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Preface
 
The Gorgon Project has the potential to be a very important project indeed, not only economically but also in terms of its application of new technology applied to decrease CO2 emissions at a scale that is unmatched anywhere else in the world.  For this reason it is vital that we have a thorough due diligence process to evaluate the technical feasibility of the disposing of CO2 into the Dupuy Formation at a depth of approximately 2km.

The review process put in place by the WA Department of Mines and Petroleum with the cooperation of Chevron, has enabled the CO2CRC Technologies team to undertake a very thorough high quality review of the technical program.  CO2CRC Technologies has assembled an outstanding international team that has produced a report which I believe will stand as a fine example of how a due diligence review should be undertaken if we are to provide government with the level of confidence in CO2 storage technology that it requires.  It also provides the community with an open and transparent peer review process, in which it too can have confidence.

My thanks to the international team for their outstanding efforts and to David Hilditch, CO2CRC Technologies Commercial Manager, for co-ordination.
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Peter J Cook
Chief Executive 
CO2CRC Technologies Pty Ltd
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Executive Summary

Overview

The Greater Gorgon Area gas fields lie off the northwest coast of Australia in an area known geologically as the Carnarvon Basin.  These gas fields represent a world class gas resource containing approximately 25% of all the natural gas discovered to date in Australia.  It is proposed that the exploitation of these fields will commence with the development of the Gorgon and Jansz-Io fields with the natural gas piped to a liquefied natural gas (LNG) processing facility to be constructed on Barrow Island some 60 km off the northwest coast of Western Australia (Figure 1).  

The natural gas in the Gorgon field contains approximately 14% carbon dioxide (CO2) while the natural gas in the Jansz-Io field contains less than 1% CO2.  This CO2 will be produced with the hydrocarbon gases as the fields are developed.  Along with minor concentrations of other substances, the CO2 will be separated from the hydrocarbon gases at the proposed LNG processing facility to be built on Barrow Island.  Established global practice is for the reservoir CO2 to be vented to the atmosphere; however the Gorgon Joint Venturers plan to dispose of this reservoir carbon dioxide by injecting it underground into the Dupuy Formation beneath Barrow Island.  
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Figure 1.
Location map for Gorgon and Jansz-Io gas fields and Barrow Island CO2 disposal project.
Chevron, as Operator of the Gorgon Joint Venture (GJV), propose to utilize the Dupuy Formation beneath Barrow Island as the host reservoir for the permanent (i.e., >1,000 years) disposal of the 1.5 – 3.1 trillion standard cubic feet (TCF) of CO2 which is expected to be produced in conjunction with hydrocarbon gases from the Gorgon and Jansz-Io gas fields.  The objective of permanently disposing of the CO2 in this deep underground reservoir is to prevent it entering the atmosphere, where it would act as a greenhouse gas and potentially contribute to global climate change.  The Gorgon CO2 disposal project will be potentially the largest such project in the world, and has attracted international attention.  

Highlights

As a means of fully understanding the CO2 disposal process and the associated risks, the Western Australian Department of Mines and Petroleum (DMP), formerly the Western Australian Department of Industry and Resources (DoIR), and the GJV have agreed to regularly review the technical work for “due diligence” purposes.  Consequently, DMP is undertaking an ongoing technical appraisal of the Gorgon CO2 disposal project.  When completed, the appraisal will provide technical guidance to assist the Barrow Island Act 2003 Minister in his/her assessment of the GJV’s application, under Section 13 of the Act, to inject and monitor the injected CO2 in the Dupuy reservoir beneath Barrow Island.

Phases I and II of the technical appraisal were completed by Curtin University in 2003 and 2004, respectively.  Innovative Carbon Technologies Pty Ltd (ICTPL) (subsequently renamed CO2CRC Technologies Pty Ltd) was commissioned by DoIR to undertake the Phase III technical appraisal in 2006.  ICTPL assembled an international Due Diligence Team to carry out this appraisal, consisting of experts with significant experience in various aspects of CO2 disposal.  The Phase III technical assessment reviewed, assessed and verified the effectiveness of a series of GJV plans including: the Data Well programme, the monitoring programme, the well remediation programme, and the management plan.

The Phase I study concluded that the risks of CO2 geosequestration into the Dupuy Formation of Barrow Island could be managed.  Phase II concluded that the target reservoir has the capacity to store the CO2 anticipated from Gorgon CO2 Injection Project, and that the primary seal seems to be adequate for long term disposal.  The Phase III technical assessment, which ran from June 2006 to February 2008, produced four interim reports to DoIR, which were commented on by both DoIR and the GJV, and a final report which was delivered in April 2008.  The Phase III study, which reviewed the GJV development concept of 2 x 5 MTPA LNG trains on Barrow Island, concluded that the GJV had demonstrated that many of the major requirements for CO2 disposal were satisfied, that the associated risks were considered manageable through technically comprehensive plans for monitoring the migrating CO2 plume and the remediation of existing wells near the injection site, and that the  GJV Uncertainty Management Plan was considered to be a thorough and sound methodology, providing an excellent basis for reducing and managing subsurface uncertainties.  

