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EXECUTIVE SUMMARY
This report provides an overview of the current technology status, technical barriers, and research

and development (R&D) opportunities associated with offshore, sub-seabed geologic storage of
carbon dioxide (CO2). Specifically, the report includes:







Existing and proposed offshore storage and enhanced oil recovery (EOR) projects.
The current status of offshore CO2 storage and EOR resource capacity assessments.
Current status of transport, wellbore/well construction, and monitoring technologies, the
potential challenges, and R&D opportunities.
Existing and proposed regulatory requirements.
Risk analysis tools and methodologies and R&D opportunities.
Recommendations for further action.

While onshore geologic storage has been emphasized in many carbon capture and storage (CCS)
projects, offshore storage provides several advantages:







Near-offshore capacity is globally significant and information where available from oil and
gas exploration and production provides a good understanding of the offshore geology.
There is a single owner and manager of both mineral and surface rights.
Risks to freshwater aquifers are less of a concern.
Existing pipeline rights-of-way for oil and gas production could facilitate CO2 pipeline
infrastructure development.
For federally-owned storage resources, revenues could be generated from offshore carbon
storage activities.
Monitoring technologies exist, but there is potential for improvement.

However, there are several challenges that exist, some of which are similar to onshore storage
activities:








Containment risks presented by existing wells.
Protection of competing economic and environmental interests: for example, commercial
fisheries, sensitive ecosystems, and existing and undiscovered gas resources need
protection.
Elevated costs: Despite existing offshore pipelines, costs of operating offshore projects are
likely to be significantly higher than those onshore, as experience from decades of oil and
gas extraction regionally indicate.
Accessibility: Some near-offshore regions may have unique development challenges
related to infrastructure development.
Impact of CO2 on marine ecosystems: Much work has identified the ongoing risks of ocean
acidification via CO2 absorption from the atmosphere, and the more localized impacts from
well leakage were less understood but these are being studied and there is a growing body
of knowledge.
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Today, there are only a handful of offshore storage projects that are currently injecting CO 2 into
saline formations: the Sleipner and Snøhvit projects in Norway, and the K-12B project off the
coast of the Netherlands. There is also one CO2-EOR project that is operational in Brazil. However,
about a dozen more projects have been proposed, including projects in Japan, China, the United
Kingdom, and the Netherlands. These projects play an important role in understanding the offshore
storage environment and application of CCS in an offshore setting.
The key recommendations from the report can be categorized into five areas, which are storage
capacity assessments, transport infrastructure, offshore CO2-EOR potential and opportunities,
understanding CO2 impacts on the subsea environment, and monitoring technology development.
Storage Capacity Assessments: It would help prospective CCS stakeholders if public-private
partnerships were developed to provide a number of pre-qualified storage locations. For such
locations, all preparatory work, including the documents for a storage permit application could be
made available to reduce the uncertainty regarding the availability of storage. This would support
both the storage and the transport elements of CCS projects.
It is recommended that a more thorough evaluation of the geologic storage aspects of many basins
be pursued. It is also recommended that an increased level of knowledge sharing and discussion
be implemented among the international community to outline the potential for international
collaboration in offshore storage.
Transport Infrastructure: The CO2 transportation infrastructure must increase significantly and
will be an important contributor to the overall costs for CCS. Hence, optimization of current
practices is important, on areas such as CO2 product specifications and sharing of infrastructure to
optimize utilization.
Additionally, during the pilot and demonstration phase of CCS, CO2 volumes will be relatively
small. However, these projects could be developing the first elements of the large-scale
infrastructure, if sufficient incentive is given to oversize the components of the transport
infrastructure. Especially during the early phase of CCS, public-private partnership is essential to
generate these large infrastructural works.
An increase in the available financial incentives for (offshore) CCS projects is needed to increase
the speed of development of offshore CCS. Funding mechanisms should consider funding
operational costs, as well as up-front investments.
Offshore CO2-EOR: Offshore CO2-EOR is seen as a way to catalyze storage opportunities and
build the necessary infrastructure networks. One of the barriers reported widely for offshore CO2EOR projects is the investment required for the modification of platform and installations, and the
lost revenue during modification. Recent advances in subsea separation and processing could
extend the current level of utilization of sea bottom equipment to also include the handling of CO2
streams. By moving equipment required to separate and condition the CO2 to the seafloor,
iii

modifications to the platform can be minimized. It is recommended that RD&D activities explore
opportunities to leverage existing infrastructure and field test advances in subsea separation and
processing equipment.
Understanding CO2 Impacts on the Subsea Environment: It is recommended to expand upon
modeling efforts to understand CO2 dispersion in an ocean environment. Whilst the primary driver
of the spatial extent of detectability and impact is the leakage rate, many other factors such as
depth, bubble size, current speed, tidal mixing and topography are shown to have a large influence
on dispersal. Existing models are robust, but limited in that they generally cannot deal with very
fine scales (≈1 meter) which are necessary for the correct treatment of small leak scenarios at the
same time as accurately defining regional scale mixing processes, necessary for the correct
estimation of dispersion. Model development of marine systems is required to improve their
predictive capabilities. Advances are needed so that systems can simulate leakage in the context
of natural variability by combing both pelagic and benthic dispersion and chemistry, including
carbonate and redox processes. There is also a need to develop models that can simulate large scale
dispersion of multi-phase plumes whilst simultaneously simulating tidally-induced dispersion in
the near and far field.
Monitoring Technology Development: Deep-focused monitoring relies heavily on established
hydrocarbon industry tools which are mature. There is scope for improving some of these
technologies and related data processing and interpretation for CO2 storage. The quantification of
CO2 distribution within a reservoir still remains a challenge.
Shallow-focused monitoring is less advanced compared with deep focused monitoring, but
systems are being developed and demonstrated. New marine sensor and existing underwater
platform technology such as automated underwater vehicles (AUVs) and mini-remotely operated
vehicles (Mini-ROVs) enable deployment and observation over large areas at potentially relatively
low cost. Seafloor and ocean monitoring technologies can detect both dissolved phase CO2 and
precursor fluids (using chemical analysis) and gas phase CO2. AUV technology capable of longrange deployment needs to be developed so that the AUV can be tracked transmit data via a
satellite communications system. Real-time data retrieval and navigation will enable onshore
operators to modify or refine surveys without costly intervention using a survey vessel. Further
development in integrated in situ sensors has been underway over the last 5 years. The
quantification of leakage at the seabed remains a technical challenge.
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Introduction

1.1

CSLF Purpose

The Carbon Sequestration Leadership Forum (CSLF) is a Ministerial-level international climate
change initiative that is focused on the development of improved cost-effective technologies for
the separation and capture of CO2 for its transport and long-term safe storage. The mission of the
CSLF is to facilitate the development and deployment of such technologies via collaborative
efforts that address key technical, economic, and environmental obstacles. The CSLF will also
promote awareness and champion legal, regulatory, financial, and institutional environments
conducive to such technologies.
The CSLF comprises a Policy Group and a Technical Group. The Policy Group governs the overall
framework and policies of the CSLF, and focuses mainly on policy, legal, regulatory, financial,
economic and capacity building issues. The Technical Group reports to the Policy Group and
focuses on technical issues related to Carbon, Capture, Utilization and Storage (CCUS) and CCUS
projects in member countries.
The Technical Group has the mandate to identify key technical, economic, environmental and
other issues related to the achievement of improved technological capacity, and establish and
regularly assess and inventory of the potential areas in need of research.
At the CSLF Ministerial meeting held in Seoul, South Korea in March 2014, the CSLF Technical
Group formally moved forward with a task force to identify technical barriers and R&D
needs/opportunities for offshore, sub-seabed storage of carbon dioxide, in addition to carbon
capture and storage technologies that have been the main focus of CSLF efforts since its inception
in 2003.

1.2 Task Force Mandate
The United States proposed to serve as chairperson and lead a Technical Group Task Force that is
focused on identifying the Technical Barriers and R&D Opportunities for Offshore, Sub-Seabed
Geologic Storage of CO2. The Task Force will develop a report that will:


Identify existing projects and characterization activities worldwide on offshore CO2 storage
and progress to date;



Provide a current assessment or understanding (using available analyses) on the status of
global offshore storage potential (including potential for offshore enhanced oil recovery
[EOR]);



Identify the technical barriers/challenges to offshore CO2 storage (e.g., characterization,
monitoring, transport challenges and R&D opportunities;



Identify potential opportunities for global collaboration; and
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1.3

Include conclusions and recommendations for consideration by CSLF and its member
countries.

Advantages and Challenges of Offshore CO2 Storage

Much of the prospective geologic storage on Earth is found where thick sequences of sediments
have accumulated on the margins of continents. These accumulations form the below-sea-level
geographical features known as continental shelves. The sediments of continental shelves can be
expected to contain large volumes of high quality storage related to three recurrent characteristics:
(1) shallow sediments which are geologically young so that in many cases the inter-grain pores are
well preserved (not filled with cement or extensively damaged by heating, compaction, and
deformation), providing large volumes of storage, (2) the seal rocks in the confining system are
likewise relatively young and ductile, and have not been as extensively deformed and fractured as
is typical of sediments in older basins, and (3) the sediments tend to be thick with abundant
sandstones due to passive margin subsidence during sediment accumulation commonly sourced
by large river systems draining continental interiors. Other thick sub-sea sediment accumulations
that form in settings such as carbonate platforms and rift basins may have similar geologic
characteristics. The quality of the storage in these settings is demonstrated by a concentration of
abundant large gas reservoirs. Storage in depleted hydrocarbon reservoirs in these sediments may
also be attractive in the near term to reduce risks. To extend the possible subsea storage capacity,
injection into permeable basalt sequences may also be considered.
The types of storage assessed in this review rely on injection into permeable rocks more than a
kilometer below the seafloor and isolation from the surface by impermeable rocks. It is important
to separate this storage type of geological CO2 storage from a number of other types of proposed
sub-sea or marine storage that lack these conditions; for example such as CO2 storage in hydrates
or as dense liquid on the seafloor, or as these phases within the upper 100s of meters of seabed
sediment (e.g., House et al., 20061), or storage via CO2 dissolution in deep marine water (e.g.,
Herzog, 20012).
Many countries are recognizing the potential of offshore geological storage. The European
Union’s plans to utilize the North Sea for storage are well developed and storage targets show high

1

House, K.Z., Schrag, D.P., Harvey, C.F., and Lackner, K.S., 2006, Permanent carbon dioxide storage in deep-sea
sediments, Proceedings of the National Academy of Sciences, 103(33): 12291-12295.
2
Herzog, H.J., 2001, What future for carbon capture and storage?, Environmental Science and Technology, 35(7):
148A-153A, DOI: 10.1021/es012307j.
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geologic suitability.3,4 Academic and consultancy studies have addressed the potential of the North
Sea for CCS.5,6 Statoil’s Sleipner project in the North Sea has documented the effectiveness of
storage in this setting.7 A second offshore CCS project conducted by Statoil, Snøhvit, has been
operational since 2008. In 2009, Australia formally released 10 offshore acreage tracts for CCS
consideration, signaling its support of offshore-project development. Studies in Victoria
(Gippsland Basin) have highlighted that region’s offshore storage prospects.8 Traditional strengths
in marine geosciences have allowed Japanese researchers to develop research programs related to
geologic characterization and monitoring techniques for offshore CCS projects.9 The 2010 NETL
carbon sequestration atlas10 includes estimates of storage capacity in the northern Gulf of Mexico
(GOM) and offshore of the Carolinas, indicating nationally significant storage resources. Other
recent work to identify storage potential has been initiated along the eastern US (New Jersey shelf
and the Carolinas), and offshore Los Angeles in the Wilmington Graben.
1.3.1 Offshore advantages
In many areas, the best quality and largest volume settings for storage are offshore. The potential
geologic advantages are summarized above. Offshore storage has widely-recognized public
acceptance, policy, and resource utilization advantages compared to onshore. Instances of local
public opposition to onshore projects in Europe (e.g., the proposed Shell project in the Dutch town
of Barendrecht) have increased reliance on sub-sea resources, with European storage focus
strongly on the North Sea.
Onshore, the abundance of fresh-water resources that must be protected adds to public concern,
regulatory burden, and potential liability. Fresh water generally does not extend far offshore
reducing concern in offshore settings. In some jurisdictions, the increase in interest in offshore
3

