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A B S T R A C T

This paper presents the second part of a two-part series on estimating fluid migration along wells. We use the 
results of the model described in the first paper and outline a leakage calculation methodology. The present 
method considers the mechanical behaviour of the flow pathway, formation creep, visco-inertial effects, and the 
operational conditions of the well to provide a deterministic evaluation of fluid migration along the well. Two 
case studies are presented that focus on a CO2 injection well in a depleted reservoir and a legacy well in an 
aquifer CCS project.

The results indicate that there is a pressure threshold below which CO2 may not flow through the cemented 
annulus. Beyond that point, the flow rate increases non-linearly with storage pressure. The size of the leakage 
pathway changes over time with the pressure and temperature of the system and is not a static parameter. Visco- 
inertial effects and creep could reduce the potential leak rate. The computed rates should be considered as an 
upper bound in this work as the impact of multiphase flow was not considered. This type of assessment is critical 
to conduct quantitative risk assessments for CCS projects. The results enable operators to manage storage 
pressure, reduce the cost of MMV (Measurement, Monitoring, and Verification) plans, and improve well designs. 
We argue that the impact of the magnitude of leakage rates reported in this work should be weighed against the 
improvements to the economics of CCS projects with an increased pressure/storage capacity.

Introduction

Quantitative assessment of well leakage has been gaining attention 
in recent years. Methane leakage along active and abandoned wells is a 
source of fugitive methane emissions.24,46 In addition, investigating 
fluid migration along injector and legacy wells is of interest for the 
containment of CO2 in carbon capture and storage (CCS) projects.35 Well 
leakage is also an area of interest in nascent technologies such as un
derground hydrogen storage. Regardless of the context, we need to 
understand the potential magnitude and the pathways of unwanted fluid 
migration in order to assess the consequences, monitoring strategies, 
and potential mitigation technologies. In other words, quantitative 
assessment of risk requires a reliable estimate of well leakage under the 
particular operational conditions of a project. This type of assessment is 
needed for licensing and the project design phase. The results can be 
used to estimate harmful environmental outcomes, in addition to 
improving the economics of projects by reducing costly workovers or 
overly conservative storage pressure limits.

Well leakage is a relatively broad term. The flow path may be 

through the cemented annulus, through the casing/tubing joints or 
body, through well equipment such as packers, through cement plugs in 
case of plugged & abandoned wells, or a combination of all.17 In addi
tion to the pathway, the source of leaking fluid may vary significantly. 
The leaking fluid may originate from the target reservoir, storage for
mation, or a shallow gas pocket penetrated by the well.3 The conse
quence of fluid migration may also vary depending on the outlet of the 
flow and its magnitude. Migrated fluids may accumulate in a deep 
aquifer, near a well and mainly in a dissolved phase which is relatively 
benign; or flow into freshwater aquifers and the atmosphere affecting 
the environment adversely.31 Typically, the term “migration” is used 
when fluids move within the storage system, while the term “leakage” 
implies fluid movement out of the storage zone. However, the definition 
of the storage system is not always based on geology but local regula
tions and legal agreements. In this work, we use these terms inter
changeably as we focus on unwanted flow of fluids along wellbores, 
regardless of the definition of the boundaries of the storage complex.

Intact cement’s matrix permeability is sufficiently low to prevent 
flow along a well.41 However, there are three main failure modes in 
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cement sheaths that may lead to a pathway for fluid flow.26 Shear fail
ure, tensile cracking, and debonding from the casing or formation in
terfaces can occur depending on the particular stress conditions. Shear 
failure occurs when the deviatoric stress reaches the yield surface. This 
failure may be ductile or brittle.6 Tensile cracks form when the hoop 
stress in the cement sheath becomes tensile, overcoming the tensile 
strength of the cement. Typically, this failure occurs when the casing 
pressure increases beyond a certain limit and depends on the degree of 
confinement. Shear and tensile cracks are likely not continuous and may 
not conduct fluids over the length of the cement sheath.12,43 The 
debonding of the interface between the cement and the casing or the 
formation can lead to microannuli. Debonding occurs when the radial 
stress at the interface becomes tensile and overcomes the hydraulic or 
normal bond strength of the interface. These open interfaces have a 
rather long profile equal to the perimeter of the casing or outer cement, 
much longer than tensile or shear cracks. In addition, they can be 
continuous along the well with apertures ranging between 5 and 200 
μm.14,29 Therefore, microannuli pose a more significant risk to well 
leakage.

In order to estimate fluid flow rate through microannuli, we need to 
predict the presence and the aperture of the pathway. Jackson, Murphey 
23 conducted experiments on a cement sheath between two casings. 
Their investigations showed that microannuli can form due to plastic 
compression of the cement sheath at high casing pressures, which open 
up as the casing pressure is subsequently lowered. Boukhelifa et al. 8

used a mechanical device to expand and shrink the inner casing of a 
lab-scale cement sheath. Their results showed that flexible and 
expanding cement systems performed better during loading and 
unloading stages. Therond et al. 43 conducted large-scale laboratory 
experiments to determine the size of the microannuli at various casing 
pressure and temperature conditions. Their results showed an inner 
microannuli due to the cooling of the casing. De Andrade et al. 13 used 
X-Ray computer tomography (CT) to visualize the microannuli and 
tensile cracks in cement sheaths. Stormont et al. 41 conducted extensive 
laboratory tests to characterize the size of microannuli under different 
casing pressure and confining stress conditions. According to their ex
periments, microannuli behave similarly to fractures, which means that 
the normal stress at the interface controls the size and permeability of 
the opening. Hatambeigi et al. 19 extended that study to investigate the 
impact of the fluid pressure on the aperture of a cement fracture. Their 
results confirmed that the width of the fracture is controlled by the 
effective stress at the interface, with an effective stress coefficient equal 
to 1.0. Moghadam et al. 29 also reported pressure and stress-dependent 
microannuli aperture in a large-scale experimental setup. They re
ported that hydraulic aperture of the microannuli may be lower than the 
mechanical aperture. Meng et al. 28 confirmed the pressure dependency 
of permeability in microannuli. The experimental results in the litera
ture clearly point to a pressure-sensitive microannuli aperture. This 
means that the equivalent permeability of the cement sheath depends on 
the effective radial stress at either of the cement interfaces. Therefore, 
the permeability can change over time (due to the change in pressure 
and temperature), and over the length of the well (as the pressure of the 
leaking fluid drops). A constant equivalent permeability assumption is 
not appropriate for the leakage pathway in wells.