In response to the GJV’s change in the development concept from 2 x 5 MTPA LNG trains to 3 x 5 MTPA LNG trains plus 300 TJ/d of domestic gas to be piped to mainland Australia, DMP outsourced a feasibility study to update the Phase III study in February 2009 and CO2CRC Technologies Pty Ltd was selected as the successful tenderer for this task.  The current report was developed in response to a scope of work by DMP to update the Phase III technical review, following a proposal from the GJV to increase injection rates by approximately 65% as part of a change in the development concept.  This report by necessity covers a specified scope, as defined by the DMP Request document (DMP0020209), and should be read in conjunction with the Phase III technical review which was completed by essentially the same Due Diligence Team as in this review.
The objectives of this Phase IV review were to identify any significant new or additional risks for the Gorgon CO2 Injection Project resulting from the increased injection rate and cumulative CO2 volumes of 2.5 to 3.1 TCF related to the P50 and P10 production scenarios, and to assess the suitability of the following GJV plans to mitigate and manage those risks: 

· The Revised Development Plan, 

· The Pressure Management Strategy,
· The CO2 Disposal Management Plan 

The Revised Development Plan allows for an increased rate of injection of CO2, of approximately 65% over the Phase III 2 x 5 MTPA LNG trains development concept, while maintaining the maximum bottom hole pressure (BHP) below 3800 psi in the injection wells.  This Pressure Management Strategy is to be accomplished by increasing the total number of injection wells from seven to nine and introducing four water production wells at the start of injection.  The amount of water to be produced from the Dupuy (i.e., 46 to 63% of the volume of CO2 to be injected) in this strategy and the addition of two more CO2 injection wells compensates for the increase in injection rates.  This new design is based on reservoir simulation (or dynamic modelling) utilising a new static model and results in a slightly different spreading rate and footprint of the CO2 plume.  Consequently the timing of the plume intersection with existing faults has changed and new intersections with the Godwit and Plato faults occur.  However, the GJV do not think that the risk of fault reactivation has changed significantly from Phase III – a conclusion based on the available preliminary geotechnical analyses (updated from Phase III) and pressure point observations calculated from the revised dynamic models.  The early introduction of the Pressure Management Strategy acts to keep reservoir pressure within safe limits and is expected to reduce the risk of fault reactivation.  Besides, the volume of CO2 reaching the Godwit Fault at the edge of the plume (for the reference case) is modelled to be relatively small.  The Due Diligence Team anticipate that the likelihood of leakage up or along faults intersected by the plume will be fully evaluated following further studies on fault reactivation, stress redistribution and its effect on fault seals.
The CO2 Disposal Management Plan, which is expected to be the key document for the GJV and Government regulators, outlines how the GJV propose to manage the CO2 Injection Project, including the monitoring and verification plans for the project along with an assessment of the potential risks and risk mitigation strategies.  This document forms part of the GJV’s Barrow Island Act section 13 Application to dispose of CO2 beneath Barrow Island.  We understand that the document is to be reviewed and updated as required by the Government throughout the project life.

The GJV have developed an Uncertainty Management Plan (UMP) that identifies all known subsurface uncertainties (including all risks), and evaluates the potential impact of each uncertainty on the project metrics.  It also generates options for reducing and managing each uncertainty, develops surveillance plans to identify if unlikely or unforseen events occur and describes how to manage departures from predicted outcomes.  The UMP is an evergreen document and is continually being upgraded by the GJV; at the time of this review the key tables summarising the 2009 changes to the previous 2007 UMP were made available to the Due Diligence Team.  However, the 2009 revision of the UMP report was still in preparation and not available for this review. 

The monitoring and verification plan focuses on the use of three main technologies to monitor CO2 movement; seismic surveys, surveillance wells and surface soil gas mapping.  Seismic monitoring will be used to map the CO2 plume spread.  Surveillance wells will be used to verify the seismic predictions of the plume movement.  Soil gas analysis would detect any release of CO2 to surface.  Unexpected results from the monitoring would trigger specified actions mapped out by the UMP.  The Due Diligence Team believes this is a thorough and sound methodology; and provided that all the technical uncertainties within the project are identified, the Uncertainty Management Plan is an excellent basis for reducing and managing subsurface uncertainty and risk.

