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Abstract 

Storing CO2 into a suitable underground geological formation is considered the most effective way for 
a safe and definitive CO2 sequestration. Depleted hydrocarbon reservoirs are potential sites for injection 
and permanent CO2 storage. The wells drilled which have been duly plugged and abandoned constitute 
one of the main risks directly affecting permanent and safe CO2 storage, due to possible material 
deterioration around the wellbore, including the durability of the cement. Therefore, deep abandoned 
wells represent the greatest risk for potential leakage pathways along the wellbore’s structure. 
Accordingly, a new experimental procedure is proposed here to improve our understanding of reactivity 
of CO2-brine-well cement systems. For the experimental tests, API Class G cement samples were 
prepared by following the same industrial cementing process conditions used in the depleted Goldeneye 
gas condensate reservoir (North Sea). The analysis further shows variations of permeability with 
confining pressure and depth. The permeability increases with depth, from 2.06 x 10-21 m2 (at 1296 m 
depth) to 1.17 x 10-20 m2 (at 2560 m depth).  
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1. Introduction 

Leaks of CO2 from underground geological formations are considered one of the major challenges 
facing Carbon Dioxide Capture and Storage (CCS). CO2 leakage may occur through multiple pathways 
along a wellbore, in particular, at the casing-cement contact, at the casing-plugs contact, at the cement-
rock contact, and also along/through degraded or fractured materials such as at the cement well plug [1] 
[2] [3]. An overview of potential leakage pathways along an existing wellbore is shown in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 1 – Overview of potential leakage pathways along an existing wellbore: through the casing (1), through fractures on the cement wall (2), 

between the cement wall and formation rock (3), between cement and casing (paths 4 and 5), and through the cement plugs (6) (modified from 

[3]). 

 
 
Depleted hydrocarbon fields and brine-saturated sandstones (saline aquifers) are the two principal CO2 

storage options in the North Sea [4]. Between 2011 and 2013, numerous oil and gas production fields in 
the North Sea have been abandoned and some of these are currently being considered for storing CO2 [5]. 
One of the abandoned depleted hydrocarbon fields which is considered for storing CO2 is the Goldeneye 
depleted gas condensate field, located offshore in the UK North Sea. The Goldeneye field has potential to 
store of at least 10 million tonnes of CO2, over a period of 10-15 years [6]. Currently, there are five 
suspended gas production wells on the Goldeneye platform, which could be used to inject CO2 into the 
storage site (Captain D Sandstone unit) [7]. Once CO2 has been injected into the Captain D Sandstone 
unit, supercritical and/or dissolved CO2 can react chemically with cement seals, creating potential leakage 
pathways through the wellbores. The possibility of such leaks raises considerable concern about the long-



 M. Recasens et al.  /  Energy Procedia   114  ( 2017 )  5249 – 5255 5251

term wellbore isolation and the durability of the well cement, which could destabilise the CO2 storage 
system. Accordingly, the aim of this work is to understand the behaviour of the wellbore cement in the 
presence of supercritical CO2 and brine. 

2. Methodology 

2.1.  Sample preparation 

The cement slurries were prepared according to American Petroleum Institute (API) specifications and 
recommended practices [8], mixing fresh water and additives which represent API Cement G used in the 
Goldeneye field. The cement samples were cast by filling cubic moulds in order to introduce them into 
the curing chamber to set around 24hrs. These samples were cured at different temperatures and pressures 
depending on the different depths that classify the cement samples (Table 1). The cubic samples were 
then cored and cut to obtain cylindrical plugs, whose dimensions are presented in Table 1.  

 
 
Table 1 – Summary of cement properties and curing conditions 

Curing Conditions 

Depths (m) Type of Cement Length (mm) Diameter (mm) Density (ppg)  Pressure  (bar) Temperature (ºC) w/c ratio 

1296 Class G + Antifoam 27.33 37.47 16 138 50 0.41 

2200 Class G + Pozzolan (50:50) 27.02 37.56 14 296 74 0.44 

2560 Class G + Pozzolan (50:50) 27.28 37.62 14 345 83 0.44 

 
 

2.2.  Initial permeability measurements 

Liquid permeability measurements for cements were performed using the pore pressure transmission 
method (PPTM) [9] in a specially designed apparatus which combines a high pressure core holder 
(Hassler-type) and four different hydraulic pumps (Figure 2). Confining pressure, pore pressure, and 
temperature were independently controlled and recorded as a function of time. Confining pressure was 
provided by 1-cylinder microprocessor-controlled GDS ADVDPC screw pump, while pore pressure was 
delivered through fluid injection (water) at high pressure by four paired cylinders system Quizix SP-5400 
pumps. The pore pressure (up and downstream), confining pressure and temperature were recorded by 
three accurate pressure transducers, which are directly connected to a data acquisition system.  

