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Abstract 4 

The final stage in the life of a hydrocarbon well is  decommissioning, which aims to ensure 5 

that the original integrity of the cap rock is restored and all penetrated sub-surface formations 6 

with flow potential are isolated with an “eternal perspective” (Oil&Gas_U.K., 2018). Well plug 7 

and abandonment (P&A) costs constitute a significant proportion of the total decommissioning 8 

expenditure. Careful planning and execution is always required, because a failed P&A often 9 

requires costly and complex remedial operations, and can potentially result in significant 10 

environmental costs, reputational damage and financial loss.  11 

The high cost of well P&A operations and the increasing number of North Sea wells 12 

approaching the end of their economic life have resulted in a growing need to identify and 13 

develop new approaches to well P&A that are both fit-for-purpose and cost-effective. The 14 

development of a tool to support a risk-based analysis of P&A designs has been identified as 15 

one of the means for achieving these twin objectives.  16 

This paper describes the first stage in this process - the development of a novel modelling 17 

framework that can provide a quantitative assessment of the leakage risk associated with each 18 

well P&A design scenario over a specified period of time. The framework is built on a 19 

commercial, grid-based, numerical, reservoir simulator and can be used to model most North 20 

Sea wells scheduled for P&A during the coming years. Preliminary results are presented to 21 

illustrate the value that can be derived from the framework. The importance of understanding 22 

the ranking of model inputs on the basis of their impact on modelled leakage rates, and hence 23 

the significance of any associated uncertainties, is also illustrated using an example which 24 

shows cement absolute permeability (k) rather than relative permeability (kr) to be a more 25 



2 
 

critical determiner of hydrocarbon leakage rates for the P&A cases examined. The modelling 26 

results also demonstrate the robustness of a grid-based numerical simulation approach to well 27 

P&A system modelling. 28 

Keywords: Well decommissioning; well plug and abandonment; P&A design; P&A 29 

modelling; risk-based well P&A. 30 

 31 

1. Introduction  32 

The world’s portfolio of oil and gas fields is ageing. Consequently, the volume of 33 

decommissioning activities is expected to increase significantly over the coming decades as 34 

many fields approach the end of their economic life. Global oil and gas field decommissioning 35 

over the next decade will be a costly endeavor, with an estimated cost of ~ 85 billion USD 36 

between 2019 and 2029 (Oil&Gas_U.K., 2019). The relatively mature fields of the United 37 

Kingdom Continental Shelf (UKCS), with 230 fields scheduled to be decommissioned over 38 

this period, is expected to account for ~28% of this forecasted expenditure. Well plug and 39 

abandonment (P&A) costs for the 1630 wells in these fields make up ~45% of the total 40 

decommissioning expenditure (Oil&Gas_U.K., 2019).  41 

Significant improvements in efficiency of well P&A operations have already been observed, 42 

resulting in a decrease in the UKCS’s forecast decommissioning costs per well by an average 43 

of 26% between 2017 and 2018. Further improvements are required to meet the UK Oil and 44 

Gas Authority’s target of a 35% reduction (against the 2016 baseline) in decommissioning 45 

expenditure by 2035. This target is expected to be achieved through experience-driven 46 

performance improvement, technological innovation and the adoption of new business models 47 

(Oil&Gas_U.K., 2018). 48 
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Most well plug and abandonment design and operation strategies rely on local/national 49 

guidelines or regulations (Skjeldestad, 2012, Khalifeh et al., 2013, NORSOK-D010, 2013, 50 

Anders et al., 2015). These guidelines have traditionally been very prescriptive which, although 51 

relatively straightforward in terms of implementation, typically assume a “one-size-fits-all” 52 

approach to well P&A design and therefore fail to account for differences in leakage risks for 53 

different wells (Buchmiller et al., 2016, Arild et al., 2018). The high costs and large numbers 54 

of upcoming well decommissioning operations have created a significant need to develop new, 55 

cost-effective well P&A design and implementation strategies to drive and sustain 56 

improvements in decommissioning cost efficiency, while still maintaining high safety and 57 

environmental standards. A shift towards less prescriptive, more risk-based approaches has the 58 

potential to significantly increase efficiency and reduce costs of well P&A, and therefore 59 

research into this area has gained more attention in recent years (Buchmiller et al., 2016, Arild 60 

et al., 2017, Fanailoo et al., 2017, Moeinikia et al., 2018, Arild et al., 2019, Willis et al., 2019). 61 

A risk-based approach to well P&A design requires an understanding of the long-term 62 

performance of potential P&A design options for the current, and possible future, well and 63 

reservoir conditions. A comprehensive well P&A system model is essential to achieving this 64 

in a quantitative manner.  65 

This study proposes a new well P&A modelling framework to support a risk-based approach 66 

to well P&A design. The framework includes a pre-processing module, which renders all the 67 

available data, as well as engineering knowledge, to generate an integrated P&A system, 68 

illustrated by the schematic diagram shown in figure 1.  The integrated P&A system consists 69 

of three sub-models: 70 

 a well sub-model, including all barrier elements and potential fluid flow/leakage 71 

pathways, 72 

 a sub-model representing the near wellbore and the reservoir layers and  73 
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 a sub-model representing shallower geological layers with significant in-flow or out-flow 74 

potential.  75 

A finite-difference, numerical flow simulator forms the “backbone” of the framework, in which 76 

the above sub-models are integrated into a single P&A system. Finally, a post-processing 77 

module is used to read and visualize the simulation results. 78 

 79 

Figure 1: A schematic diagram of the integrated P&A system made up of three sub-models. The arrows indicate 80 

the potential flow/leakage pathways for hydrocarbons through cement and at cement-casing 81 

and cement-formation interfaces. 82 

 83 

The values of some fundamental input parameters for the P&A system models are usually 84 

well known (e.g. the well schematics and reservoir performance data), while others, such as 85 

cement barrier quality, including the presence and effective flow properties of any cement 86 

defects, are uncertain. In the proposed framework, uncertainties in model inputs are accounted 87 

for using conventional probabilistic (e.g. Monte Carlo) techniques that represent each uncertain 88 

input parameter by a probability distribution of a range of values, allowing a range of possible 89 

leakage rates and their associated probabilities to be generated for each P&A design scenario. 90 

