CARBON DIOXIDE STORAGE PERMIT APPLICATION GUIDANCE 
1.
Site Selection and Characterisation of the Geological Storage Site and Complex.  

The guidance provided here describes the technical information required to make a detailed analysis of the efficacy of a storage site and storage complex. By acquiring all the requisite data, a thorough site characterisation and understanding the storage complex and hydraulic unit should be possible.  The  analysis is intended to identify the potential risks that may cause leakage from the storage complex. The risks identified as a result of the characterisation will provide the essential input to the risk assessment, the monitoring plan and the corrective measures plan.

1.1
Geological Interpretation and Structural Configuration

This step is required to describe the overall shape and size of the proposed geological formation for CO2 storage and the sealing mechanism that will keep the CO2 stored permanently (i.e. site and complex]..  

The following minimum basic information is likely to be required to build a reliable geological model of the proposed storage site.

1.1.1
Seismic Database

High quality seismic data that properly images the storage site, storage complex and the connecting area is required.  Seismic surveys that were designed to image specific geological horizons for hydrocarbons may not be suitable for the accurate imaging and characterisation of a proposed CO2 storage formation if the depth of interest is significantly different.  To make a detailed evaluation and delineation of the storage site and complex, recent high quality seismic data is required as a baseline survey. Consideration needs to be given to the repeatability of the baseline survey if time lapse monitoring is required in the future.  Away from the storage site and storage complex, good quality 2D seismic data may be considered adequate for more regional mapping, particularly for deep saline formations.

1.1.2
Geological Horizon Mapping 

This section should detail the well database and how the well information has been integrated with the seismic data. It should include a description of the storage site and storage complex stratigraphy, facies variations, the geological correlation within the primary geological formation, caprock and potential secondary geological formations and associated caprocks. Figures and maps should be provided where appropriate.

1.1.3
Depth Conversion 

An explanation of the depth conversion methodology and data used to derive the methodology.

1.1.4
Structural Configuration and Faulting 

A description of the structural history and structural configuration of the storage site and storage complex, and any potential compartmentalisation should be provided.  Assessment of small and large scale faults, their sealing capability and potential leakage pathways should be included.

1.1.5
Hydraulic Communication between Geological Units 

This section should discuss the interaction with other parts of the storage site and complex that are in hydraulic communication.  This is particularly important to identify any impacts on other usage of the geological formation such as hydrocarbon extraction or other CO2 storage sites.  A thorough understanding of the regional geology is required

1.2
Geological Storage Site and Storage Complex 

1.2.1
Geological Storage Site 

Description of the primary and any secondary storage horizons: correlation of units within those units; identification of any impermeable baffles or barriers. 

1.2.2
Caprock 

Description of the sealing capacity and capillary entry pressure of the primary caprock to the storage site and any secondary caprocks.

1.3
Rock and Fluid Properties

This step is required to take account of data gathered from pre-existing wells and proposed appraisal wells, such as wireline well logs and core and reservoir fluid samples, in informing the geological model. Data also needs to be gathered to enable modelling of the likely interaction between the injected CO2, the geological formation and the existing fluids. 

1.3.1
Core and Well Logging Analysis – Porosity and Permeability Estimation

The proposed wireline well logging programme to gather basic information on the rock properties such as the porosity-permeability correlation. Core samples should be analysed to gather information on rock properties across the geological zone of interest.

1.3.2
Formation Pressure and Temperature Gradient Analysis 

Information on the reservoir pressure and temperature regime are needed to predict the phase behaviour of injected CO2 within the storage site. This may be particularly important where CO2 is to be injected into depleted gas reservoirs, which may initially be at extremely low pressures, and for Enhanced Oil Recovery (EOR) projects in oil fields where the extra oil recovery is usually highly dependent on the injected CO2 achieving miscibility with reservoir oil. 

