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Abstract: With the industrialization in the 19th century the desire for energy rose continuously resulting in a high 
emission of CO2 which is one of the greenhouse gases. Storage of CO2 in the underground, e.g., depleted oil and gas 

reservoir, is proved to be one means of mitigating greenhouse effect and meanwhile enhancing oil and gas recovery. In 

order to ensure an effective long-term containment of CO2 in the underground, the well integrity has to be evaluated 

prior to the commencement of implementation. The evaluation of well integrity for plugged and abandoned well is a big 

challenge, because conventional methods to assess well integrity, e.g., logging, coring, cannot be applied on abandoned 
wells. Many researchers have proposed generic methods to assess well integrity. This paper is going to provide a review 

over these methods and put forward a structure of a new comprehensive methodology which can bring a step forward for 

well integrity evaluation. 
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INTRODUCTION 

Storage of CO2 in the underground, e.g., 

depleted oil and reservoirs, saline aquifers and coal 

seam, is one important means of mitigating greenhouse 

effect and enhancing oil and gas recovery. In case there 

are many wells in the field, the well integrity affects 

tremendously the storage efficiency. One of the 

prerequisites of CO2 underground storage is to ensure a 

satisfying well integrity of the large amounts of wells in 
the field, especially old abandoned wells. These wells 

suffered from stress and temperature changes in the 

whole life, which result in down hole conditions 

change. After injection CO2 has a potential to react with 

cement or casing leading to loss of well integrity. 

Therefore it is of paramount importance to evaluate 

well integrity prior to the commencement of CO2 

injection. It has been proved that it is the existing wells 

that will pose the greatest risk instead of the CO2 

injection wells. 

 

Evaluation of well integrity is relatively simple 
for accessible wells (Fig. 1a), which can be surveyed to 

directly assess the conditions [1]. Evaluation of the 

technical integrity of plugged and abandoned wells 

(Fig. 1b) is a big challenge. Because the data available 

from these wells does not suffice for a direct integrity 

assessment, and moreover to re-open and survey an 

abandoned well is costly and economically not worthy, 

a lot of researchers have tried to use some alternative 

methods, for instance, risk assessment. The overall aim 

of risk assessment is to investigate the storage system’s 

behavior over time. These methods are going to be 
reviewed in this paper. Based on this a structure of a 

new methodology is going to be introduced which takes 

all the main relevant THMC (thermal-hydraulic-

mechanical-chemical) processes affecting well integrity 

into consideration and evaluates the well integrity over 

long time frames indirectly.  

 

Challenges Of Well Integrity Evaluation During Co2 

Sequestration 

If a well is no longer needed, it is plugged. The 

necessary plugging operations are governed by 
regulations of the mining authorities. The standard 

plugging procedures include a bottom cementation to 

shut off the formation and further plugs to provide 

additional barriers. The spaces in between the plugs are 

filled with heavy weight mud. Typical mud is 

suspensions of bentonite in fresh water with densities 

ranging from 1.1 to 1.4 g/cm3. To minimize leakage 

risks, the plugs are usually placed across potential 

problem zones, for example, at the top of the liner (Fig. 

1b). If un-cemented zones are detected, the casing is 

perforated and cement is squeezed into the annulus 

behind the casing. At the top of the well, the casing is 
cut approx. 3 m below the surface and covered by a 

concrete or a steel plate [2]. The near wellbore zone is 

defined as the well and the immediate area around it. 

Within the near wellbore zone, leakage can occur along 

a number of pathways through the wellbore system 

which consists of the cement plugs, mud inside the 

casing, the casing-cement-rock composite system. CO2 

leakage through or along wells during and after the 

injection phase can be attributed to: 

 Casing or cementation defects due to improper 

design or construction; 

 Corrosion of the casing and deterioration of 

cement plugs by CO2 or brine; 
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 Well head failure, leaking pipe connections 

and defective materials; 

 Well collapse, etc. 

