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Zero Leaks. Forever.

Is There A Place For Pragmatism Over Perfection
In Well Abandonment?
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Leaks Around The Globe

Regulatory Expectations

Case Study Example: Options for Isolating Shallow Biogenic Gas Zones

The Role of Leak Characterisation & Societal Cost in Abandonment
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Zero Lea ks
Forever

It’s ok, our plugs
are holding!
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Credit: NOAA OKEANOS Explorer Program, 2013 ROV Shakeédown and Field Trials +, kg /




Somewhere a little
closer to home...

Book Now




Global “Seeps & Weeps”
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Darn, it’s cold

(and in particular, methane)




Regulatory Context
Carbon Capture & Storage (CCS)

Cumulative
Benefit Mindset
for CCS

Success is measured by the
global total amount of CO:
removed from the atmosphere
and stored underground

Directive 2009/31/EC
(“CCS Directive”)

Chapter 2
Article 4: Selection of Storage
Sites
- 99% of injected CO: is
uidance Document 1
SR aracemens ek permanently stored

Leak Acceptance
(“significant vs insignificant”)

1% leaks

Cumulative benefit outweighs
the cumulative negative impacts ‘
]



Regulatory Context
Well Permanent Plugging & Abandonment (PP&A)

Zero Leaks
Forever Mindset

Conservative, multi-level
plugging strategy driving cost-
escalation and project
deferment

.| Proposed Abandonment l.

45-100m below MSL
seabed/surface
Seabed
30”
20”
Casing
stub
above
reservoir

133/8”

15m aboveI _______ Liner lap
Cement Retainer above
45m bel = reservoir
m bel owI AL ____ A
95/8”
30m aboveI ______
— —
— p——perf zone
30m belowI g |

77

Lithology
Sandstone
== Siltstone
E==4 Claystone
E=ES Limestone

Fluid

I Hydrocarbon (oil or gas)
[ Water

Pressure

[T Hydrostatic
[ Overpressure
™™ Significantly overpressure

Zone

I Cap rock

[ 1Permeable zone

I Zone of flow potential (ZOFP)



Regulatory Context

Well Permanent Plugging & Abandonment (PP&A)

Risk-Based
Mindset

Can there ever be an
“acceptable leak rate/risk”
for hydrocarbons?

.| Proposed Abandonment l.
MSL

Shallow
Biogenic Gas

&4

1996 No. 913 HEALTH AND SAFETY mUK M °

statutory instrument —.| OEUK Well Decommissioning a I n

Reg. 13 of Offshore Installations and Guidelines

Wells (Design and Construction, etc) = | Issue 7, “Section 2, Evaluation of H d b

Regulations 1996 (SI 1996/913) [DCR] Formations with Flow Potential” y roca r 0 n
Reservoir

aaaaaaaaaaaaaa bly practicable
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Where Is Biogenic Gas Present?

» Early Pleistocene interval comprising
sandstones and siltstones of mixed glacio-

marine origin

. Sub Age Litho- | Litho- Seismo-strat Typical Seismic
System | Series ) : Lith
v -Series | (Ma) | strat- | strat. (Various) Character
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Base Quaternary (Lamb et al. 2016)
2.59
[
(7] ] © .
c q:) BN Lithology
g"o [s] 5 [ Sandstone T I
S o ol EEE Siltstone H H,¢
> o E E==4 Claystone Hord '

Re-drafted from “Has anyone seen the Crenulate?” Francis Buckley, OSIG 2017
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Areas of pockmarks
I:l Gas at shallow depth

Gas at shallow depth
(sparse cover)

|:] Shallow gas distributed within
pro-deltaic Pleistocene sediments

|:| Shallow gas in mounded and

N N

! Qbo

sheet-sand layers within the
lower Pleistocene

D Shallow gas associated with
buried channels at the
Pliocene-Pleistocene boundary

|:| Shallow gas associated with
salt piercement structures

UK

- Area of pockmarks (i.e.