Predicting the state of stress in the cement sheath is required to 
predict the likelihood and size of microannuli. The state of stress de
pends on the initial slurry pressure, mechanical properties of the for
mation, mechanical and hydration properties of cement, and the 
operational condition of the well (e.g., casing pressure and tempera
ture30;). Staged finite element (FEA) models have been used extensively 
to track the cement stress from the moment of placement to the end of 
the well’s life.18,34,51,7 The key to the accuracy of such simulations is the 
consideration of the initial state of stress in cement.30,38,6 The initial 
state of stress in cement evolves during hydration reactions and the 
subsequent pore pressure change as the cement sets.1,27 Moghadam and 
Loizzo 30 presented a methodology to incorporate the impact of 

cement’s hydration reactions in a staged thermo-hydro-mechanical FEA 
model to predict the stress evolution in a cement sheath. This method
ology can predict the occurrence of the microannuli and its size, verified 
by lab experiments conducted by Meng et al.27 However, staged FEA 
models typically do not consider the impact of the flowing fluid on the 
size of the microannuli.

There has been extensive well leakage modelling efforts previously 
done in the literature.31,33,35,36,37,39 These studies use a numerical flow 
model (typically finite difference or volume) that mimics the near well 
region. The cement sheath is considered to be the flow pathway with a 
constant permeability. The cement sheath connects the source of gas to 
shallow aquifers or the atmosphere. Mass balance equations are solved 
to estimate the flow of gas through the cement sheath. The general 
conclusion from such studies is that the cement sheath permeability is 
the most influential parameter controlling the flow rate. However, 
cement permeability is an input parameter in all such analyses and does 
not change over the duration of the simulations. The mechanical 
behavior of the microannuli with respect to the operational condition of 
the well cannot be modelled using flow models. Therefore, at best these 
studies can be used to conduct sensitivity analyses rather than reliable 
prediction of fluid migration along wells in a particular region.

Geomechanical studies in the literature have improved over time to 
include the important physical processes needed to estimate the size of 
the microannuli over the life of the well. Flow models are capable of 
using appropriate equations of state and flow path to predict the leak 
rates for a given permeability. However, there is a lack of a methodology 
that combines geomechanical and flow assessment tools to predict the 
cement sheath permeability and the leak rate considering the opera
tional parameters of a well. This paper is Part II of a two-part series 
initially reported by Moghadam and Loizzo.30 The Part I paper focuses 
on estimating the cement stress evolution during curing which is crucial 
for the estimation of microannuli formation and its size. This paper aims 
to couple the geomechanical model with a flow model to estimate gas 
leakage through microannuli in wells. The significance of this method
ology is that the level of cement damage (i.e., cement permeability) is 
not a model input, but predicted based on the near-well stress evolution. 
This produces a methodology that can predict well leakage based on a 
particular well design, formation properties, and operational history. 
The tool developed in this work is applied to two case studies related to a 
CCS project in the Dutch North Sea, one pertaining to an injector well 
and the second to a legacy well.

Methodology

Part I of this work describes the methodology to predict cement’s 
stress evolution considering the impact of cement hydration rate, the 
evolution of cement’s mechanical properties, chemical shrinkage, and 
the pressure and temperature variation in the well.30 The presence and 
the size of the microannulus (MA) are derived based on the radial stress 
and the displacement at the interfaces. The results were verified using 
lab experiments measuring cement stress during curing.27 The present 
paper focuses on using the estimated size of the microannulus to 
calculate the potential fluid flow rate through the cemented annulus of 
production casing/liner. The presence of a MA does not necessarily lead 
to fluid migration. A sufficient pressure gradient must also exist for the 
gas to exit the reservoir or storage complex. The upstream pressure of 
the gas depends on the injection strategy or source pressure which is an 
input to the model. The present methodology assumes a simple migra
tion pathway, comprised of a MA connecting the reservoir to the over
burden (Fig. 3). The overburden is assumed to have sufficient 
permeability to receive the entire flow rate with negligible change in its 
pressure.

We use the results of the staged FEA model described in Part I (in 
terms of the size of the microannulus) as an input to the leakage 
calculation. The size of the microannulus along the well is revised based 
on the estimated flowing pressure to take into account the pressure 
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dependency of the aperture. The appropriate equations of state are used 
to calculate the gas viscosity and density at the relevant pressure/tem
perature conditions. The impact of formation creep on the size of the 
microannuli is considered over time. Finally, the impact of visco-inertial 
flow conditions (non-Darcy flow) on the flow rate is also included in the 
present modelling framework. The details of the methodology are out
lined in the following sections.

Pressure dependency

If fluids begin to flow through the MA, the pressure of the fluid may 
inflate or deflate the MA size.19,28,29 The FEA model calculates the MA 
size assuming that the fluid pressure is equal to the caprock pressure 
(effective stress at the open interface is zero). If the pressure of the 
leaking fluid is different from this value, the size of the MA will change 
accordingly. Thick cylinder theory can be used to estimate the change in 
the aperture of the MA based on the change in fluid pressure inside the 
MA.

A representation of the thick cylinder theory parameters is demon
strated in Fig. 1 (left). Eq. 1 is derived from the thick cylinder theory to 
estimate the radial displacement in medium “m” at the radius “r”4: 

Δum
r = Am

r ΔPout +Bm
r ΔPin (1) 

ΔPout and ΔPin are the changes in stress/pressure on the outside and 
inside of the cylinder, respectively. Compressive pressure is negative in 
this formulation. Am

r and Bm
r are parameters related to the elastic prop

erties and the dimensions of the medium and can be calculated using Eq. 
2 and Eq. 3: 

Am
r =

2(1 − 2νm)r2
or2 + r2

or2
i

2Gm
(
r2

o − r2
i
)
r

(2) 

Bm
r =

− 2(1 − 2νm)r2
i r2 + r2

or2
i

2Gm
(
r2

o − r2
i
)
r

(3) 

where, νm and Gm are the Poisson’s ratio and Shear Modulus of the 
medium m, respectively. ri and ro are the inner and outer radius of the 
medium, respectively.