 

 
Fig. 1: (a) Accessible well structure (b) Abandonment standard (Reinicke and Fichter [1]) 

 

Loss of well integrity due to CO2 corrosion 

The biggest challenge of CO2 injection wells is 

the corrosion fatigue of metals. The affront of galvanic 

corrosion, pitting- and trough corrosion as well as 
crevice corrosion are mostly causing local limited 

damages, which can lead to small leakages in the metal. 

All these corrosion types are causing material removal 

and consequently the metal becomes thinner. Steel 

products in wellheads, casing and completion strings 

are subjected to corrosion in an acidic environment. The 

solid iron dissolves into iron ions in solution and creates 

a corroded surface on the steel, see following equation. 

The basic requirement for this reaction to occur is 

water. 

Fe(s) + 2H+ = Fe2+ (aq) + H2 (g) 
 

CO2 also attacks the cement of the well and 

causes severe corrosion. Therefore the compressive 

strength decreases and the permeability and porosity of 

the cement change. The process can be described with 

the following reactions: 

CO2 + H2O ↔ H2CO3 

H2CO3 + Ca(OH)2 → CaCO3+2H2O 

C-S-H + H2CO3 → CaCO3 + amorphous silica 

CaCO3 + H2CO3 → Ca(HCO3)2 

Ca(HCO3)2 + Ca(OH)2 → 2CaCO3 + 2H2O 

 
The calcium carbonate continues to react with 

the carbonic acid and builds water-soluble calcium 

bicarbonate. The last reaction is very critical, because 

the formation of water allows dissolution of more CO2 

[3, 4].  

 

Loss of well integrity due to mechanical processes  

The field and experimental data have shown 

that the chemical degradation can affect well integrity 

severely only when there are already existing pathways 

[5, 6]. Thus, to study mechanical integrity of cement 

plug and cement sheath is of more significance for a 

safe long-term containment of CO2. Typical reasons for 

the composite system failure include mainly: 

 Improper operation during well 
completion 

 Mud cake buildup and mud 

channeling 

 Due to pressure variation 

 Due to temperature variation 

 

Unlike accessible wells, the abandoned wells 

are much more complicated. For some old abandoned 

wells, which have been drilled, cased and abandoned 

with very old standards (or no standards and no 

cement), there only exists minimal or even no 
information about the quality of the well components. 

 

METHODOLOGIES FOR WELL INTEGRITY 

EVALUATION   

FEP-based analysis  

In long-term storage of CO2 a lot of activities 

can lead to unwanted impacts on the storage system. In 

order to have a comprehensive view about these 

possible activities, Features, Events and Processes 

(FEPs) databases were developed by some researchers 

and applied [7-11]. Features describe static factors and 
parameters of the CO2 storage system. Processes are 

developments of the current and future aspects of the 

CO2 storage system and they will last for some time. 

Events are future occurrences, future changes to 

features and future alterations of processes, e.g., 

blowout. To get an imagination about these possible 

activities, analyses and models were executed to build 

FEPs. After that, all potential FEPs which impact the 

storage system have to be identified. A brainstorming of 

experts will support this execution. This is the first step 

in developing a FEP database, which can be used as an 

assessment basis.  
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The Quintessa FEP database includes 178 

FEPs which are describing the behavior of a CO2 

storage system. The hierarchical structure is divided 

into eight groups including assessment basis, external 

factors, CO2 storage, CO2 properties, interactions and 
transport, geosphere, boreholes, near-surface 

environment and impacts. Quintessa database can be 

accessed at http://www.quintessa.org/co2fepdb/. It is a 

generic database and can be modified by researchers or 

companies according to the case-specific purposes. 

SAMCARDS (Safety Assessment Methodology for 

Carbon Dioxide Sequestration) is developed by the 

TNO–NITG in the Netherland. The whole process is 

divided into two main steps, viz., qualitative analysis 

and quantitative analysis (Figure 2). The qualitative 

analysis involves mainly the FEP and scenario analyses. 