Potential P&A design scenarios can thus be compared and ranked, providing information to 91 
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support cost-effective decisions on the allocation of P&A resources such as time and money. 92 

The framework also helps to rank the relative importance of uncertain model input parameters, 93 

highlighting the critical parameters that control the risk of potential future hydrocarbon leaks.  94 

The current study fills the gap in existing literature by proposing a novel approach for 95 

modelling full-scale P&A systems using commercially available numerical simulation 96 

platforms. The full-scale grid-based P&A models presented in this paper enable the 97 

development of the novel well P&A modelling framework which will support decision making 98 

in a risk-based approach to well P&A design by enabling probabilistic comparison of various 99 

design options. 100 

This paper presents preliminary results for the development, validation and testing of 101 

deterministic, well-centric, full-scale P&A models for estimating the hydrocarbon leakage to 102 

surface from an abandoned well. These models focus on the leakage risk of one particular P&A 103 

well at a time and constitute the “templates” within the proposed P&A modelling framework. 104 

We begin by examining available modelling methods to identify their respective advantages 105 

and disadvantages and to select the most suitable method for the P&A modelling objectives of 106 

this study. The chosen approach is validated, by comparing the steady-state modelling results 107 

with analytically computed steady-state responses based on Darcy’s law. Key modelling 108 

considerations and assumptions are also identified. Sample results from simple, single-plug, 109 

P&A models, followed by “full-scale” multi-plug models, are presented. The development of 110 

the probabilistic components of the P&A modelling framework, which extends the framework 111 

into a tool for risk-based evaluation of P&A design options, is on-going and will be the subject 112 

of a future paper.  113 

 114 
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2. Review of potential modelling methods 115 

The fluid flow in the wellbore of a P&A well has two components - flow through fluid-filled 116 

annular spaces in pipes and tubulars, and flow through cement or other barrier material. The 117 

selected modelling method must be able to capture both fluid flow components with reasonable 118 

accuracy. Three methods were examined, (1) up-scaled, steady-state, fluid flow modelling, (2) 119 

transient wellbore modelling and (3) discretised, grid-based, finite-difference, numerical fluid 120 

flow modelling, with the objective of selecting the most suitable method for modelling long-121 

term well P&A performance. A summary of the key strengths and limitations identified for 122 

each method is shown in table 1, and presented in detail in Sections 2.1 to 2.3. 123 

 124 

Modelling Method Advantage(s) Disadvantage(s) 

Up-scaled, Steady-State, 

analytical fluid flow models 

(Section 2.1) 

 Simple implementation  

 Initially developed to model 

steady-state experiments 

 No time dependence 

 Potentially pessimistic leakage 

rate estimates  

 

Transient Wellbore Modelling 

(Section 2.2) 

Captures (early) transient flow 

effects 

 Approximation: cement modelled 

as a choke 

 Unsuitable flow correlations  

 Computationally 

expensive/prohibitive 

Numerical, Grid-Based 

Simulation 

(Section 2.3) 

 Accurate modelling of flow 

through porous media (e.g. 

cement) 

 Performance over time (1000s 

of years) 

 Flexibility to discretize and 

add details or new components 

 Approximation: Fluid-filled 

annular spaces modelled as very 

high porosity & permeability 

porous media. 

 Computationally demanding but 

not prohibitive.  

Table 1: Summary of the strengths and limitations of potential methods for modelling long-term performance of 125 

well P&A systems. 126 

 127 

2.1 Up-scaled, steady-state, fluid flow modelling methods 128 

Fluid flow through porous media (e.g. bulk cement) is well described by Darcy’s law (row 129 

2 of table 2), under laminar flow conditions. Recent efforts to model P&A systems (Godoy et 130 

al., 2015, Moeinikia et al., 2018, Willis et al., 2019) have employed steady-state, one 131 

dimensional flow equations, as shown in table 2, to describe the flow of a fluid of constant 132 
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properties through cement barriers, and cement defects of constant dimensions, under a fixed 133 

pressure gradient. Darcy’s law has thus been used to describe steady-state flow through bulk 134 

cement, while the cubic law has been used to model steady-state flow through cracks and 135 

micro-annuli.  136 

This approach benefits from its simplicity. However, the inherent assumption that all parts 137 

of the P&A system have achieved steady-state flow conditions, i.e. such that flow rates, 138 

pressures and fluid saturations in the entire P&A system are all time invariant, is not always 139 

applicable, particularly in very low permeability (i.e. intact) barriers. This approach, therefore, 140 

does not recognize the impact of time-dependent pressure and saturation changes within the 141 

P&A system. Transient system behavior, such as the manner in which hydrocarbon saturations 142 

evolve over time, the time of initial appearance of hydrocarbons at surface (i.e. above the 143 

topmost barrier) and changes in hydrocarbon leakage rates over time, are therefore not 144 

accounted for in purely steady-state based P&A models.  145 

 146 

Leakage Mode Flow Equation Equation for calculating equivalent 

Effective permeability 

Bulk Cement Darcy’s law: 

𝑄 = 𝐶 (
𝑘𝐴

𝜇𝐿
) (∆𝑃 − 𝜌𝑔𝐿 cos 𝜃) 

where,  

A = cross-sectional area of cement plug or annulus (ft2),  
Q = volumetric flow rate (bbl/d),  

k = permeability (mD),  

𝜌 = density of reservoir fluid (lb/ft3),  

L = plug/sheath length (ft.) 

𝜃 = inclination of well inclination (degrees), 

𝜇 = fluid viscosity (cp),  

∆𝑃 = pressure differential across plug/sheath (psi).  

C = unit conversion fact. 1.12710-3 for field units. 
Equation used by Godoy et al. (2015) and Moeinikia et al. (2018).  

 

 

N/A 

Cracks/Fractures Cubic law (Witherspoon et al., 1980) 

𝑄 = (
𝑊ℎ3

12𝜇
) (

∆𝑃

𝐿
) 

where 

h = fracture hydraulic aperture (ft.),  

𝛼 = fracture orientation (degrees),  

W = fracture width (ft.),  
Equation used by Sarkar et al. (2004) and Moeinikia et al. (2018). 

 

𝑘𝑒𝑞,𝑓𝐴 = (
𝑊ℎ3

12
) 

 

A = cross-sectional area of the cement 

plug or cemented annulus (ft2). 