Chadwick R.A., and Eiken, O., 2013, Offshore CO2 storage: Sleipner natural gas field beneath the North Sea
(Chapter 10). In: Gluyas, J. and Mathias, S. (eds) Geological storage of carbon dioxide (CO2) – Geoscience,
technologies, environmental aspects and legal frameworks. Woodhead Publishing Ltd. ISBN 978-0-85709-427-8, p.
227–250.
4
Lu, J., Wilkinson, M., Haszeldine, R.S., and Fallick, A.E., 2009, Long-term performance of a mudrock seal in
natural CO2 storage, Geology, 37(1):35-38, doi: 10.1130/G25412A.1.
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Element Energy, 2010, One North Sea. A study into the North Sea cross-border CO2 transport and storage:
Norwegian Ministry of Petroleum and Energy and UK Foreign and Commonwealth Office- North Sea Basin Task
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sequestration results partly from perceived uncertainty for onshore sequestration in the legal
framework under which CO2 sequestration will take place, particularly issues related to pore-space
ownership and long-term liability. 11 These concerns about CCS can potentially be avoided in
offshore settings because the State or Federal government owns the surface, pore space, and
mineral rights, thus avoiding conflict between competing ownership rights. International
regulations for offshore CCS have been clarified in the context of existing marine regulations.12 In
addition, the government may have a more compelling reason to take on long-term liability for
CO2 sequestered in offshore settings.
Characterization of the geologic site is critical for selecting the properties that will accept and
retain large volumes of fluids. Offshore continental shelves have been extensively explored for
hydrocarbon resources globally. These data provide the needed regional characterization prior to
site selection, and in favorable settings, existing data may be sufficient to locate high quality
storage prospects. Because sediments on continental shelves are typically young and actively
accumulating, fluids produced by compaction, shale diagenesis and hydrocarbon generation are
expelled at leakage points. Seafloor expression of fluid migration is well documented in many
places around the world (e.g., Judd and Hovland, 2007, 13 Huang et al., 2009, 14 Cathles et al.,
201015). These defined leakage points can be characterized and used to improve certainty of CO2
retention, as compared to onshore sites where leakage paths may be relict and obscured.
Commonly the implementation of CCS includes an element of monitoring to document that the
storage is effective. Offshore seismic monitoring technologies for subsurface geologic activities
exist and have been shown to be effective for CCS.16 Collecting seismic data offshore is typically
lower cost per unit area and has reduced error in noise and repeatability relative to onshore,
minimizing complications with acquiring time-lapse datasets for monitoring. Towed instruments
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Duncan, I. J., Nicot, J. P., and Choi, J. W. (2009). Risk assessment for future CO2 sequestration projects based
CO2 enhanced oil recovery in the US. Energy Procedia, 1(1), 2037-2042.
12
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Cambridge University Press, Cambridge, pp 400. www.cambridge.org
14
Huang, B., Xiao, X., Li, X., and Cai, D., 2009, Spatial distribution and geochemistry of the nearshore gas
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and Petroleum Geology, 26: 928-935.
15
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(e.g., sonar) are capable of detecting seafloor discharges and bubble columns in the seawater,17
and effects of leakage into the water column can be modeled.18,19
To summarize, the potential benefits of utilizing near-offshore regions for CCS are:
1. To the degree that the continental margins are petroliferous, there generally exists a good
geologic understanding of the offshore, enhanced by information available from oil and
gas exploration and production.
2. The capacity of the near-offshore is globally significant, meaning the storage capacity is
generally considered to be high enough to address annual emissions on a decadal timescale
(i.e., meet targets and satisfy agreements).
3. There is a single offshore owner and manager of both mineral and surface rights.
4. The offshore typically has few or no economic fresh-water aquifers in the subsurface that
count as underground sources of drinking water. This removes one of the most significant
risks present for most onshore sequestration sites. However, risks to seawater are
alternatively of concern.
5. The absence of population overlying projected CO2 plumes eliminates broad classes of
public health and safety risks (HSE), aside from operational risk to workers.
6. A large number of existing pipeline rights-of-way for oil and gas production could facilitate
development of CO2 pipeline infrastructure, and offshore infrastructure can be recommissioned for CCS service, postponing sunset costs.
7. For federally-owned storage resources, revenues generated from offshore CCS activities
could be used to return benefits to the public for utilization of publically held resources,
and to establish funds for long-term monitoring and mitigation if needed. Income streams
could also be considered as offsets for reduced taxation.
8. Monitoring techniques are available and may in some instance be superior offshore
compared to onshore. Offshore seismic imaging is a mature technology. Other mature and
novel techniques are available for monitoring shallow sediments and the water column to
detect unexpected leakage.
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Espa., S., Caramanna, G., and Bouche, V., 2010, Field study and laboratory experiments of bubble plumes in
shallow seas as analogues of sub-seabed CO2 leakages, Applied Geochemistry, 25: 696-704.
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Kano, Y., Sato, T., Kita, J., Hirabayashi, S., and S. Tabeta, 2009, Model prediction on the rise of pCO 2 in uniform
flows by leakage of CO2 purposefully stored under the seabed, International Journal of Greenhouse Gas Control, 3:
617-625.
19
Kano, Y., Sato, T., Kita, J., Hirabayashi, S., and S. Tabeta, 2010, Multi-scale modeling of CO2 dispersion leaked
from seafloor off the Japanese coast, Marine Pollution Bulletin, 60:215-224.
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1.3.2

Offshore challenges and risks

Risks of conducting CCS in offshore geologic settings need to be carefully evaluated and the range
of consequences and likelihood of occurrence need to be considered. The potential challenges or
risks of utilizing near-offshore regions for CCS include:
1. Containment risks presented by existing wells.20,21
2. Protection of competing economic and environmental interests: for example, commercial
fisheries, sensitive ecosystems, and existing and undiscovered gas resources need
protection (e.g., Brody et al., 2006).
3. Elevated costs: Despite existing offshore pipelines, costs of operating offshore projects are
likely to be significantly higher than those onshore, as experience from decades of oil and
gas extraction regionally indicate, CCS is an expensive activity anywhere, but more so
offshore—unless income streams are available from EOR.
4. Accessibility: Some near-offshore regions may have unique development challenges
related to infrastructure development.
5. Impact of CO2 on marine ecosystems: Much work has identified the ongoing risks of ocean
acidification via CO2 absorption from the atmosphere, and the more localized impacts from
well leakage were less understood but these are being studied and there is a growing body
of knowledge.
6. Operational challenges mitigating offshore accidents: A careful and thorough approach to
offshore CCS development is an anticipated part of developing offshore storage resources.

20

Huerta, N.J., Checkai, D., and Bryant, S.L., 2009, Utilizing sustained casing pressure analog to provide
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2

Status and barriers of existing and proposed offshore CO2 storage
and EOR projects

2.1 Status and experience from existing offshore CO2 storage and EOR
projects
2.1.1

Offshore CO2 storage projects

CO2 geological storage in the offshore environment offers potentially greater opportunities than
onshore in most countries globally. Notwithstanding access to more storage sites and increases in
a nation’s storage capacity, targeting offshore sedimentary basins avoids populated and regulated
areas, eliminates risk on impacting underground sources of drinking water, and is likely to be
technically easier for exploration, appraisal, and monitoring, measurement, and verification
(MMV).
Experience with offshore CO2 storage projects is reasonably well developed with nearly 20 years
since the start of the first industrial-scale CCS project in 1996 at Sleipner, Norway.22 Subsequently,
in 2004 the pilot-scale project K12-B was started,23 offshore the Netherlands, and then in 2008
CCS operations commenced at the Snøhvit site24 in the Norwegian Barents Sea, with onshore CO2
capture, offshore storage linked by a 150km offshore CO2 pipeline. All these projects involve
disposal of CO2 separated from natural gas, with injection into saline formations (at Sleipner and
Snøhvit) or into a depleted gas field (at K12-B).
Since the start of the Snøhvit project, progress in offshore storage has been limited. However, all
currently planned large-scale CCS projects in Europe focus on using offshore options. In Asia,
especially in the southeast, offshore storage seems to be the most feasible option. Figure 2-1 shows
a snapshot of the offshore storage projects in operation, planned and future prospects globally.
Emerging offshore CO2 storage projects include the Tomakomai CCS demonstration project in
Japan (expected to be operational in 2016), two projects in the UK (Peterhead-Goldeneye and
White Rose) and one in the Netherlands (ROAD) which are close to FID and project initiation.
These are discussed in some detail below.

22

Baklid, A, Krobøl R, Owren G., 1996. Sleipner Vest CO2 disposal, CO2 injection into a shallow underground
aquifer. Paper SPE 36600, presented at the SPE annual technical conference and exhibition, 6-9 October 1996.
23
http://www.k12-b.info.
24
Hansen, O., Gilding, D., Nazarian, B., Osdal, B., Ringrose, P., Kristoffersen, J-B., Eiken, O., Hansen, H., 2012.
Snøhvit: The history of injecting and storing 1 Mt CO2 in the fluvial Tubåen Fm. Energy Procedia, 37, 3565 – 357.
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Figure 2-1. Offshore large-scale integrated CCS projects and the
Tomakomai Project (Source: Global CCS Institute)
2.1.1.1 Operational projects

Currently, there are three CCS projects with dedicated CO2 geological storage in operation, as
mentioned above: the Sleipner Project, as well as the Snøhvit and K-12-B projects. The Sleipner
Project, located about 240 kilometers [km] (149 miles [mi]) west of Stavanger, Norway in central
North Sea is associated with natural gas production from primarily the Sleipner East and West gas
and condensate fields. The Sleipner East field has low CO2 content (less than 0.3 percent) but the
Sleipner West reservoirs contain gasses with 4-9 percent CO2. 25 The Sleipner West CO2 is
removed in order to meet the sales gas requirements, and driven by the Norwegian government’s
CO2 tax, the CO2 is injected into a dedicated geological storage site adjacent to the gas fields. The
natural gas and CO2 is separated using the MDEA amine process, compressed and injected from
the Sleipner T platform. The CO2 is injected at a rate of about 0.9 (million metric tonnes per
annum) (Mtpa) into the Miocene Utsira Formation, around 1 km below the seafloor and by 2014
more than 15 million metric tonnes (Mt) had been injected and stored. The Project is probably best
known for is extensive MMV program, including a series of time lapse (4D) seismic surveys over
the storage site. These surveys have provided valuable insights into CO2 storage behaviour by
visualising the movement of the CO2 plume through the saline formations of the Utsira Formation.
25

Hansen, H., Eiken, A., and Aasum, T. A. 2005. Tracing the path of carbon dioxide from a gas-condensate
reservoir, through an amine plant and back into a subsurface acquifer. Case study: The Sleipner area, Norwegian
North Sea. Paper SPE 96742, presented at Offshore Europe 2005, Aberdeen, UK, 6-9 Sept. 2005.
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The second operational project, the Snøhvit Project, is located in the Barents Sea, off Norway and
began injecting CO2 in 2008. This LNG development covers three gas fields, Snøhvit, Albatross
and Askeladden, which have CO2 contents ranging from 5 to 8 percent. This fully subsea offshore
development pipes the production gas to an onshore gas processing and LNG facility where the
CO2 is separated out due to requirements for the LNG conversion process and also driven by the
Norwegian CO2 tax. The Project includes the world’s first offshore pipeline for CO2 transport
which covers some 153 km (95 mi) to link the LNG facility to the subsea template where CO2
injected into saline aquifers adjacent to the Snøhvit gas field. The storage formation is the Jurassic
Tubåen and Stø Formations, which are around 2.5 km (1.6 mi) depth below the sea surface. The
design capacity is 0.7 Mtpa of CO2, and by 2014 more than 2.5 Mt had been stored. This project
also has an extensive MMV program based on time-lapse seismic and reservoir pressure
monitoring, which has proven successful for risk management. During injection in the Tubåen
Formation, a gradual increase in well pressure was detected, likely due to previously unknown
compartmentalisation of the storage formation. In 2011, re-completion of the injection well was
performed and further injection was diverted to the Jurassic Stø Formation.26
The K-12-B project, named after the project’s offshore platform, also involves CO2 separated from
natural gas and then re-injected into the same reservoir as the gas field, but is smaller scale and
defined as a pilot project. It is located in the Netherlands North Sea, around 150 km (93 mi) NW
of Amsterdam. Gas production began in 1987 from Permian Slochteren Formation at a depth of
around 3.9 km (2.4 mi) below the seafloor. The natural gas CO2 content is around 13 percent. The
CO2 injection began operation in 2004 and around 0.02 Mtpa of CO2 is being re-injected into the
same reservoir. The project not only tests the effects of CO2 re-injection and evaluates enhanced
gas recovery, but also has an extensive MMV program focused on downhole analysis including
fluid sampling and geophysics, as well as using tracers in the injected CO2 to understand reservoir
flow dynamics by sampling the re-produced CO2.
2.1.1.2 Planned and pilot projects

All four UK/European projects which are in the advanced planning stage target offshore geological
storage as part of their CCS operations. However, these new projects involve CO2 capture from
power generation. If and when these projects move to the construction phase, they will represent
a dramatic shift globally towards large emission reductions via CCS in the power generation sector.
These projects also use a range of capture technologies and fuel sources (gas, coal and biomass)
and should help strengthen the validity of offshore CO2 storage. The most advanced CCS project
in this region, The Rotterdam Opslag en Afvang Demonstratie Project (ROAD), 27 in the
Netherlands has the potential to be the conduit for emissions of Europe to the North Sea for storage.
The project will capture around a quarter of the emissions from a new coal-powered plant, located
in the port of Rotterdam. Around 1.1 Mtpa of CO2 will be transported to a depleted gas field around
26

