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Context: Scotland’s offshore CCS potential

BGS (2023)
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Context: Scotland's offshore domain 



Existing approaches to managing legacy well risk
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Bow-tie

diagrams

Probabilistic 

event trees

Plumbing 

diagrams
Leakage 

modelling

useful for conceptualising 

barriers and failure chains

formal but data-hungry 

and uncertain for legacy 

wells

quick but often rely on 

incomplete or outdated or 

incomplete records

high fidelity but slow and 

expensive; suitable for 

single sites

Risktec (2025)

NSTA (2024)Oraee-Mirzamani et al (2013) Tao et al (2010)

These methods are valuable at the site or well scale,

but not across entire domains with thousands of legacy wells



Sometimes even the “best” wells leak
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• Drilled 2008, subsequently 

abandoned

• Adequate plugs and 

cement

• P&A compliant with 

regulations

However… Persistent methane leakage 

observed

If a compliant onshore well can leak, what does 

that mean for thousands of ageing offshore wells 

where direct inspection is extremely challenging?

Cahill et al (2025)
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Scalable approaches

Key research question: Which wells truly warrant 

attention, and how can we prioritise them across 

an entire offshore domain?
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Our approach
Multi-Criteria Decision Analysis (MCDA) of compounding risk factors using expert 

weighting + readily available regional datasets

Key to 

identify: Which 

wells have the 

right (or wrong) 

set of risk 

factors?
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Methodological overview

Temporal

Well design and

construction regulations

Time to failure

of components

Geospatial

Distance to significantly

seismogenic fault

Depth of

wellbore

Wellbore density within

geologic formation

Engineering

Wellbore

configuration

Extent of data and

historical records

Wellbore operational

status Wellbore intent

Operational challenges

during drilling

Expert 

elicitation

Refinement of scoring approachRemoval of irrelevant criteria

Weighting of remaining criteria Validation of methodology

x =
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We employ the interquartile range (IQR) method to identify statistically significant outliers (i.e., approximately 

the 5% of fringe data)

Upper bound = 0.74

Lower bound = 0.36

Q1 – (1.5 x IQR) = 0.36 Q3 + (1.5 x IQR) = 0.74

Distribution of consideration score

Nine of the Scottish Sea's most promising CO2 storage units as identified in Kirk et al. (2023) with wellbore intersections coloured by their computed MCDA consideration score. 
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Captain Fairway vs. Miller Field

Wellbore density & consideration score:

Captain: 137 intersections (134 

penetrating), lower average score (0.48), 

cumulative (64.03).

Miller: 43 intersections (31 penetrating), 

higher average score (0.71), cumulative 

(22.01).

Risk concentration vs. risk aggregation: 

Choice between managing fewer high-risk 

wells (Miller) or a larger number of lower-

risk wells (Captain).

Both sites are viable CCS reservoirs but 

require different risk management 

strategies.

– Decommissioned Oil Field– Saline Aquifer

Contrasting storage risk profiles
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From risk scores to physical leakage – Q-WellRATE
A Practical Physics-Based Model for Rapid Assessment of CO₂ Leakage from 

Legacy Wells

Iain de Jonge Anderson

Model Architect

Hariharan Ramachandran

Principal Model Architect
Aaron Cahill

Project Lead

Benjamin Pullen

Model implementation 

and application
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The complexity of wellbore leakage, and why we 

need a simpler way

Gasda et al., 2004

A fully coupled THMC problem, but data gaps and computational cost make fine-scale 

simulation impractical for early risk screening
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For early risk screening, max flux matters most

         

  
  

  
  

 
  

 
           

Max leakage rate

Arrival time

We focus on estimating maximum leakage flux, a risk-conservative indicator for 

screening and site ranking.

Many unknowns!
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Building on prior simplified leakage models

and many more models and 
approaches available in the literature…

We adopt the simplified Darcy-based approach but 

extend it to account for non-isothermal CO₂ 
behaviour, a key control often ignored.



Modelling philosophy: reliability over complexity

Top constraints (P, T)

Spatial variability of flow 

properties (k, φ, A)

Fluid properties 

(ρ(P, T), µ(P, T))

Reservoir constraints (P, T)

Model assumptions
• Steady-state, single-phase Darcy flow: 

represents worst-case flux

• Multiphase behaviour captured through effective 

properties

Model inputs
• Effective wellbore permeability (from SCP/SCVF 

correlations)

• Well geometry and cement-plug configuration

• Rock–fluid properties, pressure–temperature 

profiles, reservoir boundary conditions

Model features
• Simulates leakage via bulk or annular cement 

and fractures

• Allows depth-variable cement properties

• Handles multiple gases (CO₂, CH₄, H₂, H₂O)



Fast, accurate, and ready for screening studies

• Validation: CMG (10 min) vs Q-WellRATE (0.1 s)

• Example: 100 nD cement leads to flux of 0.16 kg CO₂ yr⁻¹ ≈ 1,300 km car journey

• Can we detect this flux? Motivates coupling with monitoring & impact models



Key takeaways

• The Scottish North Sea has immense CCS potential, but its thousands of legacy wells make 

containment assurance complex.

• Fast, scalable screening is essential to manage risk across a domain shared by many users.

• Our MCDA framework uses expert-weighted criteria to rank and prioritise wells for attention.

• Q-WellRATE links those rankings to physics-based leakage estimates, enabling rapid, realistic risk 

screening.

• Together, these tools offer a practical, transparent foundation for large-scale CCS risk management, 

complementing detailed site-specific studies.



Many thanks for listening ☺

Questions?

Thank you again to sponsors and colleagues

Aaron Cahill

Associate Professor, 

Heriot-Watt University

Hariharan 

Ramachandran

Postdoctoral Fellow, 

Heriot-Watt University

Iain de Jonge-

Anderson

Postdoctoral Fellow, 

University of Strathclyde

Dan Arnold

Associate Professor, 

Heriot-Watt University
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