The present review focuses on specific updates to the Phase III work programme arising from the Revised Development Plan (3 x 5 MTPA LNG trains plus 300 TJ/d of domestic gas).  This report reviews the construction of new reservoir models, developed with geological data obtained from the Data Well (GDW-1ST1), to simulate the movement of CO2 in the 1,000 years following the start of injection.  The report reviews various containment issues and the impact of the increased injection rates on injectivity.  It reviews two approaches taken by GJV to determine the capacity of the Dupuy Formation to store CO2 and evaluates the monitoring and verification plans for the planned CO2 Injection Project, in particular the results of the seismic pilot field test carried out in 2006.  The report discusses the updates to well remediation and provides a short summary of updates to the UMP.
Finally the Due Diligencee team concurs with the GJV that additional studies are necessary as part of the ongoing Chevron Project Development and Execution Process (CPDEP) and anticipate that tthese studies will address the recommendations made in this report 
A summary of the topics included in the Phase IV Due Diligence scope of services and reviewed by the Due Diligence Team is presented below.
Static Model

Stratigraphic Framework

The GJV have developed a new static model for Phase IV of the Gorgon CO2 Injection Project that uses a depositional facies scheme for the Dupuy Formation, in contrast to the binary sand/silt petrofacies scheme used previously.  The new model is based upon the three seismic horizons (BUMS, TUMS, and TDUP) which remain unchanged from Phase III of the Injection Project.  However, there is high uncertainty in many of the deeper seismic horizons, and these have been defined in the new model from isopachs controlled by a combination of well markers and seismic indicators.  The Due Diligence Team considers that this is an appropriate approach for conformable sequences.  

One outcome of the previous Phase III due diligence technical review was that there remained significant uncertainty with interpretations of the Dupuy depositional environment.  Since that report, the GJV have commissioned several new studies, which have addressed the earlier issues and significantly improved understanding of the facies, internal structure and geometry of the Dupuy Formation.  Detailed well correlations do not appear to have been undertaken, but a seismic stratigraphic interpretation illustrates the continuity of several bodies within the BD, LD and UMS.  The Due Diligence Team considers that the information and revised interpretations provided by the GJV have resulted in a much improved understanding of the Dupuy depositional environment and that subsurface uncertainty has been reduced significantly through use of analogues.

The GJV have assigned facies interpretations for the Dupuy Formation in all wells, first using wireline log profiles and then updating these facies interpretations using probabilities based on PHIT porosity ranges.  Electrofacies interpretation using the conventional wireline log response is standard practice and is considered by the Due Diligence Team to be a valid approach to interpretation where cores and/or image logs are not available.  It is also considered here that assigning confidence (uncertainty probabilities) to the electrofacies provides a useful method of assessing the uncertainty in the electrofacies interpretation.  However, the Due Diligence Team concluded that the use of porosity-controlled facies may not have lead to any reduction in uncertainty from the original log-derived facies interpretations, particularly given that uncertainties and PHIT probability ranges are based on data from a single well.  Therefore the Due Diligence Team recommends that the GJV assess their approach to facies interpretation when generating the next phase of static models in light of data from the surveillance wells.  In addition, the application and definition of “high” and “low” confidence used in the facies interpretation workflow requires further clarification, so the Due Diligence Team recommends that criteria used in the workflow should be documented for future reviews.
Structural Interpretation

Twenty-seven faults interpreted from the GorBar 3D seismic reflection survey have been incorporated into the static model for the revised development concept.  For this injection scenario the predicted reference case CO2 plume comes into contact with more faults earlier in the history of injection than was the case for the 2 x 5 MTPA development concept.  Therefore, faults have greater potential to influence CO2 migration than was previously the case.  The potential increased importance of some faults for containment risk warrants further investigation and, we believe, adjustment of the static model.  These recommended modifications to the static model fall into four main types, which are: i) improved locations of fault tips, with full documentation, ii) inclusion of sub-seismic faults, iii) re-examination of possible intra-formation faults in the Lower Dupuy and Upper Dingo and, iv) estimation of up-fault and across-fault permeabilities.  Each of these suggested changes were addressed in the Phase III due diligence technical review because they could strongly influence the flow of CO2. Of particular importance is the up-dip permeability along faults which may impact the rates of vertical migration of CO2. Therefore, the Due Diligence Team recommends that vertically permeabilities be assigned to faults in the static model that could intersect the CO2 plume and that the methods used to estimate fault vertical permeability (and to incorporate these vertical permeabilities into the static model) are fully documented.

Reservoir and Seal Characterisation

Some detailed reservoir and seal characterisation work has been undertaken by the GJV as part of the Phase IV Gorgon CO2 Injection Project.  This work helps to demonstrate what the main controls are on reservoir quality, and identifies reasons for some of the porosity-permeability trends that were observed and documented in the Phase III technical work programme.  Non-reservoir rock properties presented are complementary to the Phase III work and confirm the relatively consistent rock properties of the BBGS, which is supportive evidence for a lithologically relatively uniform top seal.  

The GJV have also refined their permeability computation from the Phase III technical work programme.  They are currently using a cloud transform method (SGS with p-field simulation) to compute permeability, conditioned to the GDW-1ST1 well core measurements.  Original core porosity-permeability clouds are replaced with synthetic clouds using Monte Carlo simulation that honour the trend and degree of scatter in the core data.  This method is a reasonable approach to permeability computation for the Dupuy Formation, particularly considering the current level of understanding for porosity-permeability trends.  

The Due Diligence Team is impressed with the amount of work that has been done to better characterise reservoirs and seals, and it is recommended that similar studies are undertaken for future wells.  In addition, it is recommended that CO2 column heights with contact angle sensitivities should be presented for future MICP work on seals/baffles, and possibly that future studies could include seismic attribute analysis to better define the lateral extent of channels/canyons and fans and other sand/shale bodies.