Hansen, O., Gilding, D., Nazarian, B., Osdal, B., Ringrose, P., Kristoffersen, J-B., Eiken, O., Hansen, H., [2012]
Snøhvit: The history of injecting and storing 1 Mt CO2 in the fluvial Tubåen Fm. Energy Procedia, 37, 3565 – 357.
27
Huizeling, E., et al., 2011. CCS project development in Rotterdam, Energy Procedia, 4, 5661-5668.
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20 km (12 mi) off the coast of Rotterdam. The target reservoir will be TAQA’s P18-4 gas reservoir,
which will cease production in 2015. An existing well will be re-used to inject into the depleted
gas field (Triassic Main Buntsandstein Subgroup) around 3.5 km (2.2 mi) below sea level and has
the capacity to store around 35 Mt of CO2. The ROAD project is the most advanced of any planned
CCS projects in Europe with capture and storage permits awarded, but still requiring additional
funding to proceed.
The Peterhead-Goldeneye CCS Project will focus on a natural gas fired power station. Located in
Aberdeenshire, Scotland, the power station will be retrofitted for post-combustion capture in one
(of three) turbines, capturing around 1 Mtpa. CO2 will be transported 120 km (75 mi) offshore to
the depleted Goldeneye gas reservoir, re-using 100 km of pipeline already in place to the existing
platform at the site. The depleted field, the Cretaceous Captain Sandstone, is 2.5 km (1.6 mi) below
seafloor. The Project’s
expected start-up is in
2019/2020. Re-using the
existing
infrastructure
will help reduce costs. In
addition, it is also
expected
that
the
demonstration of the use
of a depleted gas field
would
improve
confidence in managing
Figure 2-2. Proposed route for Yorkshire and Humber CCS
Country Pipeline in the UK (source: Global CCS Institute; after
risks.
National Grid Carbon, 2014)
The Don Valley Power
Project plans to capture CO2 from two newly constructed integrated gasification combined cycle
power units located in South Yorkshire, UK (Figure 2-2). Expected to start in 2019, approximately
5 Mtpa of CO2 will be captured and transported to the offshore North Sea via the Yorkshire and
Humber CCS Cross Country Pipeline, a common user hub and storage pipeline also to be utilised
by the White Rose CCS Project. The White Rose Project is planning to capture around 2 Mtpa of
CO2 in 2019/2020 from an oxy-fuel combustion, coal feedstock (plus biomass) power station in
North Yorkshire, United Kingdom. Both Don Valley and White Rose will target the same storage
complex, the Triassic Bunter Sandstone Formation, located 70 km (44 mi) off the coast of
Yorkshire and about 1 km (3,280 ft) below the seafloor. Utilising a multi-emitter, common-user
single ‘trunk line’ CO2 pipe to a dedicated storage site has the potential to reduce costs and
streamline the CCS project approvals process. If the storage capacity is available, this model could
be utilised in many other areas of the world with clustered high emission sources adjacent to
storage sites offshore.
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The Tomakomai CCS Demonstration Project is presented here as it demonstrates an alternative
option to offshore CO2 storage than detailed above. 28 The Tomakomai CCS Demonstration
Project, located in southern Hokkaido, Japan is a medium-scale demonstration project currently
under construction. Over 3 years starting in 2016, CO2 will be captured from a hydrogen
production facility at a rate of more than 0.1 Mtpa and piped a short distance to two onshore
injection wells, targeting two different storage formations. These wells are highly deviated,
extending between 2.9 km (1.8 mi) and 4.3 km (2.7 mi) offshore, to depths of 1.1 km (3,300 ft)
and 2.7 km (8,900 ft) below the seabed respectively. The onshore injection to offshore storage
option, if proved viable at the commercial-scale could improve the economics of a project where
a near shore storage option is available.
Thus, the geological storage of CO2 in the offshore environment is technically feasible with
decades of learnings from not only the oil and gas industry but also dedicated CO2 storage projects.
Comparable to the CCS industry in general, offshore storage is not common practice with only a
few projects operational, as detailed above. The exploration and appraisal of a storage site in the
offshore environment would be more expensive than onshore but from social, regulatory and
technical aspects may actually be easier. Moreover, through the re-use of pipelines and platforms,
as well as the re-completion of wells and by targeting depleting/depleted fields or adjacent storage
formations, early mover projects could benefit by lowering the overall costs and improving
technical viability assurance when a commercial-scale CCS project is proposed. The UK projects
in the planning phase are evidence of this and could be a repeated pattern in the offshore
environment globally in the future.
2.1.2

Offshore EOR projects

Very few offshore CO2-EOR projects exist; however, in 2011 Petrobras started the first such
project offshore Brazil, as a pilot project in which the supergiant Lula oilfield uses CO2 separated
from natural gas for EOR. The field is in deep water (over 2000 m), below a thick salt formation,
at a total depth between 5,000 and 7,000 m. CO2 is separated from the hydrocarbons produced
from the field and re-injected in a pilot to test the feasibility of starting CO2-EOR early in the
lifetime of the field. If successful, this would prevent expensive late-life modifications to platform
and installations to accommodate CO2 processing equipment.29, 30
In Southeast Asia, there have been a couple of offshore CO2-EOR projects. In Vietnam, for
example, a small-scale pilot test was conducted at the Rang Dong Oilfield, located 135 km off the
coast of Vung Tau, in 2011. In the project, 111 tonnes (t) of CO2 were injected through an existing

28

Tanaka, Y., Abe, M., Sawada, Y., Tanase, D., Ito, T., Kasukawa, T., 2014. Tomakomai CCS Demonstration
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Malone, T., Kuuskraa, V., DiPietro, P., 2014. CO2-EOR Offshore Resource Assessment, report DOE/NETL2014/1631, 2014, 90 pp.
30
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production well, followed by a four-day oil recovery test with the same well 2 days later. The test
was successful and an extended inter-well pilot test is under planning as a next step.31
In Europe, the potential for large-scale offshore CO2-EOR projects is large. In the North Sea, field
gas is used on a large scale for enhanced recovery, with total volumes of the order of 35 bcm/yr.32
A Norwegian sector study33 pointing to a potential demand for 12-16Mt CO2 annually for at least
25 years. Several technical feasibility studies for CO2-EOR, for example at the giant Gullfaks
(sandstone)34 and Ekofisk (chalk)35 fields, have demonstrated the technical feasibility of largescale CO2 injection for EOR offshore. Similar technical potential for CO2-EOR in the UK offshore
sector has also been identified.36 However, no projects have progressed past the feasibility stage
mainly due to economic factors, and most essentially due to the lack of sufficient volumes of CO2.
In order to enable large-scale CO2EOR in the offshore sector, it is clear that initiatives to initiate
CO2 capture and supply infrastructure are needed.37
CO2-EOR has not yet been commercially implemented in the Gulf of Mexico due to economic
(i.e., offshore drilling and pipeline costs) and operational (i.e., recycling facility large footprint)
limitations. However, five CO2-EOR pilots were carried out in Louisiana’s shallow near-shore and
bay waters back in the 1980s. In all pilots the CO2 was delivered to the injection site by barges
where the CO2 was injected followed by either nitrogen or field gas in a gravity stable strategy.
All pilots were considered successful.38

2.2 Barriers to large-scale offshore project demonstration and deployment
The oil and gas industry have been drilling, extracting and injecting in the offshore environment
for decades. The technology of the offshore drilling has now been expanded to inhospitable oceans
hundreds of meters deep regularly. With the background of several offshore CO2 storage projects
in operation, both at the pilot scale and at an industrial scale (c. 1 Mt CO2 per annum), it is clear
there are no major technical feasibility hurdles or barriers to further deployment. Long-term, safe
and secure storage sites can be selected, characterized, operated and completed based on the oil
Ueda, Y. et al., 2013, CO2-EOR Huff ‘n’ Puff Pilot Test in Rang Dong Oilfield, offshore Vietnam, Journal of the
Japanese Association for Petroleum Technology, Vol. 78, No.2, 188-196
32
Cavanagh, A., and Ringrose, P., 2014. Improving Oil Recovery and Enabling CCS: A Comparison of Offshore
Gas-recycling in Europe to CCUS in North America. Energy Procedia, 63, 7677-7684.
33
Awan, A. R., Teigland, R., and Kleppe, J., 2008. A survey of North Sea enhanced-oil-recovery projects initiated
during the years 1975 to 2005. SPE Reservoir Evaluation and Engineering, 11(03), 497-512.
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Agustsson H, Grinestaf GH, 2005. A study of IOR by CO2 injection in the Gullfaks field, offshore Norway. In:
The 13th European Symposium on Improved Oil Recovery
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Hustad, C. W., and Austell, J. M., 2004. Mechanisms and incentives to promote the use and storage of CO2 in the
North Sea. European Energy Law Report I, Intersentia, 355-380.
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Technology, 60, 537-546
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and gas industries experience in risk management principles. Moreover R&D, pilot, demonstration
and operational projects continue to improve our knowledge in the offshore environment in terms
of technology, risk management and in particular MMV. The main barriers concern the lack of
incentives or business models needed to promote large-scale offshore CO2 storage.
It is helpful to summarize the main barriers to large-scale offshore CO2 storage under two classes:
1. Storage in saline formations or depleted gas fields or without any added utilization value
for the CO2 (section 2.1.1);
2. Storage as part of CO2-EOR where there is some added value via the utilization and storage
sequence (section 2.2.2).
2.2.1

Offshore CO2 storage

The principle barriers to large-scale CO2 storage in saline formations or depleted gas fields are:
1. Lack of progress with large-scale CO2 capture projects;
2. Lack of investment in CO2 transport infrastructure, either via ship or pipeline;
3. Concerns about potential impacts of CO2 injections on the marine environment;
4. Concerns about the long-term capacity for large-scale CO2 storage in the offshore setting.
Whilst there are some technical issues underlying these barriers (such as progress with bringing
down the cost of CO2 capture technologies or improving the confidence in monitoring and
verification of long-term storage safety), the main issues are financial and societal. There is little
doubt that there is a substantial capacity for CO2 storage offshore,39,40 where thick accumulations
of suitable sedimentary formations are found on the world’s extensive continental shelves and
margins.
In addition to the barriers listed above, the development of storage sites in saline formations has a
long lead time, with significant investment required to prove the feasibility of a storage site.41
These investments are similar to those of an exploration effort for hydrocarbon fields, with the
associated risks, but without the potential benefit of hydrocarbon production. Given the long lead
time, exploration for storage sites should precede the development of a capture installation by
many years. Uncertainty about the availability of sufficient and proven storage is a key uncertainty
for early CCS developers.
From a non-technical or economic perspective the two barriers to the global deployment of CCS
with offshore storage targets is the London Protocol and management of fluids in the subsurface
across recognized boundaries. The London Protocol precludes the export of wastes, which means
39
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that CO2 cannot move across marine borders for the purposes of geological storage. An amendment
to enable export for CO2 storage was adopted in 2009 but only Norway, the UK and The
Netherlands have ratified the amendment. On the other hand, the migration of CO2 in the
subsurface, which in some places could potentially move across marine borders was addressed by
revising the specific guidelines for CO2 disposal in 2012. In policy in general, globally the regional
and national policy settings of most nations are often fragmented and do not support CCS with
offshore deployment.
2.2.2

Offshore CO2-EOR

In the second class of projects, with storage as part of CO2-EOR, there is considerable interest in
potentially resolving the economic barriers to large-scale CCS, by bringing added value to projects
via integrated CO2-EOR and storage solutions. A number of barriers to the development of
offshore CO2-EOR projects can be identified.
1. Funding mechanisms for capture and transport.
2. A number of studies using different oil and CO2 price assumptions42,43 have shown that
while CO2-EOR can provide a positive economic business case for individual projects, the
CO2-EOR incentive still falls significantly short of providing funding mechanisms for CO2
capture and transport. In a scenario where significant volumes of CO2 are available from
onshore CO2 capture plants, it could well be the case that CO2-EOR would improve the
overall cost model for integrated CCUS value chain projects.
3. Availability of CO2: The CO2 demand of typical North Sea oilfields is of the order of 5 Mt
per annum.44 Until about 2025, the only CO2 volumes available around the North Sea will
be those from pilot and demonstration projects that produce relatively small volumes each
(of the order of 1 Mt per annum). Larger volumes, from single point sources, can be
expected no sooner than about one decade from today—a typical CCS project development
period. Consequently, the first large-scale pipeline from (near-shore) capture locations
bringing sufficient and reliable quantities to offshore oilfields are unlikely to appear before
that time.
4. Cost of converting existing installations: A final important hurdle to offshore CO2-EOR
projects is that the cost of conversion of existing offshore platform facilities from water or
gas injection to CO2 injection requires a significant upgrading of topside facilities and
wells. Such investments, both in terms of capital and in lost revenue from oil production
during conversion, mean that other improved oil recovery methods (such as miscible gas
42
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injection) are likely to remain the preferred option until new tax or funding incentives are
applied.
5. Regulatory barriers: There are currently no regulatory barriers to using CO2 for enhanced
recovery, as illustrated by the pilot projects described in section 2.1.2. In many countries,
however, it is not possible to combine CO2-EOR with storage, with the aim to claim
emission credits. The European CCS Directive does not explicitly exclude such a
combination, but many European Member States have implemented the Directive into
more stringent regulations, preventing a CO2-EOR operation to be part of a CCS project.
It should be noted that where CO2 is used for EOR, all the acquired CO2 is ultimately stored, since
produced CO2 is recycled and re-injected both due to its economic value to the project (a business
driver) and the objective of ensuring CO2 storage (an environmental driver). This results in a
decreasing demand for CO2 during the EOR project. This practice is routine in the onshore CO2EOR sector in the United States, and exemplified by the large-scale CO2-EOR and storage projects
at Weyburn, Canada.45

2.3 Opportunities and recommendations for overcoming barriers
The major barrier to the development of offshore storage or EOR is the lack of progress with largescale CO2 capture projects. To resolve this situation, the development of all elements of the
capture, transport and storage (or EOR) chain should be supported simultaneously. Nevertheless,
the following sections highlight opportunities and recommendations that apply to transport and
storage (or EOR).
2.3.1

Offshore CO2 storage

As mentioned above, there are no significant technical barriers to offshore CO2 storage. The
barriers identified are in the areas of availability of storage capacity and of national regulations.
The high risks and long lead time involved in proving up storage capacity suggest that this could
be a governmental task, especially to support the development of first-wave or even second-wave
CCS projects. The long lead time (in the range of 7–10 years) means that storage qualification
defines the start-up time of a CCS project. Although the unit cost of storage are lower than that of
capture, one ‘dry’ hole (i.e., into a formation that proves not to be good store) would significantly
increase the cost of storage. It would help prospective CCS stakeholders if governments were to
provide a number of pre-qualified storage locations. For such locations, all preparatory work,
including the documents for a storage permit application should be made available to reduce the
uncertainty regarding the availability of storage. This would support both the storage and the
transport elements of CCS projects.
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There could also be a role for national authorities in the development of a transport infrastructure.
During the pilot and demonstration phase of CCS, separate CO2 volumes will be relatively small.
These projects could be developing the first elements of the large-scale infrastructure, if sufficient
incentive is given to oversize the transport infrastructural elements. Especially during the early
phase of CCS, public-private partnership is essential to generate these large infrastructural works.
An increase in the available financial incentives for (offshore) CCS project is needed to increase
the speed of development of offshore CCS. Funding mechanisms should consider funding
operational costs, as well as up-front investments. The CO2 emission tax in Norway and the
contract-for-difference in the UK are examples of funding mechanisms that provide certainty of
funding during the lifetime of a CCS project, whether it is a demonstration or full-scale project.
2.3.2

