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1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 General context  

There is an abundance of guidance documents on subsurface activities such as CO2 storage 

for the selection, qualification, and management of geological storage sites and risk 

management. However, the level of detail on possible failure scenarios, associated risks 

considering likelihood as well as consequences and mitigation options in these guidelines are 

not enough to address the uncertainties involved in the process.  

It is in the above context that task 8.3 of the project, which deals with best practice 

procedures in subsurface operations is carried out. The task 8.3 ς Ψ.Ŝǎǘ tǊŀŎǘƛŎŜ tǊƻŎŜŘǳǊŜǎ 

ƛƴ ǎǳōǎǳǊŦŀŎŜ ƻǇŜǊŀǘƛƻƴǎΩ ŀƴŘ ǘŀǎƪ уΦп ς Ψ²ƻǊƪ-Flows for Emergency Response, Mitigation and 

wŜƳŜŘƛŀǘƛƻƴΩ ƭŜŀŘǎ ǘƻ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŎƭƻǎŜƭȅ ƛƴǘŜǊǊŜƭŀted three deliverables as following: 

¶ Deliverable 8.2 - Best Practice Procedures for Sub-Surface GeoEnergy Operations 

¶ Deliverable 8.3 - Protocols for Emergency Response, Mitigation and Remediation 

¶ Deliverable 8.4 - Policy recommendations for the environmentally conscious 

deployment of sub-surface operations. 

The core of current document (Deliverable 8.2) deals with the detailed investigation into 

various risks and the mitigation actions for the same associated with subsurface geo-energy 

operations including: 

¶ Carbon Capture Utilization and Storage (CCUS) 

¶ Enhanced Geothermal Systems (EGS) 

¶ Unconventional Oil and Gas (UOG).  

The study is carried out for different stages of the plant life including: 

¶ Design to Production Test Stage 

¶ Operation and Maintenance Stage  

¶ Closure/Decommissioning/Post-transfer Stage 

Following the identification of various risks for different plant life stages for each technology, 

systematic mitigation techniques/methods for the same is recommended.  

1.2 Deliverable objectives 

According to the project description, the objective of deliverable 8.2 states ŀǎ ΨA set of best 

practice procedures will be developed focusing on the through life design and management 
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methodologies to minimize the environmental, technical and societal risks for each subsurface 

techniqueΩΦ  

As indicated in the previous section, the document meets the objective by covering various 

life stages of a plant for each of the different subsurface techniques. Different profiles of risks 

are identified including their causes and subsequently, mitigation actions are recommended. 

Lǘ ƛǎ ǘƻ ōŜ ƴƻǘŜŘ ǘƘŀǘ ǘƘŜ ΨtǊƻǘƻŎƻƭǎ ŦƻǊ 9ƳŜǊƎŜƴŎȅ wŜǎǇƻƴǎŜΣ aƛǘƛƎŀǘƛƻƴ ŀƴŘ wŜƳŜŘƛŀǘƛƻƴΩ falls 

ǳƴŘŜǊ ǘƘŜ ǊŜƳƛǘ ƻŦ ŘŜƭƛǾŜǊŀōƭŜ уΦо ŀƴŘ ΨPolicy recommendations for the environmentally 

conscious deployment of sub-ǎǳǊŦŀŎŜ ƻǇŜǊŀǘƛƻƴǎΩ falls under the remit of deliverable 8.4.  

2 aŜǘƘƻŘƻƭƻƎƛŎŀƭ ŀǇǇǊƻŀŎƘ 
 
In order to meet the objectives for the deliverable, comprehensive study has been carried out 
through following steps: 
 

¶ Collecting and analyzing information from S4CE specific sites. Sites under the purview 

of sub-surface geo-energy operations are included and these are United Downs Deep 

Geothermal Power Project site in Cornwall, UK (hereafter referred to as Cornwall site 

in the report), St.Galler Stadtwerke site in St. Gallen, Switzerland (hereafter referred 

to as St. Gallen site in the report) and Carbfix CCUS site near Reykjavik in Iceland 

(hereafter referred to as Carbfix site in the report).  

 

¶ Collecting and analyzing information from other relevant consortium partners in the 

project. Inputs were obtained from, but not limited to, ¢ŀǎƪ рΦт Ψ5ŜǎƛƎƴ ƻŦ [/!-based 

ǎƻŦǘǿŀǊŜ ŦƻǊ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƛƳǇŀŎǘ ŘŜǘŜǊƳƛƴŀǘƛƻƴΩ ŎŀǊǊƛŜŘ ƻǳǘ ōȅ ¢²LΣ ¦Y ŀƴŘ ¦/[Σ 

¦Y ŀƴŘ ǘŀǎƪ рΦу Ψ5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ aǳƭǘƛ-wƛǎƪ όawύ !ƴŀƭȅǎƛǎΩ ōȅ ¦bL{!Σ LǘŀƭȅΦ  

 

¶ Extensive desktop study has been carried out based on various standards and other 

relevant publications. The standards include but are not limited to ISO-31000 and API-

580/581. Inputs from relevant journal publications are fed into the report. 

¶ The task made use of the TWI library database and valuable inputs are derived from 

industrial members who are also the owners of TWI.  

¶ The project advisory board brings in multiple years of technical expertise that has been 

made use of to develop this report. 

¶ Various inputs were sought and obtained from regulatory agencies and other relevant 

organizations such as the International Geothermal Organization and the Environment 

Agency, UK.  
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¶ The Covid-19 pandemic happened during the last year of the project. Even though the 

effects of Covid-19 is not mentioned for the scope of deliverables in Work package 8 

(WP 8), an extra effort has been made to assess the impact of Covid-19 especially on 

the geothermal energy particularly focusing on the European context. This study is 

included as appropriate in the three deliverables of WP8 mentioned in the previous 

section.  

3 /ŀǊōƻƴ /ŀǇǘǳǊŜ ¦ǘƛƭƛȊŀǘƛƻƴ ŀƴŘ {ǘƻǊŀƎŜ ό//¦{ύ 
 
Carbon Capture Utilization and Storage (CCUS) is a process consisting of the separation of CO2 

from industrial and energy-related sources, transport to a storage location, and long-term 

isolation from the atmosphere. In one method (Fig 1), captured pure CO2 is compressed into 

a dense fluid and injected into deep underground formations for permanent storage, thereby 

preventing the carbon dioxide from entering the atmosphere (Figure 1). In another method 

(Iceland), CO2 is carried as a dilute solution in water, which reacts with the reservoir rock to 

form permanent solid carbonate minerals. CCUS draws on many decades of experience in the 

electricity generation, industrial gas separation, geothermal, chemical and manufacturing 

industries, and oil and gas industries, including substantial experience with subsurface 

injection techniques. For over 20 years, scientists have been investigating CCUS as an option 

to mitigate the effects of greenhouse gas (GHG) emissions on climate change. The roots of 

CCUS go much farther back to when CO2 was first used for enhanced oil recovery (EOR). 

During the past decade, CCUS has gained great momentum with billions of dollars committed 

worldwide to research, development, and demonstration (RD&D) projects in an effort to 

prove and improve the technology in time for full-scale commercial use. 

Although CO2 injection has been used for enhanced oil and gas production for decades, 

permanent geological storage integrated with power plants and industrial facilities is an 

emerging technology. Most experts and CCUS sceptics agree that CCUS must be successfully 

demonstrated at a commercial scale in various geological formations and geographic regions 

before the technology is considered ready for wide-scale deployment. 
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Figure 1. An overview of CCUS process [1] 

In addition to technological development, a comprehensive legal and regulatory framework 

is recognized as a necessary antecedent to wide-scale CCUS deployment. Framework issues 

are complex and include access to onshore and offshore storage sites, pore space ownership, 

pipeline access, liability, long-term stewardship, air permitting, subsurface permitting, and 

measurement, verification, and accounting. Government support for early projects is also a 

significant element of framework discussions. Much work has occurred internationally and 

nationally on this front and, while legal and regulatory frameworks are not one-size-fits-all, 

common themes are emerging. As an example of recent progress, during the lifetime of this 

S4CE project the CCUS method in Iceland was changed (2019) to a distinct brand subsidiary 

of partner Reykjavik Energy called CarbFix. 