Geomodelling

The current static model built in 2008-2009 integrates the most up-to-date data from the Data Well (GDW-1ST1), as well as seismic interpretation and geological analogues, into a depositional facies-based model.  The parameters used in the current model appear reasonable and the Due Diligence Team is satisfied with the overall approach to defining the Dupuy geomodel.  The development of a separate “Full Earth” model is currently underway; this covers a larger geological region than the detailed static model in order to address risk modelling of the overlying stratigraphy.  

The GJV have changed their approach to facies modelling for Phase IV of the Gorgon CO2 Injection Project and are now using multi-point geostatistics.  The modelling approach follows a 5-step process, which includes using directional information (paleocurrent), facies proportions (e.g., N/G) and facies training images; which all help to produce realistic geology for the interpreted depositional environment.  The Due Diligence Team believes that the new facies model is a significant improvement on the 2007 binary (sand/silt) lithofacies model and that overall, the model appears to capture the connectivity and geo-body dimensions described and interpreted in the various new reports.  However, the Due Diligence Team questions the use of a ribbon-shaped, channelised training image for the UMS, and strongly recommend that a more laterally extensive training image for the lobate facies of the UMS is incorporated in the model.  
Property models for Phase IV of the Injection Project have been generated using the Sequential Gaussian Simulation algorithm, with a separate simulation run on each facies within each stratigraphic zone and using a range for variance in the min, max, and vertical directions.  There appear to be some differences in the ranges of variograms used for each stratigraphic unit compared to the training image dimensions used in the facies models.  Despite these inconsistencies, the Due Diligence Team considers that the approach taken by the GJV is satisfactory given that the depositional facies model is the primary factor controlling porosity and permeability dimensions in the property models.

The impact of static modelling uncertainties on CO2 injectivity and plume fate has been assessed by the GJV through simulation of 17 alternative model scenarios.  These scenarios test gross reservoir thickness, facies proportions, stratigraphic-scale heterogeneity, stochastic uncertainty, poro-perm cloud dispersion and vertical variogram ranges.  The Due Diligence Team is impressed with the extent of the uncertainty analysis in the static modelling and, with such a reduction in the uncertainty, the results of the dynamic simulation may now be regarded with a higher degree of confidence.  

Dynamic Model

This Due Diligence Team reviewed the GJV’s current dynamic model with a particular focus on the incorporation of the Data Well re-test results, the incorporation of special core analysis results, the impact of increased injection rate and containment volume, and the water production rate/CO2 injection rate/Dupuy formation pressure results from the dynamic model.

The Data Well (GDW-ST1) was re-tested in 2008 because the GJV experienced operational problems with the original test, which was run in 2006.  The 2008 test appeared to be very well designed and operated.  The pressure data it produced was of good quality and provided a significant radius of investigation into both the Upper Massive Sand (UMS) and the Lower Dupuy.  The testing sequences in both formations included production logging.  The log results compare very favourably to the flow profile simulated in the GJV’s dynamic model which gives confidence in the underlying static model.  Except for skin factors, the results of the well tests (build-ups versus injection) gave similar results in permeability-thickness.

The latest special core analysis results and interpretation were not available at the time of this review.  The Due Diligence Team recommends that they are included in the next due diligence technical review.  Relative permeability is known to be a source of uncertainty in CO2 storage projects and the GJV will need to review their dynamic models as data become available. 

The GJV simulated a wide range of sensitivity study cases in this generation of the dynamic model.  Uncertainties addressed in the static model included the gross amount of sand (by considering alternative maps of the Upper Massive Sand and Lower Dupuy), facies proportions (by varying proportion maps) and hetereogeneity (by altering variograms and training images).  The static model was also rebuilt with a different random seed, with porosity multipliers and with vertical variogram ranges which were halved and doubled.  An additional case was built based on analogue outcrop information gathered from the Ainsa outcrop in Spain (a representative analogue).  The shape of the 1000 year plume extent from these cases was essentially similar, despite the differences in the underlying static model.

The GJV also considered uncertainties in the parameters involved in the dynamic model and tested these with the reference case well count.  These dynamic uncertainties included permeability, kv/kh ratio, relative permeability, pore volume, gas trapping, rock compressibility and solubility.  The most significant uncertainty case is a low-side permeability case in which the permeabilities in the reference model were multiplied globally by 0.3.  This case was only able to inject 57.7% of the total amount of CO2 available for injection, however, it should be noted that this low multiplier does not match the observed results of the data well re-test.  In the low kv/kh ratio, the high relative permeability and the low solubility cases the CO2 plume reached the water production wells – this does not occur in the reference case scenario.  The high permeability, high relative permeability and low solubility cases also predict CO2 will reach the top layer of the model.  This also does not occur in the reference case.  A notable exception from the set of uncertainties which the GJV considered in the dynamic model was well skin factors.  It is possible that skin factor on the injection wells will change over time so this is an uncertainty the GJV could carry forward into their dynamic model.

