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Abstract 
Offshore CCS (Carbon Capture and Storage) is an attractive option to clamp down on carbon emissions. Two major 
advantages are 1) existing infrastructure for injection and 2) well characterized reservoirs due to previous oil and gas 
operations. One of the biggest concerns is the possibility of leakage. Leakage is likely when CO2 plume encounters 
improperly abandoned wellbores, pre-existing conductive faults, or reactivated faults amongst others. The hazard of 
leakage strongly depends on the leakage fluxes and rates. Hydrates may form and throttle leakage if the pressure-
temperature conditions within the pathway reach hydrate stable conditions. Thus, a useful component of risk 
assessment is to model CO2 leakage and assess potential for hydrate formation conditions. In this short paper, we 
describe a model for flow of CO2 along a leakage pathway. We assume single phase flow of CO2 with variable fluid 
properties and a continuous leakage pathway with constant thickness. These assumptions help obtain worst-case 
estimates of leakage fluxes and rates. Expected leakage fluxes and rates are estimated along with the effect of pathway 
permeability and reservoir overpressure on it. Pressure-temperature conditions are checked if they fall within the CO2 
hydrate stable conditions for typical Norwegian Continental Shelf (NCS) Storage projects (Sleipner, Snøhvit and 
Aurora projects). Formed hydrates reduce the permeability of the pathway and has the potential to temporarily block 
leakage or redirect leakage in different directions. The aim of this study is to understand the relationship between 
pathway properties, regional conditions, leakage pressure profile and hydrate formation on leakage fluxes and rates.  
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1. Introduction
Global effort has been undertaken with the 
announcement of Paris agreement to limit the average 
temperature rise to 2 °C and CO2 concentration to 450 
ppm by the end of the 21st century [1][2]. One key 
suggestion to clamp down on carbon emissions is to add 
the Carbon Capture and Storage (CCS) for existing and 
new fossil-fuel based power sources and other energy 
intensive industries [3]. Captured CO2 is transported and 
injected in deep geological formations. In some sense, 
CCS is the process of returning carbon to where it was 
produced from, albeit in an altered form [4]. Previous 
studies [5] have shown that large volumes of CO2 can be 
stored in aquifers by dissolution, trapping and 
mineralization. The most considered storage formations 
[6] are depleted oil and gas fields [7], deep saline aquifers
[8] and unminable coal seams [8][9]. Depleted oil and gas
reservoirs are especially an attractive option because of
existing infrastructure and well characterized storage
formation.
One of the biggest risks associated with storage is the 
possibility of leakage [6][10]. CO2 may escape (Refer 
Figure 1) through man-made pathways, such as poorly 
completed and/or abandoned wells pre-dating storage 
operations [11][12], or through pre-existing or 
reactivated faults/fractures [13]. Besides providing a 
direct release of leaking CO2 at seafloor/surface, they 
also spread them at shallower depths with a possibility to 
contaminate [6][10][14]. This provides a motivation to 
analyze the leakage along such pathways. A good 
physics-based model to predict leakage characteristics 

will be helpful during the site selection phase from risk 
assessment perspective [15].  

Figure 1: Schematic representation of offshore leakage 
scenario. CO2 leaks through a fault or wells with leaky 
wellbore. The leakage pathway terminates at the seafloor. 
Does CO2 encounter hydrate-stable conditions as it reaches the 
seafloor? 