3.1 Design to Production Test Stage 

This section will address the technical aspects of carbon capture, utilization, and storage 

(CCUS) and compare best practice procedures among different institutions, focussing on the 

design to production test stages. 

3.1.1 CO2 capture and separation technologies  

CO2 is formed during combustion and the type of combustion process directly affects the 

choice of an appropriate CO2 removal process. The main application of CO2 capture is likely to 

be at large point sources: fossil fuel power plants, fuel processing plants, and other industrial 

plants, particularly for the manufacture of iron, steel, cement and bulk chemicals. There are 

three main CO2 capture systems associated with different combustion processes, namely, 
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post-combustion, pre-combustion and oxyfuel combustion, as shown in Figure 2. Table 1 

shows the cost comparison for a different process. These CO2 capture technologies are 

available in the market but are costly in general, and contribute to around 70ς80% of the total 

cost of a full CCUS system including capture, transport, and storage [2].  Therefore, significant 

R&D efforts are focused on the reduction of operating costs and energy penalty. Minimisation 

of energy requirements for capture, together with improvements in the efficiency of energy 

conversion processes will continue to be high priorities for future technology development in 

order to minimize overall environmental impacts and cost. 

Post-combustion systems separate CO2 from the flue gases produced by combustion of a 

primary fuel (coal, natural gas, oil, or biomass) in the air. Oxy-fuel combustion uses oxygen 

instead of air for combustion, producing a flue gas that is mainly H2O and CO2, which is readily 

captured. Pre-combustion systems process the primary fuel in a reactor to produce separate 

streams of CO2 for storage and H2 that is used as a fuel. Other industrial processes, including 

processes for the production of low-carbon or carbon-free fuels employ one or more of these 

same basic capture methods. Pre-combustion is mainly applied to coal-gasification plants, 

while post-combustion and oxyfuel combustion can be applied to both coal and gas-fired 

plants. Post-combustion technology is currently the most mature process for CO2 capture [3], 

[4]. 

 

Figure 2. CO2 capture technologies [5] 
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Table 1. Cost comparison for the different process [6] 

Fuel type Parameter 
Capture technology 

No capture 
Post-

combustion 
Pre-

combustion 
Oxy-fuel 

Coal-fired 

Thermal efficiency (% LHV) 44.0 34.8 31.5 35.4 

Capital cost ($/kW) 1410 1980 1820 2210 

Electricity cost (c/kWh) 5.4 7.5 6.9 7.8 

Cost of CO2 avoided ($/tCO2) - 34 23 36 

Gas-fired 

Thermal efficiency (% LHV) 55.6 47.4 41.5 44.7 

Capital cost ($/kW) 500 870 1180 1530 

Electricity cost (c/kWh) 6.2 8.0 9.7 10.0 

Cost of CO2 avoided (ϵ/tCO2) - 47 92 84 

 
CO2 separation technologies can be applied to isolate the CO2 from the flue/fuel gas stream 

prior to transportation. Advanced technologies, such as wet scrubber, dry re-generable 

sorbents, membranes, cryogenics, pressure and temperature swing adsorption, and other 

advanced concepts have been developed. Table 2 provides a comparison of different CO2 

separation technologies. 

Table 2. Comparison of different CO2 separation technologies 

Technology Advantage Disadvantage 

Absorption 

¶ High absorption efficiency (490%) 

¶ Sorbents can be regenerated by heating 
and/or depressurization 

¶ Most mature process for CO2 separation 

¶ Absorption efficiency depends on 
CO2 concentration 

¶ Significant amounts of heat for 
absorbent regeneration are required 

¶ Environmental impacts related to 
sorbent degradation have to be 
understood 

Adsorption 

¶ Process is reversible and the absorbent 
can be recycled 

¶ High adsorption efficiency achievable 
(>85%) 

¶ Require high-temperature adsorbent 

¶ High energy required for CO2 
desorption 

Chemical 
looping 
combustion 

¶ CO2 is the main combustion product, 
which remains unmixed with N2, thus 
avoiding energy-intensive air separation 

¶ Operational problems include low 
fluxes and fouling 

Membrane 
separation 

¶ Process has been adopted for separation 
of other gases 

¶ High separation efficiency achievable 
(>80%) 

¶ Process is still under development 
and there is no large-scale operation 
experience 

Hydrate-based 
separation 

¶ Small energy penalty 
¶ New technology and more research 

and development is required. 

Cryogenic 
distillation 

¶ Mature technology 

¶ Adopted for many years in the industry 
for CO2 recovery 

¶ Only viable for very high CO2 

¶ Should be conducted at very low 
temperature 

¶ Process is very energy-intensive 
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3.1.2 CO2 transport 

Once CO2 is separated from the rest of the flue gas components, it needs to be transported 

to the storage site or the facilities for its industrial utilization. Whatever the chosen final fate 

of CO2, a reliable, a safe, and economically feasible system of transport is a key feature of any 

CCUS project. Depending on the volumes involved, a variety of means of transport maybe 

utilized, ranging from road tankers to ships and pipelines. A study related to CCUS in the North 

Sea highlights that CO2 transport by ship tanker, using technologies derived from the LPG 

carriers, is feasible and cost-competitive with pipelines with a total cost ranging from 20 to 

30 USD/tonne when more than 2 Million tonne(Mt) CO2/year are transported within the 

distances involved in North Sea storage [7].  

Pipelines are considered to be the most viable method for onshore transport of high volume 

of CO2 through long distances as CCUS would likely involve when widely deployed [8].  

Pipelines are also the most efficient way for CO2 transport when the source of CO2 is a power 

plant with operational life span longer than 23 years. For a shorter period, road and rail 

tankers are more economical [9].  The cost of transport varies considerably with the regional 

economic situation. A cost analysis in China shows that for a mass flow of 4000t CO2/day the 

use of ship tankers will cost 7.48 USD/tonne CO2 compared with 12.64 USD/tonne CO2 for 

railway tankers and 7.05 USD/tonne CO2 for 300km pipelines [10]. 

Currently, only a few pipelines are used to carry CO2 and are almost all for EOR projects. The 

oldest is the Canyon Reef Carriers pipeline, a 225km pipeline built in 1972 for EOR in Texas 

(USA). The longest is the 800km Cortez pipeline which is carrying 20 Mt/year of CO2 from a 

natural source in Colorado to the oil fields in Denver City, Texas since 1983 [11].  

For commercial scale, CCUS projects an extensive network of CO2 pipelines needs to be 

developed. An integrated network, where different sources will merge for their final transport 

to the storage areas, can reduce the total pipelines length by 25%, but it will require that all 

sources produce CO2 stream with the same quality (e.g. pressure, Temperature, water 

content) before being combined together. When the flow managed through a network of 

pipelines increases, there is an exponential decrease in the cost of transport; models highlight 

that the cost for transporting CO2 along a 1000km pipeline is around 8 USD/tonne for a mass 

flow of 25 Mt CO2/year with a further reduction down to 5USD/tonne if the flow increases to 

200Mt CO2/year [12]. The cost does not include the increased risk of pipeline damage by 

corrosion when water vapour or moisture encounters CO2. 
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3.1.3 CO2 utilization and geological storage 

After capture, the high CO2 content stream can be transported for geological storage, or for 

CO2 utilization. CO2 can also be used in other areas such as food beverages, refrigerants, and 

fire extinguishing gases. Current CO2 utilization accounts for only 2% of emissions, but 

forecasts predict chemical utilization could mitigate 700 megatons of CO2 per year, far greater 

than the combined potential of nuclear, wind, and cellulosic biofuel technologies [13]. CO2 

can be utilized through mineralization, a process based on the accelerated reaction of CO2 

with Mg/Ca rich silicate rocks or inorganic wastes to form stable carbonates that can be either 

stored permanently or used.  