Offshore CO2-EOR

For offshore CO2-EOR a number of barriers in the technical domain were identified, in contrast
with offshore storage.
Current CO2-EOR techniques, such as those used in Texas, are aimed at minimizing the volume
of CO2 stored in the oilfield and maximizing the volume of CO2 that is circulated. This minimizes
the volume of CO2 purchased. If there is an economic benefit in storing the CO2, for example
through emission credits that can be claimed for the CO2 stored, EOR techniques can optimized
not only for enhanced oil production, but also for the stored CO2 volume.46 This would improve
the value of CO2-EOR operations when they form part of a capture-transport-storage project.
One of the barriers reported widely for CO2-EOR projects is the investment required for the
modification of platform and installations, and the lost revenue during modification. By moving
equipment required to separate and condition the CO2 to the seafloor, modifications to the platform
can be minimized. Recent development of subsea processing offers an increasing number of new
concepts and opportunities. 47 Such processing can also be applied for treating well streams
resulting from CO2 flooded offshore reservoirs. Subsea processing systems and equipment such as
separators, heat exchangers and pumps have been qualified and are in use in a subsea environment
today. During 2015 a subsea compressor48 cc) will be put in commercial operation on the Åsgard
field on the Norwegian Continental Shelf. Such a subsea compressor unit might be a key
component in an arrangement for treating a CO2 rich well stream. By exploiting the opportunities
the subsea process systems offer, it can be technically feasible to arrange a subsea based well
stream process train, which could provide separation of the high concentration CO2 well stream
and reinject the compressed or liquefied CO2 to the reservoir or into a nearby aquifer. Alternatively
the compressed CO2 could be pumped to an adjacent oil reservoir for CO2 flooding. However, a
46
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complete stabilization of the oil phase at the seabed is not seen as commercially realistic, so some
residual CO2 will follow the treated well stream to the topsides facilities.
Dependent on reservoir conditions, infrastructure available on the topside and requirements to the
oil and gas produced on the topsides, the subsea processing solution can be arranged in various
ways. One alternative that is seen as technically feasible is to install a gas separation unit where a
bulk separation of CO2 is provided by e.g., selective membranes or other separation concepts. This
concept ensures the highest possible degree of extracting commercially recoverable resources from
the reservoir.
Another promising aspect of the subsea processing concept is that such arrangements are made
with retrievable modules due to the need for inspection and maintenance. Since a typical EOR
project has a relatively short life time, most of the subsea processing equipment can probably be
reused in new projects. This would offer a commercially better solution as well.
In a final production stage of the reservoir, after the technically and commercially available
hydrocarbon resources are extracted, the infrastructure of the subsea facilities can be used for
permanent injection of CO2, hence represent a considerable enabler for CCS.
Recent advances in subsea separation and processing could extend the current level of utilization
of sea bottom equipment49 to also include the handling of CO2 streams. By moving equipment
required to separate and condition the CO2 to the seafloor, modifications to the platform can be
minimized.
In the regulatory domain, an opportunity that has received attention recently is to enable CO2-EOR
projects to benefit from emission credits. The ability to combine enhanced production and storage
activities would provide another incentive to utilize the potential for CO2 storage in oilfields50 as
a driver for the development of CCS. The additional benefit of enhanced recovery could help
finance the capture and transport part of the CCS project. This would probably require the EOR
operator to perform more and more detailed monitoring, but the MMV technology is available and
the additional cost will not significantly increase the overall cost of the EOR operations.
Further opportunities to support the development of offshore CO2-EOR are to found in what could
perhaps be termed the organizational domain.
Although CO2-EOR is performed on a large scale in Texas, there is only one offshore project in
operation and that is the Lula project in Brazil. The startup of new projects could be supported
through small late-life oilfields (or a section of larger oilfields) where CO2-EOR is developed in a
demonstration project setting. These small projects could serve as stepping stones to larger-scale
projects.
As mentioned above, early CO2 capture projects are likely to produce limited volumes of CO2.
Each of these projects would not produce the CO2 required by a single CO2-EOR oilfield. The CO2
49
50
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demand curve of a typical EOR operation decreases after a peak at the start, which renders the
construction of a dedicated pipeline to the field difficult. Ship transport could provide the
flexibility that is required in such cases.51 A small number of ships could link emerging capture
projects to pilot and demonstration scale offshore CO2-EOR operations. This could trigger larger
EOR operations, in turn seeding the first elements of offshore CO2 transport pipelines.
However, while such an approach could help build CO2 volumes of required size, CO2-EOR will
only be initiated once there is certainty of supply for the typical duration of CO 2-EOR projects.
During the startup phase of CCS, demonstration projects may not provide such certainty, unless
the commercial phase is very likely to be the next, consecutive step in the development of CCS.
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3 Offshore CO2 Storage and Enhanced Oil Recovery Resource
Assessments
3.1 Status of Resource Assessments
The geologic aspects of capacity assessment are the same offshore as onshore, and future global
assessment of offshore storage capacity can leverage the work that has been completed onshore,
for example, the CSLF task Force Effort52 as well as the case studies from the offshore North Sea
and Gippsland basins.53
The largest storage volumes are found in saline storage units, which are porous sedimentary rocks
occupied principally by saline water. By most definitions of storage capacity, horizontal low
permeability rock layers that serve as confining systems that limit vertical migration of fluids must
be identified. The second major storage subcategory is depleted hydrocarbon fields, where
hydrocarbons that have been extracted have been partly replaced by injected CO2. Depleted
hydrocarbon fields can be used for storage with no intention of resource recovery, or storage can
be linked to EOR or enhanced gas recovery (EGR), in which case it is classified as CCUS. Storage
focused on a mineral trapping mechanism has been proposed where the rocks are highly reactive
to CO2. The major reactive rock in sub-sea settings is basalt.
Within each category, the first stage of calculating capacity is to determine the areas to be used.
This determination may require defining a confining system or seal for containment in order to
define a storage unit or identify areas that have structural traps (for example Brennan et al, 2010,54
Bentham et al., 2014 55 ). Another consideration is the distance between source and sink, with
storage volumes distant from sources being disqualified.56 The assessment of storage in China
provides many additional variables for consideration as described by Li (2014)57 and Jian (2014).58

52

CSLF, 2008, Comparison between Methodologies Recommended for Estimation of CO 2 Storage Capacity in
Geological Media. Carbon Sequestration Leadership Forum (CSLF), Bachu, S. (Ed.)
53
Gibson-Poole, Catherine M.; Svendsen, L. Underschultz, J. Watson, M. Ennis-King, J. P. van Ruth, P., Nelson, E.,
Daniel, R. and Cinar, Y., 2006, Gippsland Basin geosequestration: a potential solution for the Latrobe Valley brown
coal CO2 emissions, APPEA Journal
54
Brennan, S.T, Burruss, R.C., Merrill, M.C., Freeman, P.A., and Ruppert, L.F., 2010, A Probabilistic Assessment
Methodology for the Evaluation of Geologic Carbon Dioxide Storage, United States Geological Survey open file
report 2010-1127 http://pubs.usgs.gov/of/2010/1127/ofr2010-1127.pdf
55
Bentham, M., Mallows, T., Lowndes, J., and Green, A. (2014). CO2 STORage Evaluation Database (CO2 Stored).
The UK's online storage atlas. Energy Procedia, 63, 5103-5113.
56
Bachu, S., Bonijoy, D., Bradshaw, J., Burruss, R., Holloway, S., Christensen, N.P., Mathiassen, O.M., 2007. CO2
storage capacity estimation: methodology and gaps. International Journal of Greenhouse Gas Control,1, 430–443.
57
Li, Jian, 2014, The capacity building in carbon dioxide capture and storage in China, China Australia Geological
Storage workshop, CO2 storage capacity assessment and demonstration in China, completed 2014, China Geological
Survey
58
Jian, Xiaofeng, 2014, CO2 Geological Storage of Target Area Scale Selection and Evaluation Method, China
Australia Geological Storage workshop,http://www.cagsinfo.net/pdfs/cags2workshop3/2.1_CO2_Geological_Storage_of_Target_Area_Scale_Selection_and_Evaluation_Method.pdf

19

Once the storage areas to be quantified have been defined, the mass of CO2 that can be stored in
that volume is assessed by determining the fraction of the volume that can be used, and the density
of the CO2 to be stored in that volume. Quantification of capacity depends on the definition of
storage adopted. Some methods are static and based an assessment of pore volume multiplied by
an efficiency factor (e.g., NETL, 201259). Other capacity estimations, for example the Enhanced
Analytical Simulation tool (EASiTool),60 are based on the rate at which CO2 can be added to the
system without exceeding a pressure limit. Several studies have compared capacity methods and
found that the assumptions create large variation in storage capacity assessments, however these
variations resolve toward similar order-of-magnitude calculations.61,62,63
3.1.1

Saline

The global distribution of saline storage at the coarsest level can be assessed by evaluating
thickness of sedimentary cover. This method was used for the initial onshore U.S. capacity
assessment64 and is used in this report for the initial assessment of global subsea storage (Figure
3-1). Certainly not all of the volume plotted in Figure 3-1 is useable, because the existence of both
reservoir and confining system must be demonstrated, however the thick areas can be considered
prospective.
3.1.2

Storage related to oil and gas production

While significant experience exists in CO2-EOR, that experience is unevenly distributed globally,
with the majority occurring in the United States (specifically West Texas, since 1972). The
majority of that experience is onshore due to the favorable economics in the current environment.
However, the eventual development of offshore CO2-EOR is anticipated, although it is difficult to
predict when market pressures will make those projects economic. Likely the development will be
incremental where projects have highest chance of success and return on investment. In addition,
government financial incentives may accelerate deployment.
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Research to facilitate CO2-EOR focuses on improving recovery rates and reducing the costs per
barrel produced. The conformance (sweep efficiency) of the floods is a primary factor governing
these and miscibility, multi-phase flow, wettability, and engineered mobility (i.e., nanoparticles)
are also important.
While there has been extensive offshore exploration for hydrocarbons since the 1960s in many
basins throughout the world (and exploration continues with success), the opportunities for
enhanced oil recovery using CO2 are less well known. This is in part due to resource development
which favors onshore enhanced oil recovery as more economic at this time. However, there are
places where CO2 is actively being used or considered to enhance offshore hydrocarbon
production. The most notable of these are in the offshore of Brazil and Malaysia.
In the offshore of southeastern Brazil, exploration of the deep (pre-salt) reservoirs in the Campos
and Santos Basins has indicated many of the gas reservoirs are high in CO2 content (perhaps 1020 percent), complicating logistics and development plans. Petrobras has repeatedly indicated it
prefers not to vent the naturally produced CO2 if it can be separated economically in the offshore
environments (as is done by Statoil in the North Sea at the Sleipner development). The preferred
utilization of CO2, providing the technical challenges of deep reservoirs in heterogeneous
carbonate rocks can be overcome, is to inject the CO2 into producing hydrocarbon fields (e.g.,
Lula, which is currently active at ≈700 kt CO2 per year) for enhanced recovery. There are over 35
fields in the Campos Basin that are mature and could benefit from enhanced oil recovery (e.g.,
Ketzer et al., 200765; Almeida et al., 201066; Rockett et al., 201367).
In Malaysia (Sarawak), the enormous Petronas K5 Project in the southern South China Sea will
produce natural gas with up to 70 percent carbon dioxide. In the region there are estimates of more
than a dozen similar scale fields with similar CO2 content. These fields hold perhaps 13 trillion
cubic feet of natural gas (methane) and twice as much carbon dioxide. For perspective, this is
equivalent to current national volumetric emissions of CO2 for some countries. The concept being
pursued is to boost production in depleting nearby offshore oilfields. FEED studies are anticipated
to start in 2015. An additional pilot project was considered for the Dulang offshore oilfield.68
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In the Gulf of Mexico, offshore EOR is not active, but anticipated.69 Economic reasons for delayed
deployment (as for most basins) include transport expense, offshore processing/compression, and
higher well and facilities operations costs. Estimates of stranded oil from primary production are
significant, perhaps as much as 27 billion barrels.70 Of this, perhaps 6 billion may be recoverable
using CO2-EOR techniques. Given the royalty structure in the US offshore, the Federal
government has incentive to facilitate EOR, and would also be the long-term steward for CO2
storage projects. The Gulf of Mexico is the largest market for infrastructure decommissioning, and
there is a time-sensitive motivation for re-commissioning those facilities for CO2 injection, and
thus delay expensive decommissioning processes. In the 1970s, CO2-EOR was investigated in the
Gulf of Mexico at Weeks Island, Iberia Parish, Louisiana.71 While the location was not technically
‘offshore’, it was in a bay setting near the coastline in the same geological formations that are most
prospective in the near offshore. Estimates of oil recovery from CO2 injection were estimated at
26 MMBO for similar depleted reservoirs in the region. The project injected 50,000 tons of CO2,
and the extent of subsurface migration was successfully monitored with neutron well logging.
Other offshore investigations for CO2-EOR have been performed for the North Sea (HeidrunDraugen; Don Valley), Abu Dhabi (Persian Gulf), Vietnam (Rang Dong), and the South China Sea
(SCS; Pearl River Mouth Basin; Huizhou 21-1 Field). In general, the SCS opportunities are similar
in technical aspects and original recovery percentages to the North Sea Basin, Gulf of Mexico, and
Brazil, although the field sizes for SCS are somewhat smaller. All basins have similar
infrastructure needs, although the distances offshore vary. SCS has favorable light oil
compositions (low density and viscosity), relatively high porosity and permeability, and shallow
water depths.
3.1.3