𝑘𝑒𝑞,𝑓= fracture equivalent 

permeability (mD) 

Micro-annuli Cubic law (Witherspoon et al., 1980) 

𝑄 = (
𝜋𝑅𝑐

6𝜇
) (

∆𝑃

𝐿
) 𝛿𝑅3 

where  

 

𝑘𝑒𝑞,𝑚𝐴 = (
𝜋𝑅𝑐

6
) 𝛿𝑅3 
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𝑅𝑐 = casing radius (ft.),  

𝛿𝑅 = micro-annulus gap (ft.). 

Equation used by Aas et al. (2016) and Moeinikia et al. (2018). 

 

𝑘𝑒𝑞,𝑚= micro-annulus equivalent 

permeability (mD) 

Channels Poiseuille’s equation (Poiseuille, 1847) 

𝑄 =
𝜋𝑟4

8𝜇
(

∆𝑃

𝐿
) 

where  

𝑟  = channel radius (ft.). 

Equation used by Huerta et al. (2009). 

 

𝑘𝑒𝑞,𝑐𝐴 =
𝜋𝑟4

8
 

 

𝑘𝑒𝑞,𝑐= channel equivalent 

permeability (mD) 

Table 2: Analytical, steady-state equations for modelling fluid flow through bulk cement and cement defects. 147 

2.2 Transient wellbore modelling methods  148 

Transient, dynamic fluid-flow modelling in pipes and flow restrictions, such as the approach 149 

available in OLGA™ software (Bendiksen et al., 1991, Schlumberger, 2017b), can also be used 150 

for P&A system modelling. Dynamic, multiphase flow simulators like OLGA™ were 151 

originally developed for the detailed modelling of transient flow events in undulating, 152 

multiphase sub-sea pipelines, and were subsequently extended to accurately simulate fast flow 153 

events occurring in wellbores over a short time period (seconds to hours) after the system has 154 

been perturbed, e.g. in a well control event or liquid loading of a gas well. 155 

 156 

 157 
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 158 

Figure 2: A schematic diagram showing how a P&A well can be modelled using transient wellbore modelling 159 

software (such as OLGATM).  160 

 161 

Figure 2 shows an example of how a P&A well can be modelled using the OLGA™ 162 

dynamic multiphase flow simulator. Here, the flow properties of well barrier elements are 163 

typically represented by equivalent dimensions of restrictive flow devices, such as valves or 164 

chokes. 165 

Choke models (Selmer-Olsen et al., 1995) are used to calculate the pressure loss across, as 166 

well as the flowrate constraints through, the flow restrictions (e.g. valves and orifices) which 167 

represent cement barriers. Certain critical multiphase flow behaviours in porous media, such 168 

as relative permeability effects and residual/trapped fluid saturations, are not honoured in this 169 

approach. Additionally, this modelling approach is computationally expensive and inefficient 170 
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for the rather long timescales (100s to a few 1000s of years) which are of interest in P&A 171 

system performance modelling. Therefore, this approach was deemed unsuitable for the 172 

development of the proposed framework.  173 

 174 

2.3 Grid-based, finite-difference, numerical, fluid flow modelling methods 175 

Grid-based, finite-difference, numerical simulation involves spatially discretizing (i.e. 176 

“chopping” into blocks) all the sub-models of the P&A system shown earlier in figure 1. Block-177 

to-block fluid flow is modelled over (discretized) time by numerically solving the resulting 178 

system of linear and/or non-linear flow equations. This approach is designed for and widely 179 

used to model flow through porous media (Peaceman, 2000). In using this approach to model 180 

a P&A system, grid blocks representing cement are populated with flow properties (i.e. 181 

porosity, ϕ, and permeability, k) of cement. Cement defects are represented using equivalent, 182 

effective permeability. Flow in grid blocks representing a fluid-filled annular space was found 183 

to be adequately modelled using very high k and ϕ values. This simulation approach is also 184 

well suited for modelling P&A system performance over 100s to 1000s of years. 185 

Grid-based, finite-difference, numerical, flow simulation was determined to be the preferred 186 

approach for developing our integrated P&A system modelling framework. The approach has 187 

previously been used to model flow through cement sections (Mainguy et al., 2007, Bai et al., 188 

2015); but to our knowledge, this paper is the first to present the use of this approach in the 189 

development of detailed, “full-scale”, well P&A models. 190 

 191 
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3. Model descriptions, case-studies, results and discussions 192 

3.1 Single-plug P&A model 193 

A single-plug model, illustrated in figure 3, with the specifications shown in table 3, was 194 

constructed using ECLIPSE® (Schlumberger, 2017a), a commercially available numerical 195 

reservoir simulator. Radial uniform gridding was used, with the smallest (0.5 ft thick) grids 196 

representing the wellbore sub-model and the largest (1000 ft thick) grids representing the 197 

distant reservoir. A constant reservoir pressure was assumed to be acting on the lower side of 198 

the cement plug and hydrocarbon flow was monitored at the observation point located on top 199 

of the plug. 200 

 201 

 202 
Figure 3: Schematic representation of single-plug P&A model. 203 

Model Parameter Value  

Plug Diameter 24 inches 

Plug Length  100 ft. 

Plug Permeability (k) 1 µD 

Pressure above/below plug 1300/5000 psia 

Plug Inclination  0º (vertical) 

Reservoir Fluid Oil (single-phase) 

Fluid viscosity 1.17 cp 

Reservoir Permeability 100 mD 

Table 3: Single-plug P&A model input parameters. 204 

 205 
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3.1.1 Initial validation of the proposed, grid-based, numerical simulation method  206 

Initial tests were conducted to verify the reliability of the selected grid-based modelling 207 

approach. This was accomplished by comparing the simulated flowrates from the 208 

homogeneous single-plug P&A well model described above, under steady-state flow 209 

conditions, with flowrates obtained using analytical modelling approaches relying on Darcy’s 210 

law (Moeinikia et al., 2018), as presented in Section 2.1. 211 

The rate versus time plot for the base case simulation of the single-plug model (figure 3), 212 

together with a snapshot of the Darcy’s Law computation (implemented in Excel), is shown in 213 

figure 4 for illustrative purpose. Similar rate versus time behaviour was observed for all other 214 

simulated cases presented in table 4.  215 

 216 

Case Parameter Altered 

(compared to base case, i.e. Table 3) 