CO2 can be stored into geological formations such as deep saline aquifers that have no other 

practical use, and oil or gas reservoirs. Geological storage is at present considered the most 

viable option for the storage of the large CO2 quantities needed to effectively reduce global 

warming and related climate change. A typical geological storage site can hold several tens of 

million tonnes of CO2 trapped by different physical and chemical mechanisms [14]. 

Three different geological formations are commonly considered for CO2 storage: depleted (or 

nearly depleted) oil and gas reservoirs, unmineable coal beds, and saline aquifers. Deep ocean 

storage is also a feasible option for CO2 storage although environmental concerns (such as 

ocean acidification and eutrophication) will likely limit its application. It has been shown that 

CO2 storage potential can reach 400ς10,000 GT for deep saline aquifers compared with only 

920 GT for depleted oil and gas and 415 GT in unmineable coal seams [15].  

Enhanced oil recovery (EOR) using CO2 from capture processes can significantly increase CO2 

utilization [16]. Other related new sectors include the use of CO2 as a cushion gas for energy 

storage [17]. 

(1) Enhanced oil recovery (EOR) in oil and gas reservoirs 

CO2 is used for EOR from mature fields. CO2 for EOR operations has been employed in the 

miscible and immiscible states. When injected into oil, CO2 has the capability to swell the oil, 

reduce its viscosity, reduce interfacial tension, and in some cases become miscible with the 

oil allowing for single-phase flow. Of the two states for EOR via CO2 injection, the miscibility 

of CO2 in oil usually provides higher recoveries. The ability of CO2 to become miscible in oil is 

determined by the minimum miscibility pressure (MMP). At and above this pressure, CO2 is 

miscible in oil and below, it is immiscible. Though CO2 injection in this process is done 

primarily for EOR, it comes with the added benefit of storage of CO2 contributing to 

minimizing global warming, as the injected CO2 remains stored there permanently. Up to 40% 

of the residual oil left in an active reservoir can be extracted after primary production [18]. In 
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fact, fluid injection methods have been widely used in the oil and gas extraction industry for 

decades to enhance the recovery of residual oil and gases. Therefore, there is an economic 

incentive for injecting CO2 (recovered from an associated capture process) into depleted oil 

and gas reservoirs in order to offset the high CCUS cost commonly involved in the process. 

Technologies for injection of CO2 for EOR are mature and there are studies on various aspects 

of EOR, such as migration simulation [19], geochemical modelling and leakage/risk 

assessment. The Weyburn project is one of the largest EOR projects for CO2 storage that 

started in 2000 in the Weyburn oil reservoir in Saskatchewan, Canada. Although the aim of 

the project is not to investigate the potential for CO2 storage, the reservoir is estimated to be 

able to store more than 30 million tonnes of CO2 captured from a gasification plant in North 

Dakota, USA and transported to the site through a 320km pipeline. 

(2) Storage in saline aquifers 

Deep aquifers at 700ς1000m below ground level often host high-salinity formation brines. 

These saline aquifers have no commercial value but can be used to store injected CO2 

captured from the CCUS process. Deep saline aquifers can be found in widespread areas both 

onshore and offshore and are considered to have enormous potential for storage of CO2 due 

to their large storage capacity. There are several trapping mechanisms that take place in 

saline aquifers when CO2 is injected. Solubility is the main trapping mechanism, where CO2 is 

dissolved in the formation brine water and the dissolved CO2 reacts with Ca, Fe, or Mg-based 

minerals to form carbonate precipitates (minerals). Hydrodynamic and residual are other 

trapping mechanisms. Undissolved CO2 is trapped by overlying low permeability caprock 

(hydrodynamic). For the residual mechanism, CO2 will be gradually dispersed and rises 

through water-saturated rock, displacing water from the pore spaces; the whole rock volume 

retains a residual saturation of CO2.  

White et al. [20] conducted a comprehensive review on the storage of the captured CO2 in 

deep saline aquifer sand and commented that, with the experience gained in several 

concurrent projects, storage of CO2 in deep saline aquifers is technically feasible, and can have 

little or no negative environmental impacts [20]. Michael et al. [21] conducted a similar study 

based on the experience from existing to rage operations and presented similar conclusions 

[21]. These authors also discussed the importance of monitoring and verification and pointed 

out that there are limited monitoring programs for existing projects, as well as limited data 

from post-injection monitoring of CO2 behaviour in the storage reservoir. Nevertheless, the 

experience gained in these operations helps to establish best practice guidelines for future 

CO2 geological storage. More recently, Myer reviewed the global status of geological CO2 

storage and indicated the lack of data on post-injection behaviour inside the storage reservoir 
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and the need for more field assessments on the processes that lead to plume stabilization 

and long-term trapping [22]. 

(3) Deep ocean storage 

Oceans cover more than 70% of the 9ŀǊǘƘΩs surface and are the biggest natural CO2 sink. It is 

estimated that oceans contain about 38,000Gt of carbon and take up carbon from the 

atmosphere at a rate of about 1.7Gt annually. At the same time, oceans produce 50ς100Gt 

carbon (in the form of phytoplankton) annually, which is greater than the intake by terrestrial 

vegetation. The carbon inventory in the ocean is enormous at about 50 times greater than 

that of our atmosphere. At depths greater than 3 km, pure injected CO2 will be liquefied and 

sink to the bottom due to its higher density than the surrounding seawater.  Mathematical 

models suggest that CO2 injected in this way could be kept for several hundred years [23]. 

House et al. further showed that injecting CO2 into deep-sea sediments at a depth greater 

than 3 km could provide permanent geological storage of CO2 even with large geomechanical 

perturbations [24]. Therefore, deep ocean storage can present a potential sink for large 

amounts of anthropogenic CO2. However, this approach is more controversial than other 

geological storage methods. Injecting large amounts of CO2 directly into our oceans may 

affect the seawater chemistry (such as reducing its pH) causing ocean acidification, which may 

lead to disastrous consequences to the marine ecosystem [25]. 

3.1.4 Risks ς Design to the production stage for CCUS  

The principal aim of CCUS technologies is to reduce the CO2 emissions from anthropogenic 

sources to the atmosphere. Most of the processes associated with CCUS described in the 

previous sections would require the construction of infrastructure and installation of facilities 

(such as scrubbers, compressors and pipelines), additional use of chemicals (such as amine, 

hydroxide, or zirconate), solid waste and wastewater disposal, etc. Energy would also be 

required for manufacturing, transporting, installing, and operating these facilities, and for 

producing chemicals, and thus, resulting in CO2 emissions. Therefore, it is necessary to carry 

out a lifecycle analysis (LCA) on GHG to determine whether a particular CCUS technology can 

result in a net reduction in CO2. Because of the nature of projects and the importance of long-

term safety, life cycle frameworks are widely used in carbon capture utilization and storage 

(CCUS) regulatory frameworks, projects, guidance and best practices. These identify main 

stages and milestones for the carbon capture utilization and storage (CCUS) project 

development activities, permitting and regulatory approvals. Lifecycle frameworks are 

embedded in the CCUS regulatory frameworks in several jurisdictions to provide upfront 

clarity about future requirements, including the post-injection phase, closure and transfer of 
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responsibility. Figure 3 shows CO2 storage life cycle framework ς risk management during the 

main project phases and milestones.  