Understanding the pressure and temperature conditions 
occurring during leakage and its implications on CO2 
properties is critical for modeling leakage [20][21][22]. 
CO2 is in supercritical state at typical storage conditions. 
The temperature and pressure profile of a vertical fault at 
hydrostatic and geothermal equilibrium is shown on a 
CO2 phase diagram in Figure 2. The seafloor depth and 
reservoir depth are taken from Figure 1. Pressure and 
temperature decrease from the leakage source to the 
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seafloor. The key observation from Figure 2 is that CO2 
can exist in different phases during leakage. Since the 
pressure and temperature decrease continuously, there 
will be a substantial variation in CO2 properties such as 
density, viscosity etc. This decompressive nature will 
also affect the pressure profile within the fault 
[20][21][22]. It’s instructive to check if the new pressures 
reach hydrate stable conditions. Accounting for above 
factors is critical in getting a good leakage estimate. 
Several studies have developed analytical and semi-
analytical models to estimate leakage fluxes 
[16][17][18][19] through faults and wellbores. The 
fluxes were estimated with an isothermal assumption 
mostly (non-isothermal assumption was used in certain 
section of the pathway [19]) and issues related to the 
permeability of the pathways and the pressure at the 
leakage source were well addressed. The non-isothermal 
nature of leakage throughout the pathway and multiphase 
coexistence considerations (condensation, evaporation, 
and hydrate formation) were studied extensively too 
[20][21][22][23].  
In this study, we present a simplified steady state model 
to predict leakage fluxes and rates in non-isothermal and 
hydrate stable conditions. The simplified approach help 
predict the worst-case fluxes when leakage occurs. This 
model is used to predict leakage for wide variety of 
pathway geological properties and regional constraints 
such as geothermal gradients. This model can also assess 
if hydrate stable conditions exist during leakage. 

Figure 2: Typical pressure-temperature profile for a slow 
leaking fault (green line) shown in Figure 1. This profile is 
superimposed on the phase diagram of CO2. Orange line is the 
Saturation line for CO2 and purple triangle is the critical point. 
Gas and liquid phase coexist in this pressure-temperature 
condition. Region 3 has liquid phase and region 4 has gas 
phase. CO2 exists in supercritical conditions in region 5. The 
hydrate forming conditions for CO2-H2O mixtures is shown by 
the blue curve and the red triangle is the quadruple point. CO2 
hydrate exists in region 1 and 2.  

2. Methods
The simplified steady-state flow model is presented in 
this section. A leakage pathway is assumed to intersect 
the storage reservoir. The injected CO2 is assumed to 
have reached the base of the leakage pathway and 100% 
CO2 is assumed to leak. The leakage pathway is a generic 
term. It refers to faults under high permeability and leaky 
wellbore under low permeability [19]. Analysis for other 
types of leakage pathways can be performed by altering 
the pathway properties in this model [21][23]. The 
pathway is assumed to be a 1-D vertical porous medium 
with specific geometry (effective width, breadth), rock 
properties (porosity, permeability) and rock-fluid 
properties (relative permeability, initial saturations). The 
complexities related to the geology of fault core / leaky 
wellbore and the damaged zone surrounding it is 
simplified. Averaged values were used along the 
horizontal directions, but they can vary with depth. 
Complex pathway characteristics related to in-situ stress, 
stress-dependent properties, fracture branching amongst 
other geomechanical factors are not included in this 
model. The aqueous phase is assumed to be at residual 
saturation. This assumption is intended to calculate the 
worst-case fluxes when leakages occur.  
Summary of the assumptions used to derive the mass 
balance are: 
1) Steady state 1-D flow of CO2 in the vertical pathway.
2) Constant pressure and temperature at the bottom and

top of the pathway.
3) Multiphase Darcy’s law is applied to flow in pathway.
4) Capillary pressure is neglected.
5) Residual water saturation in pathway after steady

state flow of CO2 reached.
6) Hydrates will only affect the permeability in the

formed region.
7) The temperature in the pathway is assumed to have

equilibrated with the geothermal temperature
The overall mass balance constraint equation is given as, 

𝑑�̇�

𝑑𝑧
= 0 2- 1 

The multiphase flowing effects are ignored and only CO2 
(in gas, liquid, or supercritical conditions) can flow and 
assumed to establish steady saturation. The flow rate is, 