The GJV's current development plan is viewed as robust since the GJV considered a range of dynamic model uncertainties which the Due Diligence Team believes is sufficient (with the exception of the comment above regarding well skin factors).  The GJV have produced reservoir simulation results that show these uncertainties do not propagate into a wide spectrum of uncertainty in the fate of the injected CO2.  Since injectivity is only compromised in a low permeability scenario (which is viewed as having a low probability of occurrence) the GJV's uncertainty analysis does support the viability of the project with the increased CO2 injection rates currently being proposed.  The Due Diligence Team would also like to note that the GJV's strategy of water production for pressure management relies on there being good pressure connectivity between the CO2 injection and water production areas.  The well tests and seismic surveys performed by the GJV to date have not detected any feature that may act as a boundary between the planned well locations, although this assumption should be re-assessed with any new data collected prior to finalising the location of the pressure management wells. 

Containment

Geomechanical Studies

Various geomechanical studies in the Barrow Island area on a range of topics from regional stress to fault reactivation risk have been conducted by the GJV partners and other agencies since 2004.  Work is currently progressing on refining the selection of mechanical properties and in-situ stresses for use in a wide variety of geomechanical models (fault reactivation, wellbore stability, sand production, permeability enhancement of natural fractures, injection-induced hydraulic fractures).  Preliminary results of that work show that the minimum horizontal in-situ stresses from GMI (Geomechanics International) match other log-derived data; however, the maximum horizontal in-situ stresses estimated by GMI have been revisited by Chevron’s Energy Technology Company (ETC).  The change in the predicted maximum horizontal in-situ stresses resulting from ETC’s new work suggest that the interpreted horizontal stress anisotropy ratio (SHmax/Shmin) should be reduced from 42% (GMI analysis) to 12% (GJV analysis).  Lower anisotropy values could significantly lower the risk of fault reactivation, the propensity for thermally induced hydraulic fractures initiating in CO2 injectors, wellbore stability, sand production and the viability of microseismic monitoring for tracking CO2 migration.  

As the in-situ maximum horizontal stresses and the associated horizontal stress anisotropy ratio will have a strong impact on deformation of the reservoir resulting from CO2 injection the Due Diligence Team strongly recommends that if there is a major revision of these stress parameters (compared to previous GMI results), then these findings need to be detailed and validated using all available direct and indirect methods.

Fault-CO2 Plume Intersections

Faults and fractures within, or above, the injected CO2 plume may increase the risk to containment.  For the revised development concept reference case static model (P50) the U22J, P18J, Plato and Godwit faults are all intersected by the injected CO2 plume within 100-200 years and represent potential risk to containment.  The U22J and P18J faults extend through the Dupuy Formation and up into the Barrow Group, but do not appear to reach the ground surface.  Therefore, while these faults may enhance the vertical flow of CO2 from the Dupuy Formation to the Barrow Group, they neither provide a direct leakage pathway to the surface nor an immediate risk for leakage at the ground surface.  On seismic data the Godwit Fault is seen to displace the Dupuy Formation and strata at least as shallow as the Windalia Formation.  Therefore, if significant volumes of CO2 reach the Godwit Fault it may pose a greater risk to containment than either the P18J or the U22J faults.  For the reference case static model (P50), however, only small volumes of CO2 (0.03 million m3) are predicted to reach the Godwit Fault.

The Due Diligence Team recommends that the GJV uses all of the available monitoring techniques in combination with dynamic modelling to improve predictions of when CO2 is likely to reach the Godwit and Plato faults.  If CO2 is suspected to have come into contact with the Godwit or Plato faults, monitoring and mitigation strategies should be employed to ensure that it does not reach the ground or near surface environments.  Soil gas sampling above the Godwit and Plato faults should be initiated when CO2 contacts these structures to determine whether CO2 has reached the ground or near surface environments.  Baseline soil gas surveys should be undertaken along the Godwit and Plato faults to establish background CO2 soil fluxes prior to injection or well before CO2 is predicted to reach them.

Given that the new geomechanical results are preliminary and have not yet been fully documented, the Due Diligence Team suggests that a thorough review of these new GJV thermo-mechanical stress modelling results should be included in the next due diligence technical review.  In preparation for the next technical review it is suggested that the GJV should document their new geomechanical fault reactivation analyses and, in particular, account for the new estimates for the horizontal stress anisotropy. 

Injectivity

Increased Injection Rate and Pressure Management Strategies
The Revised Development Plan includes an approximate 65% increase in the annual average injection rate of CO2 from 133 MMscf/d to 220 MMscf/d.  Strategies to ensure that this increased injection rate does not result in reservoir pressures exceeding 3800 psi [26.2 MPa] include two additional injection wells (increasing the total number of injection wells from 7 to 9), and four water production wells.  The four water production wells are planned to be operational from the onset of CO2 injection and to produce a total of 60,000 to 80,000 barrels of water per day from the Dupuy Formation which will be reinjected into Barrow Group strata.  Water extraction from the reservoir is expected to make available 46 to 63% of the pore space necessary for CO2 storage, while the addition of two new injection wells will decrease the average injection rates at each well by about 7 MMscf/d. (i.e., 31 to 24 MMscf/d). 