First, let us consider the case for an inner MA (at the casing/cement 
interface), as presented in Fig. 1 (right). ΔPma is the change in the fluid 
pressure inside the MA due to fluid migration. Variation in MA pressure 
also changes the stress at the interface of the cement and formation. 
Using Eq. 1, we can write an expression for the displacement at the outer 
interface of cement, and the inner interface of the formation, as below: 

Δucem
ro = Acem

ro ΔPint +Bcem
ro ΔPma (4) 

Δuf
ri = Af

riΔPstress +Bf
riΔPint (5) 

“f” and “cem” denote formation and cement, respectively. ΔPstress is 

the change in the far-field stresses in the formation and can be assumed 
to be zero (no change in far field stress is expected due to fluid migra
tion). Assuming a bonded interface between the cement and the for
mation (as only one microannulus can be open at any given time), we 
can set Eq. 4 and Eq. 5 equal to get: 

ΔPint =
Bcem

ro ΔPma

Bf
ri − Acem

ro

(6) 

Using Eq. 1, we can write the following expressions to calculate the 
displacement at the outer interface of the casing and inner interface of 
cement: 

Δucem
ri = Acem

ri ΔPint +Bcem
ri ΔPma (7) 

Δucas
ro = Bcas

ro ΔPma (8) 

The total change in aperture is the sum of the magnitude of the two 
expressions above (note that the casing displacement is negative and 
therefore the sign is changed below): 

Δeh = Δucem
ri − Δucas

ro (9) 

A similar exercise for the outer MA yields the following equations to 
calculate the change in the MA aperture with a change in fluid pressure: 

ΔPint =
Acem

ri ΔPma

Acas
ro − Bcem

ri
(10) 

Δuf
ri = Bf

riΔPma (11) 

Δucem
ro = Acem

ro ΔPma +Bcem
ro ΔPint (12) 

Δeh = Δuf
ri − Δucem

ro (13) 

The derivations above are used in the leakage calculation method
ology to estimate the inflation/deflation level of the MA due to fluid 
pressure changes.

Creep

Certain materials such as salt and shale formations undergo time- 
dependent displacements when exposed to deviatoric stress. In some 
cases, casing collapse has been attributed to excessive levels of creep 
under high stress conditions.42 Upon drilling the well, the stress equi
librium in the near-well vicinity is disturbed and the formation is 
exposed to deviatoric stress. If the formation is prone to creep, it moves 
towards the well at a particular rate to reach stress equilibrium again. If 
an open MA is present, the displacement can potentially close it. This has 
been proposed as a mechanism to simplify P&A operations when 
creeping formations are present.45 In the absence of a MA, the radial 
stress applied by the formation on the cement sheath increases over 
time.

In this work, we calculate the steady-state creep rate using the 
Double Mechanism (DM) creep law presented as Eq. 1415: 

ε̇ss = ε̇0exp(
Q

RT0
−

Q
RT

)(
σd

σ0
)

ni (14) 

Where, ε̇0, σ0, and T0 are the strain rate, deviatoric stress, and temper
ature at the reference condition, respectively. These parameters are 
related to the transition of creep mechanism observed in the laboratory. 
n is the exponent determined from lab experiments. The subscript i refers 
to the active creep mechanism, namely dislocation creep (n1) and 
steady-state cracking (n2). Q is the thermal activation energy, R is the 
universal gas constant, σd is the deviatoric stress, and T is the temper
ature. Eq. 14 is implemented in the Abaqus FEA model using a Fortran 
subroutine. This allows for the determination of the impact of creep on 
near-well stresses and MA size. Table 1 presents the input parameters for 
Eq. 14 used in this work. The data is based on experimental 

Fig. 1. The idealized schematic of the near well region on the right, and the 
representation of parameters in Eq. 1, on the left.
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measurements reported by Firme et al. 16 and Firme et al. 15 on Brazilian 
halite. The choice of these values is for demonstration purposes only. 
The creep parameters should be calibrated with experimental data for 
the particular caprock of interest.

Finite difference approach

The staged FEA model described in Part I estimates the size of the 
microannulus (MA) at the center of the caprock, at either the casing or 
formation interface. If stress anisotropy is present, the size of the MA at a 
specific depth will not be uniform around the well (in the tangential 
direction). We take an average of the MA size in the tangential direction 
to account for the fluctuations around the well. The average aperture 
change over time is then used for the rest of the calculations. Eq. 15
presents the averaging scheme for the aperture: 

e(θ) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
2π

∫ 2π

0
e3(θ)dθ

3

√

(15) 

where, e is the equivalent aperture, θ is the tangential axis value in the 
cylindrical coordinate around the well, and e is the aperture at a given θ. 
The average aperture is based on the equivalent aperture that yields the 
same flow rate using the cubic law (presented in Eq. 16). Fig. 2 presents 
a schematic of the non-uniform aperture around the well.

Steady-state flow through a fracture-like MA can be described using 
Eq. 16, which is a form of the cubic law: 

ṁ =
ρ
μ ×

πeh
3R

6
∂(P − ρgz)

∂z
(16) 

where, ṁ is the mass flow rate of gas, ρ and μ are gas density and vis
cosity, R is the radius of the MA (either the cement’s inner or outer 
radius), eh is the hydraulic aperture of the MA, P is the gas pressure, and 
z represents depth. Eq. 16 considers the impact of buoyancy, which is 
significant in the case of gas flow. Other assumptions in Eq. 16 include 
single phase fluid and laminar flow regime. The CoolProp Python library 
was used to calculate CO2 density and viscosity as a function of pressure 

and temperature (5; www.coolprop.org). CoolProp uses the equation of 
state by Span and Wagner 40 for density calculations and the correlation 
by Laesecke and Muzny 25 to estimate CO2 viscosity.

The pressure at the base of the MA is equal to the formation pressure 
at the base of the caprock in the immediate vicinity of the wellbore. For 
simplicity, this is assumed to be equal to the bottomhole injection 
pressure in this work. However, this assumption can be refined by 
reservoir simulation results. At each time increment, the staged FEA 
model in Part I calculates the size of the MA according to the injection 
schedule. Gas density and viscosity are strong functions of pressure and 
temperature. This complexity hinders a straightforward solution to Eq. 
16. We calculated the flow rate in Eq. 16 numerically, using an iterative 
finite difference procedure similar to Hongjun et al.21

For each timestep, the length of the MA is divided into spatial in
crements, as demonstrated in Fig. 3. For the first spatial increment, the 
pressure at the base is known (the injection pressure, which is an input). 
An initial mass flow rate guess is made using Eq. 16 along the entire path 
using the average aperture from Eq. 15. Gas density and viscosity are 
calculated at the pressure and temperature at the base of the element. In 
addition, the hydraulic aperture is updated according to the upstream 
pressure using Eq. 2 to Eq. 13. The mass rate guess and the updated 
parameters are used in Eq. 16 to estimate the pressure at the top of the 
increment. A similar calculation is done for the subsequent increments 
until the pressure at the top of the caprock is calculated. This pressure is 
then compared to the overburden pressure (assumed hydrostatic) to 
check for convergence. The Newton-Raphson method is used to calcu
late the next guess for the mass rate until convergence is achieved. Fig. 4
presents a flowchart describing the iterative solution employed in this 
work to estimate the flow rate along a MA.