Storage in subsea basalts

Development of mineral storage in subsea basaltic (mafic and ultramafic) rocks is at an early stage
dominated by conceptual studies. Three complementary CO2 trapping mechanisms are proposed.
Most research focuses on trapping by reaction of dissolved CO2 with the abundant divalent cations
(Ca2+, Mg2+and Fe2+) in these rocks through a naturally accelerated weathering reaction and
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subsequent precipitation as the minerals such as calcite, magnesite, and siderite.72,73,74 Structural
trapping in porous zones within the basaltic rocks beneath impermeable seals (either impermeable
basalts or other impermeable strata such as mudrocks) and density trapping where injected CO2 is
more dense than seawater are also considered.75 Testing of storage by mineralization has been
conducted fairly extensively in laboratories and in three on-land field settings.76,77,73,78 CO2 can be
dissolved in water prior to injection as is done in the CARBFix experiment in Iceland and the
Lamont-Doherty Earth Observatory experiment in the Palisades sill, NY, or injected as a separate
phase as has been done the Big Sky experiment in Wallula, Washington.79
The distribution and amount of usable storage in oceanic basalt is poorly constrained. Ocean basins
typically contain kilometers of basaltic crust with various fabrics and compositions. 80
Consideration of storage in basalt may provide options for areas where porous media storage is
limited, for example in the Pacific Northwest of the United States.81 Limitations of utilization of
basalt for storage have not been systematically assessed but may include excessive water depth,
excessive distance from on-land CO2 point sources, excessive depth of burial beneath sediments,
and limiting properties of the basaltic rocks such as presence of porosity and a functional top seal.
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Figure 3-1. Thickness of sedimentary cover in offshore areas based on data from Divins
(2003). CSLF countries are shaded. Numbers correspond to table 3-1 and to the detailed
discussions in following texts. Basin outlines from AAPG (2013),82 and supergiant
hydrocarbon fields from Mann et al. (2003).83

More data are needed about how to assess injectivity and sealing capacity and the impact of
mineralization storage processes on these key functions prior to fully understanding the
distribution of suitable storage sites. Parts of the seafloor are tectonically active which may limit
potential for storage in some areas. Maps of sub-sea distribution of selected basalts are presented
by Brown et.al. (2009)74 and Big Sky Carbon Sequestration Partnership79, however maturation of
the concept is needed to improve assessment of the potential global contribution of this method.
3.1.4

Status of global storage capacity assessment in subsea basins

To provide more information on the status of assessment of capacity in subsea basins globally,
eleven prospective basins from Figure 3-1 were selected and a literature review conducted (Table
3-1). Status is highly variable. The best known basin is the North Sea for which a numerous
regional and site-specific studies specifically targeted to assess storage have been completed and
82
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published. Other basins have significant data available about basin geology but have only a few or
no studies of the suitability of the basins for geologic storage. Basins are numbered in the text,
Figure 3-1 and Table 3-1.
3.1.4.1 North Sea Basin (1)

The North Sea Basin (NSB) is one of the most explored marine basins in the world, with decades
of subsurface exploration summarized in the literature. 84,85 The first and longest running CO2
storage project in the world has occurred at the Sleipner Field in the North Sea. The potential
(capacity) for CO2 sequestration is fairly well defined in regional geologic atlas format (both for
the Norwegian and UK sectors of the central North Sea). 86 , 87 ,85 The storage capacity in the
Norwegian sector has been estimated to have over 45 Gt of CO2 storage, predominantly in the
Utsira, Skade, Bryne, and Sandnes Formations. The UK sector of the North Sea has similar
capacity. The southernmost NSB has thinner Cenozoic deposition, resulting in generally less
storage capacity.88
Many passive continental margins initiated as rift basins during continental separation, with
continued separation forming two separate shelves on opposite sides of an ocean. The North Sea
Basin had a somewhat unique evolution in that rifting stalled prior to full development. This
resulted in two important aspects for CO2 storage. The first is that the basin depocenter remained
in the middle of the basin (farthest from the coastline), where thick sequences of clastic sediment
accumulated. 89 The second is that during this time, the basin experienced glacial advance and
retreat that resulted in cyclical vertical tectonics, which is atypical for many passive margin
settings (although perhaps somewhat similar to the northern Atlantic margin of the United States).
These vertical isostatic basin elevation changes have caused the basin to experience dynamic
cycles in pore pressure, such that the recent glacial history may be a significant influence in the
structure, seal quality, and fluid history of the basin. Understanding the impact that these aspects
may have for CO2 storage is actively being pursued with the recent submission of a research
proposal to the Integrated Ocean Discovery Program by an international consortium to drill a series
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of wells focusing on the Cenozoic central basin fill to evaluate both the glacial stratigraphy as well
as the seal characteristics. In this way, the NSB remains at the global forefront of understanding
offshore basins for CCS.
3.1.4.2 Gulf of Mexico Basin (2)

Decades of exploration for hydrocarbons has provided insights into geology of the offshore portion
of the Gulf of Mexico Basin.90. Most hydrocarbon production and concomitant data are from the
northern, western and southern offshore areas of the basin. The Gulf of Mexico was formed during
the Mesozoic, and accumulated a thick Jurassic sequence of shale that is important in later
tectonics. The Mesozoic section contains significant carbonate with some siliciclastic depositional
thickness,91 however the most significant sediment thickness for CCS purposes are of Oligocene,
Miocene and early Pliocene age.92,93 Thick, coarse-grained clastic units provide storage reservoirs
that alternate with laterally-extensive fine-grained units that serve as confining systems. Thinskinned salt tectonics control the development of structural elements of the northwestern Gulf94
and various structural configurations have resulted in traps that have accumulated large
hydrocarbon volumes through geologic time. Such traps may also be prospective for retaining
injected volumes of anthropogenic CO2.
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One focus of CCS research has been on the northern and northwestern margins of the
basin.95,96,97,98,99,100 This area is considered prospective because of the proximity of high quality
storage potential, large industrial sources, extensive development of hydrocarbon resource, and
demonstrated onshore EOR potential. Extensive geologic datasets from hydrocarbon exploration
allow for informed regional geologic assessments. In conjunction with newer, higher-resolution
technology detailed static geologic models can be generated that can then utilize hydrocarbon
production histories to generate well-constrained flow simulation models of future anthropogenic
CO2 injection sites.
Research has only recently begun on evaluating offshore basins of the southern Gulf of Mexico in
Mexican waters, which like the northern Gulf, are well known because of extensive hydrocarbon
development.101
3.1.4.3 Atlantic Coast of United States (3)

The formation of the central North Atlantic Ocean began with continental rifting (separation of
North America and Africa) in late Triassic to early Jurassic time followed by seafloor spreading
throughout the rest of the Mesozoic and into the Cenozoic. Offshore from the East Coast of the
United States, rift basins and grabens that formed during this continental breakup were
subsequently filled with great thicknesses of sediment eroded from the present day Appalachian
Mountains. This type of passive continental margin is known throughout the world as an Atlantictype continental margin.102 Major basins of interest off the Atlantic coast of eastern United States
are, from north to south, the Georges Bank Basin (GBB), Baltimore Canyon Trough (BCT),
Carolina Trough (CT), South Georgia Basin (SGB), the Blake Plateau Basin (BPB), and the
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Bahamas Basin (BB). Three of these (GBB, BCT, CT) are known as classic Atlantic-type marginal
basins.103
Complexities of regional tectonics over time have resulted in big differences in geology along the
U.S. Atlantic coast, including large variations in width of the continental shelf. As a result, only
two of the classic Atlantic basins that are filled with clastic sediment, GBB and BCT, are located
within shallower water depths of the U.S. Atlantic continental shelf. These basins have high
potential for sub-seabed geologic storage (GS) of CO2.The BCT has previously been considered
for sub-seabed CO2 GS;104 however, more work is needed before the CO2 sub-seabed GS potential
of the GBB is known. The SGB, while not being a classic Atlantic-type basin, has thick sequences
of clastic sedimentary rock that also have significant potential for CO2 GS, especially in a section
lying offshore from Georgia. A stratigraphic analysis of the SGB and preliminary capacity
assessment was completed in 2011.105
Reconnaissance-level estimates of capacity for CO2 GS were completed in 2008 for areas offshore
from the Carolinas and landward of the Carolinas Trough.106 These capacity estimates will need
to be revisited because part of the assessed area is off the continental shelf in water up to several
kilometers deep. Atlantic coastal areas south of the SGB may be less favorable for sub-seabed GS
of CO2 because they are dominated by carbonate sediments and are more tectonically active. For
example, the BPB contains a shear zone that connected eastern Gulf of Mexico and central
Atlantic, as well as abundant mafic intrusions. BB has strike-slip, and compressional zones near
Caribbean.107
Early information on the offshore sub-seabed Atlantic came from hydrocarbon exploration on the
continental shelf overlying GBB, BCT, and SGB starting in the late 1970s. Because of opposition
from environmental groups, much of the subsequent work (drilling, seismic refraction, and gravity
modeling) was completed by scientific expeditions such as JOIDES, DSDP, COST, and USGS.108
In fact, current drilling moratoria for offshore Atlantic are in effect through 2017.
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3.1.4.4 Southeast Asia (4)

The basins to the northeast of Malaysia and Indonesia are different from the more common passive
margin extensional basins in that they have a prolonged compressional (convergent) history. This
convergence has caused rapid subsidence of thick carbonate stratigraphic sections, causing the
generation of prolific gas that has high associated CO2 contents (Natuna: 70 percent CO2, 200 Tcf
CO2; Kuala Langsa: 82 percent CO2, >20 Tcf CO2). In the North Sumatra Basin, average CO2
content in the lower Miocene Peutu Formation is around 25 percent, and in the deeper Paleocene
Tempur Formation it is typically over 50 percent. It is thought that the rapid subsidence of
Cenozoic carbonates and subduction-related volcanism109,110 generated more CO2 than could be
assimilated through natural processes in the basin (titration during migration; Cathles and Schoell
(2007) 111 ). Published details suggest that the most common geological circumstances for the
occurrence of high concentrations of CO2 are deep faults close to gas traps, reservoirs close to hot
basement and carbonates associated with post-trap igneous activity. The prediction of CO2 content
has a major impact on exploration and production strategies. The ultimate fate of the CO2 if these
large methane accumulations were to be produced is unknown, but reinjection for storage may be
guided by understanding the settings and characteristics of natural accumulations.
3.1.4.5 Pearl River Mouth Basin, offshore China (5)

According to Zhou et al. (2011),112 the Pearl River Mouth Basin (PRMB) is “an extensional basin
in the passive continental margin of the northern South China Sea” that was formed during
Paleogene rifting of the South China Block and further developed through later (Neogene)
subsidence. The basin contains more than 6 km of Cenozoic sediments in its continental shelf
portion. The sedimentary section mostly comprises alternating units of sandstone and mudrock
(shales, mudstones and siltstones) with some early Miocene limestone (reef) developed on
structural highs. Hydrocarbon producing reservoirs are late Oligocene to middle Miocene in age
as are potential CO2 storage reservoirs. The prospective units are deltaic, channel, transgressional,
slope and low-stand fan sandstones, and reef and platform carbonates.112 Similarly, known
hydrocarbon top seals are of early to middle Miocene age (within Hanjiang and Zhujiang
formations), and they correspond to potential CO2 confining systems, which can attain net
mudstone thicknesses of 400–800 m in the Hanjiang formation.112 Reservoirs within the Hanjiang
and Zhujiang formations exhibit porosities from 16–29 percent and permeabilities from 188–1732

109

Wilson and Hall, 2010, Tectonic influences on SE Asian carbonate systems and their reservoir development.
Cenozoic Carbonate Systems of Australasia: SEPM, Special Publication, 95, 13-40.
110
Nayoan, G. A. S., and Arpandi, M. S. (1981). Tertiary carbonate reservoirs in Indonesia.
111
Cathles, L. M., and Schoell, M. (2007). Modeling CO2 generation, migration, and titration in sedimentary basins.
Geofluids, 7(4), 441-450.
112
Zhou, D., Z. X. Zhao, J. Liao, and Z. Sun (2011), A preliminary assessment on CO 2 storage capacity in the Pearl
River Mouth Basin offshore Guangdong, China, International Journal of Greenhouse Gas Control, 5(2), 308-317.