1
N\

Witch Ground

L Graben

gas release to surface) —

80 kilometres
|
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Re-drafted from Millenium Atlas, 2000

e Blow-out wells

Shallow gas in mounded
and sheet-sand layers

NO




Historical Blow Out

Well 22/4b-4

Source: von Deimling et al. 2015

» 22/4b-4 blowout in November 1990

» The well had encountered a 31 - 46m thick,
67 psia over-pressured gas sand at c. 360m

below seabed

~~ A I

l:l Areas of pockmarks
[ Gasatshallow depth
"4 Gas at shallow depth
(sparse cover)
[ Shallow gas distributed within
pro-deltaic Pleistocene sediments
|:| Shallow gas in mounded and

sheet-sand layers within the
lower Pleistocene

|:| Shallow gas associated with
buried channels at the
Pliocene-Pleistocene boundary

D Shallow gas associated with
salt piercement structures

Nl

~J

0 |

N o

25

[ Z 13

Witch Ground
Graben

16

NO

Re-drafted from Millenium Atlas, 2000

»  “1.7k to 25k t/CHa/year” (Leifer et al. 2015)




Nearby Platform Abandonment
Well Architecture & Current Status

Dry Xmas Trees

Meak pathway

> Platform with 12 wells
ID ¢lBl[ A
> Sustained annular pressure et
(SAP) of up to 150 psi i ; .
present in C-annulus |
Yoo | Biogenic
500m -_ %
o gas sand
4 #55133/8 h

Operational pressures and gas
must be managed safely

The necessity for long-term isolation remains a
subject of ongoing debate




Option 1: Conventional Barrier

» Milled window approach
» Fully verified - -
>  “Pressure containing” ' 1

7 W What are the @pt-iens ‘
Optionk2::Re ; L ogueeze Barriefor isolati ng
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Reservoir Abandonment
Simplified Operational Steps

Assumptions: D CiB ‘I\
Level 4 cost estimate Seabed i
9% NPT -7

5% WOW
Spread rate: £120k/d Reservoir (AB1) Barrier

1.6

1.4 "

12 E;E;E;E;E;E;E;;
1 e
.-
0.8
0.6
o Caproek—
0.2 . Rty b L
0 :

Recover Tree Run Drilling BOP  Recover tubing Run CBL log Run Bridge Plug
and Riser hanger and tubing and Set ABN1
Barrier

Log

Duration (days / well)

= Oil & Gas

Total time per well: 6 days
. Reservoir

Total cost per well: £0.72 mm
Total cost across all wells (n=12): £8.61 mm




Option 1: Conventional Barrier
Simplified Operational Steps

Assumptions:

Level 4 cost estimate
9% NPT

5% WOW

Spread rate: £130k/d

Seabed

Option 1: Milled Window

=+26” conductor

6.0
g M98 5/8” shoe
5.0 0505050505050 « Blogenlc
0. e gas sand
Z40
3
~
£3.0
[}
z
520
2
o
- I .
Cut95/8" Recover 9 Set Bridge Plug | Mill & Under-  Set Balanced Set
Casing 5/8"Casing & Displace Well | Ream Window Cement Plug (12 Environmental
to Milling Fluid hrs WOC) Plug




Option 1: Conventional Barrier
Simplified Operational Steps

Assumptions:

Level 4 cost estimate
9% NPT

5% WOW

Spread rate: £130k/d

Seabed

Option 1: Milled Window

6.0

v
[=}

Biogenic
gas sand

»
o

-1 133/8” shoe

g w
[=} o

Duration (days / well)
o

Cut95/8" Recover 9 Set Bridge Plug | Mill & Under- | Set Balanced Set
Casing 5/8"Casing & Displace Well | Ream Window | Cement Plug (12 Environmental
to Milling Fluid hrs WOC) Plug

°
o




Option 1: Conventional Barrier
Simplified Operational Steps

Assumptions:

Level 4 cost estimate
9% NPT

5% WOW

Spread rate: £130k/d

Option 1: Milled Window

6.0
5.0
S40
3
~
£3.0
[}
z
520
2
o
- . .
Cut95/8" Recover 9 Set Bridge Plug Mill & Under- | Set Balanced Set
Casing 5/8"Casing & Displace Well Ream Window |Cement Plug (12 | Environmental
to Milling Fluid hrs WOC) Plug

Seabed

» Verified, fully rock-to-rock barrier

......

I tananten,
A,

Not to scale!

......

Y

:.26” conductor

Mi3185/8” shoe

:::« Biogenic
gas sand

-1 133/8” shoe




Not to scale!