1.3.3
Geomechanics and Fracture Pressure analysis 

There is a risk that injecting CO2 at too high a rate or pressure could lead to unplanned fracturing of the rock, which in the worst case could also fracture the cap-rock. It is therefore very important to carry out a thorough analysis of the geomechanics of the geological formation to determine safe thresholds for CO2 injection rates.  

The reservoir stress history from previous production should be reviewed for depleted gas reservoirs to ascertain the risks of irreversible damage to the reservoir rock  from previous pressure depletion. This is likely to be a more significant factor in highly depleted gas reservoirs.

1.3.4
Geochemistry - Interaction of CO2 in the storage site

CO2 injection generally introduces a new fluid type into the storage site and this presents the risk of unexpected interactions between the injected CO2 and both the rock matrix and reservoir fluids. This could include precipitating out minerals from the geological formation which block pore-throats and thus reduce CO2 injectivity, or the possibility of hydrate formation if injected CO2 expands very rapidly in a pressure depleted gas reservoir.  The expected behaviour needs to be analysed (e.g through a programme of core experiments at reservoir conditions) and the operator should demonstrate how the risks to injectivity are going to be managed.

1.3.5
Formation Fluid PVT Analysis - Phase behaviour of injected CO2
The predicted envelope of likely thermodynamic phase behaviour of injected CO2 within the storage site. This may be particularly important for modelling the expected behaviour of EOR projects in oil fields where there is often a complex phase interaction when injected CO2 contacts bypassed oil. 

1.3.6
Relative Permeability Analysis and Capillary Pressure 

Relative permeabilities are used to describe how the flow capacity of a fluid (such as CO2) is impeded by the presence of other fluids (e.g. water or gas). Related to this are the residual saturations which describe how much of one fluid is left behind trapped at the pore scale as it is displaced by another fluid. CO2 pushes out water as it is injected into an deep saline formation, but some water is left trapped within the pore spaces of the rock (the irreducible water saturation) as the CO2 flood front passes through. The residual saturations can have a significant impact on the overall CO2 storage capacity. Relative permeability and residual saturations are normally measured from laboratory flooding tests on rock cores taken from the storage site.    

Capillary pressure analysis is required to estimate the capillary entry pressure

of CO2 into the caprock which may have implications for the maximum acceptable pressure during storage operations.

1.4
Estimating the CO2 Storage Capacity 

The data gathered above can be used to construct a static 3D geological model of the proposed storage site and complex , which maps the overall distribution of pore space available for CO2 storage and which includes the cap-rock and surrounding hydraulically connected areas.  

1.4.1
Deterministic and Probabilistic Volumetric calculation of pore space

The overall pore space in the reservoir should be summed to give a probabilistic estimated (e.g. P10, P50 and P90 confidence values) of the total pore space capacity available. The uncertainties in each of the major parameters used to construct the geological model should be analysed individually and each parameter should be assigned a probabilistic range of outcomes. The major overall uncertainties in the final geological model should also be ranked and assessed in order of importance.

 1.4.2
Determination of Actual CO2 Storage Capacity

A probabilistic estimate of the actual CO2 storage capacity of the storage site should be calculated by combining the pore space capacity estimates with the residual fluid saturations and CO2 PVT behaviour.  In the case of storage in depleted gas and oil reservoirs the calculation may be complicated by the need to understand the current distribution of oil, gas and water within the reservoir. 

The storage capacity calculated here will be a theoretical maximum. In the case of saline aquifers, for example, the practical storage capacity will be highly dependent on how easy it is for the injected CO2 to displace the water that currently occupies the pore space. Water is a relatively incompressible fluid and the pressure around the injector may build up quickly to maximum allowed values  if low reservoir permeability or unexpected fault compartmentalisation  impedes pore water movement.  

1.5
Reservoir Engineering

This section describes a requirement to simulate how the formation pressure and fluid distributions will behave when CO2 injection commences.  A good reservoir engineering understanding of the storage site will enable accurate prediction of factors like required injection well numbers, impact of compartmentalisation on effective storage capacity, and likely additional oil recovery from an EOR scheme. 