Time to 

steady flow 

(years) 

Simulator 

results [a] 

(STB/D) 

Darcy’ Law 

Computation [b] 

(STB/D) 

Error 

([a]-[b])/[b] 

% 

Base Case - 70 1.12E-04 1.12E-04 0.00% 

Case 1 Pressure below plug = 4000 psia 66 8.14E-05 8.17E-05 -0.4% 

Case 2 Plug permeability = 1E-04 mD 90 1.13E-05 1.12E-05 +0.9% 

Case 3 Pressure above plug = 500 psia 97 1.36E-04 1.36E-04 0.00% 

Case 4 Length of plug = 150 ft. 53 7.45E-05 7.46E-05 -0.1% 

Case 5 Plug length = 150 ft. 
Pressure above plug = 500 psia 

59 9.06E-05 9.08E-05 -0.2% 

Case 6 Plug Permeability = 1E+03 mD 0.3 1.08E+02 1.12E+02 -3.6% 

Case 7 Plug Length = 150 ft. 

Pressure above plug = 500 psia 
Plug permeability = 1E+03 mD 

0.3 8.85E+01 9.08E+01 -2.5% 

Table 4: Comparison of steady-state flowrates from the single-plug grid-based numerical simulation models 217 

(column 4) with analytical steady-state Darcy’s law computations (column 5). 218 

 219 
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 220 
Figure 4: Rate versus time plot for the base-case single-plug model simulation results, i.e. Case 1 in table 4. 221 

 222 

As can be observed in table 4, the steady-state hydrocarbon flowrates obtained from the 223 

grid-based numerical simulation models differ from the analytically computed values by less 224 

than 4% for cement permeability values ranging from 0.1 micro Darcy to 1 Darcy, which 225 

adequately cover the range of interest in well P&A systems. 226 

The grid-based simulation model captures time-dependent changes in fluid saturations in 227 

the P&A system, as well as their impact on the observed flowrates above the topmost barrier. 228 

In other words, the grid-based approach is able to model the development of flowrates (i.e. the 229 

transient behaviour of the P&A system) over time, prior to the establishment of steady-state 230 

conditions, while an up-scaled steady-state method only provides the “end-point” (steady-state) 231 

flowrate values. This capability of the grid-based approach makes it possible to estimate 232 

performance indicators such at the time of initial appearance of hydrocarbons in a specified 233 

region of the P&A system (e.g. above the topmost barrier). Furthermore, for two-phase (gas-234 
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water) systems, as presented in Section 3.1.5, it will be observed that hydrocarbon leakage rates 235 

build up during the transient period, approaching steady-state values. The use of purely steady-236 

state leakage rate predictions under transient conditions in such cases, could produce 237 

pessimistic estimates of leakage rates. 238 

Additionally, the up-scaled steady-state method only allows a single “average” value to be 239 

used to represent the flow properties of the cement plugs and annular sheaths. Grid-based 240 

modelling, by contrast, can account for spatial variations in the properties of cement plugs and 241 

sheaths. Where such detailed knowledge of the cement quality is not available, average cement 242 

properties can still be used in the grid-based model, as in the examples presented in this paper.  243 

The consistency between the flowrates obtained under steady-state conditions from the 244 

proposed grid-based, numerical simulation approach and previous analytical approaches which 245 

were developed to model steady-state experiments (Moeinikia et al., 2018), as demonstrated in 246 

the results above, is regarded as an initial step in validating the reliability of the constructed 247 

well P&A modelling framework. The possibility of further validation using experimental 248 

results and/or field data (Gardner et al., 2019, Govil et al., 2020, Palacio et al., 2020, Skadsem 249 

et al., 2020) is currently under investigation. 250 

 251 

3.1.2 Leakage modes/pathways through P&A barriers 252 

Portland cement is the barrier material employed in the majority of well P&A operations. 253 

Defects, such as cracks/fractures, micro-annuli, corroded casing and high permeability cement 254 

matrix (Gasda et al., 2004), can result in the establishment of leakage pathways, thus reducing 255 

the effectiveness of the cement plugs or sheaths as isolation barriers. Such cement defects can 256 

occur at any stage in the life of the well i.e. from cement placement during drilling to post 257 

P&A. The models developed in this work include the major cement defects, namely 258 

cracks/fractures, micro-annuli and channels. The values of cement plug/sheath total effective 259 
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permeability which are input into the model’s grid-blocks reflect the presence, or absence, of 260 

such defects. It should be noted that alternative barrier materials, such as squeezing shale 261 

formations, gels, Bismuth alloys, etc., are not considered in this paper; although they could 262 

relatively easily be included in our modelling framework. 263 

 264 

3.1.3 Effective permeability for intact and defective cement 265 

Figure 5 illustrates “idealized” representations of the leakage modes/pathways which were 266 

considered in this study, in addition to leakage through bulk cement. Cement defect dimensions 267 

were converted into equivalent effective permeability values, using the equations shown in 268 

column three of table 2. 269 

 270 

Figure 5: a) Leak through fracture, b) Leak through micro-annulus, c) Leak through channel. 271 

 272 

The total effective permeability (𝑘𝑒𝑓𝑓,𝑡𝑜𝑡𝑎𝑙) for a cement plug or sheath was then calculated 273 

by adding the permeability of the intact cement (𝑘𝑖𝑛𝑡𝑎𝑐𝑡) to the sum of the equivalent 274 

permeability (𝑘𝑒𝑞) values of all cement defects present, as shown in Equation 1: 275 

𝑘𝑒𝑓𝑓,𝑡𝑜𝑡𝑎𝑙 = 𝑘𝑖𝑛𝑡𝑎𝑐𝑡 + 𝑘𝑒𝑞,𝑓 + 𝑘𝑒𝑞,𝑚 + 𝑘𝑒𝑞,𝑐 Eq. 1 276 

where f refers to a fracture, m, a micro-annulus, and c, a channel.  277 
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A review of published literature provided a range of values for the permeability of intact 278 

cement as well as dimensions and/or effective permeability estimates associated with cement 279 

defects. Micro-annuli gap sizes between 2 to 80 μm have been reported in literature (Seidel and 280 