 
Figure 3. CO2 storage life cycle framework ς risk management during the main project phases and 

milestones [26] 

Table 3 is a life cycle framework and stages that are recommended for CCUS.  

Table 3. Life cycle framework for Geological storage of CO2 

Phase/Stage Milestone Main Storage Objectives 

Global carbon capture, 
utilization and storage 

Institute (GCCUSI) Asset 
Lifecycle Stage 

Planning 

Site Screening 
Site Selection 

Single Site 
Selected/Storage 
Exploration Permit 

¶ Identify Potential Sites 

¶ Select Preferred Site and 
Technology 

Identify 
Evaluate 

Site Assessment 
and Characterization 

Final Investment 
Decision (FID)/ 
Storage Permit 

¶ Site Appraisal (Seismic, wells) 

¶ Detailed Site Assessment/ 
Characterization 

¶ Storage Permitting, Consenting 
and Approval 

¶ Design & Development Plan 

¶ Front End Engineering and 

¶ Design (FEED) Studies 

Define 

Active 

Development Start Injection 

¶ Project Execution 

¶ Select Contractors 

¶ Site Construction and 

¶ Development 

¶ Baseline monitoring 

¶ Drill Injection well 

Execute 

Operation End of Injection 

¶ Commissioning 

¶ Operate Injection and Storage 

¶ Ongoing Monitoring 
 

Operate 
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Closure 
Asset 
Decommissioned 

¶ Decommission assets 

¶ Permit closure 
Closure 

Post-closure 

Post-Closure/ Pre- 
Transfer 

Transfer of 
Responsibility 

¶ Update Performance Forecast 

¶ Post closure Monitoring 

¶ Agree Transfer of 
Responsibility 

 

Post-Transfer  ¶ Monitoring as needed  

 

Types of Risk for CO2 Storage  

According to the CCUS Directive, a geological formation shall only be selected as a storage 

site, if under the proposed conditions of use there is no significant risk of leakage, and if no 

significant environmental or health risks exist [26]. The definition of "leakage" is any release 

of CO2 from the storage complex (but not necessarily to the atmosphere). 

The safety and environmental impacts of geological storage related to the risk of release of 

stored CO2 fall into two broad categories: local environmental and safety impacts and global 

effects resulting from the release of stored CO2 into the atmosphere. The local health, safety 

and environmental risks and hazards arise from three principal causes: 

¶ Direct effects of elevated gas-phase CO2 concentrations in the atmosphere above a 

storage complex, and in the shallow subsurface and near-surface environments; 

¶ Effects of dissolved CO2 or fluid movement on groundwater chemistry which could 

lead to water contamination, pollution and other environmental risks; 

¶ Effects that arise from the displacement of fluids by the injected CO2, including 

displacement and leakage of other formation fluids, including oil or gas, ground 

displacement and induced seismicity. 

CCUS also has global environmental impacts, in that successful storage will reduce emission 

from fossil fuel use and increase its potential as a greenhouse gas emissions reduction option. 

In contrast, high release rates from storage sites would reduce the effectiveness of CCUS as 

an emission reduction option. 

In assessing all the risks, the features, processes and mechanisms are closely related to the 

impact and movement of injected CO2 in the underground and the risks of CO2 leakage out of 

the storage complex, either to shallower formations or to the atmosphere. In addition, it is 

important to understand how CO2 behaviour influences the behaviour of other fluids, either 

through physical displacement or through chemical reactions. As a final element, the impacts 

need to consider human safety, both from CO2 exposure and effects, together with other 

potential risks (e.g. ground movement), and all possible environmental risks in the biosphere. 
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(1) Geological Leakage Pathways 

Table 4 contains the main leakage hazards and risks relating to geological pathways that are 

in the following areas:  

¶ Caprocks, which may be ineffective in containing CO2, unexpectedly absent over part 

of the storage area, or degraded because of geochemical reactions and/or 

hydrocarbon depletion. 

¶ Faults and fractures, with leakage through natural geological pathways, or resulting 

from CO2 injection and build up in the reservoir, hydrocarbon depletion, natural or 

induced seismic activity.  

¶ Structural spill out of the trap, where the reservoir is smaller than expected and/or it 

is over-filled. 

¶ Up-dip leakage through high permeability intervals, of particular relevance to 

stratigraphic trapping or Migration Assisted Storage (MAS).  

¶ Other areas such as transport of CO2 out of the complex that has been dissolved in 

formation water. 

For oil and gas options, the evidence that there has been hydrocarbon containment will be 

favourable in relation to the geological risk assessment, although specific issues, particularly 

related to caprock and well integrity, for CO2 storage in oil/gas fields still need to be assessed. 

The assessment should consider the impact of CO2 with different physical and chemical 

properties and how it might alter the sealing conditions. 

 

Table 4. Potential geological leakage pathways from geological storage sites 

Type of Leakage 
Pathway 

Potential leakage 
pathways/mechanisms 

Notes 

Caprock 

¶ Through the pore system in low 
permeability caprocks if the capillary 
entry pressure is exceeded or the CO2 is 
in solution 

¶ Dependent on caprock 
characteristics, and interplay 
with CO2 build-up in a storage 
site 

¶  Relevant to all storage trap 
types 

¶ If the caprock is locally absent (includes 
injection features, pipes and erosion) 

¶ Largely a function of caprock 
distribution and thickness. 
Requires mapping using seismic 
and well data 

¶ Relevant to all storage trap 
types 

¶ Injection features and pipes are 
common in some areas of the 
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North Sea and scale must be 
considered 

¶ Through a degraded cap rock as a result 
of CO2/water/rock reactions 

¶ Depends on site-specific 
geochemistry and potential 
reactions between caprock, CO2 
and water phases 

¶ Largely site-specific but possible 
in all trap types 

Caprock, fracturing 
¶ Fracturing of the caprock induced by 

injection 

¶ Depends on the fracture 
gradient in caprock and pressure 
build-up in the storage reservoir 

¶ Relevant to all storage trap 
types 

Faulting/Fracturing 

¶ Via natural faults and/or fractures 

¶ Not all faults are potential 
pathways for leakages. Some of 
them are closed or sealed 

¶ Depends on fault and fracture 
distribution and characteristics 
and geomechanics 

¶ Relevant to all storage trap 
types 

¶ Via induced faulting/fracturing resulting 
from seismic activity 

¶ Depends on fault and fracture 
distribution and characteristics 
and geomechanics 

¶ Relevant to all storage trap 
types 

¶ Also dependant on seismicity in 
the region 

Overfilling/Structural 
spill 

¶ Via a spill point (the lowest point in the 
structure that can provide lateral 
closure) if the reservoir is overfilled 

¶ Depends on site structure, 
capacity and storage 
management can be managed 
during injection 

¶ stage through monitoring and 

¶ operating strategy 

Updip leakage ¶ Via high permeability zones updip 

¶ Dependant on rock types and 
permeability 

¶ Mainly applicable to 
stratigraphic and Migration 
Assisted Storage (MAS) trap 
types 

Other 
¶ Via dissolution of CO2 into pore fluid and 

subsequent transport out of the storage 
complex by natural fluid flow 

¶ Depend on dissolution rates and 
the hydrogeology of the storage 
complex and surrounding region 

 

(2) Manmade Leakage Pathways 

The main risks in this category are related to: 

¶ Well integrity of any wells and boreholes in a CO2 rich environment. All types of well 

or borehole from oil and gas, coal, mining or water exploration, and exploitation 

activities may be relevant and must be considered. The risks related to both pre-

existing wells and wells required for the CO2 storage activity and must take into 
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account the geochemical environment and reactions that may result from CO2 

storage. Previously abandoned wells are a key risk in oil and gas reservoirs and regions, 

particularly older wells before modern abandonment practices. 