These FEPs have to be identified, classified and 
analyzed first. A combination of FEPs generates a 

scenario which describes one possible future state of the 

storage system. The next step is the model 

development. The results of these models can be tested 

immediately by means of some other ways. 

 

 
Fig. 2:  SAMCARDS (Wildenborg et al. [11])  

 

Data mining 

One strategy for evaluating and ranking 

abandoned wells relevant to the integrity of an 
envisaged storage option is data mining of all the well 

information collected by regulatory agencies, 

particularly with focus on surface casing vent flow and 

gas migration data. The Alberta Energy Resources 

Conservation Board collects and maintains data 

regarding cement types used in primary cementing of 

casing strings, stimulation information and 

abandonment data. These data were used to determine 

the potential for deep wellbore leakage in the presence 

of CO2 [12, 13]. Major focus of data mining is to find 
factors contributing to wellbore leakage in the context 

of CO2 storage. This approach relates a number of well 

features to the magnitude of impact on the leakage risk. 

Based on these features, a decision tree or matrix can be 

used to rank all these wells involved according to the 

risk severity (Fig. 3). Table 1 shows various factors 

investigated which influence well integrity.  

 
Fig. 3: Data mining (Reinicke & Fichter [1])  

 

http://www.quintessa.org/co2fepdb/
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Table 1: Factors influencing well integrity investigated by ERCB (after Watson and Bachu [12, 13]) 

FEPs Factors Description 

Features 

Well age 

Well age is expected to have a significant impact on wellbore leakage 

because of poorer wellbore-construction techniques and materials in the 

past and absent regulatory requirements. 

Well operational 

mode 

Well operational mode, such as producing oil or gas, injecting water or 

solvents, disposal of liquid waste or acid gas, or observation, did not 

have any effect on the occurrence of wellbore leakage. 

Completion interval 

It is proved that the majority of wells have good cement quality and zonal 

isolation deep in the wellbore, but in the shallower formations the cement 
is typically poor or non-existent. 

Surface casing depth 
As the surface casing depth increases, the occurrence of leakage 

decreases. 

Total depth 
The occurrence of leakage increases slightly with the well total depth, 

due to the relatively larger uncemented intervals in their upper part. 

Well density 

Well density has a significant effect on the occurrence of wellbore 

leakage. In areas of high well density, well-to-well cross flow may occur 

and result in a single well leaking to surface through many nearby 

wellbores. 

Topography 
River valleys may represent zones of higher leakage risks due to removal 

of overburden and decline of hydrostatic pressure. 

Wellbore deviation 

Migration occurred significantly more often related to deviated wells, 

while the impact of well deviation on the ration of leakage to migration 

was minor. 

Well type Cased abandoned wells account for 98 % of all leakage cases reported. 

Uncemented annulus 
A low cement top was found to be the most important indicator for 

migration and leakage, as well as external casing corrosion. 

Processes 

Stimulation 

Formation damage due to stimulation has a number of potential 

implications for assessing CO2 storage, e.g., damaged regions themselves 
may provide flow paths for CO2 migration, particularly if damage results 

in fracturing. 

Production 

With production of gas the reservoir pressure decreases causing an 

increasing load acting on the storage rock. Such a compaction will cause 

strain in the cap rock, cement and casing, which could cause cracks and 

so on. 

Corrosion on casing 

/cement 

Degradation of cement and corrosion of casing will form some pathways 

for CO2 leakage into the biosphere. 

Abandonment 

According to the data in Alberta, the method bridge plugs capped with 

cement will fail by 10% over a period of centuries allowing formation 

fluids to enter the wellbore. 