Greene, 1985, Boukhelifa et al., 2005, Huerta et al., 2009), increasing to 300 µm for artificially-281 

created micro-annuli (Bachu and Bennion, 2009). The associated effective permeability values 282 

reported in literature, range between 0.01 mD and 1D, which are several orders of magnitude 283 

higher than those of intact cement. Moeinikia et al. (2018) reported micro-annulus gap sizes 284 

from 3 μm to 70 μm, fracture widths from 1 mm to 3 mm, and fracture hydraulic apertures 285 

from 10 μm to 200 μm, gathered from experimental data, expert opinions and literature. In our 286 

study, computations of total effective permeabilities for a defective cement plug of diameter 287 

8.75 in., using these defect dimensions, yielded total effective permeabilities ranging from 10 288 

mD to several Darcies. Similar ranges of permeability values were used by Bai et al. (2015) for 289 

defective cement in their study of well integrity during geological CO2 storage.  290 

The use of a numerical reservoir simulator to model flow through “non-porous” cement 291 

defects (i.e. fractures, micro-annuli and channels) assumes that equivalent effective flow 292 

properties for these defects can be estimated. Our use of “idealized” representations of defects 293 

(as shown in figure 5) is a simplifying assumption which allows for the use of cubic law 294 

(Witherspoon et al., 1980) and Poiseuille’s equation (Poiseuille, 1847) to calculate the effective 295 

permeability of “equivalent porous-media” which produce the same steady-state flowrates 296 

under the same pressure drop and fluid conditions (table 2).  297 

More recently, Stormont et al. (2018), validated the use of the hydraulic aperture concept 298 

which they employed in the cubic law for estimating the flowrate through cement-casing micro-299 

annuli. The hydraulic aperture concept assumes smooth-walled parallel plates for fractures and 300 

micro-annuli, ignoring the impact of variable aperture and surface roughness, which have a 301 

particularly significant impact on micro-annulus flow responses under varying external stress 302 
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conditions (Stormont et al., 2018). It should be noted that the impact of stress effects on defect 303 

dimensions is not included in our current study; it is the subject of a future extension of the 304 

well P&A modelling framework.  305 

The proposed modelling approach also assumes that different defects contribute 306 

independently to fluid flow/leakage, hence a total effective permeability can be calculated by 307 

weighted averaging of the individual defect effective permeabilities. Sensitivity studies 308 

(presented in Section 3.1.6 of this paper) suggest that the use of a total effective permeability 309 

instead of modelling explicitly defined “defect regions” is adequate for the P&A well models 310 

presented in this paper. 311 

In the P&A models presented here, a permeability value of 1 μD is employed for intact 312 

cement and 1 D for defective cement. The total effective permeability values were applied 313 

homogeneously to the entire length of cement plug and sheath, although the framework can be 314 

used to model cement plugs and sheaths with changes in cement properties in both radial and 315 

axial directions for more complex cases, and when such information is available.  316 

Defect dimensions, which are required to estimate the effective permeabilities of the cement 317 

barriers using the equations presented in table 2, are some of the most uncertain model inputs. 318 

A probabilistic add-on captures such model input uncertainties in the developed well P&A 319 

modelling framework, and is the subject of a separate paper. 320 

 321 

3.1.4 Multiphase considerations for intact and damaged/defective cement 322 

Relative permeability (kr) values control the rate at which various fluid phases flow through 323 

porous media during multiphase conditions. Questions which arise when modelling multiphase 324 

flow through cement, due to limited published measurements on cement kr, include: 325 

- What shapes of kr curves are most applicable to intact and defective cement?  326 
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- What kr curves are applicable when cement plug or sheath flow properties are up-scaled, 327 

i.e. total average “effective permeability”?  328 

- How significant is the impact of the uncertainty of cement kr on the model response, 329 

given the underlying uncertainty in cement absolute and relative permeability data?  330 

We began our search for kr curves that best represent damaged cement by examining 331 

experimental studies on the relative permeability of fractured, low permeability rock (Pruess 332 

and Tsang, 1990, Persoff et al., 1991, Rossen and Kumar, 1992, Persoff and Pruess, 1995). 333 

Rossen and Kumar (1992) presented an analytical method based on percolation theory for 334 

computing gas-water kr curves. They considered fractures as a two-dimensional network of 335 

apertures where capillary effects are dominant and the two fluid phases cannot flow 336 

simultaneously.  Using their method, they successfully reproduced the experimental kr 337 

measurements of gas-water flow in rough-walled fractures published by Pruess and Tsang 338 

(1990). They also examined the impact of aperture size distribution (σ) and gravity equilibrium, 339 

on the shape of the kr curves. 340 

Rossen and Kumar (1992) showed that gravity had a significant impact on the shape of the 341 

kr curves at dimensionless fracture heights, HD, greater than 0.5, where: 342 

𝐻𝐷 =
∆𝜌𝑔𝐻

(𝛾/𝑏𝑜)
 Eq. 2 343 

and ∆𝜌 is the density difference between the two phases, g is the gravitational acceleration, H 344 

is the height of the fracture, γ is the interfacial tension (IFT) and bo is the log-mean half-345 

aperture, i.e. mean of the frequency distribution of the fracture half-width on a logarithmic 346 

(base 10) scale, as defined by Rossen and Kumar (1992). The kr curves were found to 347 

approximate an X-shape at HD ≥ 5. 348 
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In our study, we used an average IFT value of 47 N/m (Najafi-Marghmaleki et al., 2016) for 349 

gas-water systems, a bo value of 50 μm (Nelson, 1985, Rossen and Kumar, 1992), a ∆𝜌 value 350 

of 1021 kg/m3 and g of 9.8 m/s2. The height of the fracture (100 ft) was set equal to the length 351 

of a single abandonment cement plug as recommended by the Oil & Gas UK Well 352 

Decommissioning Guidelines (Oil&Gas_U.K., 2018). This combination of parameters gave a 353 

rather large HD value of 324, primarily due to the large density difference between water and 354 

gas.  355 

Some research indicates that X-shaped kr may not always be applicable for two-phase flow 356 

in fractures, i.e. if phase interference is significant (Pruess and Tsang, 1990, Persoff et al., 1991, 357 