Reservoir flow simulation models have been used to evaluate the performance of injection and water production wells.  The predictions of injectivity based on the current static geological model and the dynamic flow model appear to be reasonable.  The GJV's dynamic model results show that for all but the low permeability case (in which the reference case permeabilities were multiplied by 0.3), injection of at least 97.1% of the required CO2 was possible with the well count proposed in the development plan. Based on the results from the dynamic model the water production strategy in the Revised Development Plan appears to adequately compensate the pressure build-up from the additional injected volume.  

Potential Injectivity Issues
Sustainable injectivity requires a manageable pressure build-up, negligible formation damage or skin increase, adequate available pore space and project indicators not exceeding geomechanical sign posts.  Of the four conditions, the potential for pressure anomalies and geomechanical failures are expected to be the most important.  Excessive pressure build-up will be a concern at all stages of the project.  The new injection scenario relies heavily on an unobstructed pressure communication path between the injectors and the pressure management wells to prevent excessive pressure build-up.  If any permeability barriers exist which are not adequately represented in the present static model, this could limit the effectiveness of the pressure management wells.  The Due Diligence Team believes the static model for the Dupuy is currently as robust as possible based on data available from the limited number of cored wells in the Dupuy and the seismic reflection data.  Once the Gorgon CO2 Injection Project starts injecting CO2 into the Dupuy Formation in expected quantities, the use of the dynamic model to history match the pressure build-up based on the rates of CO2 injection should provide critical information on the performance of the pressure management wells.  Continuous updating of the static and dynamic models is required as new data becomes available in order to identify deviations from the expected performance of the storage reservoir and to determine why these deviations have occurred. 

If the pressure increase during injection is greater than forecast, then contingency plans include increasing the number of injection or water production wells as mitigation options, or completion of injection over a larger stratigraphic interval of the Dupuy Formation than is currently planned (and even injection into the Lower Barrow Group).  To accommodate possible changes in the pressure management plans the GJV has ensured sufficient space is available on the planned well pads for up to 18 CO2 injectors and up to 8 water producers. 

Geomechanical behaviour including thermal effects may also impact injectivity.  As discussed above, formal reports on the GJV's geomechanical studies were not available at the time of this review.  However, preliminary findings from new geomechanical analyses suggest that bottom hole pressures greater than the 3800 psi proposed may be possible without inducing slip on existing faults (see comments in Containment above).

Storage Capacity
The GJV have previously made static volumetric assessments of the CO2 storage capacity of the Dupuy in the Barrow Island area.  These used different methodologies.  The first assessment (in 2004) was based on the volume of CO2 that could be structurally trapped in the Barrow Anticline (the large, faulted structural closure centred on Barrow Island).  A later assessment (in 2007) estimated the amount of CO2 that could be stored in the total available pore volume in (a) the area of interest of the static model and (b) a polygon within that area whose northern and southern boundaries are defined by the Plato and Godwit, and Main Barrow faults, respectively.  

The Due Diligence Team considers that the sealing properties of the faults intersected by the CO2 plume have a strong bearing on the potential storage capacity that is not demonstrated in the previous analysis.  Also, the previous assessments did not include the dynamic impact of voidage created by water off take from the Pressure Management System.  
It is recommended that GJV’s estimates of the total CO2 storage capacity in the Dupuy in the Barrow Island area should include an estimate of the mass of CO2 that could be stored on the assumption that the major faults cutting the Dupuy represent potential leakage pathways and therefore the CO2 plume should not intersect them.  This would provide a valuable addition to the present estimates, which implicitly assume that the major faults do not represent leakage pathways.  The Due Diligence Team also recommends that dynamic modelling should be used to make such an estimate, including the impact of water production from the injection interval.  

Monitoring and Surveillance

The proposed seismic survey
The Due Diligence Team supports the proposed programme of seismic surveys and considers it to be a powerful and flexible proposal for data acquisition.  The seismic pilot field test carried out in 2006 was very comprehensive, gave encouraging results and has provided the key information necessary to design an effective baseline survey.  The high numbers of traces to be recorded will provide the opportunity for tuning data processing to optimise azimuth and/or offset combinations for best imaging and repeatability.  The processing effort will however need to be very large to fully exploit the potential of the dataset.  

The overall number of repeat seismic surveys is likely to be adequate given the current predictions of plume evolution, as is the front-end loading with more frequent surveys early in the injection period.  This is appropriate given that the plume would be expected to spread most rapidly early in its evolution.  

The seismic repeatability processing tests conducted so far are regarded as being very preliminary.  The analysis has compared results from the repeat acquisitions, but has not analysed the difference signal.  It is recommended that more detailed analysis of the difference signal, and how it varies laterally, with travel-time, and also with offset, will provide better insights into seismic detectability.  Pseudo-difference cubes could also be derived from the baseline 3D seismic survey to assess likely repeatability across the whole future plume footprint.