29

mD as reported by Zhou (2011)112 after Chen et al. (2003).113 The major carbon geo-sequestration
uncertainties in the PRMB are the distribution of reservoirs and confining systems. The PRMB is
adjacent to one of the most highly industrialized regions of China (Guangdong Province),114 where
several petrochemical plants have been producing high-concentration CO2 and where two units in
the coal-fired Haifeng power plant are designed to be capture-ready.
3.1.4.6 Offshore storage capacity of South Africa (6)

South Africa’s total emission of carbon dioxide is over 400 Mt/y according to estimation in
2010.115 More than ninety percent of South Africa’s electricity is generated from coal.116 Clean
coal technology is vital to South Africa’s coal industry in a low carbon future.117 CCS has been
identified as one of the technical approaches to reduce carbon dioxide emissions in government’s
long-term mitigation plan. South Africa Centre for CCS has prepared a roadmap towards full
commercial operation of geological storage of in 2025.
The Atlas on Geological Storage of Carbon Dioxide in South Africa released in 2010 determined
that 98 percent of the country’s ≈150 Gt storage capacity lies in three offshore Mesozoic basins,
the Outeniqua Basin (south coast), Orange Basin (west coast), and Durban and Zululand Basin
(east coast) (Figure 3-2). The potential for storage in the depleted oil and gas fields is limited,
estimated 62 million tons of CO2. Total storage capacity of the known oil and gas reserves in the
Orange and Outeniqua Basin is estimated 15 million tons of CO2 after depletion.118,115 The majority
of the estimated storage capacity is from deep saline formations.
In these offshore basins, multiple storage/confining intervals occur in the thick strata of rift-drift
sediments. Fluvial marginal-marine and shelf sandstones in the syn-rift sequences and
slope/marine fan sandstones in the drift sequences provide storage intervals, while drift and
younger deep marine shales provide good confining units. Among them, the Outeniqua Basin is
the most explored with existing oil and gas infrastructure, while the Durban/Zululand Basin has
113
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Figure 3-2. Offshore Mesozoic basins along the coast of South Africa115
scant data, but is nearest to the major CO2 sources. The major challenges for carbon geological
storage are the overall lack of geological data and the extensive presence of faults and dolerite sills
and dykes.
3.1.4.7 NW shelf of Australia (7)

The major continental shelves of North West shelf -Timor Sea area of Australia is underlain by
sedimentary basins (e.g., Carnarvoran, Canning, Browse, Bonapart, Yampi) of Australia are in the
northwest side of the continent, offshore the state of West Australia. Dense publically accessible
seismic data means that this complex stratigraphy is well documented in the public domain as well
as in the oil and gas industry (e.g., Longley et al, 2003119).
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Complex Paleozoic basement stratigraphy (2-6 km) impacts the structure and sedimentology of
Neogene—Recent basins. Convergent plate setting, dominated by normal faults.120
These areas were recognized early as having high storage potential for CO, but questions arose
how this areas, distant from populations centers should be evaluated in terms of global potential,
as this volume might be too far to be of pragmatic utility.121 However, the area is highly productive
of gas and the Gorgon Project, storing CO2 stripped from gas, is under construction by a consortium
led by Chevron. Although the separation facility as well as the storage project is located on Barrow
Island, the project will provide a demonstration of the storage resource of the region. It also
continues the theme of early project related to sequestration of CO2 stripped from gas prior to
sending it to market.
3.1.4.8 Gippsland Basin, eastern Australia (8)

During assessment of the storage resource of Australia, the Gippsland Basin was identified as a
favorable target122,123 One of Australia’s hydrocarbon–producing areas, it lies in the near offshore
(<100 km to shoreline) of a major brown coal mining and use area in the Latrobe Valley, Victoria,
in southeastern Australia.124 A fault-bounded rift basin with anticlinal structures has undergone a
fairly complex evolution from the upper Cretaceous through the Tertiary. The sedimentary basin
thickness is >6km,124 however the characterization for geologic storage has focused on a 400-900
m-thick wedge of Paleocene—Eocene sandstones, shales and coals that form the Latrobe Group.125
Numerous stacked sandstone reservoirs have mineralogically mature composition sand retain good
porosity and permeability. Shale seals of the Lakes Entrance Formation average 395 m thick.126
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Complex basin evolution result in a long, baffled, predicted regional migration path for buoyant
CO2.
Depleted oil reservoirs are considered as the major target, and EOR is not considered economically
viable. Because exploration is currently active and production of known reservoirs is predicted to
be ongoing for several decades, a plan for injecting in saline formations down-dip of active
producers is proposed, so that CO2 migration into traps will be delayed until the end of production.
Faults are identified on 3D seismic and cut through the prospective reservoir intervals of the
Eocene Latrobe Formation.124 Fault reactivation risk has been considered a significant risk which
should be mitigated through management.128,126,125

3.1.4.9
Indus (9) and Ganges-BrahmaputraMeghna (10) Basins

Starting in the late Eocene, the collision of the India Plate
with the Eurasian Plate began uplifting continental crust
into the Himalaya Mountains that continues today.
Weathering and erosion that counteract mountain
building forces supply enormous sediment loads to two
composite drainage basins along the Indian Margin
(Ganges-Brahmaputra and Indus). Both the GangesFigure 3-3. Geometry of the Bengal Brahmaputra and Indus rivers drain over 1 million km2
and Indus fans. From Woods Hole
that supply sediment to enormous fan accumulations in
Oceanographic Institute.127
the Bay of Bengal and Arabian Sea respectively (Figure
3-3). Both fan’s stratigraphy is generally characterized
by turbidity currents through canyon complexes on the marine shelf that eventually deposit
channel-levee features along the length of the fan.129,130 While these fans are kilometers thick at
their thickest part (Indus: 9km; Ganges-Brahmaputra: 16km), Eocene and Oligocene mudrocks in
the lower third of the sedimentary column are separated by an unconformity from coarser grained

127

Woods Hole Oceanographic Institute. (accessed Mar, 2015.
http://www.whoi.edu/oceanus/v2/article/images.do?id=2510
128
Swierczek, E., Backe, G., Holford, S.P., Tehthorey, E., and Michell, A, 2015, 3D seismic analysis of complex
faulting patterns above the Snapper Field, Gippsland Basin: Implications for CO 2 storage. Australian Journal of
Earth Sciences: and International Geoscience Journal of the Geological Society of Australia, 62:1, 77-94 DOI
10.1080/08120099.2015.978373
129
Curray, J. R., and Moore, D. G. (1974). Sedimentary and tectonic processes in the Bengal deep-sea fan and
geosyncline. In The geology of continental margins (pp. 617-627). Springer Berlin Heidelberg.
130
Kolla, V., and Coumes, F. (1987). Morphology, internal structure, seismic stratigraphy, and sedimentation of
Indus Fan. AAPG Bulletin, 71(6), 650-677.

33

Miocene and younger rocks with sediment sourced from Himalaya erosion.131,132 In terms of CCS
potential, reservoir candidates include turbidities 10s of meters thick from levee collapse or
kilometer scale channels containing coarse infill.
Novel issues to be evaluated in these large active fans are depth and slope stability, as well as
source-sink matching.
3.1.4.10 Campos and Santos Basins, offshore Brazil (11)

The most prospective portion of offshore Brazil for CO2-related activities is in the Campos and
Santos Basins in the southeast. The Campos Basin is a primary candidate for CO2 storage, given
its geology and proximity to coastal CO2 sources. In the Campos Basin, there is significant
potential for CO2 storage (ca. 950Mt) as assessed for 17 oilfields in the basin, and 75 percent of
this storage capacity is found in sandstone reservoirs.133 Static volumetric estimates of storage for
the Campos and Santos Basins suggest they may be able to receive 30 and 80 Mt CO 2
(respectively) per year for decades.134

3.2 Opportunities and Recommendations
CSLF countries have access to offshore storage. Those settings are predominantly passive margin
extensional clastic basins with Cenozoic age fill, representing high porosity and permeability and
ductile seals, with broadly similar extensional faults dominant. Storage opportunities are similar
in style and quantity/capacity for many countries. While some aspects are unique, geologic and
technologic advances undertaken in one area are more likely to be applicable to other countries. It
is recommended that a more thorough evaluation of the geologic storage aspects of many basins
(i.e., those in Figure 3-1) be pursued. It is also recommended that an increased level of knowledge
sharing and discussion be implemented among the international community to outline the potential
for international collaboration in offshore storage to overcome challenges such as cost, and
building technical expertise.
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Table 3-1 Properties of example basins evaluated for this study are summarized

4 CO2 transport for offshore storage
4.1 Introduction
For offshore storage, CO2 source and sink are rarely co-located, and when they are, typically it is
for offshore hydrocarbon production. Cost-efficient and safe solutions are needed in order to
realize large scale value chains for CO2 capture and transport. Similar to capture and storage of
CO2, methods for transporting CO2 exist, and have been proven to work. Currently, more than
6,800 km of CO2 pipelines have been constructed world-wide, most of these are onshore in North
America. Small volumes of food grade CO2 are also transported by ship and by truck.
According to the IEA 2 degree scenario (2DS), CCS has to be scaled up from a few tens of Mtpa
today to more than 6 gigatonnes per year in 2050. 135 In comparison, the current natural gas
production amounted to approximately 2.5 gigatonnes in 2012.136 Hence, in order to realize the
2DS, a massive investment in transportation infrastructure is needed. A significant part of the
infrastructure will be offshore, both to reach attractive offshore storage sites and to avoid public
acceptance issues related to transportation through populated areas.
The long industrial experience with natural gas transportation systems both onshore and offshore
will certainly be of great help in achieving this goal, but in some aspects CO2 behaves quite
differently than natural gas, and this has to be taken into account when designing transport system.
When optimizing the design of a transport system, it is important to take into account the whole
chain. Currently, there are some uncertainties in predicting the properties of CO2 mixed with
typical impurities from CO2 capture processes.
Hence, most transportation specification tends to be conservative, which could lead to a value
chain that is off the optimum in terms of costs and efficiency.

4.2 Transport Methods
The main modes of CO2 transport are by pipeline, ship or truck. Given the volumes required to
meet the 2DS scenario, and the report focus offshore storage, this chapter will only discuss
transport by pipeline and ship.
4.2.1

Pipeline transport

Pipelines are expected to be the backbone of a future CCS transport system in all regions. No other
technology will be capable of handling the large transportation needed to mitigate global warming
caused by anthropogenic emissions at an acceptable cost in terms of capital and efficiency.
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Pipeline infrastructure for CO2 transport will have many similarities with natural gas infrastructure,
with conditioning and compression137 at the source upstream and pipelines of similar materials and
design and possibly hubs and booster stations before the terminus. Significant experience has been
built over the decades with regards to offshore natural gas pipelines, summed up in standards such
as the DNV standard for submarine pipeline systems.138 Offshore pipelines are more expensive to
install, operate, and maintain, but on the positive side they usually operate in a more predictable
physical environment, especially in terms of temperature, and the public acceptance issues related
to perceived safety seen especially with European CCS projects are not expected to apply for
offshore CCS pipelines.
Under normal steady-state operating conditions, the natural gas offshore pipeline wisdom is
expected to be readily applicable also for CO2 for pipelines of similar dimensions and operating
pressure with regards to offshore specific installation and impact from the environment. However,
just like for onshore pipelines, the differences properties from natural gas have to be considered
when designing CO2 pipeline transportation systems. These specifics of CO2 pipeline transport are
fairly well covered in a number of high-level publications and recommendations.139,140,141,142
For instance, different gaskets materials and designs have to be used to cater for CO 2's high
solubility in polymers, and CO2's relatively low lubricity compared with hydrocarbons have to be
taken into account when selecting rotating equipment and designing pigs for interior pipeline
inspections. More importantly, CO2 is most efficiently transported in dense phase, and in order to
avoid two-phase flow, the pressure needs to be kept above the phase boundary during operation.
Liquid water with CO2 is corrosive, and like natural gas CO2 forms hydrates with water. Hence,
the impurity level of the CO2 to be transported must be optimized. For these reasons, startup and
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depressurization need more attention, particularly because rapid pressure drops are associated with
strong cooling. Section 4.4 will provide a more detailed account of these topics.
To sum up, solutions for transporting CO2 by pipeline exists. Compared with other modes of
transport, such as shipping, the main advantage is potentially very large capacity and low
operational costs, especially over relatively short distances and for high volumes, whereas the
drawbacks are the investment costs and lack of flexibility.
4.2.2

Ship transport

Although transportation of CO2 by ship has been common practice for more than 20 years, this
mode of transportation has not been implemented in a CCS project yet. Up until now, there have
only been small tonnage ships (approx.1000 tons) for supplying CO2 to the food industry and other
relatively small scale purchasers. Most of them were converted from liquefied petroleum gas
(LPG) carriers. CO2 transportation for CCS purposes will face different requirements, and there
will be other challenges in terms of the design of the ships. The existing fleet transports CO2 with
a pressure of 15-20 bar and a temperature of about -30 °C. For larger volumes, current studies tend
to use values for pressure and temperature in the neighbourhood of 8 bars and -50 °C (close to the
triple point).143
Building pipelines over longer distances in combination with uncertain or smaller volumes of CO2
can be quite expensive. In this case CO2 transportation by ship can be a competitive solution,
assuming the technology and systems are available. Ships can carry CO2 far below their design
capacity and has therefore a higher adaptability to fluctuation in CO2 supply. This offers an option
of collecting CO2 from multiple sources and also injecting CO2 at multiple storage sites. Their
mobility and reusability increase flexibility in project planning, making it easier to expand or
shrink the size of a project and to alter storage sites. But due to its nature of discrete services, the
transportation mode generally needs additional facilities in comparison with pipeline systems:
intermediate storage facilities and loading infrastructure at a port; and an unloading facility and
intermediate storage facilities at or near a CO2 storage site.
Currently, ship transport is foreseen as a potential kick-starter of offshore CO2 transport and
storage by fulfilling the need for reliable supply at the early stages of CCS or CO 2-EOR projects.
Several studies into the technical feasibility of ship transport have been performed in recent years
and a demonstration project is urgently needed to address some of the remaining uncertainties.
Only a few technical issues remain, which are partly specific to each different storage location.
4.2.3

Hybrid solutions and value-chain perspectives

As discussed above, pipeline transport is most suitable for transportation of high volumes over
many years and relatively short distances, whereas shipping is an attractive option for smaller
143
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sources / sinks, longer distances, and its higher flexibility. In particularly in the early days of CCS,
such flexibility could be very important. Compared with shipping, point to point links are
particularly risky as the business case depends on the operation of a single source and single sink.
For optimized operation, the transported volume should be close to capacity, but for sinks such as
EOR fields, the demand will be far from constant. Hence, just like for natural gas, the CO2 pipeline
infrastructure should evolve into networks which will improve the flexibility and provide a more
predictable transportation demand. Such networks could also include shipping hubs to connect
marginal smaller industrial sources to the pipeline grid.144 Similar to a natural gas network, a CO2
network has to adhere to some CO2 product standards. Here requirements from the storage operator
might be given, whereas quality specifications for transport in some aspects will be a trade-off
between transport cost and capabilities and conditioning costs at the capture site.

4.3 Current Status
4.3.1

CO2 pipelines

4.3.1.1 Existing and planned infrastructure

A number of CO2 pipeline projects are documented in the literature. 145,146,147 The largest CO2
pipeline infrastructure in the world today exists in North America, chiefly in the US southwest/high plains region. This network has been constructed since the 1970s, partly financed by
government incentives for enhanced oil recovery. The network was 6600 km long in 2010 145,
including only high-pressure pipelines of length 16 km and longer with diameters varying between
4 and 30". The network is continuously under expansion.148 Offshore there are significantly less
pipelines deployed. Currently the only two operating projects are Sleipner149,150 and Snøhvit150,151
144
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in Norway. Sleipner, in the North Sea, has been operating since 1996, but is a special case since
the pipeline from the amine plant to the injection point is less than 1 km and made of stainless
steel.