Option 1: Conventional Barrier
Simplified Operational Steps

Assumptions:
Level 4 cost estimate Seabed
9% NPT

5% WOW

Spread rate: £130k/d

Option 1: Milled Window

6.0 P [ —

. . . .:.
g M98 5/8” shoe

5.0 .:.:.:.:.:.:.:; :.:.:.:-:-« Blogenlc
Y [ S - e gassand
S40 Floco, oo
3 o
- \% 133/8” shoe

3.0 3
]

z

520

2

o

- . l .
Cut95/8" Recover 9 Set Bridge Plug Mill & Under-  Set Balanced Set

Casing 5/8"Casing & Displace Well Ream Window Cement Plug (12 |Environmental
to Milling Fluid hrs WOC) Plug

Fotal timerpepnellict 2daySntainment

Total cost per well: £1.68 mm
Total cost across all wells (n=12): £20.13 mm




Not to scale!

Option 2: Perforate & Squeeze Barrier
Simplified Operational Steps

Assumptions:
Level 4 cost estimate Seabed
9% NPT

5% WOW

Spread rate: £130k/d

Option 2: Perf & Squeeze

2.5 P foo7

g W185/8” shoe
: « Biogenic
o gas sand

A% 133/8” shoe

2.0

Duration (days / well)
o

0.0
Cut 9 5/8" Casing Recover 9 Set Bridge Plug Perforate and  Run with Squeeze
5/8"Casing Inflow Test Packer and
Cementing (12 hrs
WOC)




Option 2: Perforate & Squeeze Barrier
Simplified Operational Steps

Assumptions:

Level 4 cost estimate
9% NPT

5% WOW

Spread rate: £130k/d

Option 2: Perf & Squeeze

2.5

N
o

=
wn

Duration (days / well)
o

©
U

0.0
Cut 9 5/8" Casing Recover 9 Set Bridge Plug Perforate and | Run with Squeeze
5/8"Casing Inflow Test Packer and
Cementing (12 hrs
WOC)

Seabed

» “Knowledge is Power” - inflow test is an opportunity to collect a

pressure data point to de-risk operations — only required on first well

Not to scale!

5 B
......

Mi3185/8” shoe

A% 133/8” shoe

26” conductor

Biogenic
gas sand



Not to scale!

Option 2: Perforate & Squeeze Barrier (7

Simplified Operational Steps orter €17
p p p ::ressurle f{h\

Assumptions:
Level 4 cost estimate
9% NPT

5% WOW @ ENERGY
Spread rate: £130k/d SYSTEMS

Option 2: Perf & Squeeze S

Cut 9 5/8" Casing Recover 9 Set Bridge Plug Perforate and | Run with Squeeze
5/8"Casing Inflow Test Packer and
Cementing (12 hrs Gator
WOC) Perforating
System

Seabed

2.5

Biogenic
gas sand

N
o

=
wn

A% 133/8” shoe

=
=}

Duration (days / well)
o

o©
o

» Obtaining circulation pathway might be challenging due to strung
out cement — may have to repeat - shallower




Option 2: Perforate & Squeeze Barrier
Simplified Operational Steps

Assumptions:

Level 4 cost estimate
9% NPT

5% WOW

Spread rate: £130k/d

Option 2: Perf & Squeeze

2.5

N
o

=
n

Duration (days / well)
o [
n o

0.0
Cut 9 5/8" Casing Recover 9 Set Bridge Plug Perforate and | Run with Squeeze
5/8"Casing Inflow Test Packer and
Cementing (12 hrs
WOC)

Not to scale!

Seabed

Fotaldume pey welbf@afutaysment / quality
Total cost per well: £0.928 mm

Total cost across all wells (n=12): £11.14 mm

A% 133/8” shoe

Biogenic
gas sand



Not to scale!

Option 3: Environmental Barrier Only
Simplified Operational Steps

Assumptions:
Level 4 cost estimate Seabed

9% NPT
5% WOW
Spread rate: £130k/d

2.5

g
o

=
wn

Duration (days / well)
o

©
"

Cut 9 5/8" Casing Recover 9 5/8"Casing Log 13 3/8" Casing  Set Environmental Plug
(circ. annulus)

o
o

Fotaktmer peruweldn 3« rda¥snly

Total cost per well: £0.517 mm
Total cost across all wells (n=12): £6.21 mm

Option 3: Environmental Barrier Only N o

Biogenic
gas sand



How Do Options 1 -2 - 3 Compare?