�̇� = −
𝜌𝑗𝑘𝑘𝑟𝑗𝐴

𝜇𝑗
(
𝑑𝑃

𝑑𝑧
− 𝜌𝑗𝑔) 2- 2

Where m is the total mass rate, A is the area 
perpendicular to flow, k is the absolute permeability of 
the pathway, krj is the relative permeability of phase j, μj 
is the viscosity of phase j and ρj is the mass density of 
phase j. Hydrate formation is assumed to affect the 
permeability alone. Several experiments [24][25] have 
been reported showing the effect of CO2-hydrates on rock 
permeability and calibrated the correlation between the 
permeability and hydrate saturation as,  
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𝑘𝑛𝑒𝑤 = (1 − 𝑆ℎ)
𝑛ℎ𝑘 2- 3

The new permeability, knew in the hydrate region is only 
a function of the hydrate saturation, Sh, and a hydrate 
exponent, nh. An exponent of 3 was used for this study 
based on the experimental results [24][25]. The CO2 
hydrate stable pressures for a given temperatures and 
seawater salinity conditions were published [26] and a 
correlation was developed using this data, 

𝑃ℎ𝑦𝑑 =∑𝐴𝑖𝑇
𝑖

7

𝑖=0

2- 4

Table 1: Constant Values for Equation 2-4 

Constant If T <= 281.58K If T > 281.58K 
A0 −1.4022673445909542

* 1010
+2.252510579962195
* 1012

A1 +3.5856298042175686
* 108

−4.738766839485371
* 1010

A2 −3.9292771701155193
* 106

+4.1538268190587914
* 108

A3 +2.392087196483884
* 104

−1.9418959119972903
* 106

A4 −87.37405622572473 +5106.4822557848065

A5 +0.1914826448303001 −7.16163577830236

A6 −2.331279266183065
* 10-4

+4.184920304845536
* 10-3

A7 +1.2163909288497183
* 10-7

0.0 

Phyd is the hydrate stable pressure in MPa for the given 
temperature, T in K and Ai is equation constants given in 
Table 1. It is assumed that all the water (with seawater 
salinity) available is converted to hydrates when the 
pressure-temperature condition is hydrate stable. This is 
a reasonable assumption for low water saturations. CO2 
properties vary along the pathway as both temperature 
and pressure vary with depth. Span-Wagner multi-
parameter Equation Of State for CO2 [27] is employed 
for phase behavior and fluid properties estimation and a 
corresponding state model for viscosity [38][39]. The 
pressure at the seafloor is given as, 

𝑃𝑠𝑓 = 𝑃𝑎𝑡𝑚 + 𝐷𝑠𝑓 ∗ 𝐻𝐺 2- 5

Psf is the pressure at the seafloor in MPa, Dsf is the 
seafloor depth, Patm is the atmospheric pressure taken as 
0.101325 MPa and HG is the hydrostatic gradient in 
MPa/m. The temperature and pressure below the seafloor 
are given as, 

𝑇 = 𝑇𝑠𝑓 + 𝐷 ∗ 𝐺𝐺 2- 6

𝑃 = 𝑃𝑠𝑓 + 𝐷 ∗ 𝐻𝐺 2- 7

Tsf is the seafloor temperature in K, D is the sediment 
depth below seafloor in m and GG is the geothermal 
gradient in K/m. The mass flux and pressures are the 
unknowns that are solved for using the model. The mass 
balance equation (2-1) together with mass flux equation 
(2-2 and 2-3) is solved to obtain the leakage flux. The 
pathway is discretized into blocks and the equations are 
solved iteratively until the mass balance constraint is 

honored. The temperature within the blocks is 
determined using equation (2-6) and the pressure 
boundary conditions are determined using equation (2-5 
and 2-7) This model is coded in Julia [33]. 