Figure 4-1: Left: Melkøya LNG plant, starting point of the world's only major existing offshore
CO2 pipeline150,151. Photo: Harald Pettersen / Statoil. Right: Installation of natural gas pipeline at
the Sleipner field. Photo: Kim Laland/Statoil.

The Snøhvit project, located in the Barents Sea at 70° northern latitude, operates a 153 km long 8”
pipeline from a coastal gas processing plant to the submarine injection point. Further European
projects for offshore CCS pipeline transport are however in extended planning phase,148,152 most
notably:




ROAD project, 153 Netherlands: Permitted / awaiting funding, 25 km 16" new offshore
pipeline
Peterhead project, 154 UK: FEED-phase, reuse of existing 100 km offshore natural gas
pipeline
Yorkshire and Humber project, 155 UK: FEED-phase, up to 24" new pipeline, 90 km
offshore

4.3.1.2 Operation

The natural gas pipeline grid has been developed for decades. In Europe these pipelines have
shown a remarkably low failure rate of 0.08 per 1000 kmyears for pipelines of diameter 5 to 11"
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in the period 2004-2013, and even lower for larger diameter pipelines.156 The primary cause of 35
percent of the incidents was external interference whereas corrosion caused 24 percent of the
failures. Similar safety records are found in other developed regions, and have been used as a
starting point also to analyze reliability of CO2 onshore pipelines.157,158
For the US onshore pipelines, the Department of Transportation maintains a database of pipeline
incidents.159 Many groups have studied these data, and the results from some of these studies are
summarized by Duncan and Wang.158 The indication from these studies is that the failure rates are
somewhat higher than for natural gas pipelines, up to a factor 2 or so. It has also been reported that
different from natural gas pipelines, the largest cause of failures are corrosion.160 It should be noted
though, that in the United States the length of CO2 pipelines is of the order of 1 percent of the
natural gas pipelines, and with the small failure rates seen, the number of incidents is not
statistically significant. So far no injury or fatality has been reported from CO2 transportation, and
most reported failures are minor leaks.
Due to the limited length and operational experience with offshore CO2 pipelines, it should come
as no surprise that no major incident has been reported publicly. Compared with onshore pipelines,
it should be clear that offshore pipeline constitute an even smaller risk for public health. During
operations of Snøhvit and Sleipner, experience with for instance shut-ins has been gained,151 which
could have impact also for the CO2 transportation161 due to transient effects.
4.3.1.3 CO2 transport specifications

It should be noted that the different CO2 pipeline operators differs when it comes to CO2 product
specifications and pressure. For instance, the water content specifications vary between < 50 ppm
to < 630 ppm 146. From the information provided by Eiken et al.149, the water content seems to be
more than 1000 ppm at Sleipner, which could lead to hydrate formation or even water-rich liquid
phase at prolonged shut-ins. From a corrosion perspective this example has less general relevance
due to the use of stainless steel. Most of the US EOR pipelines are transporting gas from geological
CO2 sources.
Future CCS transport streams will have different impurities and composition depending on the
capture and conditioning process. During the last decade, various CO2 quality specifications for
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pipeline transport have been proposed.162 These standards vary a great deal in terms of for instance
content of water (50 to 500 ppm) and other impurities and CO2 overall purity (95 to 99.5 percent).
4.3.2

CO2 Ship Transport

Although there is no existing example of CO2 transport by ship in relation to a CCS project, there
have been at least six small CO2 tankers for businesses such as carbonated beverage, food chilling/
freezing and greenhouses in northern Europe. There is one ship designed as a CO2 carrier. The
ship, operated by a Dutch shipping company Anthony Veder since 1999, carries up to 1,250 m3 of
CO2 at 18 barg and -40 °C.163 The rest of the ships were all converted from LPG tankers. These
ships, including two retired, are/ were owned by a Norwegian company Yara International and
operated by Larvik Shipping, and capable of carrying CO2 of up to 900 to 1,800 tonnes at 15–20
bara and around -30 °C.164,165,166
There have been multiple proposals, studies and designs for shipping solutions executed mainly in
Europe in and East Asia. These include a shipping solution developed by TEBODIN, Anthony
Veder and VOPAK 167 for the development of a liquid logistics shipping concept between
Rotterdam and various storage locations in the Netherlands and Denmark. Other examples include
studies published by SINTEF, 168 IFPEN, Chiyoda Corp., 169 and DSME, 170 Knudsen et al. and
162
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others. Furthermore, there is ongoing or recently-completed research on CO2 shipping within
several national research programs like CATO (Netherlands), CLIMIT (Norway) , MOE (Japan)
and European research programs such as CO2Europipe 171 and Cocate 172 (completed). These
examples provide a solid scientific basis to further development of CO2 transport by ship.
Furthermore, operational experience exists on individual elements of the liquid logistics chain. For
example, commercial activities like Yara’s Sluiskil (The Netherlands) fertilizer industry
demonstrate CO2 onloading and offloading systems.
4.3.3

Costs

Some cost figures for CCS pipeline projects are collected in the IEAGHG CO2 pipeline
database146. Generally, cost estimates for the CO2 transport vary greatly, from a few dollars to
several tens of dollars per CO2 tonne transported, greatly dependent on factors such as terrain,
transport length, capacity, and utilization rates.139,173,174,175 The transportation can hence be a
significant part of both the cost and energy use of a CCS system, especially when offshore transport
is needed. Hence, it is important to optimize the efficiency and investment and operational costs
of the transport system while ensuring safety in order to lower the threshold of large-scale CCS
deployment.
All the studies cited above were mainly using corresponding costs for hydrocarbon transport as a
starting point. The NETL study173 is generally concerned with onshore transport in the United
States, but provided a handy formula to calculate the costs in terms of whereas other studies also
consider offshore pipelines and shipping in more detail. A thorough study should also calculate
the cost per avoided amount of CO2, rather than transported. Generally speaking, pipeline has a
rather high capex cost which scale approximately proportionally with distance, and small
operational cost. Shipping, on the other hand, has much lower investment costs, but higher
operational cost with a minimum per trip due to loading/liquefaction and
unloading/heating/compression. Hence, shipping is favored by long distances and smaller
volumes, whereas pipelines are favored by short distances and large volumes. For short distances
the choice will always be pipelines, whereas for large volumes the jury seems to be out in terms
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of break-even distance between shipping and pipelines175. It can be noted that since pipelines
require a large up-front investment, the alternative constitute a large financial risk than shipping,
and that the cost calculations both are affected by the ship capacity and pipeline lifetime and rampup time.

4.4 Technical Challenges or Technology Gaps
4.4.1

Pipeline transport - challenges/gaps

It should be noted, that most of the technical challenges discussed below are just as relevant for
onshore pipeline. In many aspects, offshore pipelines could be at an advantage, due to their more
stable temperature, perhaps higher heat transfer to the surroundings, and higher external
hydrostatic pressure. Aspects related to dynamic phenomena and impurities are however also
highly in other parts of the CO2 value chain, such as injection161. Most of the challenges can be
avoided by conservative design and sufficient safety margins for instance in terms of pipeline
design, level of impurities and compression level. For a more optimized and cost efficient
transportation system, additional targeted research is however recommended.
4.4.1.1 CO2 properties and impact of impurities

The thermodynamic properties of pure CO2 are well described by the Span-Wagner equation of
state176 and illustrated in the phase diagram of Figure 4-2 and can be compared with natural gas in
Figure 4-3. Different from natural gas, the critical point of CO2 is above the typical environmental
range relevant for offshore pipelines between approximately 0 and 25 °C, meaning there is a phase
boundary between liquid and gas. For better efficiency and smaller volumes, the preference will
usually be to transport gas in the liquid state, although gas phase transport has also been proposed
for storage sites with low pressure. Hence, unlike natural gas pipeline systems, pumps are often
used to boost the pressure of the CO2 fluids137,141. Two-phase flow is usually undesirable, as it could
lead to slug flow and destroy compressors or pumps that are not designed for it. In order to avoid
two-phase flow, the operation point should be away from the phase boundary, meaning that there
is a theoretical lower limit for the operational pressure in the pipeline, unlike commercial natural
gas pipelines which operate at a large range of pressures.
In some cases, for instance when the CO2 storage field has low pressure, it is not possible to be
above the dew point pressure all the way to the injection point. In the ROAD project where the
plan is to use a depleted gas field as a storage site, it is proposed to avoid this problem by heating
the CO2 far above the critical temperature at the pipeline inlet such that the pressure is below phase
boundary as the temperature passes the critical point as the gas is being cooled.177 This will lower
176
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Figure 4-2: Phase diagram of pure CO2, including curves for constant density () and entropy (s),
calculated from the Span-Wagner equation of state.

CO2 density inside and hence capacity of the pipeline, but the injection will take place in the liquid
phase as the reservoir pressure has increased.

project-flow-assurance-and-control-philosophy.pdf: ROAD | Maasvlakte CCS Project C.V. / Global Carbon
Capture and Storage Institute.
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Figure 4-3: Typical phase diagram of natural gas within pipeline spec., including curves for constant
() and entropy (s).

With impurities present, the phase boundary will split and form a two-phase envelope and
complicate the diagram. Typically the upper pressure for which two phases form, the cricondenbar,
may increase with the presence of non-condensable impurities such as nitrogen. 178 Other
challenges exist with other impurities. For instance, water may form hydrates with CO 2 at lower
water concentrations than needed for a water rich-phase,179 a behavior which can be enhance by
other impurities such as methane.180 Impurities are also seen to have large impact on important
properties such as density.178
There is currently a lack of accurate experimental data for CO2 mixed with impurities regarding
important properties such as phase behavior, density (needed for dimensioning and metering),
viscosity (needed for pressure loss calculations), and thermal conductivity (needed e.g., to
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calculate dynamic phenomena). 181 Hence, awaiting these experimental data and corresponding
reference models,182 current standards on impurities tend to be very conservative.
4.4.1.2 Corrosion

A problem of less importance in natural gas pipelines is the well-known fact that CO2 dissolved in
water forms carbonic acid which could cause serious corrosion. Hence, since stainless steel is ruled
out due to costs for a large scale transportation system, a water-rich liquid phase should be avoided
in CO2 pipelines at all times. Unfortunately, the water solubility is much lower in the gas phase
than in the liquid phase. 183 To complicate matters more, the presence of other impurities, like
methane, SO2, and NOx is known to lower the solubility further,184 and chemical reactions between
impurities may have a negative effect.185
4.4.1.3 Dynamic phenomena

During an operation of a CCS pipeline, transient changes in pressure and flow must be expected,
usually planned during startup, well shut-ins etc., but an operator should also be prepared for
unintentional rapid depressurizations. Just like natural gas, rapid pressure changes are associated
with changes in temperature. During depressurization of a CO2-pipeline, the state point of the fluid
fairly quickly falls down to the boiling point line,179 in the ideal case following one of the isentropic
lines shown in Figure 4-2, at which point the liquid will start to boil and temperature continues to
fall towards the triple point. At the same time, the shock wave velocity will slow down, dependent
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on the degree of phase equilibrium186 and impurity level.187 Hence, such sudden drop in pressure
is associated with formation of liquid phase, and in the worst case in the presence of water, hydrate
plugs. These are complex phenomena involving coupling between fluid dynamics and
thermodynamics.187
One example where understanding of transient phenomena in CO2 pipelines are needed, is the
study of running fractures. Such fractures can propagate due to the inner pressure of the pipeline,
and is hence dependent on the relation between the propagation velocity of the fracture and the
pressure wave front. Due to the drop in the shock wave velocity associated with the phase
boundary, running fractures may be a more likely scenario in CO2 pipelines than in natural gas
pipelines. Occurrence of running fractures could constitute a major setback for CCS, and be can
be prevented by ensuring sufficient pipeline wall thickness or material quality or introduce crack
arrestors. Large decreases in temperatures due the Joule-Thomsen effect and boiling has to be
taken into consideration when evaluating the material parameters, and steels with low ductilebrittle transition temperature.188 The current industry standard is to use the empirical uncoupled
models such as Battelle method and HLP approach. 189 Unfortunately, these methods are not
necessarily conservative, and a more rigorous approach should probably be applied.190
4.4.2

Ship transport

Several studies into the technical feasibility of ship transport have been performed in recent years.
Only a few technical issues remain, which are partly related to the storage location itself. The
remaining technical challenges are related to offshore unloading (interface between ship and well
head), injection conditions, CO2 processing on the platform in case of an EOR project and onshore
unloading at a pipeline terminal. In order to remove these barriers a real demonstration project is
needed.
4.4.2.1 Offshore unloading

The offshore offloading system can be viewed as the interface between the ship and the field. This
implies that a conversion needs to be made from the CO2 conditions within the ship (typically,
liquid CO2 at a pressure of around 8 bar and temperature of around -50 °C) and the conditions
acceptable to the reservoir (pressure, temperature, flow rate). In order to match these requirements,
186
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the flow properties in hoses, pipelines and well(s) will have to be analyzed. This will in turn allow
determining pressurization and heating capabilities needed on board the vessel. The design of the
offshore offloading facility is likely to be dependent on the reservoir properties (depth, pressure),
as well as the maximum period level of intermittency allowed for the injection. In addition to
pressurization and heating requirements on the ship, an important aspect of this optimization work
will also be to maximize the offloading rate in order to minimize the offloading time of the vessel.
Depending on these parameters, temporary storage near the platform may be required. A solution
for offshore offloading may need to be developed for each different storage location. Several
engineering studies have been executed to further detail offshore offloading systems, which may
include additional systems (compressors, heaters) on the ship itself, or a temporary storage
barge.191 The challenge is to design a system that provides enough flexibility to be connected to
different storage locations with different requirements.
4.4.2.2 Injection conditions and temperatures

The injection of cold CO2 from the ship into a reservoir could cause ice formation in the riser
including a possible phase transition in the CO2. Various combinations of pressure, temperature
and flow rate should be analyzed to see how typical reservoirs respond during injection and also
during the periods between the injections. It is expected that the temperature of the CO2 at the well
head should be above zero, to avoid freezing of the near-well area at depth (followed by thawing
during interruptions in the injection). Further research needs to be done in order to improve the
understanding of the allowed ranges of well-head temperatures.
4.4.2.3 CO2 separation offshore

Studies of transport of CO2 by ship often consider a connection to EOR projects. Onshore EOR,
as in the United States, is typically done as WAG flooding. That means that the injection of gas
alternates with that of water. If applied offshore such practice may benefit from CO2 transportation
by ship. This is because WAG flooding will not need a continuous flow of CO2, but rather a batch
flow, at least as seen from the individual well.
Once the injected CO2 breaks through to the producing well, any gas injected afterwards will
follow that path, reducing the overall efficiency of the injected fluids to sweep the oil from the
reservoir rock. This means that the full (maximum) supply of CO2 to an EOR field will only be
needed for a limited period of time, before the volumes of supplementary CO2 will be reduced. It
is expected that, typically, the demand for CO2 in an EOR project is at a maximum at the start,
steadily decreasing until the end of the project.
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4.4.2.4 Onshore unloading at a pipeline terminal

The design, safety, and practicality of CO2 import by ship into onshore (near-shore) pipeline
terminals need to be further developed, especially on the design and costs of equipment and
installations (re-gasifiers, re-heaters, pumps, temporary storage).