Persoff and Pruess, 1995). However, the large difference in fluid densities and the significant 358 

fracture height assumed for the cases modelled here result in a significantly high value of HD 359 

which justifies the use of X-shaped kr. Further justification is lent to this choice by the work of 360 

Rod et al. (2019), who recently published experimental results indicating that X-shaped curves 361 

accurately describe kr for gas during gas-water flow in fractured cement.  362 

 363 

3.1.5 Simulation sensitivity study to evaluate the relative importance of k and kr 364 

Literature suggests other kr curves for two-phase flow in cement. Bai et al. (2015), for 365 

example, employed Brooks and Corey kr correlations (Brooks and Corey, 1964) for modelling 366 

gas-liquid flow through cement. A sensitivity study was therefore performed to compare P&A 367 

model simulation results obtained using the preferred X-shaped kr curves (figure 6) and two 368 

other sets of kr curves, generated using Brooks and Corey’s correlations with and without end-369 

point scaling (figure 7). The pore-size distribution index (λ) for the Brooks and Corey 370 

correlation was set to infinity to represent a homogeneous pore system, and capillary pressure 371 

was assumed to be negligible. The model described in Section 3.1 (a 100 ft single-plug model) 372 
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was used, with an initially water-saturated wellbore charged by a 5000 psia dry gas (s.g. = 0.64) 373 

reservoir of 100 mD permeability.  374 

 375 

 376 

Figure 6: X-shaped kr curves. krw is the relative permeability of the wetting phase, krnw is the relative 377 

permeability of the non-wetting phase.  378 

 379 

 380 

Figure 7: Plots of kr curves as a function of water saturation, using Brooks and Corey (B&C) correlations. 381 

Pore size distribution index (λ) is assumed to be infinity. Swr is residual water saturation, and Sgr is trapped gas 382 

saturation. Left: kr curves without end-point scaling, i.e. Swr= Sgr=0. Right: kr curves with end-point scaling 383 

applied; Swr= 0.3, Sgr=0.05. krw and krnw are the kr curves of the wetting and non-wetting phases, respectively. 384 

 385 

Table 5 summarizes the combinations of absolute permeability (k) values (ranging from 386 

intact to damaged cement) and the various kr curves used in the sensitivity study to investigate 387 

the importance of kr relative to k, in terms of their impact on long-term gas leakage rates 388 

through intact and defective cement plugs. 3000 years is the time period during which P&A 389 

materials must maintain their integrity, as per the Oil & Gas UK Guidelines on the 390 
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Qualification of Materials for the Abandonment of Wells (Oil&Gas_U.K., 2015). It should be 391 

noted that the duration of the simulation period is a user-defined input which can be adjusted 392 

based on the modelling objectives.  393 

 394 

Cases Cement Permeability kr data 

Case 1 0.1 D X-Shaped 

Case 2 0.1 D B&C0 

Case 3 0.1 D B&C1 

Case 4 1 D X-Shaped 

Case 5 1 D B&C0 

Case 6 1 D B&C1 

Case 7 10 D X-Shaped 

Case 8 10 D B&C0 

Case 9 10 D B&C1 

Case 10 10 mD X-Shaped 

Case 11 10 mD B&C0 

Case 12 10 mD B&C1 

Case 13 100 mD X-Shaped 

Case 14 100 mD B&C0 
Case 15 100 mD B&C1 

Case 16 1000 mD X-Shaped 
Case 17 1000 mD B&C0 

Case 18 1000 mD B&C1 

Table 5: Summary of cases simulated in k versus kr sensitivity study, using a single-plug P&A model.  395 

 396 

The simulated gas flowrates above a plug of intact cement (cases 1 to 9, shown in figure 8) 397 

are five orders of magnitude smaller than those above a plug of defective cement (cases 10 to 398 

18, shown in figure 9). The absolute permeability of the cement is the stronger determining 399 

factor that controls the long-term gas leakage rate for both intact and defective cement. The 400 

shape of the relative permeability curve is less significant, and is shown to be important only 401 

for very low permeability intact cement (figure 8).  402 
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 403 

Figure 8: Results of k versus kr sensitivity for intact cement (a) k= 0.1 µD (b) k= 1 µD and (c) k= 10 µD with 404 

different relative permeability (kr) curves (see figures 6 and 7). For (a) and (b), differences in flowrates are 405 

observed during the entire 3000 year simulation period. However in (c) the steady-state gas flow rates after 406 

~250 years become independent of the type of kr. The low gas seepage rates in each of these intact cement cases 407 

represent “non-leakage” conditions. 408 

 409 
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 410 

 411 

Figure 9: Results of k versus kr sensitivity for defective cement (a) k= 10 mD (b) k= 100 mD and (c) k= 1 D 412 

with different relative permeability (kr) curves (see figures 6 and 7). Note that the Time axis in each plot is 413 

adjusted to show the initial transient period for all cases. The leakage rates then stabilize and remain steady for 414 

the remainder of the simulated period of 3000 years (not shown here). The impact of kr is therefore practically 415 

insignificant, making uncertainty in the permeability value more important here. 416 

 417 

 418 

Figure 9 presents the simulated flowrates for  the “defective” cement cases. It should be 419 

noted that these plots show a limited range of data, i.e. from the start of the simulation until 420 

steady flow is attained, after which the established flowrates remain constant for the rest of the 421 

3000 years. Moreover, the scale of the time axis in each plot is also adjusted to allow for easier 422 

observation of the “time to stable flow” for different cases. The impact of kr is seen to be very 423 

limited, and for most of these cases practically insignificant, as the gas flowrates quickly reach 424 

“steady-state” values due to the greater effective permeability. The stabilized flowrates are 425 
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established within 4 months, 10 days and 36 hours for all the cases with effective permeability 426 

of 10 mD, 100 mD and 1 D, respectively, confirming that cement absolute permeability (k) 427 

value, is the more important factor that controls the long-term gas leakage rate. Similar results 428 

were obtained using the “full scale” multiple-plug models (presented in Section 3.2). 429 