The normal approach is to use the static geological model, plus dynamic data from well testing, to construct a reservoir simulation model. This  can then be used in the permit application to predict overall reservoir flow and pressure behaviour, though it will be important that the model is first calibrated with baseline data from the storage site to provide a reference point before operations commence. Thereafter, the simulation model will need to be periodically conditioned (“history matched”) to the actual behaviour of the storage site as CO2 injection proceeds to refine its predictive capability. Existing oil and gas reservoirs will almost certainly have existing simulation models, although these may need updating to accurately model CO2 injection, particularly when EOR projects are proposed. Potential deep saline formations as storage sites will normally require a reservoir simulation model to be built from scratch. 

1.5.1
Review of Existing Well Data 

Many planned storage sites will already have existing well penetrations, particularly depleted hydrocarbon reservoirs. Existing well data should be reviewed to inform the geological model and the condition of suspended and abandoned wells should be analysed to assess the integrity of the wells and the risks of leakage. CO2 is known to corrode cement under some conditions and the robustness of the cement seals in abandoned wells should be assessed. Seals, plugs and casing should also be assessed.   

1.5.2
Appraisal Well Testing Programme

Existing depleted gas and oil reservoirs in the North Sea will generally have extensive well testing and production data available and the reservoir limits and overall pressure behaviour are likely to be well understood. In these cases it may be appropriate to concentrate further appraisal well testing on CO2 injectivity to provide assurance that CO2 can be injected in the required quantities. In the specific case of CO2 injection into highly depleted gas reservoirs there is a concern that rapid Joule-Thompson expansion of injected CO2 close to the wellbore could lead to problems such as hydrate formation. This could cause severe impairment in CO2 injectivity and needs to be taken into account by operators of CO2 storage sites.

Deep saline formations will require more extensive appraisal well testing including pressure testing to determine its limitations (such as the effects of fault compartmentalisation) and overall permeability. Dynamic testing using multiple wells can help build up understanding of overall geological communication in larger structures and provide additional confidence of the potential to inject large quantities of CO2 into a given structure. Pressure observation wells may also provide valuable information on potential leakage from the site following CO2 injection tests. 

Deep saline formations pose a significant practical difficulty in that it is very rarely possible to prove prior to a storage project commencing that the structure will provide a permanent pressure seal for injected gas. The very presence of oil and gas accumulations in hydrocarbon reservoirs shows that these structures have a pre-existing proven seal (otherwise the hydrocarbons would have escaped and been displaced by water over geological time), there is no such assurance for deep saline formations. 

It is likely to take many years of careful monitoring and  testing to gain confidence that a given deep saline formation will provide a reliable long-term store for CO2 which may be a significant concern for operators relying on deep saline formation storage. One option to mitigate this risk is for operators to have a back-up storage facility available (e.g. in a suitable depleted gas reservoir) so that they can switch CO2 injection into this if the deep saline formation store runs into problems.   A risk mitigation strategy might be to start the injection project using a depleted gas field as the main store and, simultaneously, start long term storage testing of an deep saline formation that can be accessed from the same injection facilities. This will enable the developer to build up confidence in the storage potential of the deep saline formation, while relying on a lower risk injection site for the bulk of early CO2 storage requirements. As confidence in the deep saline formation as a safe receptacle for CO2 increases with time, more injection can be switched from the depleted gas field to the deep saline formation.    

1.5.3
Construction of Dynamic Simulation Model

The 3D static geological model should be combined with the PVT data, dynamic pressure and  flow data from appraisal well testing to construct a 3D dynamic simulation model for the proposed storage site and the surrounding storage complex. The simulation model is a digitised computer model of the storage site which can used to predict the detailed changes in pressure and fluid distributions throughout the formation as CO2 injection proceeds and to model the expected behaviour of new wells.

Any simulation model is just one mathematical representation of the properties of the storage complex and associated wells based on a limited set of geological and reservoir engineering data. It is prudent to run some sensitivity cases, varying the main parameters, to evaluate the robustness of the simulation calculations.

