP & common WBE
during this operstion

Figure 46 Bullheading operation

72



Method selection study of future P&A at Gjga field

5.2.3 Install deep mechanical plug

Objective and activity

e Ref. to section 5.1.3

Barriers

CIv1
X
CIV2

' Well data

Installation/rig: Gjea
Wellno.:
Well status: Multtilateral oil producer
Revision no./Date: 1 21.04.2016
Prepared: Krister Aunan
Verified:
i Ref. Table 1 I
WENEE AL Venflcatlon of
elements 010 barrier elements
20" csg. PRIMARY
Formation st casing shoe 51
9 58 casingcement up o 22
roduction er
7 7 9 58 cssing 2
_ N S Production packer 7
Production tubing 25
% / Mechanical plug — Vo rated 28
/ / SECONDARY
/ / Formation at prod.packer 51
/ é depth
é é 9 58" casing 2
7 W
// / 9 5/8" casing cement 22
/ é 9 58" casing hanger and 5
13 2/8" csg. seal sssembly
4 Tubing hanger withseak 10
Horizontal XMS tree 31
Top of resenvoir
Lower riser pack age (LRP) 42
Notes:
Rese
0 5/8" csg.

Figure 47 Installing deep mechanical plug
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Method selection study of future P&A at Gjga field

5.2.4 Punch tubing and displace upper annulus to KWM

Objective and activity

e Ref. to section 5.1.4

Barriers

Well data
Installation/rig: Gjsa
Wellno.:
Well status: M ultilateral oil producer

1 121.04.2016

Prepared: Krister Aunan

Well barrier :gﬁgaabf Verification of
elements 010 barrier elements
PRIMARY

Formation st casing shoe 5

958 casing cementup to
production packer
| 958 casing
Production packer
[ Production tubing

e nical plug — Vo rated
! snalion wateriow SECONDARY

Formation st prod packer 51
depth

R~ B

5]

958" casing 2

9 5/8" casing cement 2

9 5/8" casing hanger and 5
seal assembly

Tubing hanger with seaks 10

Harizontal XMS tree k1l

Lower riser padkage (LRP) 42
Notes:

Figure 48 Punch tubing
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Method selection study of future P&A at Gjga field

5.2.5 Pull WOR and Run drilling BOP

Objective and activity

e Ref. to section 5.1.5

Barriers
ap|)
SSR
Driling |k
o NL%?”

NN

L&

7

J

Drilling
BOP

Gas Lift Line

: shaliow waterfiow

13 3/8% csg.

Well data
Installation/rig:

Gjea

Well no.:

Well status:

[ Revision no_/ Date:

Multilateral oil producer
1

| 21.04.2016

Prepared

Krister Aunan

Verified:

Well barrier
elements
PRIMARY

Formation at casing shoe

Ref. Table
NORSOK D-

51

Verification of
barrier elements

9 5/8 casing cement up to
production packer

9 S/8 casing

Production packer

Production tubing

I echanical plug — Vo rated
SECONDARY

Formation at prod.packer
depth

9 5/8" casing

9 5/8" casing cement

9 5/8" casing hanger and
seal assembly

Tubing hanger with seals

Horizontal XMS tree

AN

Lowver riser package (LRP)

42

Notes:

Figure 49 Pull WOR and run drilling BOP
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Method selection study of future P&A at Gjga field

5.2.6 Cut and pull tubing

Objective and activity

e Ref. to section 5.1.6

Barriers

i

Nt
el
Civ1
% CIV2

PWV|
| Well data
| Installation/rig: Gjsa
Wellno.:
| | Well status: Multilateral oil producer
—{:: | Revisionno. / Date: 1 | 21.042016
Gas Lift Line Prepared Krister Aunan
Verified:
i Ref. Table i i
Well barrier Noosakn. | Verification of
EENENS 010 barrier elements
PRIMARY

20" csg.

Minimum PEA ceptn

ressured
shaliow wateriow

13 3/8" csg.

Top of reservalr

9 5/8" csg.

Formation at casing shoe

51

9 5/8 casing cement up to
production packer

9 5/8 casing

Production packer

Production tubing

iR NN

M echanical plug- VO rated
SECONDARY

Formation at prod.packer
depth

28

51

9 5/8 casing

9 5/8 casing cement

9 5/8" casing hanger and
seal bly

Tubing hanger with seals

Horizontal XMS tree

Driling BOP

Notes: Displaced Kill
weighted fluid (KWF ) will
also function as a barier if
possibility to monitore.

Figure 50 Cut and pull tubing
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Method selection study of future P&A at Gjga field

5.2.7 Install shallow plug

Objective and activity

e Ref. to section 5.1.7

Barriers
Drilling
AP)
BOP
|
HXT
== - Imlilml T - o~
| > X=1
| AV X0V o 7Ol
[ PMV |
1= 5
| < AMV Y
| IV !
' | Well data
< | Installation/rig: Gjea
AWRY @ Well no.:
| Well status: Multilateral oil producer
L —{:‘ Revisionno. /Date: 1 | 21.042016
Gas Lift Line Prepared Krister Aunan
/, Verified:
i Ref Table i i
W Well barrier Roeaen. | Verification of
elements L 010 barrier elements
PRIMARY
20 esg. Formation at casing shoe 51
9 5/8 casing cement up to 2
production packer
9 5/8 casing 2
Production packer 7
7 v Produdion tubing 75
-é" -——1- /‘“ Minimum P&A dzpth W echanical plug- V0 rated 28
7 _ ECONDARY
% é smmun"ne\vdw Formation at prod.packer 51
é / depth
é é 9 5/8" casing 2
é % é 9 5/8" casing cement 22
/ // 9 5/8" casing hanger and 5
‘/M / seal assembly
Z 13 3/8" csg. Tubing hanger with seals 10
_é Horizontal XMS tree k1l
é R Drillng BOP 4
i Notes: Displaced Kill
veighted fuid (KWF ) vill
also function as a bamier if
possibility to monitore.
Rese
9 5/8" csg.

Figure 51 Install shallow plug
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Method selection study of future P&A at Gjga field

5.2.8 Pull BOP and HXMT

Objective and activity

e Ref. to section 5.1.8

Barriers

20" csg.

-= Minimum P&A depth

Overpressured
shallow waterflow

NN

§\\\

13 3/8" csg.

W

Top of reservoir

95/8" csg.