¶ Leakage from well integrity issues could occur from the types and quality of materials 

used in the well and the design, management and maintenance of the well itself. A 

methodology was proposed for addressing long-term integrity issues for potential 

leakage from a well bore; this includes scenario analysis and sensitivity studies for 

each well component. These studies are then used to develop and support a 

mitigation strategy based on well completion repair and specific monitoring options. 

This type of approach will place emphasis on the specific issues in each well. 

¶ Mining activity may result in leakage pathways associated with mine workings, 

induced subsidence or pressure cones. This is of particular relevance to storage 

options in coal beds, including Enhanced Coal Bed Methane (ECBM) and underground 

gasification. 

Table 5 contains the main leakage hazards and risks relating to manmade pathways. 

Table 5. Potential manmade leakage pathways 

Type of Leakage Pathway 
Potential emissions 
pathways/sources 

Notes 

Wells and boreholes 

Operational or abandoned wells 
(and boreholes) 

¶ Main risk from all abandoned 
wells in and around the 
storage site 

¶ Risk depends on their age and 
physical integrity of specific 
wells 

¶ Inadequately constructed, 
sealed, and/or plugged wells 
may present the biggest 
potential risk for leakage 

¶ Techniques for remediating 
leaking wells have been 
developed 

Operational or abandoned wells 
(and boreholes) 

¶ Likely to be rare as established 
drilling and well operations 
practices reduce risk 

¶ Possible source of high-flux 
leakage during drilling and 
injection operations, usually 
over a short period 

¶ Only in areas where CO2 
storage has already taken 
place 

¶ Blowouts can be remediated 
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3.2 Operation and Maintenance Stage for CCUS 

The operation and maintenance stage of subsurface geo-energy operations is simply the 

period that starts with the main operation of the subsurface system for which it is built until 

the main operation is stopped to proceed to the closure of the system. 

3.2.1 Activities and roles during the Operations phase in CCUS 

The life cycle of a CO2 ǎǘƻǊŀƎŜ ǇǊƻƧŜŎǘ Ŏŀƴ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ ǎƛȄ Ƴŀƛƴ ǇƘŀǎŜǎ ōŀǎŜŘ ƻƴ ŀ άǎǘŀƎŜ-

gatŜέ ŀǇǇǊƻŀŎƘ ŀǎ ǎƘƻǿƴ ƛƴ Figure 4 [26]. M1 to M5 in Figure 4 represents different 

milestones. 

 

 

Figure 4. Summary of CO2 storage lifecycle phases and milestones [26] 

These phases are separated by five major project or regulatory milestones as defined by EU 

directive 2009/31/EC as shown in Figure 4. The duration for each phase of individual projects 

shown in Figure 4 is generic and will be project-specific [26].  

¢Ƙƛǎ ǊŜǾƛŜǿ ǇǊƛƳŀǊƛƭȅ ŦƻŎǳǎŜǎ ƻƴ ǘƘŜ άtƘŀǎŜ пΥ hǇŜǊŀǘƛƻƴǎέΣ ǿƘƛŎƘ ōŜƎƛƴǎ ǿƛǘƘ άaоΥ {ǘŀǊǘ 

LƴƧŜŎǘƛƻƴέ ŀƴŘ ŜƴŘǎ ŀǘ άaпΥ /ŜŀǎŜ LƴƧŜŎǘƛƻƴκ/ƭƻǎǳǊŜέΦ 9ŀŎƘ ǎǘŀƎŜ ƛƴ the operation phase is 

explained below and shown in Table 6. 

¶ Start injection: The commissioning of the project and the start of CO2 injection in the 

storage site by the operator (Milestone 3) is a major project milestone at the beginning 

of the operations phase (Phase 4). Prior to the start of injection, authorities need to 
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ensure that storage facilities have been constructed according to the storage permit 

[26]. 

¶ Operations: During the operations phase, monitoring of the storage complex and 

taking corrective measures are key activities as this is associated with the risk 

management process [26]. As recommended by EU directive 2009/31/EC [26], the 

results and feedback from monitoring must be reported to the concerned parties in 

an agreed manner throughout this phase. Moreover, where required, plans for 

corrective measures to manage and mitigate any significant irregularities such as 

leakages as discussed below in Section 3.2.2.4. In the operation phase, routine and 

non-routine inspections are effective to examine all records as discussed in Section 

3.2.2. In addition, the development of a new storage site and the drilling activities 

associated with this may also take place during the operations phase.  

¶ Cease injection/Closure: The operation phase ends ǿƛǘƘ ά/ƭƻǎǳǊŜέ ǿƘŜƴ ǘƘŜ /h2 

injection into the storage site is terminated. In practice, the closure stage comprises 

of a series of activities such as cessation of injection, plugging and abandoning of 

selected wells, equipment removal, on-site inspection, and updating of the provisional 

post-closure plan considering operational and monitoring history (i.e. the impact of 

any irregularities, leakages, and corrective measures taken during the operations 

phase). This stage is not reviewed in this section. During the operation stage, a storage 

site is considered for closure under the following circumstances [26]: 

(i) When the relevant conditions specified in the storage permit meets and the 

total amount of CO2 authorized to be geologically stored is reached. 

(ii)  If the operator requests the closure of the site due to reaching a safe limit 

of injection or if continued injection turns out to be uneconomical, and the 

authorities approve closure accordingly. 

(iii) If the authorities withdraw the storage permit under certain circumstances 

such as if the operator could not meet the storage permit requirements. 
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Table 6. A summary of the activities and roles during the Operations phase starting from the 
injection and closure of a CCUS project [26] 

Stages Role of the authorities Key operator activities Duration 

Start of 
Injection 

- 
¶ Start of CO2 injection operations and 

monitoring 
- 

Operations 

¶ Undertake inspections 

¶ Review the storage permit and, 
as appropriate, update corrective 
measures plan 

¶ Supervise monitoring and 
reporting 

¶ Approve any updates to 
monitoring 

¶ Ensure necessary corrective 
measures are implemented 

¶ Carry out periodical adjustment 
of financial security. 

¶ Perform injection operations, monitoring 

¶ Perform reporting 

¶ Update site characterization, models as 
needed 

¶ Change, review and update monitoring 
and corrective measures plans 

¶ Take necessary corrective measures in 
the event of leakage or significant 
irregularities 

¶ Surrender allowances for any emissions 
from the site, including leakages or 
significant irregularities pursuant. 

¶ Submit updated post-closure plan 

5 - 50 years 

Closure 

There are two main circumstances 
for closure: 
¶ At the request of the operator 

and subject to approval by the 
authorities - where permit 
conditions have been met, and 
based on an updated post-
closure plan 
¶ At the initiative of the authorities 

which may decide to close the 
site after the withdrawal of the 
storage permit 

¶ End of injection operations and 
continuous operational monitoring of 
injection 
¶ Partial reclamation of the site 

- 

3.2.2 Risks in CCUS during the operation phase 

In the life cycle of a CCUS project, the operations phase is the first phase when there is an 

actual risk of leakages and any other significant irregularities due to the initiation of CO2 

injection. For CCUS projects, most of the probable risk of CO2 leakage occurs during the 

operational stage, which is expected to reduce when injection stops and the secondary 

trapping mechanisms take effect [27], [28]. During this phase, the initial migration and 

movement of CO2, possibly through different pathways brings risks as the plume progresses 

and expands, and pressure increases. Risks in CCUS can be different depending on the main 

CO2 storage options, which are categorized into four namely (see Table 7): 

(i) Enhanced Hydrocarbon Recovery (EHR) in existing oil and gas fields, 

(ii) depleted oil and gas fields, 

(iii) saline aquifers, and  

(iv) unmineable coal seams 
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Other potential storage options viz. basalts, salt caverns, disused mines, underground coal 

gasification (UCG) voids, ex-situ and in-situ carbonation of ultramafic/mafic rocks (including 

ophiolites), shales, and deep cool sub-surface storage as liquid CO2 and CO2 hydrate. Scale 

and nature of storage potential (both onshore and offshore settings) vary from country to 

country and different options are more or less important in different countries. 