Surveillance wells

Well-based reservoir surveillance has been planned using up to four dedicated surveillance wells.  These will monitor injected CO2 plume migration and the effects of CO2 injection on the formation (e.g., permanent trapping mechanisms).  Two surveillance wells are proposed initially at project start-up.  Depending on the migration of the CO2 plume, two additional surveillance wells may be drilled later in the far field, positioned to monitor plume encroachment towards containment risks: the Godwit Fault in the north and the Main Barrow Fault in the south.  Additionally, downhole pressure monitoring will be undertaken in the Data Well until CO2 arrives at the well, when it will be shut in because it does not contain CO2-resistant infrastructure.  It is acknowledged that further surveillance wells may be required if surveillance information indicates unexpected plume behaviour.  

Overall the proposed well surveillance plan looks to be satisfactory except for some aspects of the pressure monitoring.  Key tools will be deployed in the surveillance wells (downhole pressure, downhole temperature, cement integrity, reservoir saturation and VSP) with options, depending on circumstances, for passive seismic, formation resistivity and bottom hole fluid sampling.  It is proposed to acquire the VSPs at the same time as the surface seismic and the RST logging – which is important in order to properly integrate these complementary measurements.  Pressure monitoring will take place in the Lower Barrow Group only, and not in the main Dupuy storage formation.  The reason for this is the desire to avoid perforating the casing in the reservoir interval which would impair RST logging and decrease the well integrity.  Despite these arguments, the Due Diligence Team believes that downhole pressure monitoring should be carried out in the Dupuy Formation as well as the Lower Barrow Group. 

The early stage pressure monitoring in the Data Well is to be applauded and will give early information on injectivity and reservoir flow properties.  Monitoring in the Data Well will continue until CO2 breakthrough and it is recommended that GJV clarify how breakthrough of free CO2 will be detected.  Accurate detection of breakthrough is desirable, giving early and precise information on reservoir permeability characteristics.

In general it is recommended that a more precise plan for the positioning of the surveillance wells be made available for the next due diligence technical review.  This plan should indicate, for example, how surveillance wells will be tied into the seismic monitoring programme.

Soil gas monitoring

A soil gas CO2 flux survey has been proposed using the new LI-COR LI-8100 Automated Soil CO2 Flux System on a spatially optimised ‘spider’ grid.  Details of sample point spacing are to be finalised after completion of a pilot survey in the near future.  The Due Diligence Team supports the general principle of the soil gas survey but recommend that additional attention should be given to survey design, specifically increasing sample densities (both spatial and temporal) to take account of identified containment risks and of temporal variations in CO2 flow due to climatic variations and tidal pumping.  Such containment risks comprise any deep wells, and also the principal faults identified at reservoir level.
Given that temporal variations in CO2 flow could severely impair the usefulness of a simple point flux survey, the Due Diligence Team recommends that a number of continuous stationary flux chambers are also deployed as part of the surface monitoring plan.  These provide repeated measurements at a site and would enable the temporal variation of CO2 flux to be characterised with the necessary accuracy.

While the GJV’s present focus is on measuring CO2 flux, it is recommended that the isotopic composition of the CO2 should also be measured to attempt to establish the source of the gas.  GJV could also consider the case for analysing for other gases, for example naturally-occurring ‘tracer’ gases.  

Additional techniques that could be considered for monitoring

The Due Diligence Team supports the current monitoring and surveillance plans, subject to the recommendations summarised here and described in detail in Chapter 7.  In addition, it is recommended that the GJV consider the use of Satellite Interferometry and tiltmeters to measure ground displacements above the CO2 plume, to complement the other monitoring techniques to be deployed.  We also recommend that the GJV continue to pursue the use of shallow aquifer sampling of geochemistry as a tool for detecting CO2 migration (using fluid chemistry in this manner was briefly mentioned at the engagement session but no further details were given to the Due Diligence Team).

Well Remediation

As part of the Phase III technical review, the strategy for abandonment of the existing 27 (pre-Data Well) wells penetrating the Dupuy Formation was designed to be reactive - if the monitoring and surveillance plan and plume migration forecasts indicated that CO2 leakage from a well is imminent, plans would be developed which may include plug and abandonment operations which were designed to incorporate multiple levels of redundancy for long-term sealing.  