3. Results

3.1 Base Case 

This section discusses a synthetic base case for the 
model. A homogenous vertical pathway from the seafloor 
to a depth of 1000 mbsf (meters below seafloor) with a 
permeability of 1 Darcy is considered. The cross-
sectional area allowable for flow is kept constant. The 
seafloor depth, seafloor temperature and geothermal 
gradient typical for Norwegian Continental Shelf (NCS) 
were obtained from previous studies [28]. The initial 
pathway pressure is described by the hydrostatic 
gradient. The bottom of the pathway is assumed to be 
connected to a continuous source of CO2 at constant 
pressure and temperature.  The storage reservoir is over-
pressurized due to the injection and storage 
(Overpressure, ΔPs = Preservoir - Phydrostatic). An 
overpressure of 2 MPa is assumed. The pathway is 
assumed to be at residual water saturation of 0.2 and 
constant gas relative permeability of 0.8. The geological 
description is shown in Table 2 and schematic 
representation is shown in Figure 3. 

Figure 3: Schematic representation of leakage pathway system 
used for synthetic base case to represent NCS. 

Table 2: Input parameters for synthetic base case 

Geological Description Values 
Pathway porosity, ϕ 0.3 
Pathway effective width (m), w 0.1 
Pathway permeability (D), k 1.0 
Pathway breadth (m), b 10.0 
Pathway depth (mbsf), D 1000.0 
Initial Conditions 
Seafloor depth (m), Dsf 100.0 
Seafloor temperature (K), Tsf 278.15 
Geothermal gradient (K/m), GG 0.034 
Hydrostatic gradient (MPa/m), HG 0.01 
Overpressure at leakage source (MPa), ΔPs 2.0 
Pressure at seafloor (MPa), Psf 1.008 
Pressure at leakage source (MPa), P 13.16 
Temperature at leakage source (K), T 312.065 
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The resulting pressure-temperature profiles within the 
pathway at the onset of leakage is shown in Figure 4. The 
pressure in the pathway is higher than the corresponding 
hydrostatic pressure at every depth but lower than the 
hydrate-stable pressure for the given temperature 
conditions. Although this might provide a driving force 
for CO2 to leak-off from the pathway into intersecting 
permeable layers if any, higher pressures will provide a 
signal to nearby observation wells during monitoring 
phase which may lead to quicker remediation.  
The leakage flux is calculated to be 0.044 kg/s/m2 or 
1399.2 ton/year/m2. For the sake of comparison, leakage 
flux from an isothermal model is calculated to be 0.066 
kg/s/m2 or 2100.9 ton/year/m2. Calculations for the 
isothermal model are performed with density and 
viscosity of CO2 averaged between leakage source 
conditions and seafloor conditions. The results indicated 
that the isothermal model overestimated leakage flux by 
50% compared with current model. Direct consequences 
of such overestimation are 1) the risk associated with 
leakage is overestimated affecting the site selection 
process and 2) the leakage pathway properties such as 
permeability is underestimated from the obtained 
monitoring data [23].  
The leakage flux is expressed independent of the area. 
Assuming 1 m2 of leakage area, the leakage rate is 
approximately 1,399.2 ton/year. This result is sensitive to 
the area of the pathway and to attenuation to intersecting 
permeable layers among other factors. Both these factors 
affect the final leakage rate. In the context of long-term 
risk assessment, this leakage rate for 100 years would 
yield 0.14 million tons of escaped CO2, approximated to 
0.7% for a 20 million tons storage project, well below the 
1% target [6]. The fluxes estimated by the model report 
the worst-case fluxes and not necessarily the real-world 
scenario. 

Figure 4: Pressure profile with depth for synthetic base case. 
The pathway pressure is in the single-phase regions and don’t 
reach hydrate formation conditions. 