Comparative Assessment Criteria

Three options assessed against criteria for:

Legislation Technical Environment Cost

How complex is the What is the resource
Does option comply? | option & what is the | burden and is there a
chance of success? residual leak risk?

What is the overall
cost of option?

According to:

This assessment assumes all options are technically possible and can be executed safely




How Do Options 1 -2 - 3 Compare?

Comparative Assessment Results

L e

Option 1:
Conventional
Barrier

Option 2:
Perforate &
Squeeze
Barrier

Option 3:
Environmental
Barrier only

Legislation

Fully-lateral barrier

Complies with
Regulation / Guidance

Not afully-veritied
barrier

Compliesiwith'spirit of;
ALARP

Annular OBM
containment only

Technical Environment (Days) Cost £
Lower chance of Extended operational
success. Need sufficient = time uses more
weight and torque to resources (144.5 days)
mill, SWAREF, pack-offs, £20.13 mm
determines P&A unit, If successful = gas-tight,
GO0d chance of sUCcess | . 80.6/days)
Establishing circulation ! | £11.14 mm

Trade Off

pathway may impact.

guality of'annular . (£8.9 mm less than

| Risk of Future

barrier | Option 1)
Leakage

Excellent chance of (41.4 days)

success i.e. Leak £6.21 mm

Simple operations, Acceptance

proven technology




Option 1: Conventional Barrier . ’
With health &

safe"' isks
——
- mitigated

ze Barrier ‘

What Is the only
Important metri
left to consider?




ider
Key COn® :
“Cost to Society”

of releasing methane into
the atmosphere



Climate Impact of Methane (CHa4)

Calculating “Cost to Society”?

» Methane is a more potent greenhouse gas (GHG) than CO: in the

short-term

» Global Warming Potential (GWP) 84-87 times that of CO2 over 20 years*

» Methane emissions are standardised to CO2 equivalent (CO.e)

» Carbon Value is determined by UK Government as the “cost of reducing
emissions to meet the UK's climate goals” — applied to all CO2e metrics

Assumed leak rate /
volume over 20 years

tCHa to tCO:ze using
GWP20 (87)

2025 Carbon Value**

Societal Cost (£)

Unmitigated
Leak Rate
Example

Leak rate 10 tCH4 /yr =

200 tCH4

200 tCH4 * 87 =

17,400 tCOz2e

£287/tCO2e

17,400 tCO2e * £287
£5mMm

*per IPCC ARG, updated Aug 2024

*%2025 value from Department for Energy Security and Net Zero (DESNZ)




Option 1: Conventional Barrier
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Leak Characterisation — Leak Pathways
Formation Leaks oll'Lec

Wellhead!sealifailure B
:

i Drilling/construction
' related activities

it;-' -f—ﬁﬁ‘—\\-::-; =

-~ i = Decentralised

— “capill e Centralined
- -i: A = ST Lol _—— = .j =

Well integrity issues

N — e




Leak Characterisation — Leak Evolution

Formation Leaks Wall Leals
» More frequent, multiple bubble > Less frequent bubbles / bubble streams,
streams across wide areal extent sourced more locally
» However, as accumulation depletes, » However, as well barriers degrade, or
bubble diameter and leak rate both pressure recharge occurs, leak rate may
decreases (evidence from surveys) increase until eventual wellbore collapse

Depleted HC Reservoir — Leak Rate History
PP&A complete

Shallow Accumulation — Leak Rate History

The more wells drilled in

early field development 4

may deplete natural gas
ore quickly for a time

Leaks diminish as
wellbore collapses

Leak Rate

Leak Rate

Reservoir
Equilibrium I

Reservoir
Equilibrium

Production

=

Production

Time (years) Time (years)