PPTM provides an effective way to measure the liquid permeability of the well cement. To determine 
the permeability using this method, it was necessary to keep the upstream reservoir at a constant pressure 
while the downstream reservoir pressure starts at a lower pressure, which was between 10-15% less than 
the upstream reservoir pressure. According to Van Oart [10], when assessing water permeability in low 
porosity materials (effective porosity, Øe < 2%) it is not critical for the determination to correct the 
measurements for sample porosity or bulk compressibility. Consequently, equation (1) was used to 
measure the liquid permeability in the cement samples at three different depths. 
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Figure 2 – Schematic diagram for the experimental setup. The rig is equipped with four Quizix cylinders (up and downstream) and five manual 

valves (V1 to V5) which connect the Core Holder-Hassler with the rest of the system. APPT and ACPT are absolute pore pressure transmitter 

and absolute confining pressure transmitter, respectively. 

 
 
 

   (1) 

 
where  represents the rate of change of logarithm of the normalized pressure increment 
(log( P(T)/ P(0)) vs time. A is the cross-section area (m2), k is the intrinsic permeability (m2),  is the 
static compressibility of the fluid (1/Pa),  is the dynamic viscosity of fluid (Pa.s), L is the length of the 
sample (m), and Vd is the downstream reservoir volume (m3). 
 

To further characterize the cement samples, ultrasonic measurements were performed with the aid of a 
pair of ultrasonic emitter/receiver platens. The time-of-flight of direct and two-orthogonally polarized 
shear wave velocities were determined in several plugs of the saturated samples under non-confined 
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conditions.  Compressional waves (VP) are very useful to identify lithology, porosity and pore fluid, and 
Shear waves (VS) are also useful for mineral identification and porosity determination [11].  

 
 

3. Results and discussion  

The prepared API G cement samples represent the original material that characterize the wellbore’s 
structure of the Goldeneye reservoir. Table 2 illustrates the different parameters used to obtain the water 
permeability at three different depths. Water permeability measured for the API G cement samples 
studied varies from 2.06 x 10-21 to 1.17 x 10-20 m2. We observe a net difference between the cement 
samples from the three different depths. The significance of this difference requires further measurements 
although, based on wave velocity data, the depth-related samples manifest additional variations, such as a 
greater P velocity in the shallower samples and lower with depth (Table 3).  

 
 
Table 2 – Summary of the parameters used to obtain the water permeability at three different depths. 

Depths (m)   A (m2) w (1/Pa) μw (Pa.s) Vd (m3) k (m2) 

1296 4.01E-05 1.10E-03 4.40E-10 1.12E-03 4.2 2.06E-21 

2200 5.86E-05 1.11E-03 4.40E-10 1.12E-03 6 4.24E-21 

2560 1.60E-04 1.11E-03 4.40E-10 1.12E-03 6 1.17E-20 

 
 
Table 3 – Summary of the parameters obtained by ultrasonic and density measurements 

Depths (m) Saturated Density (kg/m3) VP (km/s) VS (km/s) VP/VS 

1296 1943 3.4589 1.8726 1.8471 
2200 1870 3.2902 1.8295 1.7985 
2560 1814 3.1843 1.7686 1.8007 

 
 
 

Variations of permeability values with confining pressure and depth are illustrated in Figure 3. For all 
cement samples, permeability increases with higher values of confining pressure. One might expect a 
reduction in permeability as the sample becomes tighter, which behavior is typically associated with the 
progressive closing of fissures with increase in pressure. However, this trend is not supported by our 
permeability and wave velocity observations: permeability increases with depth and wave velocities show 
the opposite trend. Both properties are related with effective and/or bulk porosity so that, in general, a 
greater porosity is connected with a lower wave velocity and similarly, an increase in permeability 
responds to an increase in effective porosity. It is of interest to recall that the water cement (w/c) ratio is 
different for the different depths considered: 0.41 for 1296 m and 0.44 for 2200 and 2560 m. Accordingly, 
we should expect a higher bulk porosity in the deeper samples, which is consistent with the wave velocity 
information. However, this does not necessarily lead to an increase in effective porosity. Hence, an 
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additional process is necessary to explain why permeability increases at greater depths. Although more 
analysis and data are still required, we conjecture that decompression-driven fissuring may have affected 
the deeper samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 – Variation of permeability values with confining pressure and depth for different depths, at 1296 m, 2200 m, and 2560 m. 

 

4. Conclusions  

In this work, API Class G cement samples were prepared by following the same industrial cementing 
process conditions used in the depleted Goldeneye gas condensate reservoir (North Sea) in order to 
improve our understanding of reactivity of CO2-brine-well cement systems. The pore pressure 
transmission method was used to determine the well cement permeability and shows that the permeability 
increases progressively with depth. This phenomenon may be due in part to an increase of effective 
porosity with depth, or rather, caused by effect of decompression which can lead to the presence of micro-
cracks. On the other hand, to assess whether the interactions between CO2 -aquifer water-well cement 
and, CO2 -seawater-well cement can cause a noticeable change in the well cement, the prepared API G 
cement samples will be introduced into a set of HPHT (high-pressure and high-temperature) vessels 
where they will be exposed to specific pressure and temperature conditions during periods for at least 1 
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month and up to 9 months. Results from the experiments procedure will allow us to obtain information on 
changes in permeability, and other parameters as porosity, caused by CO2-brine-well cement interactions. 
These data can then be used to determine if the well cement will provide zonal isolation throughout its 
lifetime and therefore to ascertain integrity of the wellbore. 
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