Visco-inertial effects

High velocity gas flow through fractures can lead to an excess pres
sure drop due to visco-inertial effects.11,20,50,52,53 Darcy’s flow equation 
(Eq. 16) describes viscous flow using a linear relationship between the 
flow rate and the pressure gradient. The visco-inertial flow, also referred 
to as non-Darcy flow, is typically described using the Forchheimer 
equation which relates the pressure gradient (or the gradient of the flow 
potential when considering buoyancy) to flow rate using a quadratic 
equation. A form of this equation is described in Eq. 17: 

∂(P − ρgz)
∂z

= Aq+Bq2 (17) 

where, q is the flow rate and ∂(P− ρgz)
∂z is the flow potential gradient. A is the 

parameter describing pressure drop due to viscous flow, related to 
permeability and fluid viscosity (Eq. 16). B is a parameter related to 

Table 1 
Summary of creep parameters used in this work based on.15.

Parameter Unit Value

ε̇0 s− 1 5.239 × 10− 9

σ0 MPa 9.91
T0 K 359.15
n1 [-] 3.36 (if σd < σ0)
n2 [-] 7.55 (if σd > σ0)
Q J/mol 50160

Fig. 2. On the left, an example of the circular distribution of microannulus aperture at one specific depth and time frame from the staged FEA model. On the right, A 
schematic representation of the possibility of circular non-uniformity of the microannulus aperture around the borehole.
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inertial pressure losses. At lower velocities, the second term on the right- 
hand side of the Eq. 17 becomes negligible. Hatambeigi et al. 20 inves
tigated the visco-inertial flow regime in a fracture in a cement plug. 
Their results confirm that inertial effects may be significant for gas flow 
in cement fractures. Chen et al. 11 measured the inertial coefficient B for 

several fracture sizes. They proposed a simple correlation as shown in 
Eq. 18: 

B = λeh
− m (18) 

where eh is the hydraulic aperture and λ and m are empirical coefficients. 

Fig. 3. The schematic of the finite difference approach to estimate fluid migration along the MA. The cement sheath is assumed to contain a microannulus connecting 
the reservoir to the overburden.

Fig. 4. The flowchart of the iterative finite difference methodology to estimate fluid flow rate along the MA. The colors represent three different loops.
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Based on the experimental data from Hatambeigi et al. 20 and Chen 
et al.,11 we assume λ and m to be equal to 1024 and 4.5, respectively. If 
visco-inertial effects are considered, then the pressure drop across an 
element (Fig. 3) is calculated using Eq. 17. λ and m values assumed here 
were measured for rough-walled fractures. We assume that these values 
are also applicable to relatively smoother microannuli.

Self-sealing

Dissolved CO2 in brine can react with cement to form Calcium Car
bonate.10 Previous experimental investigations have shown that under 
certain conditions, calcium carbonate precipitation can plug fractures 
and prevent fluid flow.32,47,49 This process is referred to as self-sealing or 
self-healing of cement fractures. The self-sealing behavior depends on 
the exposure duration of the dissolved CO2 and cement, and the hy
draulic aperture of the MA. The exposure time is typically represented 
by the residence time, defined as the volume of the fracture (i.e., 
microannuli) divided by the volumetric flow rate of water through the 
fracture/MA. The experimental investigations in the literature show that 
if the velocity of the saturated brine and the size of the pathway are 
sufficiently small, then the calcite precipitation can plug the path. 
Nguyen et al., 32 presented a plot of residence time versus hydraulic 
aperture, identifying three regions for self-sealing, limited sealing, and 
non-sealing conditions. Wolterbeek et al. 48 updated the plot with a 
more comprehensive set of experimental results as presented in Fig. 5.

According to Fig. 5, if the residence time and hydraulic aperture 
combination of the leakage pathway lies in the green region of the plot, 
the pathway will self-seal. Similarly, the orange region indicates the 
non-sealing region of the plot. The gray region indicates limited sealing 
based on the experimental results.

We investigated the potential range of values of residence time of 
brine in the MA in this study. We used the correlation proposed by 
Brunet et al. 9 to estimate the self-sealing region boundaries as presented 
in Eq. 19. Additionally, we used the Iyer et al., 22 model to estimate the 
residence time below which the CO2 and cement interaction becomes 
non-sealing, presented as Eq. 20. τc in Eq. 19 and Eq. 20 refers to the 
residence time in seconds. In order to assess the potential for self-sealing, 
we calculate the residence time after convergence is reached. The 

residence time is estimated by calculating the hypothetical water flow 
rate using Eq. 16, and the total volume of the MA (considering the 
variation of hydraulic aperture along the MA). We used the smallest 
value of the MA aperture along its length to identify the sealing region 
using Eq. 19 and Eq. 20. This assumption is due to the fact that the 
narrowest region in the MA gets plugged first. 

τc = 9.8 × 10− 4(eh)
2
+0.254(eh) (19) 

τc = 9.0 × 10− 5(eh)
2
− 0.0072(eh)+0.2792 (20) 

Case studies

We used the presented methodology to evaluate the potential fluid 
migration rate along the cemented annulus for two CCS case studies. The 
first case study covers an injector well in a depleted gas reservoir. The 
second case study is related to a legacy well in an aquifer storage project. 
Both wells are based on typical well designs encountered in the Dutch 
North Sea. We outline the details of each case study in the following 
sections.

Depleted gas reservoir storage

This case assumes the reuse of a gas well as a CO2 injection well. A 7” 
liner is assumed to be cemented across a shale caprock. The well 
integrity analysis is conducted in the middle of the caprock. The top of 
the reservoir is assumed to be at a depth of 2500 m, overlain by a 100 m 
thick caprock. Initially, the well is used for gas production for 10 years. 
During this time, the reservoir pressure drops from an initial value of 
274–50 bar. The bottomhole temperature remains constant at 85 ◦C 
during the depletion stage. CO2 injection follows for 12 years, which 
increases the pressure to 240 bar for the base case, and 274 bar (initial 
pressure) for the high-pressure case. The temperature of the injected 
CO2 at the bottom of the well is assumed to be 15 ◦C initially, gradually 
increasing to 35 ◦C as the pressure increases. The operational parame
ters are selected based on wellbore and reservoir simulations conducted 
as part of the ERA ACT RETURN project (www.return-act.eu). After the 
injection period is over, we continue the calculations for a 5-year period. 
During the post-injection period, the CO2 pressure near the well in
creases by 2 bar due to the gradual heating of the reservoir. CO2 is 
assumed to be the flowing fluid as the near well region is assumed to be 
at irreducible water saturation.