Figure 52 Pull Drilling BOP and HXMT

 Well data \
Installation/rig: Gjoa
Well no.:
Well status: Multilateral oil producer
Revision no. / Date: 1 [ 21.042016
Prepared: Krister Aunan
Verified:
7 Ref. Table 5 7
Well barrier o Venﬁcatmn of
elements ) barrier elements
PRIMARY
Formation at casing shoe 51
9 5/8 casing cement up to »
production packer
9 5/8 casing 2
|_Production packer 7

Production tubing

ec hanical plug- VO rated
SECONDARY

Formation at prod.packer

|

depth 51
9 5/8" casing 2
9 5/8" casing cement 2
9 5/8" casing hanger and 5
seal assembly

Tubing hanger with seals 10
Horizontal XMS tree 31
Drilling BOP 4

Notes: Displaced Kill
weighted fluid (KWF) will
also function as a barrier if
possibility to monitore.
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Method selection study of future P&A at Gjga field

5.2.9 Run drilling BOP and retrieve shallow plug

Objective and activity

e Ref. to section 5.1.9

Barriers
Choke line Kill line
AP
SR
MPR
V, / Well data
/ I% Installation/rig: Gjoa
Well no.:
B| C
% Well status: Multilateral oil producer
/ Revision no. / Date: 1 | 21.04.2016
/ Prepared: Krister Aunan
20" csg. Verified:
Well barrier R es,. | Verification of
 elements 010 barrier elements
. PRIMARY
- % —_—t e —— — —/ - Minimum P&A depth
/ / Formation at casing shoe 51
/ 9 5/8 casing cement up to 29
/ production packer
Overpressured 9 5/8 casing 2
i+ shallow waterfiow Production packer 7
Production tubing 25
/ Mechanical plug- VO rated 28
/ SECONDARY
/ / Formation at prod.packer 51
/ 2 depth
133/8" csg. 95/8" casing 2
9 5/8" casing cement 22
E § 9 5/8" casing hanger and
,v: 0p of reservoie seal assembly 5
Mechanical plug - V0 rated 28
Notes:
Res
\|
9 5/8" csq.

Figure 53 Run drilling BOP and retrieve shallow plug



Method selection study of future P&A at Gjga field

5.2.10 Barriers towards the reservoir

Objective and activity

e Ref. to section 5.1.10

Barriers
Choke line Kill line
Well data ]
Installation/rig: Gjea
Well no.:
Well status: Multilateral oil producer
Revision no. / Date: 1 | 21.04.2016
‘m / Prepared: Krister Aunan
% Verified:
% Well barrier R anen. | Verification of
/ elements 010 barrier elements
20 csg. PRIMARY
_
SECONDARY
Formation 13 3/8" casing 51
7 shoe
_ %. % __ Minimum P&A depth 13 3/8" casing 2
13 3/8 casing cement 22
/ . o 13 3/8 casing hanger 5
i shallow waterflow
/ Wellhead 5
é BOP 4

Notes:
% 13 3/8" csg. 1. USIT/CBLADL log of 13 3/8" casing and 9 5/8" casing have

confirmed good barrier cement
. Top of reservair

Res

95/8" csg.

Figure 54 Setting barriers towards reservoir
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Method selection study of future P&A at Gjga field

5.2.11 Cut and pull 9 5/8” casing

Objective and activity

e Ref. to section 5.1.11

Barriers
Choke line Kill line
AP
SR
o Well data
MPR Installation/rig: Gjea
Well no.:
Well status: Multilateral oil producer
7 Revision no. / Date: 1 | 21.04.2016
7 Prepared. Krister Aunan
/ / Verified:
c r -
Well barrier Refrane | Verification of
N EN S 010 | barrier elements
20" csg. PRIMARY
M_
SECONDARY
7 Formation 13 3/8" casing
7 - oo 51
—— - Minimum P&A depth 13 3/8" casing 2
13 3/8 casing cement 22

13 3/8 casing hanger

Wellhead 5
BOP 4
" Notes:
133/8" csg. 1. USIT/CBLAVDL log of 13 3/8" casing and 9 5/8" casing have
7// confirmed good barrier cement

.. Top of reservoir

NN

Res

95/8" csg.

Figure 55 Cut and pull 9 5/8” casing
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Method selection study of future P&A at Gjga field

5.2.12 Setting primary and secondary barriers for overburden

Objective and activity

e Ref. to section 5.1.12

Kill

Barriers
Choke line
AP
Bl
UPR
MPR
Z
Z
%
Z
Z

line

20" csg.

 Well data

Installation/rig:

Gjea

Well no.:

Well status:

Multilater:

al oil producer

Revision no. / Date:

1

| 21.04.2016

Prepared:

Krister Aunan

Verified:

Well barrier
elements
PRIMARY

Fluid column

| Ref. Table
NORSOK
010

D-
barrier elements

Verification of

13 3/8" csg.

Top of reservoir

95/8" csg.

SECONDARY

Formation 13 3/8" casing 51
shoe

13 3/8" casing 2
13 3/8 casing cement 22
13 3/8 casing hanger 5
Wellhead 5
BOP 4
Notes:

1. USIT/CBLAVDL log of 13 3/8" casing and 9 5/8" casing have
confirmed good barrier cement

Figure 56 Setting barriers towards overburden
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Method selection study of future P&A at Gjga field

5.2.13 Cut and pull 13 3/8” casing

Objective and activity

e Ref. to section 5.1.13

13 3/8" csg.

NN
L

N

X

/1]

Top of reservair

X

X

95/8" csg.

Barriers
Choke line Kill ine
AP
R Well data
Installation/rig: Gjea
UPR Well no.:
= Well status: Multilateral oil producer
- Revision no. / Date: 1 | 21.04.2016
Prepared: Krister Aunan
Verified:
i Ref. Table i i
Well barrier o o Ven_ﬁcatlon of
 elements 010 barrier elements |
PRIMARY
Fluid column 1
20" csg.

SECONDARY
Formation 20" casing shoe 51
20" casing 2

% 20 casing cement 22

/ 20" casing hanger 5

o
shellow weterfiow Wellhead 5

BOP 4
Notes:

1. USIT/CBLAVDL log of 13 3/8" casing and 9 5/8" casing have
confirmed good barrier cement

Figure 57 Cut and pull 13 3/8” casing
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Method selection study of future P&A at Gjga field

5.2.14 Open hole to surface barrier

Objective and activity

e Ref. to section 5.1.14

Barriers
Choke line Kill line
AP
SR [
.
2
20" csg.
Z
/ 7
V.
é 7
Y %
7 7

13 3/8" csg.

A N

95/8" csg.