Understanding of the prospective and inherent geological uncertainty is fundamental to the 

characterization of any of these storage options; they have discussed details by EU directive 

2009/31/EC [26].  

Risks associated with the geological storage of CO2 in deep subsurface formations are a 

combination of natural and technological hazards (not solely depend on the technology under 

operation), hence the potential causes are not fully understood [29].  

Table 7. Considerations for different geological options for CO2 storage [26] 

Advantages Disadvantages 

Enhanced Hydrocarbon Recovery (EHR) in existing oil and gas fields 

¶ Geological integrity is demonstrated by the 

ability to hold oil and gas for millions of 

years. 

¶ Have high certainty about the geological 

characteristics, thus, making geological 

analysis and site characterization relatively 

straightforward. 

¶ The potential for leakage through pre-

existing wells and facilities will need to be 

assessed and may need to be remediated 

prior to commencing injection. 

¶ Caprock integrity will have to be assessed. 

¶ EHR viability is field-specific. Offshore CO2 

Enhanced Oil Recovery (EOR) viability 

unproven; Enhanced Gas Recovery (EGR) 

technology is at the demonstration stage. 

Depleted oil and gas fields 

¶ Geological integrity is demonstrated by the 

ability to contain oil and gas for millions of 

years. 

¶ Moderate to high certainty about the 

geological characteristics and capacity, 

providing knowledge and data is not lost 

when fields are abandoned. 

¶ Potential site-specific opportunities for re-

use of facilities, infrastructure, and wells. 

¶ The potential for leakage through pre-

existing wells and facilities will need to be 

assessed and may need remediation prior 

to commencing injection. 

¶ Caprock integrity will have to be assessed. 

¶ Facilities and wells may not be suitable for 

conversion to CO2 storage, depending on 

their age and physical condition 

¶ tƻǘŜƴǘƛŀƭ ŜȄƛǎǘǎ ŦƻǊ ŜȄǘŜƴǎƛǾŜ άƭƻǎǘέ 

corporate knowledge and data that may 

result in the storage integrity being affected 

by the lack of detailed documentation 

associated with the engineering, operation, 

and characteristics of the field. 

Saline aquifers 
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¶ Widespread, with potentially large 

capacities.cc 

¶ Present both within and outside oil and gas 

regions. 

¶ With significantly fewer well penetrations 

than other options, the risk of leakage 

through any pre-existing wells will be less 

than for storage in oil and gas fields in most 

cases. 

¶ The geological characteristics proximal to 

the proposed storage site will be less 

certain than for oil and gas fields due to a 

lesser amount of well and seismic data. 

¶ More primary data will need to be acquired 

to reach the equivalent high levels of 

technical certainty compared with oil and 

gas fields. 

¶ No fluid flow data about reservoir 

performance will exist. Hence, significant 

testing of the reservoir will likely be 

required to estimate the long-term 

performance characteristics prior to the 

final commitment to develop the site. 

Coal seams 

¶ Potential storage opportunities in regions 

without other options 

¶ Mainly located in coal-bearing regions, 

primarily onshore 

¶ Enhanced Coal Bed Methane (ECBM) 

production 

¶ Current estimates indicate capacity 

considered is relatively limited compared to 

other options, but subject to uncertainty. 

¶ Technology at the pilot stage with 

significant scientific and technical 

uncertainty 

 
Figure 5 shows a conceptual risk profile for CCUS projects as reported by Qi et al. [27]. A 

geological formation can only be selected as a storage site, if there is no significant risk of 

leakage, and no significant environmental or health risks exist. 

 

Figure 5. A conceptual risk profile of CCUS projects [27] 

Risks for CO2 storage are often required to be looked at from a non-technical point of view. 

Manders et al. discuss how CCUS risks associated with non-technical public contrasts with 

experts [30]. Risks associated with CO2 storage are classified into many categories such as the 

potential safety and environmental impacts of geological storage [27], during different stages 

of operation [30] and deferent kinds of leakage. There will be some overlaps in some of the 

Operation 
phase stage 
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categories, however, this is helpful to compare and prioritize based on the impact/ 

consequences for each risk. Damen et al. have reported that the potential risks of CCUS in a 

geological reservoir can be divided into five groups, CO2 leakage, CH4 leakage, ground 

movement, seismicity and displacement of brine [31]. 

3.2.2.1 Local risks in CO2 storage  

Potential impacts on the environment locally include impacts to air quality, biological state, 

soils, land use, surface waters, and other resources. There are three principal causes for local 

health, safety and environmental risks and hazards:  

(a) The effects of elevation of CO2 concentrations in the atmosphere above a storage 

complex, and in the shallow subsurface and near-surface environments,  

(b) The chemical effects of dissolved CO2 in the subsurface, which could lead to water 

contamination, pollution and other environmental risks, and  

(c) The effects from the displacement of fluids including oil or gas by the injected CO2 (see 

Figure 6) [32].  

3.2.2.2 Global risks in CO2 storage 

These are primarily linked to uncertainties concerning the effectiveness of CO2 containment, 

in other words, the release of stored CO2 into the atmosphere causing a detrimental effect to 

the carbon reduction in the atmosphere [27]. 
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Figure 6. Taxonomy of risks associated with the geological storage of CO2 [27] 

3.2.2.3 Risks in CO2 storage in different stages 

The Risks in CO2 storage are classified into three as below: 

i. The risks associated with the capture of CO2: This include hazard from chemicals used 

and any potential explosions in the capture process. 

ii. The risks associated with the transport of CO2: This includes pipeline leak, blocks or 

pressure build-ups in the pipeline, any environmental impact due to pipeline leaks. 

iii. The risks associated with the storage of CO2: This mainly includes various leaks to 

potentially impact marine ecology, food chain and seawater. In addition, any water 

displacement due to pressure build-up from CO2 storage and any plate movements 

causing large scale seismic activity. 

3.2.2.4 CO2 leakage 

In terms of risk, this is of the utmost interest [31]. Potential leakage pathways, hazards and 

mechanisms (i.e. types of leakage risk) by which CO2 can be released from a storage complex 

are divided into three main categories:  

i. Geological leakage pathways: 

Risks of geological 
storage

Local

CO2 in atmosphere or 
shallow subsurface

Suffocation of human 
and animals above 
ground

Effect on plants above 
ground

Biological impact 
below ground on roots, 
insects and burrowing 
animals

CO2 dissolved in 
subsurface fluids

Mobilisation of metals 
or other contaminations

Contamination of 
potable water

Interference with deep 
subsurface ecosystems

Displacement

Ground heave

Induced seismicity

Contamination of 
drinking water by 
displaced brines

Damage to hydrocarbon 
or mineral resources

Global

Release of CO2 to the 
atmosphere
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a. Caprock: For any storage trap types, a low permeability caprock can result in 
pore systems leading to potential leak pathways due to high capillary entry 
pressure and CO2 build up. There are also, local absence of caprock due to the 
injection features, pipelines and erosion. A site-specific leakage pathway 
sometimes is when caprocks degrade because of the reaction between CO2, 
water and rock. 

b. Caprock fracturing: While CO2 injection, the fracturing of caprock can occur 

c. Leakage through natural faults and/or fractures induced often by seismic 
activity 

d. Overfilling 

e. Updip leakage 

ii. Manmade Leakage Pathways: 

a. Wells and boreholes: The main risk of potential emissions pathways are the 
abandoned wells around the storage site. The risk depends on the age and 
integrity of these wells 

b. Pathways from mining activities: Again, abandoned mining sites can act as 
potential emissions pathways, especially in the case of coal bed storage. 
Previously abandoned wells are a key risk in oil and gas reservoirs and regions, 
particularly older wells before modern abandonment practices 

iii. Hazards arising from the movement of other gases and fluids by CO2 (e.g. methane) 

[1]: 

a. Risks relating to fresh groundwater including contamination from dissolved 
CO2 heavy metal mobilization and displaced brine; 

b. Leakage or emissions from the displacement of hydrocarbons due to CO2 
injection and movement, particularly in depleted oil and gas fields and coal 
seams; 

c. The risk from the movement of other hazardous components such as H2S; 

d. Ground movement, uplift and/or subsidence; 

e. Natural seismicity, seismic hazards and tectonics; include exposure to 
earthquakes; and 

f. Effects of sabotage or terrorism. 