 

Performance & Risk Management Methodology  

To assess CO2 leakage along wellbore in a 

storage project a Performance and Risk (P&RTM) 
methodology was developed by Oxand S. A. This 

method represents a quantitative risk-based approach 

for well integrity management, allowing identification 

and quantification of risks within CO2 injection and 

storage operations over various time scales. Figure 4 

shows the process chain of this P&R assessment 

methodology. It consists of a data collection survey 

followed by a functional analysis of the system, serving 

as input for a static well model. This latter, in turn, acts 

as an input for a dynamic model, able to predict 

degradation of well components as a function of time 

and to quantify CO2 leakage along the wellbore. Based 
on the parameters of the static and dynamic models, and 

associated uncertainties scenarios are defined and then 

evaluated numerically. Simulation results enable to 

identify leakage pathways along the wellbore and the 

amount of leaking gas towards different targets over 
time. The probability level of a risk is given by the 

probability of risks for all wells relevant to CO2 

injection and storage operations. Risk mapping is 

performed by filling a color coded grid with each 

couple corresponding to all scenarios which lead to CO2 

leakage. These results then lead to recommendation and 

conclusions to support decision making. The essential 

component of the approach is a well completion and 

leakage simulator (SimeoTM-Stor) allowing the 

prediction of the quantitative impact of leakage paths 

along the wellbore. A detailed description of this 

method can be found in Le Guen et al. [14-16] and 
Houdu et al.  [17].  
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Figure 4: Chain of a P&R assessment 

 

CO2-PENS (CO2-Predicting Engineered Natural 

System) 

CO2-PENS is a probabilistic simulation tool 
designed to incorporate CO2 injection and sequestration 

knowledge from the petroleum industry to perform risk 

assessment [18-20]. The model links high level system 

models (reservoir model) to the process level (wellbore 

leakage, chemical interaction of CO2) and thus 

represents a hybrid coupled process and system 

designed to simulate different CO2 pathways. 

Simulation of wellbore leakage is complicated since the 

associated interactions and processes are not yet 

entirely understood. Wellbore cement permeability is 

identified as a key parameter in a wellbore leakage 
scenario and is difficult to estimate. Additionally, as the 

storage sites are usually intersected by numerous wells, 

simulation approaches require probability distribution 

functions (PDF) with respect to potential failure 

mechanisms as input parameters to take account of 

uncertainties. A conceptual model of CO2 leakage may 

be developed relying on PDFs of the quantities of the 

following processes: 

 Flow at cement-casing interface 

 Flow through the cement matrix 

 Flow through pathways created by bulk chemical 
dissolution of the cement 

 Flow through fractures in the cement 

 Flow through an open annular region due to 

inadequate cement placement 

 Flow at the cement caprock interface 

 

The CO2-PENS wellbore release module is 

capable of predicting CO2 release based on the given 

wellbore cement effective permeability. Simulations 

can be performed in two ways: (1) Finite Element Heat 

and Mass Transfer (FEHM) which represents a multi-
dimensional multiphase reservoir simulator; (2) 

calculation of leakage rates by a semi-analytical model 

which is introduced in Nordbotten et al.  [21, 22].   

 

Lab experiments for well integrity evaluation  

The methods stated above are often used 

together with some lab experiments for some case-

specific conditions. Bachu and Bennion [23] performed 

two sets of experiments to study brine and CO2 leakage 

through well cement at reservoir conditions. The results 

show: (1) in case the cement and the bond are of good 

quality, the effective permeability of the casing-cement-

rock assemblage is extremely low and it will constitute 

a good and reliable barrier to the upward flow of CO2 or 

brine; (2) in case an annular gap at the interface or 
micro-cracks occur, the effective permeability will 

increase which pose a great risk for leakage. Carey et 

al. [24] performed an experimental investigation on 

CO2-brine flow along casing-cement micro-annulus 

through core-flood experiments. The experiments were 

conducted on a synthetic wellbore system consisting of 

cement and steel embedded with a certain size. The 

results show that cement is not significantly eroded by 

the CO2-brine mixture confirming the durability of neat 

Portland cement in CO2-brine environments while the 

carbon steel shows a significant corrosion and 

precipitation which lead to self-sealing of the interface 
of casing and cement. Another famous method is 