Well data

Installation/rig: Gjea
Well no.:
Well status: Multilateral oil producer
Revision no. / Date: 1 | 21.04.2016
Prepared: Krister Aunan
Verified:
Well barrier Ref. Table |/ \/erification of
NORSOK D- .
elements 010 barrier elements
PRIMARY
Fluid column 1
SECONDARY
Formation 20" casing shoe 51
20" casing 2
20 casing cement 22
20" casing hanger 5
Wellhead 5
BOP 4
Notes:
1. USIT/CBLAVDL log of 13 3/8" casing and 9 5/8" casing have
confirmed good barrier cement

Figure 58 Setting open hole to surface barrier
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Method selection study of future P&A at Gjga field

5.2.15 Well status after permanent abandonment

Objective and activity

e Ref. to section 5.1.15

Barriers

Well data

Installation/rig: Gjsa
Wellno.:
Well status: Muttilateral oil producer
Revision no. / Date: 1 [ 21.042016
Prepared: Krister Aunan
Verified:
Well barrier [RetTable | Verification of
NORSOK D- z
20 elements 010 barrier elements
e PRIMARY
Fomation at prod. Packer 51
depth (Shetland)
9 5/8” Casing cement 22
9 5/8 " Casing 2
Cement plug #1 24
SECONDARY
Shetland formation 51
9 5/8" casing 2
9 5/8" casing cement 2
Cement plug #2 24
Onerpressurea PRIMARY (SWF)
snalow waterow

In-situ formation 51
13 3/8” casing cement 22
13 3/8" casing 2
Cement plug #3 24
SECONDARY (SWF)

13 38" csg. In-situ formation 51
13 3/8" casing cement 2
13 3/8 casing 2
Cement plug #4 24

- Open hole to surface well barrier
Casing cement NA
20" casing cement 22
20"casing 2
Cement plug #5 24
Notes:
1. USIT/CBUVDL log of 13 3/8 casing and 9 5/8" liner have
958" csg. confim ed good barrier cement

Figure 59 Permanently plugged and abandoned well
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Method selection study of future P&A at Gjga field

5.3 Monobore Gas Well
There are four monobore gas wells on the Gjga field (B-2, D-3, E-1 and F-1),
drilled from vertical up to maximum 46° deviation. All gas wells have a very

similar well design, thus the P&A operation can be done in the same manner.

5.3.1 Well status at start-up

Objective
e Ref. to section 5.1.1

Barriers

Well data

Installation/rig: Gjsa

Well no.:

Well status: Monobore gas producer
Revision no. / Date: 1 [ 21.04.2016
Prepared: Krister Aunan

Verified:

Verification of
barrier elements

PRIMARY
Formation above reservoir 51
Cemented 9 5/8" casing
below prod. Packer 222
Production packer 7
Completion string with
components below DHSV 25/29
DHSV
SECONDARY
Formation at prod. packer 51
depth
] Cemented 9 5/8" x 10 %" 202
e e e Minimum PEA depth casing above prod. Packer
9 5/8" casing hanger with 5
seal assembly
HXT 31
o
i shallow waterfiow
/ / Tubing Hanger 10
% 2 / é Lower Tubing Hanger 1
" Crown Plug
/ / 133/8" csg. Upper Tubing Hanger 1
/ Crown Plug
Notes:
95/8" csg.
Reservoir

Figure 60 Well status at start-up
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Method selection study of future P&A at Gjga field

5.3.2 Bullheading operation

Objective and activity

e Ref. to section 5.1.2

Barriers

Well data

Installation/rig: Giea
Wellno.:
Well status: Monobore gas producer
Revision no./Date: 1 21.04.2016
Prepared: Krister Aunan
Verified:
| Well barrier A Verification of
| NORSOK D- .
i elements 010 barrier elements
| PRIMARY
|
| Formation st casing shoe 51
|
9 58 casingcementup o 22
production packer
9 &8 cssing 2
Production packer 7
Production tubing 25
Horizontal XMS tree 31
Workover riser 26
LRP /EDP 42
Subsea lubricstor valve for
N 45
testing
Suface flow tree 24
Wireline BOP 37
Minimum PAA cepth
SECONDARY
Formation st prod.packer
51
| depth
o 9 58" casing 2
shaliow wateriow
9 5/8" casing cement 22
" 9 58" casing hanger and
133/8" csg. iy m‘f'y na 5
Tubing hanger with seaks 10
Horizontal XMS tree 31
Lower riser package (LRP) 42
Notes :
- Subsea s hear sealram
(SSR) & openduring
operation, but 5§ marked as
closed to illustrate barrier
envelope towards reservorr
. Top of resenvolr
: - LRP 5 common WBE
: 9 &/8" c=g. during this operation
Reservoir

Figure 61 Bullheading operation
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Method selection study of future P&A at Gjga field

5.3.3 Install deep mechanical plug

Objective and activity

e Ref. to section 5.1.3

Barriers

%

A

NN

Overpressured
shallow
waterflow

13 3/8" csg.

Top of
resenvoir

95/8" csg.

Well data
Installation/rig:

Gjea

Well no.:

Well status:

Monobore gas producer

Revision no. / Date:

1

[ 21.04.2016

Prepared:

Krister Aunan

Verified:

Well barrier
elements

PRIMARY

Formation at casing shoe

Ref. Table
NORSOK D-
010

Verification of
barrier elements

9 5/8 casing cement upto
production packer

9 5/8 casing

Production packer

Production tubing

Mechanical plug— Vo rated
SECONDARY

Formation at prod.packer

depth 51
9 5/8" casing 2
9 5/8" casing cement 2
9 5/8" casing hanger and 5
seal assembly

Tubing hanger with seals 10
Horizontal XMS tree AN
Lower riser package (LRP) 42
Notes:

Figure 62 Installing deep mechanical plug
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Method selection study of future P&A at Gjga field

5.3.4 Punch tubing and displace upper annulus to KWM

Objective and activity

e Ref. to section 5.1.4

Barriers

Well data

————— < Installation/rig: Gjsa
Well no.:
Well status: Monobore gas producer
Revision no./ Date: 1 [ 21.04.2016
Prepared: Krister Aunan
Verified:

Well barrier Ref Table ' V/grification of
NORSOK D- a
elements 010 barrier elements
PRIMARY
Formation at casing shoe 51
9 5/8 casing cement upto »
production packer
9 5/8 casing 2
Production packer 7
Production tubing 25
Mechanical plug— Vo rated 28
B SECONDARY
Minimum PEA depth Formation at prod.packer 51
depth
9 5/8" casing 2
shallow

// waterflow N R

% 9 5/8" casing cement 2

/ " 9 5/8" casing hanger and

Z 133/8"csg. seal assembly 5

% Tubing hanger with seals 10

v Horizontal XM S tree AN
Lower riser package (LRP) 42
Notes:

Top of
reservoir
95/8" csq.
Reservoir

Figure 63 Punching tubing
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5.3.5 Pull WOR and Run drilling BOP

Objective and activity

e Ref. to section 5.1.5

Barriers

Drilling
BOP

Well data

Installation/rig: Giea
Wellno.:
Well status: Monobore gas producer
Revision no. /Date: 1 21.04.2016
Prepared: Krister Aunan
Verified:
i Ref. Table 1 i
Well barrier AT Venﬁcatlon of
elements 010 barrier elements
PRIMARY
Formation st casing shoe 51
9 58 casingcementup o 22
| production packer
9 58 casing 2
Production packer 7
Production tubing 25
Mechanical plug — VO rated 28
SECONDARY
Formation st prod.packer 51
Overpressurad depth
shallow waterliow

9 58" casing 2

13 3/8" csg. 9 5/8" casing cement 22

9 5/8" casing hanger and

seal sssembly 5

Tubing hanger withsesk 10

Horizontal XMS tree 31

Lower tubing hanger crown
plug

Upper tubing hanger crown
plug

Notes :

1

1

Reservoir

Figure 64 Pull WOR and run up drilling BOP
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5.3.6 Cut and pull tubing

Objective and activity

e Ref. to section 5.1.6

Barriers
1L
Drilling S]]
BOP -

Minimum P&A depth

Overpressured
shaliow
waterflow

13 3/8" csq.