Fig. 6 presents the casing pressure and temperature of the well 
throughout the production, injection and post-injection periods. The 
temperature during the post-injection period is not prescribed but 
calculated using a heat transfer analysis. Therefore, the temperature in 
Fig. 6 does not continue to the end of the simulation time. A compre
hensive list of all the parameters used for the case study is provided in 
Table 2. Table 3 presents the various scenarios that were investigated for 
each case study.

Aquifer storage

This case considers a legacy well penetrating an aquifer that is used 
as a CO2 storage site. A 7” liner is assumed to be cemented across a salt 
caprock (Zechstein formation). The top of the aquifer is assumed to be at 
a depth of 3600 m overlain by a 400 m thick caprock. The well was 
intended as an exploration well and was plugged and abandoned 
immediately after drilling. CO2 is assumed to be injected from a nearby 
location with the plume reaching the well after 2 years. The bottomhole 
pressure is assumed to linearly increase from 400 to 550 bar over 5 years 
for the base case. Reservoir temperature is assumed to be constant at 120 
◦C during the entire operation. Similar to the depleted gas case, we 
consider a 5-year post-injection period to extrapolate the flow rate into 
the future. Fig. 7 presents the casing pressure of the well throughout the 
injection and post-injection periods. A comprehensive list of all the 

Fig. 5. self-sealing, limited sealing, and non-sealing regions according to the 
residence time and hydraulic aperture of the fracture.49.
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parameters used for the case study is provided in Table 2.
In some cases, the distance between the legacy well and the injection 

well is long enough that the CO2 plume will never reach the legacy well. 
However, the pressure front may still transmit through brine. Therefore, 
we also considered the case where the migrating fluid is brine (assuming 
the same pressure as the CO2). In addition, due to the presence of brine 
in the near-well region in this case study, we consider the potential for 
self-sealing conditions of the MA.

Results

This section presents the results of the flow calculations for each case 
study using the presented methodology.

Depleted gas reservoir storage case

Fig. 8 presents the evolution of cement temperature, bottomhole 
injection pressure, and the MA size for the base case (final pressure of 
240 bar). The results show an initial MA size of approximately 225 μm 
after curing. The initial opening of the MA is largely due to the formation 
pressure, hydration reactions, and the subsequent bulk shrinkage of 
cement. During depletion, the drop in the reservoir pressure leads to a 
drop in the MA pressure as well. This deflates the MA aperture and 
eventually leads to its closure. The temperature remains constant during 
this phase.

As the cold CO2 is injected, the temperature of the near-well region 
drops significantly. The MA does not open immediately after the start of 
the injection due to high radial stresses caused by the depleted MA. 
However, the MA eventually opens as the pressure of the reservoir in
creases. The MA aperture is inflated as the pressure increases until the 
end of injection. According to Fig. 8, the aperture reaches a high of 220 
μm. During the post-injection, the temperature of the near-well region 
rebounds. This causes a partial closure of the MA down to 140 μm after 5 
years.

Despite an open MA, the pressure of the formation remains below the 
necessary magnitude for CO2 to migrate out of the storage reservoir and 
into the overburden. This pressure is determined considering the pres
sure of the overburden, buoyancy, and assuming a simple pathway. 
Therefore, the base case does not show CO2 flowing out of the storage 
reservoir along the cemented annulus. The base case assumes a 
maximum injection pressure of 240 bar which is below the hydrostatic 
pressure at 2500 m. Leakage may still occur inside the casing through 
plugs, packers, hangers, etc. at pressures below hydrostatic. However, 

Fig. 6. Casing pressure and temperature during the well’s lifetime for the depleted gas case study.

Table 2 
Summary of all the parameters used for the case study.

Parameter Unit Depleted case Aquifer case

Formation data
Type Cap rock ​ Shale Salt
Thickness caprock m 100 400
Reservoir top m 2500 3600
Initial reservoir/aquifer pressure bar 274 400
Abandonment pressure bar 50 -
Caprock pressure bar 274 -
Caprock initial temperature ◦C 85 120
Initial stress ratio [-] 0.63 1.0
Density kg/m3 2200 2600
Young’s modulus GPa 16 50
Poisson’s ratio [-] 0.3 0.35
Linear thermal expansion coefficient K− 1 1E− 05 1e− 5
Heat capacity J/kg K 887 2000
Thermal conductivity W/mK 1.4 3.2
Well and cement data
Hole diameter m 0.2142 0.2159
Casing/liner OD m 0.1778 0.1778
Casing/liner ID m 0.1548 0.1525
Top of Cement m 2000 3086
Casing shoe depth m 2550 3623
Well azimuth deg 0 0
Well inclination deg 0 0
Mud SG [-] 1.3 1.65
Cement SG [-] 1.9 1.95
Young’s modulus GPa 0.1–8 0.1–8
Poisson’s ratio [-] 0.15 0.15
M (critical state model) [-] 1.50E+ 00 1.50E+ 00
Pc0 (critical state model) MPa 23 23
λ (critical state model) [-] 0.02 0.02
κ (critical state model) [-] 0.0046 0.0046
Thermal conductivity W/m2K 0.9 0.9
Linear thermal expansion coefficient K− 1 1.30E− 05 1.30E− 05
Heat capacity J/kg K 1600 1600

Table 3 
Summary of the simulation scenarios conducted for each case study.

Parameter Depleted reservoir case Aquifer case

Final storage 
pressure (bar)

240 (base case), 250, 255, 265 274 
(initial pressure, high-pressure case)

450, 500, 550 
(base case), 600

Impact of creep ✓ ✓
Impact of visco- 

inertial flow
✓ ✓

Brine flow ⨯ ✓
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this was not considered in this study.
In this case study, we also consider a scenario where the storage 

pressure is raised to the initial reservoir pressure of 274 bar. This pres
sure is expected to be safe in terms of caprock integrity and fault reac
tivation as the system has been under equilibrium with that pressure 
over geological time. However, the magnitude of fluid migration along 

the well should be investigated. Fig. 9 compares the size of the MA over 
time for several cases. The higher final pressure over the same injection 
period leads to a larger MA size for the high-pressure case. The MA opens 
to 260 μm compared to 220 for the base case. The difference is retained 
during the post-injection period.

Fig. 10a illustrates the mass rate and cumulative migration of CO2 
into the overburden for the high-pressure case. CO2 only begins to flow 
upwards after the pressure at the top of the reservoir reaches 250 bar. 
The mass rate increases with the injection pressure to a maximum of 
5700 t/y at the end of the injection period. The increase in the mass rate 
is due to the increase in pressure and to the inflation of the size of the 
MA. During the post-injection period, the rate drops to 2700 t/y as the 
MA size decreases due to the temperature rebound. During this time
frame, a total of 18,000 t of CO2 may migrate along the well into the 
overburden. This is assuming no leak repair tools are used to stop the 
flow.