The ability of the simulator to model the expected thermodynamic and phase behaviour of injected CO2 in the wellbore and geological formation should be demonstrated. In the case of CO2 injection into some of the highly depleted gas reservoirs in the North Sea there may be complications due to very high pressure drops between the wellhead and the reservoir formation face. In the case of Enhanced Oil Recovery Projects (EOR) it may be necessary to use a specialised compositional simulator to adequately model the swelling of bypassed oil contacted by injected CO2.

As CO2 is being introduced as a new fluid into the formation it will be important to demonstrate that the simulation model adequately reflects the expected geochemical and geomechanical interaction with existing reservoir fluids and rock (e.g. potential near wellbore rock dissolution, or chemical deposition).     

1.6
 CO2 Storage Site Development Plan 

1.6.1
Injection wells

The CO2 Storage Development Plan describes the drilling schedule (number and proposed location of CO2 injection wells, well completion strategy and formation interval to be perforated), proposed CO2 injection schedule (total injection rates and distribution between injection wells), match up with surface and subsurface facilities).

1.6.2
Dynamic simulation model 

The dynamic  simulation model should be used to demonstrate the expected response of the CO2 storage site and storage complex to this development plan and in particular the pressure response within the geological formation and any surrounding hydraulically connected units and the predicted movement of the injected CO2 plume. Consideration should be given to the maximum allowable injection pressure within the reservoir to avoid unanticipated fracturing of the rock formation.  

The Development Plan should specify the number wells required for injection and any redundancy  for remediation purposes.  

The CO2 storage development plan needs to be robust so that it can cope with unexpected outcomes, for example sudden drops in well injectivity

1.7
Potential CO2 source(s) 

1.7.1
Estimates of the total potential mass of CO2 available and point of

origin.

1.7.2
Composition of the CO2 stream
The injected CO2 stream shall consist overwhelmingly of carbon dioxide.  No other waste matter may be added for the purpose of disposal of that waste substance. However the CO2 stream may contain incidental associated substances from the source, capture or injection processes and trace substances may be added to assist in monitoring CO2 migration. Concentrations of all incidental and added substances shall be below levels that would adversely affect the integrity of the storage site or the relevant transport infrastructure.  

A risk assessment must be carried out to ensure that any contamination levels comply with the above conditions.  The risk assessment should also identify any significant irregularities that may occur in the injection or storage operations or in the condition of the complex itself, which could lead to a risk of leakage or risk to environment.

1.8
CO2 Transportation and Injection Facilities

1.8.1
Pipeline and facilities.

A description of the proposed pipelines and facilities (platforms, topsides and/or subsea facilities) should be included, with the main and standby capacities of major utility and standby systems identified together with the limitations and restrictions on operation.  The control systems whether onshore or offshore should be described and where appropriate, offshore and onshore manning requirements should also be addressed.

The quality of the injected gas may vary during the life of injection cycle and it is important that ranges are established for the main chemical and physical parameters. Recognising that the Development Plan may include use of existing pipelines and associated facilities it will be important to describe the expected performance of the as-built facilities in relation to the full range of gas described by the proposed gas specification envelope.  This description should include the particular issues associated with corrosion, chemical reactivity (including gas adsorption characteristics of the various polymeric components) and pressure/temperature behaviours associated with any pressure breaks and/or gas phase transformations. The analysis should address the full life cycle of the field and should identify the range and impact of variations in flow rates, operating pressures and changes in the physical characteristics of the gas as the field moves through the life injection cycle.

1.8.2
Transportation network


The section should describe the pipeline(s) or other method of transporting the CO2 to the storage site.  For pipelines the following information is required:

· Pipeline diameter

· Operating parameters

· Metallurgy

1.8.3 Injection Wells

The design of the CO2 injection wells is of paramount importance in ensuring the long term security of the storage site.  Well paths are recognised to be the most likely leakage pathways if the design and construction has not been properly assessed and executed.  The wells must be designed and constructed to meet the potentially challenging operating conditions imposed by a CO2 stream and address any well failure scenarios.