Top of

9 5/8" ¢sq.
Reservoir

WEIREIE]

Installation/rig: Gjoa

Well no.:

Well status: Monobore gas producer
1 21.04.2016

Krister Aunan

Revision no. / Date:

Prepared:
Verified:

3 Ref. Table
Well barrier LD

elements 010
PRIMARY

Verification of
barrier elements

Formation at casing shoe 51

9 5/8 casing cement upto »

production packer

9 5/8 casing 2

Production packer 7
25
28

Production tubing
Mechanical plug- VO rated
SECONDARY
Formation at prod.packer
depth

9 5/8” casing 2

9 5/8” casing cement 2

9 5/8" casing hanger and 5
seal assembly

Tubing hanger with seals 10

Horizontal XMS tree kal

Drilling BOP 4

Notes: Displaced Kill
weighted fluid (KWF ) will
also function as a barrier if
possibility to monitore.

Figure 65 Cut and pull tubing
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5.3.7 Install shallow plug

Objective and activity

e Ref. to section 5.1.7

Barriers

SSi

Drilling
BOP

HXT . Well data

=1~ Ieilml |- - Installation/rig: Gjsa
: A X0 X% Q: Well no:
I zz PMV Well status: Monobore gas producer
123 Revision no. / Date: 1 21.04.2016
| Y PWVI Prepared: Krister Aunan
! | Verified:
b 5 = =
A | Well barrier Ret wane. Verification of
[ S — elements 010 barrier elements
! PRIMARY
/
Formation at casing shoe 51
9 5/8 casing cement upto 2
production packer
20" csg. 9 5/8 casing 2
Production packer 7
Mechanical plug- V0 rated 28
LA Minimum PRA depth SECONDARY
Formation at prod.packer 51
% ? depth
% { %;; Overpressured 9 5/8" casing 2
/? v, / \valiv:oww
2
% Z é 9 5/8" casing cement »
Z 2 133/8" csg. G 5/8" casing hanger and -
7 seal assembly
Tubing hanger with seals 10
Horizontal XMS tree kal
/ Drilling BOP 4
Notes:
Reservoir 9 5/8" csg.

Figure 66 Installing shallow plug
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5.3.8 Pull BOP and HXMT

Objective and activity

e Ref. to section 5.1.8

Barriers

NN
AR

20" csg.

Minimum P&A depth

Overpressured
shallow waterflow

% 13 3/8" csg.
2

Top of reservoir

95/8" csg
Reservoir

Well data

Installation/rig: Gjoa

Well no.:

Well status: Monobore gas producer
Revision no. / Date: 1 [ 21.04.2016
Prepared: Krister Aunan

Verified:

Well barrier

Ref. Table Verification of

NORSOK D- 8
elements 010 barrier elements
PRIMARY
Formation at casing shoe 51
9 5/8 casing cement up to 22
production packer
9 5/8 casing 2
Production packer 7
Production tubing 25
Mechanical plug- VO rated 28
SECONDARY
Formation at prod.packer 51
depth
9 5/8" casing 2
9 5/8" casing cement 22
9 5/8" casing hanger and 5
seal assembly
Mechanical plug — VO rated 28
Notes:

Figure 67 Pull BOP and HXMT

93



Method selection study of future P&A at Gjga field

5.3.9 Run drilling BOP and retrieve shallow plug

Objective and activity

e Ref. to section 5.1.9

Reservoir

Barriers
Choke line Kill line
]
Well data
Installationvrig: Gjea
. Well no.:
% z Well status: Monobore gas producer
/ / Revision no. / Date: 1 [ 21.04.2016
/ % Prepared: Krister Aunan
% % Verified:
/ " i Ref. Table i i
4 é 20" csg. Well barrier AL Verlﬁcahon of
elements 010 barrier elements
PRIMARY
[ P R J Minimum P&A depth Formation at casing shoe 51
9 5/8 casing cement up to 2
y %7 production packer
9 5/8 casing 2
Production packer 7
7 Overpressured Production tubing 25
e chanical plug- VO rated 28
% SECONDARY
. Formation at prod.packer
13 3/8" csg. 51
é depth
9 5/8" casing 2
9 5/8" casing cement 22
9 5/8" casing hanger and 5
seal assembly
Mechanical plug - V0 rated 28
Notes:
Top of
resenvoir
95/8" csg.

Figure 68 Run drilling BOP and retrieve shallow plug
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5.3.10 Barriers towards reservoir

Objective and activity

e Ref. to section 5.1.10

Barriers

Choke line

Reservoir

AR

W

Kill line

20" csg.

Minimum PSA depth

Overpressured
shsliow wsterfiow

13 3/8" csg.

Top of

resenvoir

95/8" csg.

Well data

Installation/rig:

Gjea

Well no.:

Well status:

Monobore gas producer

Revision no. / Date:

1

[ 21.04.2016

Prepared:

Krister Aunan

Verified:

Ref. Table

Well barrier
elements S

PRIMARY

010

Verification of
barrier elements

SECONDARY

Formation 13 3/8" casing
shoe

13 3/8" casing

13 3/8 casing cement

13 3/8 casing hanger

Wellhead

BOP

Notes:

1. USIT/CBLAVDL log of 13 3/8" casing and 9 5/8" casing have
confirmed good barrier cement

Figure 69 Setting barriers towards reservoir
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5.3.11 Cut and pull 9 5/8” casing

Objective and activity

e Ref. to section 5.1.11

Barriers

Choke line Kill line

Well g:

Ir Gjea

Well no.:

Well status: Monobore gas producer
Revision no. / Date: 1 [ 21.04.2016
Prepared: Krister Aunan

Verified:

7 7
Z Z ; Ref. Table
% % Well barrier R
/ / elements 010
é % PRIMARY
% é 20" csg. Fluid column 1
SECONDARY
Formation 13 3/8" casing 51
shoe
13 3/8" casing 2
13 3/8 casing cement 22
Overpressured 13 3/8 casing hanger 5
shallow waterflow
Wellhead 5
13 3/8" csg. BOP 4
tes:
1. USIT/CBL/VDL log of 13 3/8" casing and 9 5/8" casing have
confirmed good barrier cement
Top of
resenvoir
95/8" csg.