The GJV have now proposed that as a minimum, the wells will be plugged and abandoned (P&A) according to the mandatory requirements detailed in the State of Western Australia Petroleum Act 1967, Schedule of Onshore Petroleum Exploration and Production Requirements – 1991, part V, Div. I, Clause 529 “Abandonment of a Well”.  In addition to the minimum state requirements, each of the seven well penetrations which are at risk of CO2 plume intersection have a specific Dupuy Reservoir abandonment procedure which will focus on capping and sealing the Dupuy reservoir / CO2 plume.  In general, present-day abandonment plug specifications seem acceptable, although significant differences in abandonment regulations can be observed worldwide with prescribed plug lengths ranging from 15-100 m.  Given that these conventional guidelines were never intended to be used as a guide for long-term abandonment within CO2 storage sites, the Due Diligence Team recommends that the GJV move well beyond standard abandonment requirements for the existing wells to ensure their long-term integrity in CO2 storage applications.  
The GJV have continued to examine the existing well stock on Barrow Island and have refined their remediation plans for the seven existing wells at risk (see above).  The GJV have now significantly advanced well remediation timing in comparison to the timing proposed in Phase III due to continued top side mechanical deterioration of existing wells.  Currently, assessment into the deteriorating mechanical condition of the wells is being conducted in order to determine the appropriate timing of the remediation, i.e. potentially sooner than Year 0 of CO2 injection.
Existing casing with poor (or uncertain) cement quality across the BBGS will be repaired (squeezed) or a section will be milled and under-reamed across the BBGS to allow placement of a quality cement plug.  The GJV will utilise CO2-resistant cements for any new cementations in or immediately above the CO2 injection zone.  While the Due Diligence Team agrees with the GJV assessment of remediation options for wells with poor quality cement across the BBGS, we recommend that the GJV pursue additional quantitative studies to determine a measurement guideline for their project that will be considered as a measure of “poor” versus “adequate” or “good”. 

The current plan for remediation (as previously developed in Phase III) has moved away from the categorical section milling of casing across the BBGS to a targeted well by well approach aimed at evaluating individual wells casing / cement and then plug and abandoning appropriately.  For the purposes of long-term sealing integrity, the Due Diligence Team strongly recommends that the GJV continue to review the long-term implications of the cement plug within the existing casing option, especially if conducted under existing abandonment regulatory conditions.  In conjunction with this recommendation, the GJV may also consider establishing a method to monitor for pressure build-up at the wellhead of the abandoned wells as a verification procedure on the effectiveness of the downhole cement plugs.  

Uncertainty Management Plan

The 2007 update and revision of the Gorgon Reservoir CO2 Disposal Uncertainty Management Plan is an update to the Phase II UMP produced in 2004.  As such it concentrates on key reservoir CO2 disposal uncertainties where the level of uncertainty, the success metrics or the mitigation plans changed between 2004 and 2007.  Such changes have occurred largely as a result of information and interpretations obtained from the Data Well (GDW-1ST1) and the changes in the project design resulting from the increase in size of the Gorgon gas throughput, from a reference case (P50) of 5.2 MTPA LNG in 2004 to 7.7 MTPA LNG in 2007.  The UMP was further modified in 2008 as a result of the current Revised Development Plan to increase the throughput to 8.5 MTPA LNG of Gorgon gas.  One risk identified with the increased injection rates was the earlier arrival of the plume at fault intersections, which may result in an increased risk of leakage along the faults.  The Due Diligence Team suggest that reducing the uncertainty around the faults sealing ability at these enhanced injection rates remains one of the more important issues for the GJV to address in their ongoing technical work programme.

Subsequent to the 2007 UMP, the Gorgon CO2 disposal work programme has focussed on further reducing uncertainty within the project.  Key actions in the UMP include responses to address the proposed further increase in Gorgon gas throughput to 8.5 MTPA LNG.  In particular, management of project uncertainties around the number of injection/water production wells and length of perforated Dupuy to allow realisation of upside capture whilst also allowing implementation of a lowside well count to maintain the desired injection rates without exceeding the 3800 psi signpost; and monitoring the more rapidly spreading CO2 plume arising from the increased throughput based on the latest iterations of the monitoring plans (particularly surface seismic and well-based surveillance) are applauded.  

The uncertainty management process implemented by GJV at Barrow Island for the subsurface disposal of CO2 is an exemplary one, which is strongly supported by the Due Diligence Team.  It successfully identifies uncertainties and proposes both signposts that indicate downside outcomes and the likely time within the project when such signposts might be observed.  It also proposes measures to resolve or mitigate downside outcomes for uncertainties.  Where there is significant learning potential, these mitigation measures may require additional work, which has been incorporated into a work plan developed to address the uncertainties.
Concluding Comments
The Due Diligence Team continues to be impressed with the scope and quality of work, and the amount of resources committed to the Gorgon CO2 Injection Project.  It is evident that the preparatory work that has gone into this project significantly exceeds other comparable projects to date.  Furthermore the GJV have demonstrated that many of the major requirements for CO2 disposal are satisfied.  The associated risks are considered manageable through technically comprehensive plans for modelling and monitoring the migrating CO2 plume, the remediation of existing wells near the injection sites and the addition of more CO2 injection or water production wells, if required.  The GJV Uncertainty Management Plan is considered to be a thorough and sound methodology, providing an excellent basis for reducing and managing subsurface uncertainties.  

In the Due Diligence Phase III study completed in April 2008, the Due Diligence Team concluded that “there appear to be no significant issues which may compromise the feasibility of the project, and based on the available data the Due Diligence Team believes that the overall technical assessment of the project by the GJV is sound”.  

The Due Diligence Team in this Phase IV study has formed the view that based on the information provided by GJV to the Due Diligence Team in April 2009, there are no significant new or additional risks for the Gorgon CO2 injection project resulting from the increased injection rate and the P50 and P10 production scenarios. 
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