The well design need to take account of the following operating conditions:

· Maximum anticipated injection pressures

· Maximum injection rates

· Temperature of the injected CO2
· composition and properties of the CO2
· injection volumes

1.8.3.1 Wellhead

In addition to the listed operating conditions above the wellhead design should take account of corrosion, erosion and seal integrity and compatibility with the injected CO2. The effects of erosion and corrosion of the injected CO2 on the wellhead valve configuration, control and operation should be addressed.

1.8.3.2  Tubing, casing and seals

Additionally,  the effects of expansion and contraction of the tubing due to thermal cycling should be considered in the choice of materials to be deployed, along with the effects of erosion and corrosion of the injected fluids.

Integrity of casing strings and the quality of the cement bonds are critically important in providing the necessary permanent seal to potential leakage conduits in the well bore.  Consideration needs to be given to the type of cement used to ensure compatibility with the CO2 particularly where CO2 is likely to come into contact with formation water. 

In order to confirm the seal integrity of the cement bonds, calliper logs and cement bond logs will be required.

1.8.3.3 Well completion

Completion of the well at the site of injection needs to take account of the formation properties in case sand control is required, such as slotted liners, sand screens or gravel packs.  The well completion must not compromise the injection performance.
1.9
Seismicity

Regional tectonic activity and seismicity needs to be assessed to ensure that there is no potential risk to the integrity of the storage site and complex.

1.10
 Other activities in the surrounding area

Consideration needs to be given to any potential interaction of CO2 storage activities with oil and gas operations, or other CO2 storage sites in the same hydraulic unit.  In the case of the latter, it must be demonstrated that the potential pressure interactions between the sites will not prevent either from meeting the requirements of the Directive.  This will inevitably require co-operation between the respective licensees of the sites.

If DECC considers the interaction of a CO2 storage operation poses a significant threat to the overall security and integrity of any other activity in the vicinity or neighbouring area then the proposed plan will be rejected.
Appendix 2

2.
Monitoring Plan

Monitoring is necessary to establish an environmental baseline and to assess whether injected CO2 is behaving as expected, and to detect if any unexpected migration or leakage occurs.

The monitoring plan should  describe the monitoring activities to be undertaken by the licensees of the storage site. Subject to the conclusions of the site characterisation and risk assessment, this plan must include the monitoring of the injection facilities, the storage complex, including where possible the CO2 plume and where appropriate the surrounding environment.

The following shall be specified for each phase of the storage operation:

· Parameters monitored;

· Monitoring technology employed and justification for technology choice;

· Monitoring locations and spatial sampling rationale;

· Frequency of application and temporal sampling rationale.

The choice of monitoring technology will be site specific  and based on best practice available at the time of design.

2.1
Storage Site and Storage Complex Monitoring Plan

A comprehensive monitoring plan forms an essential component of any proposed CO2 Storage Permit. The purpose of the monitoring plan is to give assurance that the storage site is behaving as expected as CO2 injection proceeds and in particular that the CO2 remains safely trapped.  Feedback from the monitoring plan is also invaluable in history-matching the dynamic simulation model so that it more accurately predicts future behaviour of CO2 in the storage site and storage complex..

The initial monitoring plan should describe the types of monitoring to be deployed throughout the project, including baseline, operational and post-closure. The nature of the monitoring plan will be site specific, informed by the findings of the site characterisation and risk assessment and dependent on the size and type of storage structure (e.g. depleted hydrocarbon field, deep saline formation).  The justification for not deploying specific techniques should be documented.  The types of monitoring  measurements that could be considered include:

· Time Lapse Seismic, 4C Seismic – for certain storage sites seismic data monitoring may be appropriate to detect the movement of injected CO2 plume into the formation.  This can either be a time-lapse seismic monitoring where 3D surveys are repeated at various intervals over time, or as a 4C seismic survey where Ocean Bottom Cables are permanently installed and able to record the shear (S) waves as well as the P waves.  A baseline seismic survey will be required prior to commencing injection of CO2.  The value of deploying these techniques will be dependent on the depth and geology of the storage site and shall be reviewed on a case by case basis. 