Reservoir

Figure 70 Cut and pull 9 5/8” casing
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5.3.12 Setting primary and secondary barriers for overburden

Objective and activity

e Ref. to section 5.1.12

Barriers
Choke line Kill line
—= Well data
Installation/rig- Gjea
Well no.:
Well status: Monobore gas producer
Revision no. / Date: 1 | 21.04.2016
Prepared: Krister Aunan
Verified:

Z

/ Well barri Ref. Talle Verification of
/ rrier oy erification

é elements 010 barrier elements
Z PRIMARY

SECONDARY

Formation 13 3/8" casing 51
shoe
13 3/8" casing 2
13 3/8 casing cement 22
Overpressured 13 3/8 casing hanger 5
shallow waterflow
Wellhead 5
13 3/8" csg. BOP 4
Notes:

1. USIT/CBLADL log of 13 3/8" casing and 9 5/8" casing have
confirmed good barrier cement

Reservoir

Figure 71 Setting barriers towards overburden
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5.3.13 Cut and pull 13 3/8” casing

Objective and activity

e Ref. to section 5.1.13

Barriers

Choke line Kill line

20" csg.

Overpressured
shallow waterfiow

13 3/8" csg.

95/8" csg.
Reservoir

[ Well data

Installation/rig: Gjea

Well no.:

Well stafus: Multilateral oil producer

Revision no. / Date: 1 I 21.04.2016

Prepared: Krister Aunan

Verified:

i ' Ref. Table i i

Well barrier NoRDY Ven_ﬂcatlon of

elements 010 barrier elements

PRIMARY
M_

SECONDARY

Formation 20" casing shoe 51

20" casing 2

20 casing cement 22

20" casing hanger 5

Wellhead 5

BOP 4

Notes:

1. USIT/CBLVDL log of 13 3/8" casing and 9 5/8" casing have
confirmed good barrier cement

Figure 72 Cut and pull 13 3/8” casing
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5.3.14 Open hole to surface barrier

Objective and activity

e Ref. to section 5.1.14

Barriers
Choke line Kill line

Well data
Installation/rig: Gjoa
Well no_-
Well status- Monobore gas producer
Revision no. / Date: 1 [ 21.04.2016
Prepared. Krister Aunan
Verified:
Well barrier Ref. Table ' \/erification of

NORSOK D-

elements 010 barrier elements
PRIMARY
_
20" csg. SECONDARY
Formation 20" casing shoe 51
20" casing 2
% 20 casing cement 22
/ : Overpressured 20" casing hanger 5
H H shallow wsterflow
% Wellhead 5
%é % 13 3/8" csg. BOP 4
/ Notes:

1. USIT/CBLAVDL log of 13 3/8" casing and 9 5/8" casing have
confirmed good barrier cement

Top of
reservoir

95/8" csg.
Reservoir

Figure 73 Setting open hole to surface barrier



Method selection study of future P&A at Gjga field

5.3.15 Well status after permanent abandonment

Objective and activity

e Ref. to section 5.1.15

Barriers

% 7

Well data

Installation/rig: Gjea

Well no.:

Well status: Monobore oil producer
Revision no. / Date: 1 [21.042016
Prepared: Krister Aunan

Verified:

PRIMARY

Fomation at prod. Packer
depth (Shetland)

i | Ref Table
Well barrier i
elements 010

Verification of

[EUEREENENS

9 5/8" Casing cement

95/8" Casing

Shetland formation

Cement plug #1
SECONDARY

9 5/8" casing

9 5/8" casing cement

‘snaton watertow

13 3/8"csg.

Top of reszrveir

95/8" csg.

Figure 74 Permanently plugged and abandoned well

Cement plug #2

In-situ formation

PRIMARY (SWF)

13 3/8" casing cement

13 3/8" casing

Cement plug #3
SECONDARY (SWF)

In-situ formation

13 3/8" casing cement

13 3/8 casing

Cement plug #4

Casing cement

Open hole to surface well barrier

20" casing cement

20"casing

Cement plug #5

Notes:

1. USIT/CBL/VDL log of 13 3/8" casing and 9 5/8” liner have
confim ed good barrier cement
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6 Discussion

The decision to P&A any well or a whole field is first and foremost based on
economics. Once production delivers less revenue than the operating expenses, it
is time to consider abandonment. The Cost of P&A operation can be calculated by
multiplying abandonment time by the daily spread cost of the applied
technologies. Saving a day means saving multiple million NOK. Therefore, in
order to reduce the time and thereby the cost of abandonment operations,
operators continuously strive to radically improve how P&As are performed. The
service industry sees this as a major business opportunity for the not-to-distant
future, and they are continually developing tools and techniques to decrease
time/increase efficiency without compromising safety. Operators are to a lesser
degree interested in the innovation itself, but are obviously keen to minimize
money spent on a required P&A process that costs money but does not generate
income. Minimizing operation time - and thereby costs - without sacrificing well
integrity, is the most critical factor to the subsea operators, who by law are
forced to make this significant investment with no financial return in the case of

P&A operations.

This discussion chapter of my thesis will focus on some important aspects such
as estimation of the time this process takes, and some areas of potential

optimization or change.

6.1 Time Estimation

In this section a time estimation of the P&A operation for a single well, utilizing a
semi-submersible for the operation, will be presented. For this purpose a
probabilistic approach will be used with such advantages as reflecting model
uncertainties, capturing an accurate range of possible outcomes, and promoting
the understanding of unexpected events involved in the operation [27],
compared to the deterministic method that is traditionally used. The P&A
operation described in previous chapter can be further divided into sub-
operations thereby defining a detailed operation plan. The various sub-

operations, together with time distributions, are presented in table 7 below.
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Table 7 Operation sequence for P&A of one single well at the Gjga field

Description of operation Minimum Most Likely Maximum
p p (hours) (hours) (hours)

Anchoring of semi-submersible rig 18 22 28
Run WOR and connect to HXMT 48 60 72
Kill well, bullheading 6 9 12
Install and test deep-set plug 12 16 24
Punch tubing 12 14 18
Displace tubing and annulus 6 9 12
Install crown plugs 4 6 8
Pull WOR and run BOP 38 43 50
Pull crown plugs 4 6 8
Cut and pull tubing 48 62 78
Install shallow plug 6 8 12
Pull BOP and retrieve HXMT 36 41 48
Run drilling BOP 24 36 48
Retrieve shallow plug 6 8 12
Place cement plugs towards reservoir 22 26 30
Cut and pull 9 5/8” casing 24 30 36
Place cement plugs towards 22 26 30
overburden

Cut and pull 13 3/8” casing 24 30 36
Set bridge plug 7 9 12
Setting open hole to surface barrier 18 24 36
Cut and retrieve WH 5 12 18
De-anchoring of semi-submersible rig 18 22 28

A Monte Carlo simulation is a method for investigating the probabilistic outcome

of a process, and will forecast the total duration of the P&A operation. The

procedure for time estimation of abandonment operations is based on the

following steps [43]:

1. Define an appropriate model

- Specify which items are included/excluded from the model.