We investigate the impact of formation creep on the size of the MA 
and the resulting flow rate. The creep scenario assumes a final storage 
pressure of 274 bar, similar to the high-pressure case. Fig. 9 illustrates 
the impact of formation creep on the size of the MA over time. The creep 
case shows a faster decline in the MA size during the early depletion 
period. As the MA closes, creep still continues which applies a higher 
radial stress on the cement sheath. Once injection begins, it takes longer 
and a higher injection pressure to overcome the radial stress on the 
cement sheath and reopen the MA. Subsequently, the MA opens to 100 
μm at the end of injection, compared to 260 μm for the high-pressure 
case. During the post-injection period, the MA size decreases to 25 μm 
due to creep and a temperature rebound (which in turn increases the 
rate of creep as well). It is possible that over a longer period of time, 
creep can close the MA altogether.

The smaller MA opening reduces the mass rate and total volume 
through the cement sheath, as presented in Fig. 10b. The rate increases 
to 200 t/y at the end of the injection period. During the post-injection 
period, the rate drops to 2 t/y. In total, 180 t of CO2 may migrate 
along the well during the simulation period, a factor of 100 times 
smaller than the high-pressure case.

Including the visco-inertial effects does not change the expected size 
of the MA as the fluid pressure remains largely the same. However, this 
effect reduces the gas flow rate due to energy losses from inertial 
dissipation. Fig. 10c presents the mass rate and cumulative migration 
values expected for the visco-inertial case with a final storage pressure of 
274 bar. The rate increases to 900 t/y at the end of injection and declines 
to 350 t/y, at the end of the post-injection period. A total of 2700 t of 

Fig. 7. Casing pressure and temperature during the well’s lifetime for the aquifer case study.

Fig. 8. Evolution of injection pressure, cement sheath temperature, and MA 
size over time for the depleted gas reservoir storage base case.

Fig. 9. Evolution of MA size over time for the base case and high-pressure case 
for the depleted gas field.
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CO2 may migrate along the well by the end of the simulation time.

Aquifer storage case

Fig. 11 shows the bottomhole pressure and the size of the MA for the 
aquifer storage case. The results for both the base case and the creep 

scenario are presented in the same figure. An initial MA is observed to be 
present after the abandonment of the well. During the initial two years, 
the aquifer pressure and the size of the MA remain constant at 400 bar 
and 100 μm, respectively. As the high-pressure plume reaches the well, 
the MA begins to inflate. The temperature is assumed to remain constant 
and equal to the formation temperature, indicating that the temperature 
front does not reach the legacy well. The base case sees the plume 
pressure increase to 550 bar (150 bar over-pressure), which increases 
the MA size to 210 μm. The pressure and size of the MA are expected to 
remain constant after the injection stops for the base case.

If formation creep is considered, the initial MA is expected to close 
gradually. As the plume pressure reaches the well, it first has to over
come the radial stress exerted by the formation creep. Therefore, it takes 
longer for the MA to open up. The MA size opens to 63 μm by the end of 
the pressure increase period. As the pressure stabilizes, the MA closes to 
56 μm after 5 years.

Fig. 12a presents the mass rates and cumulative CO2 migration for 
the base case (550 bar storage pressure). According to Fig. 12a, CO2 rate 
reaches an equilibrium value of 2000 t/y during the post-injection 
period. Fig. 12b presents the fluid migration rate assuming a brine 
plume. An equilibrium rate of 660 t/y of brine is expected during the 
post-injection period. This is equivalent to 1.8 m3/d of brine migrating 
out of the storage reservoir. Fig. 12c presents the results for the creep 
case which shows an equilibrium mass rate of 2–5 t/y. Fig. 12d presents 
the same results for the visco-inertial case, indicating an equilibrium 
mass rate of 300 t/y.

Fig. 13 presents the residence time of saturate brine in the MA after 
the start of fluid migration for the aquifer storage case. The residence 
time gradually decreases as the migration rate increases due to the 
gradual rise in storage pressure. During the post-injection period, resi
dence time remains relatively constant. The residence time resides in the 
sealing region throughout the simulation time. Therefore, it is plausible 
that calcite precipitation plugs the pathway and prevents further fluid 
migration along the well.

Discussion

Migration rate versus storage pressure

Depleted gas reservoir case
Fig. 8, Fig. 9, and Fig. 11 show the evolution of the size of the MA 

during the wells’ operational history. These results demonstrate the 
dynamic nature of MA as its aperture can vary considerably due to 
pressure and temperature changes in the well. This indicates that a 
constant permeability assumption for the cement sheath is not physi
cally meaningful and leads to significant errors in estimating migration 
rates over time. The present analysis can be repeated at several depths 

Fig. 10. Mass rate and cumulative migration of CO2 for the depleted gas 
reservoir case study. Figure (a) shows the CO2 rate for the high-pressure case, 
(b) shows the rate for the creep case, and (c) shows the results for the visco- 
inertial case. The base case did not show any leakage and therefore not pre
sented here.

Fig. 11. Evolution of injection pressure and MA size over time for the aquifer 
storage base case.
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along the well to investigate the dynamic size of the MA along the well 
for different casing strings. The input parameters in the present case 
studies are relatively representative of the Dutch North Sea wells. 
However, this does not imply that MAs are necessarily present in all 
wells. The model calculates the stresses and displacements at the cement 
interfaces to evaluate whether MA forms. Formation mechanical prop
erties, slurry density, and the length of the cement sheath are the critical 

parameters that control the formation and size of the MA. A more 
comprehensive discussion on this is provided in the Part I of this paper.30

Fig. 14 presents the CO2 migration rate over time for several sce
narios related to the depleted gas reservoir storage case study. CO2 only 
begins flowing (outside the casing) after the pressure at the reservoir top 
reaches 250 bar. For the base case, the maximum pressure is limited to 
240 bar. Therefore, despite the presence of a pathway, no migration is 
expected. In fact, brine may flow from the overburden into the reservoir. 

Fig. 12. Mass rate and cumulative migration of fluids for the aquifer storage case study (550 bar storage pressure). Figure (a) illustrates CO2 rate for the base case, 
(b) shows the brine rate for the base case, (c) shows the CO2 rate for the creep case, and (d) shows the CO2 rate for the visco-inertial case.

Fig. 13. Residence time of dissolved CO2 in the MA with respect to the sealing 
and transition regions for the aquifer storage case.