Leak Characterisation — Leak Rate

Leaks from
Natural abandoned wells
leaks

> Leakage rates are highly variable low
<1 to 500 tCHa/yr

Blow outs

ak Magnitude [

<1 to 2,400 tCHa/yr
1,750 — 25,000 tCHa/yr

» Geological setting

A )(() 1000 Disﬁr:;)along:t;;?e = 4000 500)5 B P
,/ Apparent Polarity A
] . / Time Slice L
» Well design, construction & abandonment i ;
history

g x S X 2 g-sa"zw

> Proximity to shallow gas (< 1000 m) P —
(Bottner et al. (2020) 3 | ngsmr:y.wae UYL e ‘A )
[ i GiE r58°4N

> Wells spud before 2010 more likely to leak - %,
(Béttner et al. (2020) _02 Noere) é -

Bottner et al. (2020) Seismic Anomaly Indicating Shallow Gas Presence ~ "/eS*/'™'



Leak Characterisation — Modelling

3
Well Integrity Reservoir Analysis DRISCO2Well Team Contact Us Well Screening Tool
W

X-Flow Analytics™

Explore and discoverwhy ourmethodis a game-changer

Net-Zero Geosystems

Numerical Simulations for the Geosystems of the Energy Transition

Probabilistic analysis of well / formation _
failure mechanism(s), leakage pathways,
crossflow volumes and testing of chosen i
P&A strategy on leak characteristics




Key Metri€ :
How much methane is

released into the
atmosphere?



Atmospheric Emissions
Not All Leaks Are Delivered To The Atmosphere

Journal of Petroleum Science and Engineering 196 (2021) 108004

Contents lists available at ScienceDirect

Journal of Petroleum Science and Engineering

ELSEVIER journal homepage: http:/www.elsevier.com/locate/petrol

Methane release to the
a.tmosphere

The fate of hydrocarbon leaks from plugged and abandoned wells by means %55
of natural seepages

. . . b, . ,
Mari R. Tveit”, Mahmoud Khalifeh ™ , Tor Nordam "“, Arild Saasen ™

2 Dept. of Energy and Perroleun Eng., Faculty of Science and Technology, University of Stavanger, Norway

¥ SINTEF Ocean, Trondheint, Norway

© Deparoment of Physics, Norwegian University of Science and Technology, Trondhein, Norway

Oil Spill Contingency And Response (OSCAR)

Atmosphere

\
Hydrosphere

_ Oil in water column
Oil droplets and

methane bubble

migrate
Deposition of heavier
hydrocarbons

Characterising the
- g lame O receiving environment
is also important

Also affected by:
» Weather (storms, wind speed)

» Bubble size/composition

» Water depth, temperature,
salinity, stratification, ecosystem

Reservoir ($

Reproduced from Woods Hole Oceanographic Institution, J. Cook (2014)



Option 1: Conventional Barrier

3 Enwronmental garriel




Case Study: Estimating Societal Cost

Unmitigated Well Leak Rate Assumptions

» All wells drilled before 2010 (1992 — 2008)
» Wells are within 200 m of a seismic anomaly at Early Pleistocene level

» Leak flowrate estimated via Radial Flow Equation (non-compressible)

Assumptions:
10 m thick formation @ 500 m TVDSS
1 mD permeability of strung-out cement in C-annulus

B 2nkh(pe —

00e*™
ve ® fof
Where: \( Da \S"P\\
q = volumetric flow rate ,‘\(\3 e\
k = permeability of porous medium a’ie \ \

Puf)

Negligible pressure loss through annular flow
Annular fluid is density of base oil

Temperature increase minimal 5.4 K

Dynamic Viscosity (gas) RPT for methane 11.1 pPa:s

M ln( Te f!'rn')

h = thickness of flow zone

pwf = pressure at the wellbore (radius rw)
u = dynamic viscosity of the fluid

pe = pressure at the external boundary (radius re)

Ln(re/rw) = natural logarithm of the ratio of the external radius to the wellbore radius

Assumed leak rate /
volume over 60 years

Unmitigated 30 tCHa/well/yr
Potential Leak | Exp decline 10%/yr
Rate from

= 3,235 tCH4

Wells (n=12)

Exponential Decline in Leak Rate over 60 years (10%!/yr)

30.0
— 25.0
(0]

ES
5 200
T
[&]
£15.0

2
T
 10.0
©
o
= 50

0.0
0 10 20 30 40 50 60

Time (years)

'02e using
0 (87)

Societal Cost (£)
(CV) £287 * tCO2e

» tCO2e

£8.08 mm

* estimate from literature (95-99%), but
with more wells leaking, dissolution
power of water column will decrease



Option 1: Conventional Barrier What is the ’
value of this

~ information:
.
2e | J“W@[F




Case Study: Cost-Benefit Analysis

Is The Proposed Solution Proportional To The Problem?