· Gravity surveys requires sea floor measurements and a baseline survey.

· Micro-seismicity – for certain storage sites it may be appropriate to drill an observation well with recording tools to detect micro-earthquakes in the vicinity of the well bore.

· Regular pressure build-up testing – to determine formation limits and connectivity

· Multi-well testing using observation wells – to characterise flow paths and geological connectivity. For example, a permanent pressure observation well completed just above the cap-rock could provide a very sensitive CO2 leak detector

· CO2 Injection and Production Rates – The quantities of CO2 injected into the storage site need to be carefully monitored and explanations provided for any unexpected changes in well injectivity. In the case of EOR projects it is highly likely that CO2 will appear at oil production wells at some stage in the project and this CO2 production needs to be accounted for in calculating overall storage rates.     

· Tracer Testing – to more precisely determine CO2 flow pathways within the storage site.

· Core Analysis – Data from cores obtained from new injection wells can yield valuable information on the effects of injecting CO2 into the formation. Core testing can also yield valuable information on parameters such as the rate of CO2 trapped by dissolution by other formation fluids (e.g. water), which will help gauge confidence in the long term storage behaviour and risks.  

· Seabed Monitoring – Monitoring of the seabed above the storage site to identify CO2 leakage.

2.2  Long Term Monitoring Plan

The Post Closure Plan requires a discussion of the monitoring techniques that will be conducted after the operational phase of CO2 injection has finished. The details of this long-term monitoring plan shall be discussed in a provisional Post Closure Plan, which  shall be submitted [with the Storage Permit application] as a separate document for approval by DECC. The long-term monitoring plan will be site specific and may include use of dedicated pressure observation wells, ongoing seismic surveys etc. Whatever techniques are selected, they must be able to identify any leakages or significant irregularities. The plan should be updated as necessary, taking account of risk analysis, best practice and technological improvements.  

The long term monitoring plan should also include the options for remedial action if test results are not as anticipated.   

2.3
Surface facilities and equipment process monitoring

The plan should also describe the monitoring programme that will demonstrate the pipeline and associated facilities continue to operate within the planned performance characteristics over the full life cycle.  It should explain the monitoring methodology and justification for choice, sampling methodology (e.g. on-line, continuous or point sampling) and the monitoring frequency.   As a minimum, the following parameters should be included in the plan:

· CO2 volumetric flow at injection wellheads;

· CO2 pressure and temperature at injection wellheads (to determine mass flow);
· injectivity and fall-off testing;

· chemical analysis and properties of the injected fluid (including

temperature and solid content, the presence of incidental associated substances and the phase of the CO2 stream);

· mechanical integrity of seals and (abandoned) wells;

· containment of the CO2 stream; and

· control measures, overpressure, emergency shut down system.

· fugitive emissions of CO2 at the injection facility
· pipeline wall thickness, corrosion coupons, valve seal performance

2.3
Updating the plan

The data collected from the monitoring activities shall be collated and interpreted. The observed results shall be compared with the predicted behaviour in the dynamic simulation of the 3-D-pressure-volume. Where there is a significant deviation between the observed and the predicted behaviour, the 3-D-model shall be recalibrated to reflect the observed behaviour. The recalibration shall be based on the data observations from the monitoring plan, and where necessary to provide confidence in the recalibration assumptions, additional data shall be obtained.  Data shall also be used to 

revise and update the risk assessment.

Where new CO2 sources, pathways and flux rates or observed significant deviations from previous assessments are identified as a result of history matching and model recalibration, the monitoring plan shall be updated accordingly.

The yearly report to the competent authorities should encompass the above. If needed comment on site-specific monitoring problems.
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