Fig. 14. Comparison of the CO2 mass rates considering different scenarios for 
the depleted reservoir storage case.
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The high-pressure case sees reservoir pressure as high as 274 bar. This 
leads to a max rate of 5700 t/y of CO2 at the end of the injection period. 
Including visco-inertial effects reduces the max rate to 900 t/y. If the 
creep rate of the formation is considered, the maximum rate drops to 
200 t/y. The combination of creep and visco-inertial effects would 
reduce the rate below 200 t/y, however it was not investigated in this 
study. During the post-injection period, the rate for all cases drops 
significantly due to a rebound in the near-well temperature and the 
resulting reduction in the aperture of the pathway. Due to the transient 
nature of the temperature rebound, the rate does not reach equilibrium 
conditions at the end of the simulation time (5 years after the end of 
injection). The aquifer case on the other hand does not experience a 
temperature change. Therefore, that case exhibits equilibrium after the 
injection is ceased (Fig. 10 and Fig. 12).

Fig. 15 presents the mass rate versus the final storage pressure for the 
depleted reservoir case. The rate shown is at the end of the simulation 
time (5 years after the end of injection). This is chosen as a point closest 
to equilibrium. According to Fig. 15, maintaining the storage pressure 
below 250 bar can prevent migration on the outside of the casing. CO2 
rate increases with the storage pressure. The exact level depends on the 
input parameters and appropriate physical mechanisms involved. The 
base case can be considered as the worst-case scenario estimate. How
ever, a more likely value is between the visco-inertial and creep cases, i. 
e., under 500 t/y of CO2 migration (barring the use of repair technolo
gies that eliminate the flow). To add some context to this value, it is 
helpful to provide a comparison with the total stored mass of CO2. The 
migration rate is on a per well basis. As a thought experiment, let us 
assume a 50 Mt project with 5 wells in total, 3 injection wells and 2 
legacy wells. The total storage amount is 10 Mt/well. We also assume 
that the storage complex is pressurized to the initial pressure of 274 bar 
and migration only occurs on the outside of the casing (all wells have 
competent plugs and casings). In this case, the estimated migration rate 
is expected to be less than 0.005 % of the stored CO2 per year, until 
abandonment. This rate can be reduced to zero during abandonment 
using leak repair technologies and competent cement plugs. Increasing 
the final pressure from 240 (base case) to 274 bar raises the storage 
capacity by approximately 14 %. This leads to an equivalent increase in 
the hypothetical revenue of the project based on a revenue/ton of stored 
CO2 model. Therefore, in some cases the economic benefit may 
outweigh the migration risk and should be properly evaluated.

CO2 has a significantly higher density than methane. Therefore, 
buoyancy is less dominant in providing the pressure gradient necessary 
for upward migration. This means that a higher reservoir pressure is 
needed for CO2 to flow compared to methane. The minimum pressure 
that can cause migration depends on the downstream conditions of the 
pathway. In the migration pathway considered here, the flow potential 

of CO2 in the storage reservoir at 250 bar pressure exceeds the flow 
potential in the overburden. This is close to the hydrostatic pressure as 
CO2 density is high, in the range of 800–900 kg/m3 at the relevant 
pressure and temperature conditions of the case study. However, for CO2 
or other gases at lower densities, this threshold may be lower than hy
drostatic pressure. The exact value must be estimated on a case by case 
basis as it depends on the pressure of the overburden most likely to 
receive the migrating gas. A more detailed discussion on this is provided 
by Moghadam et al.31

Aquifer storage case
Fig. 16 compares the migration rate for the base case, creep, and 

visco-inertial flow condition for the aquifer storage case. The equilib
rium rate for the visco-inertial case is 300 t/y compared to 2000 t/y for 
the base case. The creep case indicates a mass rate of only 2–5 t/y in 
comparison. A storage pressure of 550 bar is assumed for all three cases.

Fig. 17 presents the equilibrium migration rate versus the storage 
pressure for the aquifer storage case study. The results show an increase 
in the mass rate as the storage pressure increases. The increase is non- 
linear as the pressure changes the size of the MA as well as the pres
sure gradient. Compared to the depleted reservoir case, the aquifer 
storage case exhibits migration at early times as the pressure of the 
system is always above hydrostatic. Similar to the depleted reservoir 
case, visco-inertial effects and creep reduce the mass rate significantly. 
While visco-inertial effects can reduce the rate, caprock creep may halt 
fluid migration altogether and allow for higher injection pressures to be 
reached. In the absence of clear creep or non-Darcy parameters, the base 
case can be used as a conservative estimate of migration rate for quan
titative leakage risk assessment.

It should be noted that the fluid migration rate for the two case 
studies in this work should not be compared as the input parameters and 
the assumptions are different. Particularly, the aquifer case assumes a 
400 m thick caprock compared to 100 m for the depleted reservoir case. 
This reduces the pressure gradient at the same level of over-pressure. In 
addition, the size of the MA is slightly different due to different opera
tional parameters and formation properties. Leakage assessment should 
be conducted on a case-by-case basis and overgeneralization should be 
avoided.

Self-sealing

The value of residence time is likely underestimated in Fig. 13. In the 
calculations, the flow is assumed to be single-phase water with dissolved 
CO2, while it is more plausible for two-phase flow conditions to exist. 
Therefore, the flow rate of water through the MA is overestimated, 
which decreases the value of the residence time. The self-sealing con
ditions should therefore be more favorable than the results presented 

Fig. 15. CO2 mass rate during the post-injection period, versus the final storage 
pressure for the depleted reservoir storage case.

Fig. 16. Mass rate of CO2 for the base case, creep, and visco-inertial flow for 
the aquifer storage base case (550 bar storage pressure).
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here. The precipitation of calcite in the lab experiments occurs within 
hours or days. Once CO2 begins to flow through the MA in a dissolved 
state, the precipitation may gradually reduce the size of the pathway and 
decrease the flow rate. The decrease in the size of the pathway enhances 
the self-sealing conditions, further which could lead to the complete 
plugging of the pathway in a positive feedback loop. The effect of the 
gradual decline in the size of the pathway is not considered in the cal
culations for Fig. 13.

The self-sealing will only be possible if CO2 dissolved in water comes 
into contact with cement. If the CO2 flow along the MA is under dry 
conditions, calcite precipitation may not occur sufficiently to plug that 
path. In addition, the experimental data for self-sealing fractures over 
100 micron in aperture are sparse.49 Therefore, more evidence of the 
efficacy of self-sealing process for larger defects are needed. In addition, 
the performance of self-sealing under field conditions is not yet verified.