The above observations are supported by Bachu and Bennion (2009)’s experimental work 430 

on brine and CO2 leakage through well cements, which was carried out in a laboratory over 431 

test periods of up to 90 days, at reservoir conditions. Their work indicated that kr had a weak 432 

effect on flow through annular gaps and/or fractures in cement; unlike the case of flow through 433 

good-quality cement. The recent experimental work by Rod et al. (2019) highlights ongoing 434 

interest in the question of kr curves for defective cement and its importance in the context of 435 

well P&A, and hence the value that can be derived from the use of the developed modelling 436 

framework for sensitivity studies of the kind presented above. The simulation results here 437 

suggest that the conditions under which accurate knowledge of cement kr might be of 438 

importance are most likely not associated with leakage in P&A wells. In the subsequent models 439 

presented in this paper, Brooks and Corey kr curves with no end-point scaling were assumed 440 

for intact cement, and X-shaped kr curves for fluid-filled annular spaces and defective cement. 441 

 442 

3.1.6 Modelling defective cement using explicitly defined defect regions 443 

Defects in a cement barrier can be distributed, e.g. a network of cracks/fractures, or 444 

localized, e.g. a channel. Sensitivity studies were conducted to determine whether models with 445 

explicitly defined defect regions/zones within the cement barrier perform differently compared 446 

to models with averaged flow property values applied to the entire cement barrier. Figure 10 447 

shows two of the scenarios considered for cement defect modelling.  448 
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 449 

 450 

Figure 10: Cement plug and sheath defect modelling.  Left: average effective permeability of 1 D applied to 451 

entire cement plug and sheath. Right: 8 explicitly defined defect regions (~2 D) and 8 intact cement regions 452 

(0.1 D, 1.0 D or 10 D).   453 

 454 

Figure 10, Left (Case 1) models an average effective permeability, k, of 1 D over the entire 455 

cement barrier with a flow area, A. X-shaped kr curves were used for both the cement plug and 456 

sheath. Figure 10, Right (Cases 2, 3 and 4) shows the cement plug and sheath with 16 explicitly 457 

defined cement regions, of which 8 are intact and 8 defective. The intact cement permeability 458 

ranged from 0.1 D to 10 D. The defective regions had an absolute permeability of 2 D, thus 459 

maintaining the same averaged permeability-area product (k×A) as Case 1. B&C0 kr curves 460 

(figure 7) were used for the intact cement regions and X-shaped kr curves for the defect regions. 461 

Radial gridding, with a minimum grid radial thickness of 0.036 ft representing the well sub-462 

model and a maximum grid size of 1000 ft representing the reservoir, was used. A constant 463 

external reservoir pressure of 5000 psia was also assumed. The simulation results (figure 11) 464 

showed that the models with explicitly defined defect zones produced gas leakage rates similar 465 

to those obtained from the models with effective “average” properties applied to the entire 466 

cement plug/sheath.  467 

These preliminary results suggest that an average effective permeability value is adequate 468 

for this type of well P&A modelling. The gas flow rate is dominated by flow through the high 469 

permeability defect region. Hence, with the use of the average effective permeability approach, 470 

the kr of the high permeability defect region should be applied to the entire plug/sheath (over 471 
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the applicable axial length). However, in cases where the location and orientation of the defect 472 

are known and the localized defect is expected to affect full-system flow responses, for example 473 

cement defects associated with gauge cables and hydraulic lines in through-tubing 474 

abandonment, it becomes particularly important to model these defects as explicitly defined 475 

cement regions. The grid-based, numerical simulation approach employed here provides the 476 

capability for explicit definition of localized cement defects, where necessary.  477 

Velocity-dependent flow effects such as inertia, which become important at high flow 478 

velocities, have not been included in these simulations. Such effects may become important for 479 

catastrophic (but rare) leakage events caused by the failure of multiple barriers; rare events of 480 

this kind are the subject of future work.  481 

 482 

 483 

Figure 11: Comparison of gas flow rates for the models shown in figure 10, in which cement defects are 484 

modelled using either averaged effective properties or using explicitly defined defect regions. Similar gas 485 

flow (leakage) rates are observed for Case 1 (modelled as shown in figure 10, Left) and Cases 2-4 (modelled 486 

as shown in figure 10, Right). 487 

 488 
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3.2 Multiple-plug P&A models 489 

Our P&A modelling framework covers a range of P&A design scenarios shown in figure 490 

12, which were identified from P&A well schematics provided by several North Sea operators. 491 

Figure 12 also includes possible leakage pathways, represented by arrows, namely: 492 

1. Through the bulk cement, cracks/fractures and channels,  493 

2. Through cement-to-casing micro-annuli and cement-to-formation interface,  494 

3. Along gauge cables and hydraulic lines in through-tubing abandonment scenarios.  495 

 496 

 497 

Figure 12:A) open-hole, single layer, B) cased-hole, single-layer, C) cased-hole, multi-layer, D) through-498 

tubing abandonment without gauge cable and/or hydraulic line E) through-tubing abandonment with gauge 499 

cable and/or hydraulic line. 500 
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The single-plug well P&A models presented in Section 3.1 were extended to model the P&A 501 

schematics shown in figure 13. Figure 13, Left, is an open-hole P&A scenario (equivalent to 502 

scenario A in figure 12). Figure 13, Right is the corresponding cased-hole P&A scenario (i.e. 503 

scenario B in figure 12).  504 

 505 

 506 

Figure 13: Well schematics for a multiple-plug (Left) open-hole P&A scenario and a (Right) cased-hole 507 

P&A scenario.  508 

 509 

Table 6 summarises the depth references for the cased-hole and open-hole P&A scenarios 510 

shown in figure 13, with pressure above the topmost plug set equal to that of a column of 511 

seawater at the seabed depth. The following assumptions were made: the abandoned well 512 

initially contains sea water, and is connected to a high permeability (100 mD), high pressure 513 

(5000 psia) gas reservoir. A homogeneous reservoir and isothermal conditions were also 514 

assumed.The cement plugs and sheaths (permeability 1.0 μD), as well as casing and the cap-515 

rock, were assumed to be intact, with no degradation during the 3000 year simulation time.  516 
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Figure 14 (open-hole) and figure 15 (cased-hole) show the gas flowrates observed above 517 

the topmost cement barrier during the 3000 year time periods for single-, two- and three-plug 518 

simulations for each of these models. The trend in the gas flowrate for both the open- and 519 

cased-hole models are as expected; the initial appearance of gas above the topmost plug is 520 

delayed and the flow/seepage rate is reduced as the number of plugs is increased. This is due 521 

to the total pressure drop being shared across an increasing number of plugs. Greater 522 

differences were observed between the 1 and 2-plug cases than when the number of plugs was 523 

increased from 2 to 3. 524 

 525 

Parameter Model Input 

Water Depth 

Top of Plug #1 

Top of Plug #2 

Top of Plug #3 

200 ft.  