- The detail level of the model should be decided.

2. Data gathering

- Set of collected data should be large enough to include all possible

data.
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- Possible values for sub-operations are collected on the basis of
historical data, phenomenology and expert opinions.
3. Define input distributions
- Puteffort and time in selecting appropriate mean and spread for
inputs rather than discussing the distribution shape.
4. Sample input distributions
- Choose how many iterations one requires: the larger the number
of iterations, the more accurate estimate.
5. Interpreting and using the results
- The output of the process will be a set of probability distribution
curves or histogram for each forecast quantity.
- This result needs to be evaluated and corrected if there are any

mistakes.

MATLAB was used as the software-programming tool, and by running 30000
iterations the code generated the final results. The final time-distribution curves

and corresponding statistical values for the scenario are presented in figure 75.

0 1Time Distribution for P&A of a Single Well by a Semisubmersible Rig1

/~

L / L
0 0.05F 4050
o / &)
/
//
/
//
/
/
//
O 1 _ /\ 1 1 1 O
19 20 21 22 23 24 25
Time(day)

Figure 75 Time-distribution curve for P&A of a single well

The results of a probabilistic time estimation is presented as a probability-
density function (PDF) and a cumulative-distribution function (CDF). The x-axis

represents the time values for a single well abandonment, and the y-axis in the
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PDF curve presents the occurrence probability corresponding to each value of
the outcome, while the CDF curve shows the probability that the outcome takes a
value that is less than the corresponding value on the x-axis [27]. From these
resulting distribution curves, values of P10, P50 and P90 will also be obtained,

seen in table 8.

e P10-10 % of outcomes are smaller
e P90 -90 % of outcomes are smaller

* P50 (Median) - 50 % of outcomes are smaller

Table 8 Statistical properties of the forecast result

Statistical Parameter Total Time (days)

P10 21.31
P50 21.98
P90 22.67
Max 24.60
Min 19.68
Standard Deviation 0.53

The values obtained from figure 75 are not entirely realistic, as data from other
elements, such as unexpected events and non-productive time (NPT) in the
operation is not included. One significant advantage of the probabilistic
approach is to quantify and manage the occurrence probability of unexpected
events [27]. For further time estimation a more detailed analysis is required,
which includes NPT and unexpected events such as WOW, not being able to pull
tubing or casing, collapsed tubing or casing. This will have a negative effect in
relation to time in the form of a more widened curve and a shift of the time-
distribution curve to the right. This means that it is anticipated that the
operation will take longer time and have a higher standard deviation, indicating

that the data points are spread out over a wider range of values.

If, on the other hand, a multi-well campaign with sequential operations is
planned, one could expect a learning effect to be gained from this. P&A time

tends to decline with repetition of the same operations as learning is gained. This
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would be reflected in a more positive value with regard to time. The probability

is that the next well be performed more effectively than the previous one.

Rushmore is a database that collects, analyses and publishes offset well data for
participating operators in the oil industry. Based on data from P&A performed
on 74 subsea wells on the NCS and the UK sector, the following percentage of
productive time, WOW and NPT was retrieved, see figure 76. As one can see from

the figure a lot of the operational time is lost on NPT and WOW.

P&A Overview for Norway & UK (Subsea Wells)

m Productive Time
0 Non-productive Time

@ WOowW

Figure 76 Productive time, NPT and WOW overview for P&A operations based on data from

Rushmore
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6.2 Innovative Technology

The O&G sector is a conservative industry, traditionally hesitant to implement
new technologies and methods. However, as P&A creates no added value for the
operators it is therefore reasonable to believe that the pace of technology
development, and deployment around P&A operations should, and indeed must,
accelerate in order to increase the effectiveness of abandoning wells. It is
expected that the future will bring a strong focus on developing solutions that
will compete to a lesser degree with the resources that are used for the
permanent P&A of wells today. The traditional technology being used today is
time-consuming and involves great challenges during operation. There are,
therefore, major opportunities for innovative service companies to create
revenue by promoting new technologies and methods, which will be efficient

products for the oil companies.

In this chapter some of the potential new technologies will be addressed. If these
technologies come out on the market, they have the potential to significantly
improve and simplify the traditional P&A operation procedure, resulting in a

paradigm shift in the traditional way of performing a P&A operation.

6.2.1 Interwell

Interwell is an international service company established in Norway in 1992,
and they are currently working on developing what could be a transformative
solution within P&A. Their method and use of permanently abandoning a well, or
removing a well element, involves the use of a heat-generating mixture that
melts the surrounding materials. The heat-generating mixture is positioned in
the well, and by igniting the mixture all the surrounding materials in the well,
including casings and tubing, will melt and create a barrier with properties

similar to the cap rock [44].
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A\ i

SOURTH,

AL 0 ,‘ R
L

H s »
F - I "
- . - —
& ‘.._,» -+ e
e —
Well shut, due to be PEA' Conventional P&A New P&A solution New P&A solution
- removal of tubing/casings (no pulling of tubulars) Phase 1,2,3 completed

Figure 77 Current and new Interwell P&A practices [44]

Interwell has so far conducted over two hundred various scale tests, including
multiple casing configurations, and completed its first recruitment to its
operational/commercial organization. They are currently working to qualify
their method in pilot wells, and hope to see their method commercially qualified
through the end of 2016. Some potential advantages with their new technology
are:

* Significantly reducing time and
cost of P&A operation, eliminating
time-consuming operation steps,
reduce rig time and enable lighter
vessels to perform the operation.

* Environmentally-friendly solution.

* Ensuring a permanent solution,
claiming it has the ability to create
a seal with zero leakage in an

eternal perspective.

Figure 78 The goal is to restore reservoir barrier(s)
with properties similar to cap rock properties [44]
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6.2.2 Plasma-Based tool

GA Drilling is another service company focusing on developing ground-breaking
technology within P&A. Their “solution” is the plasma-based tool still on the
prototype stage. Two of the main P&A challenges are the time and expense of
casing milling and swarf handling. Milling generates swarf, which must be

removed before cementing, and removal of swarf can damage the BOP.