Schacht Konrad test in areas of Konrad repository 

which is a storage facility for radioactive waste [25]. In 

this area there are some abandoned boreholes. The 

radioactive contaminated salt water in the storage 

formation is not allowed to reach the aquifers in the 

upper parts of the geological settings. Goal of this 

method is to evaluate, if the abandoned wells are tight 

enough to prevent saline water from moving upwards 

and reaching overlying aquifer. The developer tried 

then to determine the permeability of the two possible 
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pathways: inner space of the casing and the annulus. 

The methodology applied in Konrad repository consists 

of a set of different experiments and tests. The test 

apparatus is shown in Fig. 5, with which the 

permeability and the sedimentation process can be 

simulated. 

 

 
Fig. 5: Schacht Konrad test unit (Wittke [25]) 

 

CONCLUSIONS AND OUTLOOK  

Existing methodologies for risk assessment of 

well integrity have been reviewed. A FEP database 

cannot solve all the questions and problems of a storage 

project. It can be seen as a reference book or an initial 

help in the early phase of a storage project and provides 
the basis for modeling. Data mining technique is 

suitable for measuring uphole leakage. It is a decision 

tool for distinguishing between zones in intended 

storage area exhibiting different risk levels. 

Schlumberger and Oxand P&R method is a relatively 

comprehensive risk assessment. However, for old 

abandoned wells, which do not have much data 

available, some assumptions have to be made. 

Assessment results will therefore have very high 

uncertainties. The method used by Konrad repository is 

based mainly on determination of the hydraulic 

conductivity and transmissivity of the flow path, which 

can be determined by field and lab investigation of all 

materials existed in the bore hole or in the annulus, such 
as drilling fluids, drilled solids, cement, swelling and 

decomposition of minerals due to contact with mud. 

This method is very complex in collecting all necessary 

parameters, however, it is a deterministic approach 

compared with the Oxand probabilistic approach. A 

brief comparison of these methods mentioned above is 

shown in Table 2. 

 

Table 2: Risk assessment methods available (after IEA [6]) 

Methods Description Simulator Decision tool 

FEP Quantitative Yes Yes 

Data mining Semi-quantitative No Yes 

Oxand Probabilistic Yes Yes 

Schacht Konrad Quantitative Yes No 

CO2 PENs Probabilistic Yes No 

 

Based on all the approaches described, a new 
comprehensive assessment method will be developed 

with the application in one pilot CCS area in Germany. 

This assessment method is going to describe the whole 

near wellbore zone and quantitatively simulate the 

critical events and processes which influence well 

integrity and estimate the long-term leakage rate within 

the storage period. From well construction till injection 

phase, the wellbore experienced mainly the 
geomechanical processes, including drilling, 

completion, stimulation, production and abandonment. 

In the storage phase, the wellbore experiences mainly 

the geomechanical and geochemical processes (Fig. 6). 

Fig. 7 illustrates the whole process of risk assessment 

proposed in this paper.  
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Fig. 6: Process affecting well integrity in the well life 

 
Fig. 7: Workflow of risk assessment for well integrity 

 

As the method is still under the development 

process, more details are available in future. Several 

points are noteworthy: 

 The FEPs have been screened and grouped 

according to the risks based on published 

work and expert judgment. 

 CO2 leakage model needs to be built and 

simplified.  

 Estimation of value ranges and probability 

density function for the key parameters are 
based on expert opinions and lab experiments.  

 Treating the uncertainties in the parameter 

values requires a stochastic approach with the 

help of Monte Carlo simulations, which can 

be used to predict probabilities of CO2 leakage 

rate to exceed the predefined maximum 

allowable rate. 
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