2810 ft. (100 ft. plug) 

1640 ft. (100 ft. plug) 

210 ft. (100 ft. plug) 

26” hole section 

20” casing 
Cement Sheath 

200 ft. – 410 ft. 

200 ft. – 380 ft. 
210 ft. – 410 ft. 

17” hole section  
13 3/8” casing 

Cement sheath 

410 ft. – 1910 ft. 
200 ft. – 1880 ft. 

210 ft. – 1910 ft. 

12 ¼” hole section  

 

9 5/8” liner 

 

Cement sheath 

1910 ft. – 3130 ft.  (cased hole model) 

1910 ft. – 2910 ft.  (open-hole model) 

1800 ft. – 3130 ft.  (cased-hole model) 

1800 ft. – 2880 ft.  (open-hole model) 

1800 ft. – 3130 ft.  (cased-hole model) 

1800 ft. – 2910 ft.  (open-hole model) 

8 ½” hole section  2910 ft. – 3130 ft.  (for open-hole model only) 

Cap rock  2830 ft. – 2930 ft.  

Reservoir layer  2930 ft. – 3130 ft.  

Open hole model: open interval 2910 ft. – 3130 ft. 

Cased-hole model: perforation (equivalent) 3030 ft. – 3031 ft. 

 526 

Table 6: Depth data used to model the open-hole and cased-hole P&A scenarios shown in figure 13. 527 

 528 
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 529 

Figure 14: Gas flow/seepage rates above topmost plug and sheath for Cases 1a, 1b, and 1c, based on the open-530 

hole P&A schematic shown in figure 13, left.  531 

 532 

Figure 15: Gas flow/seepage rates above topmost plug and sheath for Cases 2a, 2b, and 2c, based on the 533 

cased-hole P&A schematic shown in figure 13, right. 534 

 535 
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 536 
Figure 16: Snapshot of gas saturation distribution at 3000 years from simulations using the open-hole P&A 537 

model shown in figure 13, left.  538 

 539 

Interestingly, the preferred seepage pathway for these multiple-plug cases with intact 540 

cement was through the cement plugs rather than the sheaths, as can be seen in figure 16. For 541 

these cases, the gas flowing from the reservoir to the bottom-most cement sheath and plug 542 

ended up in the fluid-filled annular space of the 9⅝” casing, from where it rapidly rose, due to 543 

gravity effects and significant fluid density differences, to the region immediately underneath 544 

plug #2, seeped through plug #2, and eventually onwards to the observation point above plug 545 

#3. This example demonstrates the value of the (transient) flow modelling capabilities of the 546 

developed framework as it provides understanding of the processes by which hydrocarbons are 547 

able to bypass or seep through the barriers of a particular P&A design.  548 

The 3-plug P&A designs (Cases 1c and 2c) produced very low, but non-zero, gas flowrates 549 

(0.1 – 0.2 SCF/D) above the topmost plug, after 3000 years. These P&A scenarios represent 550 

“non-leakage” conditions since they meet the recommendations of the Oil and Gas UK Well 551 

Decommissioning Guidelines (Oil&Gas_U.K., 2018), as such the resulting flowrates are more 552 

accurately referred to as seepage rates. Such low flowrates are difficult to visualize. For this 553 

Gas seepage to surface 

occurs through the intact 

cement plugs rather than 

the intact annular 

cement sheath 
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reason, an alternative bubble-rate representation was also developed in this study by converting 554 

the gas flowrates to the rate at which bubbles of a particular size appear at the seabed. Figure 555 

17, Left, shows the gas flowrate for the 3-plug, open-hole P&A model (Case 1c) while figure 556 

17, Right, shows the corresponding bubble rates for 2.5 mm and 5 mm bubbles – a format that 557 

can be directly compared with (possibly local) natural methane seep rates, where such 558 

information is available.  559 

 560 

Figure 17: The development of gas seepage (left), and the corresponding bubble rate representation (right), 561 

above the topmost cement barrier of the 3-plug open-hole P&A well model shown in figure 13,left. 562 

 563 

4. Conclusions drawn during development of P&A modelling framework 564 

This paper outlines the development of a modelling framework for a tool that will eventually 565 

support risk-based approaches to well P&A design decision-making. A grid-based finite-566 

difference numerical simulation platform was preferred above alternatives, such as up-scaled 567 

purely steady-state analytical equations and fully transient wellbore modelling. The framework 568 

was extended to full-scale P&A models, thus presenting a novel application of grid-based 569 

numerical simulators, which are well suited for modelling flow through porous media such as 570 

cement, the primary P&A barrier material. The framework captures time-dependent changes 571 

in pressures and fluid saturations, and leakage rates prior to steady-state conditions in the P&A 572 
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system, providing quantitative estimates of transient P&A performance indicators, such as the 573 

time of initial appearance of hydrocarbons at surface.  574 

The steady-state responses of the numerical simulation models were accurately matched to 575 

the results of analytical steady-state equations, as an initial step in successfully validating the 576 

reliability of the constructed well P&A modelling framework. A series of sensitivity studies 577 

were performed, the results of which showed that: 578 

- In a gas-water system, gravity effects were significant enough to support the use of X-579 

shaped kr curves for modelling two-phase flow through cracks and micro-annuli in 580 

defective cement. 581 

- The equivalent absolute permeability of defective cement, with its associated high 582 

degree of uncertainty, was a stronger determiner of gas leakage rates, compared to 583 

relative permeability (kr) curves. The impact of kr on flowrates was shown to be 584 

negligible for high permeability (i.e. defective) cement; and only observable in very 585 

low permeability (i.e. intact) cement cases, which represent “non-leakage” conditions. 586 

- Average flow properties applied over cement barriers were generally adequate for 587 

representing defective barriers in the P&A models. The grid-based numerical 588 

simulation method used in this study, however, allows for explicit definition of 589 

localized defect “regions”, where necessary, for example, cement defects associated 590 

with gauge cables and/or hydraulic lines in through-tubing well P&A scenarios.  591 
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