Plasma-Based tool technology is based on the production of high-temperature
water steam plasma for rapid steel structural degradation [45]. This approach
brings a radical abandonment of the classic rotary approaches involving
connected tubes in a long string and the generation of swarf, both of which will
be removed. This new technology eliminates the challenges described above, and
it has the advantage of rig-less operation since the system is designed for coiled

tubing solution.

The plasma-based tool is being developed for simplification of the conventional
procedure. The tool should be able to operate through tubing without the need
for XMT removal. This ability eliminates the need for tubing removal since the
tool can mill tubing as well as casing in one trip. Some potential advantages with

the Plasma-Based tool are:

Rig-less operation because the system is designed for use with coiled

tubing.

* Rapid structural degradation of steel with plasma enables a high milling
rate of penetration. When compared with the conventional approach, this
feature saves time because no tripping is needed.

* The mechanism produces tiny steel particles instead of swarf. This is
beneficial for proper BOP operation, as well as for other components
where swarf usually causes failures.

* The non-contact approach brings improved reliability by minimizing

wear and tear of the tool.
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6.2.3 The MicroTubeRemover Wellbore Intervention tool

In 2015, Aarbakke Innovation presented their latest tool for cost reduction in
P&A. One of the challenges mentioned earlier, and one of the major reasons for
using a rig for P&A, is pulling the production tubing. According to NORSOK, with
regard to permanently abandoning a well, any micro tubes lines, sensor cables,
chemical injection lines etc., outside the tubing must be removed in order to
properly place a barrier material in the production annulus, as control lines
cannot be part of a permanent barrier. The pending WL tool removes the micro

tubes and brings them to surface allowing such a barrier placement to be done.

-

- 4

- {/

Figure 79 The MicroTubeRemover Wellbore Intervention tool [46]

The tool will locate production/injection tubing collars, and then locate micro
tubes externally of the tubing, followed by cutting the lines above a cable
protector. After this, the lines are grabbed, cut and retrieved from outside the
tubing [46]. This will mean that use of a rig is unnecessary as there is no longer

any need to pull the production tubing.
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6.3 MODU vs LWIV

When planning the P&A operation the use of a MODU is the obvious choice, but
further evaluation should be undertaken as to how the procedure can be
improved by using more cost-effective vessels. There are some new technologies
that could be adopted together with LWIV in order to improve the operational
procedure. In this section some of the pros and cons of MODU versus LWIV will
be discussed, as well as existing technical solutions that are achievable by the use

of these.

6.3.1 P&A completed by MODU

The conventional vessel used for a P&A operation is a MODU, typically a
traditional semi-submersible used to complete all phases. It is a safe option for
any operator who will work with “as low as reasonably possible” (ALARP) as the
main HSE principle, as it can easily handle foreseen and most unforeseen
scenarios. This has also been the foundation of this study. A semi-submersible

has many advantages compared to a LWIV:

* [t can perform all P&A operations

* [t can pull tubing and casing

e [tis more suited if unexpected events occur during operations
* Itis more robust to weather conditions

* Itrequires no extra mobilization of other vessels

However, as already mentioned, there should be increased focus on moving from
these historically more expensive MODUs towards the increased use of LWIVs.
During the last years the market has suffered some substantial changes when
compared to previous years. Following the oil price drop, NCS activity has
slowed down significantly, and the cost level has followed the trend. This applies
to most cost elements, and in particular to rig rates. Admitting a long-term view
that rates will remain at such levels is not entirely realistic, since this would
reflect an unsustainable situation. The challenging task is to regulate the premise
for the long-term assumptions, setting an economic environment today, for an

operation that will take place long into the future. A more realistic (although
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conservative) prognosis could be to envisage a 30% reduction in the rig rates

and 20% in service rates [47].

6.3.2 P&A completed by LWIV and MODU

The most likely method of performing subsea P&A jobs, with regard to the
technology available and the striving for economical sustainability, is by
transferring some of the activities in the operation from MODU to a dedicated
LWIV. Statoil has already successfully used LWIVs for P&A jobs. This was done
on five wells at Troll Oseberg Gas Injection, where some of the preparatory work
of P&A, such as killing the well, punching the tubing and setting the temporary
plugs, as well as removing the XMT, were conducted by LWIV. Afterwards, a
semi-submersible performs the permanent P&A job by pulling the tubing, casing
and installing permanent cement plugs. Statoil reported that the scope was
completed with very good results, taking only 62.5 days rather than the 80
planned [48].

Suspended Well Abandonment Tool system from Claxton engineering has been
used in many years in UK sector to establish the open hole to surface plug,
deployed from a light construction vessel [49]. It is also possible to finish the
P&A job by cutting and removing the WH, conductor and casing strings a few
metres below the seabed by abrasive water jet cutting in combination with a
Subsea WH Picker deployed from a vessel [2]. One modified and cost-effective

phase approach with capable vessels could be done as follows[50]:

Preparatory work of phase 1: RLWI
* Well integrity testing
* Kill the well by bullheading
* Install and test deep-set plug
* Tubing punch and circulate
* Tubing cutting
* Set shallow temporary plug

e XMT removal
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Phase 1: MODU
* Upper completion/tubing recovery
* Install shallow plug
e Section milling (if required) and casing retrieval
* Remedial cement operations
* Install permanent barriers
Phase 2: MODU and LWIV
* Install permanent barriers, MODU
* Setting surface barrier, LWIV
Phase 3: LWIV
* Cutand retrieve WH by an abrasive cutting technology in combination
with a subsea WH picker

* Decommission and recovery of flowlines, umbilicals, etc.

6.3.3 P&A completed by LWIV

For the future the industry should strive towards removing the P&A activities
from the use of semi-submersible rig to vessels. This should especially be
possible on wells with a lower level of complexity. This will result in a significant
cost reduction for operators, and will release semi-submersible rigs time to
perform drilling operations. The main reason for the inability to use an LWIV to
perform a full P&A operation is the lack of a riser. There are many challenges
that need to be overcome before using an LWIV for full subsea abandonment

[51]:

* Cement placement techniques for LWIVs (without riser)

* Tubing pulling from LWIV (without riser)

* General P&A challenges such as qualification of annulus barriers, tubing
and casing integrity, collapses & restrictions, control lines etc.

* Reaching the target in the wellbores if the well is very deep and with a
sharp angle. This has greatly improved after the WL tractor was taken
into use.

* Notable to pump and circulate to perform sufficient well clean up.

e  Weather limitation
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*  Working on live wells presents technical challenges because of the

interface between high pressure HC and the low pressures on the vessel

(less robust pressure control equipment compared to semi-submersible).