Societal Cost £8.08 mm

Minor
incremental risk
reduction Benefit Cost of Mitigation Measure
—_— —_— —_— —_— —_— —_— —_— —_— —_— _— _— _Ben?fit_: ____________ —_— —_— : ﬁstﬁ migﬁioﬁ Weasﬁ‘e_
Significant risk Benefit Cost of Mitigation Measure
reduction Benefit

== Cost of Mitigation Measure

Benefit Cost of Mitigation Measure

ALARP
Principle

Does the cost of the isolation option for biogenic gas leakage
remain beneath a “grossly disproportional” threshold?

“Grossly
Disproportional”
Threshold



Case Study: Cost-Benefit Analysis

Is The Proposed Solution Proportional To The Problem?

Societal Cost £8.08 mm

Operational Cost (£)

Option 1:
Conventional
Barrier

Operational Cost (£) vs. Societal Cost (£)

Cost Difference (£)

Option 2:
Perforate &
Squeeze
Barrier

“Grossly Disproportional” Threshold

Benefit

Cost of
Mitigation
Measure

Cost of measure
disproportional to

+ £12.05 mm

Option 3:
Environmental
Barrier only

£6.21 mm

of measure

benefit
“Grossly Disproportional” Threshold
Benefit Cost of
— Mitigation
Measure
Reasonable balance
between benefit and
cost of measure
“Grossly Disproportional” Threshold _ _ _
Benefit £ 1 87
— - . mm
Cost of
. . Mitigation
Benefit outweighs cost Measure




Case Study: Cost-Benefit Analysis

Is The Proposed Solution Proportional To The Problem?

Societal Cost £8.08 mm

Operational Cost (£) Operational Cost (£) — Societal Cost (£) Cost Difference (£)
Option 2: “Grossly Disproportional”Threshold ______________________ i
Perforate & F11 1A Benefit Cost of
Squeeze £11.14 " mm = Mitigation
g ] Reasonable balance Measure
Barrier between benefit and
cost of measure
Option 3: “Grossly Disproportional”Threshold _____ __ _____________
. Benefit
Environmental £6.21 mm — -£1.87 mm
o 0st o
Barrier only Mitigation
Benefit outweighs cost Measure
of measure
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Proactive Abandonment Planning
Suggested Workflow & Data Gathering Opportunities

» Leak characteristics and rate
» Natural leaks? Does it impact isolation strategy?

Compile regional
frameworks

» Model realistic leakage scenarios from well
» What % of emission reaches the atmosphere?

» Phase 1: Project Management > Environmental Impact Assessment (EIA)

Decommissioning Work
Breakdown Structure

Cost-Benefit » Determine “cost to society” of a leak

» Use it to provide a decision-making framework for
risk mitigation which is proportional to the problem

Analysis

. . > Phase 3: Well Abandonment > Acquire data to support continued use of ALARP
Typical Evolution of a

Decommissioning Project
» Monitoring plan (were the assumptions correct?)

» Intervention plan, if required

» Phase 11: Post-Decom Monitoring > Conduct further monitoring beyond 3 years
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< Leak characteristics vary — key metric is the volume
— All. Rocks. Leak. reaching the atmosphere and impacting society
L > A
S cp® Leaks can be modelled and sites monitored — we
- Opportu nities should leverage existing opportunities to gather data
-~
.l > e
.y Cost-Benefit Calculating the “cost to society” is a valuable metric
oo . for justifying a solution which is proportional to the
AnaIyS|s problem in terms of cost/risk reduction
“ \ :
4
. This method requires a change of mindset and an
Mindset acceptance that there is a place for pragmatism

\_




Well-Safe Solutions Ltd

C4 Building, Gateway
Crescent,

Gateway Business Park,
Aberdeen, AB12 3GA

T: +44 (0) 1224 548 400
E:
info@wellsafesolutions.com

OUR VISION

To be the trusted
full well life-cycle
partner of choice

Thank you!

Any Questions?
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