Possible leakage pathways of CO2 from a geological reservoir discussed above are shown in 

Figure 7 [32]. 

3.2.2.5 Induced Seismicity 

The sudden phenomena that release energy in the form of vibrations that travel through the 

Earth as sound (seismic) waves are called Seismicity [33]. Energy may be released when rocks 
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break and slide past each other on surfaces or cracks (faults). Energy may also be released 

when rocks break in tension, opening cracks or fractures. In the case of CCUS, injected CO2 

can activate faults within the geologic storage system, leading to induced seismic events 

above background levels. 

3.2.2.6 Toxicological effects 

CO2 does not have a high degree of toxicity, but it displays symptoms at one level or another 

almost as soon as it is absorbed. Serious symptoms might be experienced by inhabitants local 

to a large leak from the CO2 stream without them noticing because CO2 on its own is without 

taste or odour. If H2S exists in the CO2 stream, the unpleasant odour of bad eggs would serve 

to alert people that there is a problem, and their inclination would be to find an area away 

from the smell until it had dispersed. E.g. by the release of CO2 streams containing toxic 

impurities such as H2S from integrated gasification combined cycle (IGCC) facilities. The 

toxicological effects of CO2 depend on the concentration, duration of exposure. CO2 causes a 

significant physiological effect in humans at concentrations over 3% and will produce fatalities 

above 10% [34], [35].  
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Figure 7. Possible leakage pathways of sequestered CO2 [32] 

3.2.2.7 Environmental and ecosystem effects 

One of the main environmental risks is groundwater contamination from CO2, brine or 

mobilization of metals. The ecosystem effects include high concentration CO2 exposure, which 

is detrimental to plant life [34].  

3.2.2.8 Risks from natural impacts 

During the injection stage of the operation, the storage facility is susceptible to external 

factors such as weather as well as natural disasters. For example, sudden or extreme 

temperature changes can cause CO2 phase changes in surface or subsurface facilities, causing 

rapid changes in flow characteristics. While transporting CO2 through the buried pipelines, it 

can be susceptible to ground movement arising from earthquakes. While storing the CO2 an 

external event could reactivate a fault because of pressure or thermal stress exceeding the 

fault strength. This could yield migration along a stratigraphic pathway. Because of the 
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structural features in the subsurface, in particular, the caprock, a stratigraphic pathway may 

exist for brine or CO2 leakage from the primary containment complex.  

Ground movements such as earthquakes are particularly risky for buried pipelines. A few 

examples are the 1971 San Fernando earthquake, 1983 intense, prolonged rainfall associated 

with the El Niño- Southern Oscillation (ENSO), 1982 severe floods and landslides in Ecuador.  

In all these instances, significant damage was caused to water and sewage pipelines, pumps 

and networks. Flash or high-velocity floods are the most damaging because their force can 

knock out pumping installations. 

3.2.2.9 Geological seal fractures 

Geological seals can be fractured under high-stress formations. One of the reasons is the 

uncertainties associated with actual fracture pressure for the caprocks identified for the CCUS 

project. Another being operational error. Both can result in high injection-induced hydraulic 

and thermal stress (cold CO2) which can lead to stresses above the fracture stress of the 

geological seals resulting in fracture. 

3.2.2.10 Sub-surface trespass 

The stored CO2 either wrongfully or flow led with native substances or taking up storage space 

which could have been used by the rightful property owner are examples of subsurface 

trespass [36]. Examples of underground impacts on other users include plume extension or 

pressure or temperature change beyond permitted areas or beyond areas covered by 

contracts with owners of subsurface or subsurface rights, contamination of drinking water 

aquifers by the CO2 stream and cooling of geothermal resources, etc. 

3.2.2.11 Climate effects 

CO2 leakage could harm the climate, which is primarily linked to uncertainties concerning the 

effectiveness of CO2 containment, in other words, the release of stored CO2 into the 

atmosphere causing a detrimental effect to the carbon reduction in the atmosphere [26]. 

3.3 Closure/Decommissioning/Post-transfer Stage 

A CO2 storage Life cycle typically include six phases, including assessment, characterization, 

development, operation, post-closure and post-transfer. According to the In Salah CO2 

capture and storage project, which is a world pioneering onshore CCUS project, the post-

closure stage and post-transfer stage lasts for approximately 5 and 30 years, respectively [37]. 

These two periods (35 years) take up about 70% of the total life cycle of the plant [28]. 



Deliverable D8.2 ς Best practice procedures for sub surface geo-energy operations 

 
 

PU Page 35 of 165 Version 3.0 

 

 

3.3.1 Risks in CCUS during the closure phase 

Identifying potential risks associated with the activities is a critical process in risk 

management. There are several methods available to determine the risk. These methods are 

briefly introduced in the following sections. 

3.3.1.1 Features, events and processes (FEPs) 

 FEPs are the most common approach to identify project-specific risks [38]. There are two 

steps involved in this method. The first step is determining relevant FEPs and the second is to 

determine scenarios and consequences. Identifying the relevant FEPs can be achieved either 

using the bottom-up or top-down method. The bottom-up method uses checklists, such as 

Quintessa 2014 database, as a starting point to generate failure scenarios, while in the top-

down approach, the identification is more that of a brainstorming session [39].  

An example of the application of the FEPs approach on the risk assessment of CO2 leakage for 

an abandoned Czech oilfield is detailed by Arild et al. [39]. In this case, the bottom-up 

methodology was applied base on the Quintessa Generic CO2 FEPs Database to identify the 

FEPs. The list of FEPs regarding abandonment is given in Table 8. Then, based on a FEPs 

interaction matrix, a set of most concerned leakage scenarios for abandoned well were 

determined. Essentially, these scenarios stemmed from the seal failure category with 

distinctive leakage pathways. The scenarios estimated for further analysis are listed in Table 

9.  

Table 8. The initial set of features, events and processes 

Class Sub-class Sub-Sub-class FEPs identified (high-level abstraction) 

5- 
Boreholes  

Borehole seals and 
abandonment 

Closure and sealing 
for boreholes  

Plug locations 

Plug thickness 

Plug porosity 

Plug permeability 

Plug material  

Date of abandonment 

Abandonment procedures  

Seal failure 

Cement cracks  

Forming  of the microcannula in 
cement 

Casing corrosion 

De-bonding of cement plugs 

Blowouts  
Blowout to surface 

Underground blowout 
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Table 9. Scenarios generated from the FEP analysis 

Leakage path 
category 

Leakage path 
sub-type 

Leakage scenarios 

Wells 
Abandoned 
wells 

Leakage between cement fill and outside of the casing 

Leakage between cement plug and inside of the casing 

Leakage between through cement well plug 

Leakage through casing 

Leakage in cement fill fractures 

Leakage between cement fill and formation rock 

3.3.1.2 Failure modes, effects, and criticality analysis  (FMECA) 

To ensure the well integrity, and identify and assess the impact of the failure of well barriers, 

it is common to carry out reliability analysis where six main steps involved are [40]: 

¶ To define and become familiar with the system 

¶ To identify failure modes and failure causes 

¶ To construct a reliability model of the well barrier system 

¶ To perform a qualitative analysis of the fault tree 

¶ To perform a quantitative analysis of the fault tree  

¶ To report results 

The first step is to define the operational situation, review of the well schematics, construct 

barrier diagrams, and list barriers and their barrier functions. The second step is to identify 

failure using relevant methods such as FMECA. Based on the FMECA analysis, a fault tree 

model is established, and further analysis is carried out in step 4 and 5. The final step is to 

document the results. 