Wells vary largely in complexity and not all are suitable for rig-less P&A, but
LWIV capabilities will increase over time (e.g. coiled tubing). There are many
challenges that need to be addressed before using LWIV for full subsea
abandonment, but the gains are so significant that there should be a collective
industry pushing to make this possible in the future. In addition to the financial
benefits to be gained by moving activities to dedicated vessels, there is a HSE
benefit. Specialized personnel on dedicated vessels will conduct these
transferred activities. On the rig these activities could be performed parallel to
other rig activities and thereby represent a slightly higher HSE risk [2]. Some
critical success factors for the striving towards realization of the rig-less

potential are [51]:

* Operator involvement and commitment
- Close dialogue between Contractors, Operator and Authorities
* Innovation and improvement thinking
- More engineering studies are required
* Access to real wells for qualification of technology is essential
* Either making it easier to use LWIV w/riser, or being able to displace
cement and pull tubing/casing without riser and still have full well
control
* Integrating coiled tubing with LWIVs. Using coiled tubing without riser
would be a significant improvement for riser-less LWIs
* Technology advances making it possible for LWIVs to perform more
complex operations:
- E.g. how to re-establish WBEs from LWIVs?
* Bridging the technology gap between LWIV and MODU for future subsea
well abandonments, by constructing a heavy intervention vessel as an

alternative approach for well P&A.
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6.4 Batch operation

Batch P&A is usually performed in a field with multiple wells ready for P&A
operation. While planning to P&A several wells on the Gjga field that is located in
the same template or nearby, it is possible to perform the P&A in batches in
order to increase safety, and increase efficiency and therefore save money. A
batch operation means that permanent abandonment for several wells can be
planned consecutively. The eleven subsea wells on Gjga have more or less similar
abandonment needs and complexities. Therefore P&A of the wells could be done
within a single campaign. This will result in a cost-effective P&A operation as the
transit time from shore to the different well locations takes time. The cost of
vessel mobilization and demobilization will be reduced for every additional well
that is included in this batch operation. In addition, the experience gained from
performing many operations will give an efficiency increase as a result of the
learning curve gained by doing many wells in a row, resulting in improved work

performance and reduced operating time.

6.5 Recommendation for future studies

For the proposed P&A operation itself, there are many steps that may be
examined for improvement in order to make the procedure more efficient. In
addition, further future study of some areas should be done before starting on

the P&A process:

* One must go more into depth for each individual well, as the well integrity
of each distinctive well will vary in regard to cement height, quality of
cement, WH fatigue, well accessibility, minimum setting depth, depth
uncertainty etc.

* Arguments could be made that it is not necessary to Bullhead/kill the well
at all, but by using LWIV together with WL a deeply-set plug can be
installed directly.

* Itshould be investigated whether an alternative could be to place cement
plugs towards the reservoir during operation 5.1.7, after installing a

mechanical plug inside the 9 5/8” casing, before installing a shallow plug.
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A WH fatigue analysis should be planned, and is indeed planned, before
starting on the P&A operation to assess the structural integrity of the WH
and casing system.

More thorough research should be undertaken of the different service
companies delivering different technologies with the potential for
providing a more efficient process for each operational step. This
research should embrace both current technologies and those to be
developed in the future.

Probabilistic time estimation has been introduced in this thesis, but as the
P&A method selection has been improved a more thorough review should
be conducted. Important parameters such as more detailed sub-operation
division, NPT, unexpected events and batch operation must also be
included to give a more realistic scenario of the expected operational

time.
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7 Conclusion

The subsea wells on the Gjga field will have to be P&A’d due to declining 0&G
production. The Petroleum Act requires licensees to submit a cessation plan to
the Ministry two to five years before the production licence expires, or use of the
facility ceases. In this respect, the overall objective of this thesis, specified by
ENGIE E&P Norge, has been to start on a preliminary discussion of the process
on how one can permanently P&A the wells in accordance with applicable

regulation(s), which in the case of P&A is NORSOK D-010.

A step-by-step approach has been suggested, clearly presenting the different
operations with the purpose of being easy to follow and understanding the
actual operational process. Much emphasis has been brought into drawing WBS
in Microsoft Visio showing the primary and secondary barriers during each step
of the operation. These schematics are widely implemented and used in the
industry. In particularly, they are used during operations on offshore facilities, to
clearly identify each WBE together forming the primary and secondary
envelopes. In this way it is easy to consider the safety of a well and its well
barriers for those performing the operations and potential stakeholders. It has
also proved to be useful and informal to use the illustrations in discussions when

considering different solutions.

In addition to the reservoir, one overburden zone that is considered as a
potential source of inflow has been identified; therefore, this also must be P&A’d
with primary and secondary well barriers. These plugs shall seal the wellbore
and all annuli in all directions. Because of this over-pressured zone in the
overburden, both the 9 5/8” casing and the 13 3/8” casing must be cut and

pulled in order to put in place satisfactory well barrier plugs.

On the Gjga field, where there has been forward thinking, and where a thorough
job has been done during the well design and drilling of the wells, the P&A
operation itself would appear to be pretty straightforward. The most successful
and economical approach is to avoid remedial cementing by thoroughly

planning, designing, and executing all drilling, primary cementing, and
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completion operations properly. A good primary cement job is crucial for
simplifying the procedure, and logging of the casing cement has confirmed that
most of the wells have verified good-cement behind the casing. Therefore, it
would seem that milling is not required, this being one of the most time-
consuming P&A operations. The wells on Gjga field are not old, with the first well
being drilled in the beginning of 2009, and currently none of them has well

integrity issues of significance for the P&A operation itself.

The actual P&A method used in the future may deviate, or at best, be improved
from the one proposed in this thesis, but findings show that a similar operational
procedure can be performed for each of the three different types of well design.
However, future studies must go more into depth on each well, as each well is
unique with regard to depth variations, cement heights, integrity issues etc. The
latter are important parameters that have not been considered in depth in this

thesis, and there might be slight variations on a well-to-well basis.

As there has been increasingly more focus on P&A, new technology will emerge,
and this will have the potential to make step changes in the traditional way of
performing a P&A operation today. New technology will mean that undesirable
and time-consuming operations, such as milling, pulling tubing, cutting and
pulling casing, may be performed by LWIV, or at best can be avoided. This would
mean enormous cost reductions for the operators and, at the end of the day,
Norwegian taxpayers. Worldwide, service companies are developing tools and
methods to limit the economic impact of fulfilling these obligations. As
technology keeps improving and P&A is getting ever-increasing attention as a

potentially profitable option for service companies, new solutions are arising.
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Appendix A

Workover Riser system used when drilling the wells on Gjga [11]
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Appendix B

Cross sectional schematic of Wellhead on Gjga wells [11]
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Cross sectional schematic of HXMT on Gjga wells [11]
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