3.2 Effect of Permeability 

Leakage flux increased in a log-linear fashion with the 
increase in permeability as shown in Figure 5. A 
sensitivity study was performed on permeability to 
estimate its effect on leakage flux keeping all other 
parameters same as the base case. The variation in 
permeability does not affect the fluid properties. For an 
order of magnitude permeability increase, the leakage 
flux increased by a factor of 10. For comparison, the CO2 
background flux at earth’s surface is 0.2 mg/s/m2 [29]. 
The intention here is to set the calculated fluxes in 
context with background fluxes and not to comment on 
whether the values are large or small enough to neglect 
when compared. This provides confidence that the leaks 
can be easily identified during monitoring for 
permeability greater than 10 μD.  
Flux through leaky faults are quite high with a possibility 
for runaway discharge and compromise the storage 
operation. Leakage fluxes are around 0.1 ton/year/m2 for 
0.0001 Darcy pathway signifying typical leaky wellbore 
[12][19]. Assuming 1 m2 of leakage area, 15,000 leaky 
wellbores need to be encountered to reach 1% leakage 
over 100 years for a 20 million tons storage project and 
the above leakage flux. From overall leakage perspective, 
leaky wellbores provide less of risk than leaky faults. In 
the context of long-term risk assessment, all the 
wellbores/faults and other pathways in contact with the 
reservoir needs to be accounted for. Specifically, whether 
they are leaky or not and their permeability distribution. 

Figure 5: Leakage rate as function of permeability. Green 
region is typical permeability reported [12][19] for leaky 
wellbores and red region reported [21] for leaky faults. 

3.3 Effect of Overpressure 

The CO2 storage reservoir is typically at hydrostatic 
pressure. The pressure in the reservoir increases during 
injection assuming no production or leakage. The 
increase in pressure above hydrostatic is referred to as 
overpressure. CO2 typically occupies the top of the 
reservoir, and the length of this connected CO2 phase is 
attributed to an increase in pressure. Typical pressure 
profiles within a reservoir are discussed in previous 
studies [19][20][23]. A simplified version of this effect is 
used here as constant overpressure in all our simulations. 
A sensitivity study was performed on overpressure to 
estimate its effect on leakage flux keeping all other 
parameters same as the base case. Leakage flux increases 
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with increase in overpressure as shown in Figure 6. 
Besides the concerns with respect to the unintended 
fracturing, higher rate of injection will increase the 
overpressure and the leakage flux. It is preferable to 
inject slower and longer than faster and shorter when 
concerned about minimizing the leakage flux. Thus, 
reservoir pressure management plays an active role in 
minimizing leakage. 

Figure 6: Leakage flux as function of constant reservoir 
overpressure.  

Figure 7: Pressure profile with depth for base case with a 
different seafloor depth of 300m. Close to 100m of CO2-
hydrate filled zone is present in the pathway 

3.4 CO2- Hydrate Stable Conditions 

Pressures within the pathway for base case conditions 
(Figure 3) was far away from hydrate stable conditions. 
But it is instructive to find out what conditions facilitate 
hydrate formation within the pathways. Increase in 
reservoir depth, colder conditions (low geothermal 
gradient) and larger overpressure conditions were not 
found to assist hydrate formation. On analysis, two 
factors strongly assisted hydrate formation. They were 
colder seafloor temperatures and greater seafloor depths 
as shown in Figure 7 and Figure 8. Amount of aqueous 
phase present will determine the hydrate saturation 
within this region. Over time, there is potential for 
formed hydrates to accumulate enough to block pathways 

as observed in marine methane seeps, gas chimneys and 
active pockmarks [30] [31][32]. Formed hydrates act as 
a signal during the shallow subsurface monitoring phase. 
Recent studies show even a minor change in gas or 
hydrate saturation could be detected using the time-lapse 
seismic approach [37]. 

Figure 8: Pressure profile with depth for base case with 
different seafloor temperature of 274.15K. Close to 200m of 
CO2-hydrate filled zone is present in the pathway. 

3.5 Leakage Analysis for Storage Sites in NCS 

Hypothetical leakage scenario from CCS projects 
(Sleipner project, Snøhvit project and Aurora/ Northern 
Lights project) in Norwegian Continental Shelf (NCS) is 
analyzed in this section and the corresponding data is 
shown in Table 3 [28][34][35][36]. The maximum 
uncertainty is on the seafloor temperature and geothermal 
gradient. From previous section, geothermal gradient was 
found to have minimal impact when compared with 
seafloor temperature on leakage pathway reaching CO2 
hydrate stable conditions.  