FMECA is the most common method to identify potential failures. It is carried out to answer 

the following questions: 

¶ In what ways can system components fail?  

¶ What are the underlying causes of failures?  

¶ How can failures be detected?  

¶ What are the failure effects, on the failed component and on the system as such?  

¶ How critical are the failure effects, in terms of damage to humans, the environment, 
or material assets? 

The FMECA worksheet is the core of an FMECA. There is no unique and widely accepted layout 

of the FMECA worksheet, and many variants are therefore found in companies, standards, 

and textbooks. The main elements are, however, the same in all variants. An FMECA 

worksheet for the assessment of a downhole safety valve (DHSV) is shown in Appendix A. 
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3.3.1.3 Fault Tree  

The process of answering the key questions posed in an FMECA leads to the construction of 

fault trees, to structure the connections between specific failures and possible leakage 

scenarios. 

The fault tree is started by the TOP event - in the context of well integrity, this event is 

ƎŜƴŜǊŀƭƭȅ Ψ[ŜŀƪŀƎŜΩΦ ¢ƘŜ fault tree is constructed step-by-step from the TOP event by 

repeatedly listing the cause for the event. Then, by regarding each cause identified as an 

event, the causes for this event are investigated and listed again. This process continues until 

the root failure mechanism is identified. An example of the fault tree is shown in Figure 8. 

This is the top structure for the fault tree where the event is leakage to the surroundings. Ten 

causes, from leakage flow paths 1 to 10, are identified for the event. Then, each leakage path 

is investigated further. For example, to consider ΨƭŜŀƪŀƎŜ ǇŀǘƘ сΩ ŀǎ ǘƘŜ ŜǾŜƴǘΣ ǘƘŜ Ŧŀǳƭǘ ǘǊŜŜ 

is developed, as shown in Figure 9. A similar process is repeated for the rest of the leakage 

paths to complete the fault tree. The method has intuitive logic and can be in cooperate with 

both qualitative and quantitative analysis.  

 
Figure 8. The top structure of the fault tree [40] 
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Figure 9. A complete fault tree for the event of leakage pathway 6 [40] 

3.3.1.4 Profile of risk uncertainty in post-closure stage 

The profile of risk and uncertainty throughout the life cycle of CO2 capture storage is 

presented in Figure 10 [41]. It can be seen that the uncertainty is nearly constant during the 

closure stage, with the magnitude of about half of the maximum value in the operation stage. 

After entering the post-closure phase, the magnitude begins to decrease and reach a low level 

gradually within 25 years. The risk reaches the maximum value at the beginning of the closure 

stage. Then, with the increasing time, the risk keeps on decreasing and is halved at the end of 

the closure stage. It further reduced to a low level after ten years in the post-closure stage. A 

similar risk profile for CCUS projects was also reported by Qi et al. [27]. 

 
Figure 10. The uncertainty and risk profile during the life cycle of CO2 capture storage [41] 
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3.3.1.5 Potential risks in Post-closure  

Table 10 summarises five essential major categories of risk bearing on CO2 storage [36]. 

Table 10. Categories of risks associated with CO2 storage  

Category Brief description 

Induced seismicity 
Injected fluids activate faults within the geologic system, leading to 
induced seismic events above background levels. 

Toxicological effects 
The toxicological effects of CO2 depend on the concentration, duration of 
exposure. CO2 causes a significant physiological effect in humans at 
concentrations over 3% and will produce fatalities above 10% [28] 

Environmental and 
ecosystem effects 

Groundwater contamination: carbon dioxide, brine, or mobilization of 
metals enter the groundwater supply.  
Ecosystem effects: high concentration carbon dioxide exposure is 
detrimental to plant life. 

Subsurface trespass 
 

The stored CO2 either wrongfully commingled with native substances or 
took up storage space that could have been used by the rightful property 
owner. 

Climate effects CO2 leakage could harm the climate. 

 
In addition to these five categories, in the post-closure phase, a well, that is used to generate 

profit usually, becomes a liability and there may be an unwillingness on some operators to 

invest adequately to decommission it. There is also the risk that problems are identified in the 

years post-decommissioning, when the operator may no longer be in existence; therefore, 

the liability could be orphaned, resulting in a burden on the public purse [42]. 

3.3.1.6 Causes for risk 

Leakage is the main cause of the risks. There has been extensive research on the issues 

regarding geological storage safety, and leakage [26]. Various leakage paths were identified, 

such as geological leakage pathways, manmade leakage pathways. This section, however, 

only focuses on those cases involved in the post-closure and post-transfer stage. There are 

several reasons for the leakage, including loss of integrity of wellbore, the integrity of the 

wellhead system, fatigue failure of Blow Out Preventer (BOP) and fluids plume, as follows: 

(a) Wellbore leakage 

The most likely mechanism for the leakage of a closed reservoir would be wellbore leakage 

[36]. The CO2 (or other reservoir fluids) can go through the leakage pathways in the poorly 

plugged and abandoned wellbore. These potential leakage pathways in the plugged and 

abandoned wellbore have been well-identified (see [38], [43]) as shown in Figure 11. The 

leakage may go through the cement sheath-casing interface (Path a), plug-casing interface 
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(i.e. micro annulus leakage) (Path b), cement plug or cement sheath (Path c), casing (Path d), 

cement fracture (Path e) and cement sheath-formation interface (Path f).  

 
 

Figure 11.  Illustration of potential leakage pathways in a plugged wellbore [43] 

(b) Wellhead system leakage 

In addition to the wellbore, leakage also can go through the poorly sealed well wellhead 

system. For example, in March 2012, the Elgin platform well located in the North Sea 

experienced a significant incident of the uncontrolled release of hydrocarbons to the 

atmosphere [44]. In this incident, reservoir gas from the Chalk formation leaked to the A-

annulus initially and then gradually moved to C-annulus and finally leaked to D-annulus due 

to the poor sealing capability of wellhead components and connections. D-annulus was the 

conductor annulus and not connected to any barrier for preventing leaks, the gas leaked to 

the environment uncontrollably, as shown in Figure 12. 



Deliverable D8.2 ς Best practice procedures for sub surface geo-energy operations 

 
 

PU Page 41 of 165 Version 3.0 

 

 

 
 

Figure 12.  Leak path in wellhead of a platform well in Elgin [45] 

(c)  Fatigue failure of the Blowout Preventor (BOP) 

Additionally, leakage also can be the result of the fatigue failure of the wellhead system. The 

wellhead, especially for the subsea wellhead, is exposed to external static and cyclic loads 

caused by the BOP that installed on the top. The cyclic loads can cause fatigue damage to the 

wellhead and create well integrity issues.  

(d)  CO2 plume 

The unstable CO2 plume also can lead to leakage. Although CO2 injection has stopped in the 

post-closure stage, the underground CO2 plume may not have stabilized. Therefore, there are 

continued risks of irregularities and actual leakage from the storage complex [26]. 

3.4 Risk Management for CCUS technique 

The purpose of risk management is to ensure that opportunities and risks related to the 

geological storage of CO2 at a given site are effectively managed in an accurate, balanced, 

transparent, and traceable way. The recommended risk management process is modified 

from ISO 31000 [46] to take account of specific considerations for CO2 geological storage and 

is illustrated in Figure 13. This process is designed to: 

¶ Run in parallel with the project life cycle stages in Figure 14 
























































































































































































































