Limitations

The base case/high-pressure case migration rate estimates in this 
study are likely overestimations. We assume single-phase gas flow in our 
calculations, while there is likely water in the system as well that may 
reduce the effective permeability of the MA to gas. In addition, the 
impact of formation creep and visco-inertial effects are ignored for the 
base case calculations that significantly impact the migration rate.

The size of the MA estimated here is the “mechanical aperture”. 
Typically, flow is driven by “hydraulic aperture” which is smaller than 
the mechanical value.28,29 Therefore, using hydraulic apertures would 
reduce the estimate of migration rate. The relationship between hy
draulic and mechanical aperture for microannuli/cement fractures has 
been investigated experimentally.28,29,2 However, more studies are 
needed to reach consensus in the literature. There are several other 
sources of uncertainty related to the magnitude of inertial effects, creep 
rates for different caprocks, realistic flow regimes, etc. that require lab 
experiments in future studies.

A relatively simple migration pathway is assumed in this work. The 
stored fluid is deemed to flow through the cemented annulus across the 
caprock and into the overburden. This implies the presence of a highly 
permeable overburden that can take the flow rate without a change in its 
pressure. In reality, the fluid may continue upwards if the overburden is 
not sufficiently permeable. Therefore, a more complex pathway may 
arise with the migrating fluid accumulating in various strata or making 
its way to the surface. The ultimate pathway likely depends on the 
relative conductivity of the various paths that are available to the fluid. 
Hence, permeabilities of various formations and the size of the MA along 
the well dictate the most likely migration pathway. In addition, fluids 

may migrate through well components (packers, liner hangers, etc.), 
corroded casings, fractures, etc. A more holistic analysis should include 
the entire well envelope, stratigraphy, and physiochemical interactions. 
The methodology to estimate cement stress evolution was verified using 
lab experiments in the part I of the paper. However, Field verification of 
the migration rates estimation is needed to improve confidence in the 
model. This will be covered in future publications.

Maximum tolerable leak rate

Limiting the injection pressure below a certain threshold can prevent 
fluid migration through the cemented annulus. However, this comes at 
the cost of storage capacity. Using the methodology proposed here, the 
order of magnitude of unwanted fluid migration can be determined for a 
particular well and field (including legacy wells). Increasing the injec
tion pressure while limiting the migration rate to a low, but non-zero 
value may unlock considerable storage capacity, significantly 
improving the economics of CCS projects. However, the definition of 
maximum tolerable leak rate is still lacking. This definition may be 
project, region, or jurisdiction specific, particularly depending on the 
following: 

– Will the fluid migration continue long after abandonment? Fluid 
migration may stop due to self-sealing, formation creep, or particular 
abandonment operations that reduce the size of the pathway (such as 
milling the casing and placing cement plugs). If the flow is dramat
ically reduced after abandonment, then the tolerance for the leak 
rate during the operations may be raised.

– What is the consequence/risk of the fluid migration? A more realistic 
migration pathway should be modelled that includes the entire well 
structure and all permeable formations that are penetrated by the 
well. This allows for better understanding of the rate and the accu
mulation location of the CO2 over time. A tolerable leak may need to 
have the following conditions: 1) the fluids should have a low like
lihood of reaching the surface or freshwater aquifers, 2) accumulate 
in a formation that does not pose a hazard to any other operations/ 
infrastructure, and 3) should remain in a small region near the well, 
ideally in a dissolved state.

A comprehensive risk assessment for CO2 leakage can provide an
swers to such questions.44 In such an assessment, the impact of the 
calculated CO2 leakage on people, environment, infrastructure, and 
climate should be considered. However, there is still a need for the 
relevant authorities to set an acceptable level of risk. The injection 
pressure of CO2 must be set to a level that reduces the risk of damage to 
below the acceptable level. We argue that setting the acceptable risk 
level to zero is unrealistic and leads to excessively conservative project 
designs. This impacts the economics of projects negatively and leaves a 
significant portion of the storage capacity unused. The results in this 
study show that potential rates of leakage through MA are likely to be 
small. A risk assessment analysis is needed to ensure that these leakage 
rates pose negligible risk to people and the built environment.

Conclusions

In this two-part series, we have developed a hydro-thermo- 
mechanically coupled model to calculate potential leakage rates for 
CCS wells. The advantage of the present methodology is that it uses 
physical models (including the cement hydration process, influence of 
fluid pressure and temperature, visco-inertial effects, creep, etc.) to es
timate the size of the flow pathway in cemented annuli. This feature 
leads to a methodology capable of predicting potential fluid migration 
rates based on the well design, formation properties, and the injection 
plan as opposed to purely probabilistic methods.

Two case studies were conducted focusing on an injector well in a 
depleted reservoir and a legacy well for an aquifer CCS project, both in 

Fig. 17. Equilibrium CO2 mass rate versus the level of overpressure in the 
aquifer storage case.
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the Dutch North Sea. The results for the depleted reservoir case show 
that an initial microannulus during gas production may form, however, 
it closes as the reservoir is depleted. During CO2 injection, the micro
annulus gradually opens up again. Several cases were considered to 
investigate the impact of higher injection pressure, visco-inertial effects, 
and formation creep. The results show that there may be a pressure limit, 
below which no fluid migration occurs on the outside of the casing. Once 
CO2 pressure passes this limit, flow may begin. Both case studies indicate 
that an increase in the final injection pressure raises the migration rate 
non-linearly as the higher pressure also increases the size of the 
microannuli. If the visco-inertial effect is considered, the rate drops 
significantly. Formation creep is another factor that can reduce the rate 
considerably. We provide a range of CO2 migration rates depending on 
the major mechanisms at play. The results show that fluid migration 
along wells through microannuli at injection pressures above hydro
static may remain relatively small up to the initial pressure of the 
reservoir. Factors such as self-sealing may prevent fluid migration over 
time.

Quantifying the potential rate of fluid migration at various injection 
pressures provides the basic input for quantitative risk assessment. This 
analysis is crucial to avoid conservative operational conditions by 
setting a low target pressure for the storage complex. An increase in the 
final storage pressure can improve the economics of the CCS projects 
significantly. The ideal goal is to set a realistic target pressure while 
maintaining the risk and consequence of fluid migration at a reasonably 
low level. The analysis provided here demonstrates a workflow to 
conduct quantitative leakage assessment, optimize the injection strat
egy, maximize the use of the storage capacity, and communicate with 
the regulators and stakeholders. However, the model’s assumptions and 
limitations should be further investigated in future studies. This includes 
the assumptions on the leakage pathway, flow models, and the me
chanical behaviour of the microannuli.
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