Table 3: Input parameters for hypothetical leakage analysis on 
real field information [28][34][35][36].  

Geological Description Sleipner Snøhvit Aurora 
Pathway porosity, ϕ 0.3 

Pathway effective width (m) 0.1 
Pathway permeability (D) 1 

Pathway breadth (m) 10 
Initial Conditions Sleipner Snøhvit Aurora 
Seafloor depth (m) 80 330 300 

Seafloor temperature (K) 278.15 277.15 276.15 
Geothermal gradient 

(K/m) 
0.034 0.035 0.036 

Overpressure at leak 
source (MPa) 

2 

Pathway depth (m) 700 2600 2700 

The pressure conditions in the pathway along with CO2 
hydrate stable pressure and hydrostatic pressure is shown 
in Figure 9 (for Sleipner project), Figure 10 (for Snøhvit 
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project) and Figure 11 (for Aurora project). The pathway 
pressure is far away from hydrate stable conditions for 
the Sleipner project, but they reach CO2 hydrate stable 
conditions in the upper 150m for the Snøhvit and Aurora 
project. Although there are considerable uncertainties 
here, the results indicate that in the event of leakage, it is 
very likely for hydrates to form at the Snøhvit and Aurora 
projects they might temporarily block the pathways 
[30][31][32]. The leakage fluxes were considerably 
lower for Snøhvit and Aurora project (~900 ton/year/m2) 
when compared with Sleipner project (~1500 
ton/year/m2). Larger seafloor depth (> 300 m) coupled 
with colder seafloor temperatures (< 277 K) were found 
to be amenable for CO2 hydrate formation along the 
pathway during leakage. 

Figure 9: Pressure profile with depth for Sleipner project. No 
CO2-hydrates are present in the pathway. 

Figure 10: Pressure profile with depth for Snøhvit project. 
Close to 157m of CO2-hydrate filled zone is present in the 
pathway. 

Figure 11: Pressure profile with depth for Aurora project. 
Close to 163m of CO2-hydrate filled zone is present in the 
pathway. 

4. Conclusion
The steady-state leakage model estimates leakage fluxes 
along all types of leakage pathway. Additionally, it has 
the capability to assess for hydrate stable conditions and 
estimate the impact of formed hydrates on permeability 
and leakage fluxes. This model allows quick estimation 
of fluxes, follows physics-based approach, and fits well 
into the risk assessment framework. Example 
calculations were shown for highly idealized 
representation of leakage pathway and regional 
conditions commonly observed in Norwegian continental 
shelf (to mimic offshore CCS operation). 
Results indicate permeability has a first-order effect on 
leakage fluxes. Other factors such as overpressure affect 
the fluxes, but not as much as the factor of permeability. 
Open faults leak more than leaky wellbores. Larger 
seafloor depth (> 300 m) and colder seafloor 
temperatures (< 277 K) were found to be amenable for 
CO2 hydrate formation along the pathway during 
leakage. Hypothetical leakage at Snøhvit and Aurora 
project were found to reach CO2 hydrate stable 
conditions along the pathway and no hydrates at Sleipner 
project. Further analysis is needed to check if this may 
lead to potential blockages and gas chimney formation. 
The leakage fluxes estimates shown here should be 
considered as relative values based on the idealized 
assumptions rather than predictions of actual values. The 
geometry and properties of an actual fault will be much 
more complex than assumed in these simple models. 
However, the leakage fluxes calculated using a numerical 
reservoir simulator with a more realistic description of a 
fault is a challenging task and is also subject to many 
uncertainties. The results in this paper indicate the 
importance of taking the multiphase and non-isothermal 
nature of leakage in such simulations.  
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