4.5 R&D Opportunities
With the technical challenges and knowledge gaps discussed above, there are certainly areas that
call for more research, and several groups around the world have started the job.192 As already
indicated above and in CLSF 2013 Technology Roadmap, 193 there is a need for accurate
measurements of phase behavior and other properties of CO2 mixed with impurities at relevant
conditions and develop correspondingly accurate models. There is also a need to advance the
current flow models, which include non-equilibria thermodynamics. Such models needs to be
tuned with accurate transient flow measurements.161,194 In addition to these fundamental aspects to
optimize the operation of CO2 pipelines, it is probably also room for improving associated
equipment and processes, for instance relating to compression, gaskets, pipe inspections, metering
etc.
For ship transport, only a few technical issues remain, which are partly related to the storage
location itself. The remaining technical challenges are related to offshore loading, injection
conditions, CO2 processing on the platform in case of an EOR project and onshore unloading at a
pipeline terminal. In order to remove these barriers a real demonstration project is needed.
Most likely, the main barrier for CO2 offshore transportation is not of technical nature, but a matter
economics and organization. Hence, there will still be need to work on benchmarking and cost
estimates. Future CCS chains will be complex, with a variety of sources and storage sites which
will have different types of requirements. In such a chain, it is important to realize that cost saved
in one process, e.g., conditioning, could lead to additional costs at another place, e.g., transport.
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Hence, optimization must be performed on a chain level. Further, methodology for large scale
infrastructure design criteria and planning will have to be developed further, building on existing
tools.195 Such a work should include evaluation of global/regional/national government incentives
and legal issues.

4.6 Regulatory Requirements
4.6.1

Existing national and regional codes

Most markets currently accommodate CO2 pipeline transport by adjusting existing regulations
relating to other pipeline transport, for example:


United States: 49 Code of Federal Regulations (CFR) part 195. 196 CO2 added to
"Transportation of hazardous liquids by pipeline" in 1989, associated standard ASME
B31.4.197
 Canada: Parts of CSA Z662.
 Europe: CCS directive 2009/31/EC established a framework for regulatory regime for
pipeline transport,198 member state to implement specific codes regarding safety standards.
A recommended practice document has been developed by DNV for CO2 pipeline transport138, and
DNV has also written a standard for submarine pipeline systems.199 Currently, an ISO standard is
being developed for CO2 transportation,199 apparently supplementing the existing ISO standards
for gas pipelines and building on the recommended practices by DNV.148
For shipping, regulations should be international, and existing frameworks such as UN
Recommendations on the Transport of Dangerous Goods - Model Regulations should be a good
starting point.200 The design and construction of CO2 tankers should comply with the IGC Code
adopted by International Maritime Organization (IMO). The Code is to provide an international
195
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standard for the safe transport by sea in bulk of liquefied gases and certain other substances, by
prescribing the design and construction standards of ships involved in such transport and the
equipment they should carry so as to minimize the risk to the ship, its crew and to the environment,
having regard to the nature of the products involved.201
However there is one legal issue on the transboundary transportation of CO2 that need still need to
be resolved. The London protocol (global agreement on regulating dumping of wastes at sea)
prohibits countries to export their CO2 to another country for storage in the marine environment
(see chapter 8.2 for a detailed explanation). Therefore the export amendment was adopted in 2009
in order to allow export of CO2 for geological storage. Two thirds of member states need to ratify
before it comes into force. This currently means 30 countries need to ratify it. To date just two
have: Norway and UK. The exception is if the CO2 is a purpose other than dumping, such as for
enhanced oil recovery. The slow ratification process can have a negative impact on the
development of transboundary CCS projects the coming years.
CO2 export by pipeline or ships for CO2 dumping at sea is currently prohibited under the London
Protocol. To allow this, its Article 6 had amended in 2009 but the amendment has not come into
force yet. The detail is discussed in 8.2.1.1 in this report.
To conclude, regulations exist for CO2 transport, but these should be optimized as the technology
and market mature.

4.7 Recommendations
Just like CO2 capture and offshore storage, technology and solutions for CO2 transport exists and
have shown to be robust during decades of operation. Offshore CO2 transportation is more limited,
but can benefit from substantial operational experience from natural gas pipelines. Compared with
onshore pipeline transportation, offshore CO2 transport will probably be more expensive, but also
there are also some distinct advantages:




Less exposed to political controversy related to perceived public risk and routing
Shipping is a mode of transport with large flexibility in a start-up phase and to tie in smaller
CO2 sources and/ or smaller CO2 sinks
More stable physical environment.

To realize the international ambitions to mitigate global warming, the CO2 transportation probably
has to increase by a factor of approximately 100, and transportation of CO2 will be an important
contributor to the overall costs for CCS. Hence, optimization of current practices is important, on
areas such as CO2 product specifications and sharing of infrastructure to optimize utilization.
Specific areas of research to achieve these goals have been described.
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5 Risk analysis for offshore CO2 storage
The risk management process for the geological storage of CO2 would be implemented
systematically for each storage project (Figure 5-1). 202 In the process, risk assessment can be
performed using the three stage approach consisting of identification, analysis and evaluation. Risk
analysis is the process to comprehend the nature of risk and determine the level of risk.
Proposals for an offshore CO2 storage license ought to be subjected to the completion of
appropriate risk analysis as part of a required environmental impact statement, including potential
amelioration of risk by safety monitoring equipment.

Figure 5-1. Recommended risk management process for CO2 geological storage.1 Risk
assessment consists of risk identification (the process of finding, recognizing and describing
risks), risk analysis (the process to comprehend the nature of risk and to determine the level of
risk), and risk evaluation (the process of comparing the results of risk analysis with the risk
criteria to determine whether the risk and/or its magnitude is acceptable and tolerable).

5.1 Potential Risks
General potential risks and their consequences associated with CO2 storage operations are shown
in Table 5-1. Among the potential consequences, issues concerning the marine environment and
resources would be specific to offshore storage. Issues regarding induced seismicity are the same
for both onshore and offshore storage, but monitoring tools and techniques would be different.
Thus monitoring technology for passive and induced seismicity is described in Chapter 7.
Public concern regarding the environmental risks associated with CCS, in particular the possibility
of CO2 leakage from a reservoir into the marine environment, has the potential for stalling the
wide-scale industrial deployment of CCS.203 While it can be argued that the likelihood of CO2
202
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leakage from a reservoir is extremely small,204 secure scientific and public acceptance of offshore
CO2 storage is needed for the wider deployment of this technology.
Table 5-1 Potential risks associated with CO2 storage operation
Risk Category

Potential risk

Injection

Deformation
stratum

Potential Consequence
of

Degradation of storage
rock unexpected CO2 migration

performance

by

Damages resulting from induced seismicity
Acute or chronic CO2 impacts on employees or
the general public

Human health

Impacts on groundwater or seawater

Environmental

Impacts on surface or near-surface ecosystem
Damages to natural resource rights (mineral,
water, agriculture, forestry and fisheries)

Leakage

Diminution of properties value in the vicinity of
storage sites

Property

Business interruption for CCS operator or for
neighboring properties if remediation is
required
Entailing potential for return on investment,
contractual liabilities in the carbon market
Financial

Entailing credit risk related to obligations for
long-term operations and maintenance at CCS
sites

5.2 Monitoring Tools for Risk Control
Potential continuous leakage of CO2 into the water column may occur from a pipeline, an injection
well, an abandoned well and through the seabed sediments following escape via a geologic
pathway such as permeable fault.
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When gaseous CO2 (CO2(g)) dissolves in seawater reacting with water through a series of four
chemical equilibria (below) that increase the concentrations of the carbon species: dissolved
carbon dioxide (CO2(aq)), carbonic acid (H2CO3) and bicarbonate (HCO3–):
CO2(g)

↔

CO2(aq) + H2O

CO2(aq)
↔

H2CO3

H2CO3

↔

H+ + HCO3-

HCO3-

↔

H+ + CO32-

These reactions lead to a net increase in hydrogen ions (H+). This results in a reduction in pH, or
an increase in acidity of the seawater (acidification).
A decline in seawater
pH is associated with a
fall in both carbonate
ion (CO32-) and the
saturation states (Ω) of
various
calcium
carbonates
(CaCO3).
Hence, the seawater
solubilities of three
forms
of
calcium
Figure 5-2. Impacts of potential CO2 leakage on marine organisms,
namely
ecosystems and ecosystem services. Direct impacts on organisms are carbonates,
calcite,
magnesiumsummarized in Table 5-2
calcite, and aragonite,
increase, making it harder for some marine biota to maintain heathy shells and other structures.
These chemical alterations of seawater resulting from CO2 dissolution impacts on marine
organisms in several ways205,206(Table 5-2). While understanding the physiological impacts of CO2
is important when assessing the potential survival or mortality of individuals or species, it is also
important to consider whether species loss will also lead to reductions in the key ecological or
biogeochemical functions needed to maintain a healthy ecosystem. Ecosystem robustness then
supports ecosystem services such as climate regulation and food security (Figure 5-2).
It should be noted that rising atmospheric CO2 over the last century and into the future not only
causes ocean warming but also changes carbonate chemistry in a process termed ocean
205
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acidification. This acidification will affect marine ecosystems for centuries if emissions
continue. 207 Considerable amounts of biological data that can be utilized in CCS leakage
assessments are available from ocean acidification studies.

Table 5-2 Direct biological impacts associated with high CO2 conditions in seawater
Direct impacts on:

Description

Growth and survival

Reduction of growth and survival is apparent especially for corals,
mollusks and echinoderms. However, the responses are variable, and
some species can tolerate substantial high CO2 conditions.

Organisms may need extra energy to maintain their internal acid-base
Acid-base regulation
balance when external hydrogen ion levels substantially increase. This
and metabolism
can lead to reduced growth and fitness.
Fertilization

Fertilization of some species is highly sensitive to high CO2 conditions,
whilst others are tolerant. Intra-specific variability indicates the scope for
a multigenerational, evolutionary response.

Calcification

Early life stages of many of calcifying organisms seem to be particularly
sensitive to high CO2 conditions, with impacts including decreased larval
size, reduced morphological complexity, and decreased calcification.

Some fish and invertebrates show loss of ability to discriminate between
Sensory system and
important chemical cues. This may lead to behavioral alteration
behavior
important for their reproduction process.
Photosynthesis

5.2.1

Many macroalgae, seagrass, phytoplankton species can show increased
photosynthesis and growth under high CO2 conditions. Calcifying
macroalgae and phytoplankton are, however, negatively impacted.

Analytical tools for seawater CO2 monitoring

There are four parameters that can be reliably measured for the seawater CO2 system, namely total
dissolved inorganic carbon (DIC), total alkalinity (AT), pH and partial pressure of CO2 that is in
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equilibrium with a water sample (pCO2).208 It is possible to obtain a complete description of the
acid-base composition of a seawater sample at a particular temperature and pressure provided the
following are known:


The salinity and temperature, and hence the solubility constant of CO2 in the seawater as
well as the equilibrium constant for each of the acid dissociation reactions that is assumed
to exist in the solution;



The total concentrations for each of these non-CO2 acid-base systems;



The values for at least two of the CO2-related parameters: DIC, AT, pH, pCO2.

Measurement of a combination of DIC and AT can be recommended for the most accurate
monitoring on natural seawater as samples for these can be preserved easily and the measurements
made with low uncertainty. As an alternative, combination of pH and DIC is also recommended.
However it should be noted that the calculated CO2 system parameters are typically dominated by
the uncertainty in the pH measurement.
For the calculation of seawater CO2 system including saturation states (Ω) of CaCO3 the most
acknowledged program is CO2SYS209 which is available at
http://cdiac.ornl.gov/oceans/co2rprt.html.
Practical technology for marine and seabed monitoring is in Chapter 7.
5.2.2

Simulation tools for leakage scenarios

There is no dissimilarity in simulation tools for leakage from reservoir to surface between onshore
and offshore. The final key element in understanding potential consequence of CO2 leakage is to
understand the sea area impacted by harmful high CO2 conditions for given leakage scenarios. It
is useful to model hypothetical leakage scenarios for estimating potentially impacted areas. If
deleterious impacts are spatially restricted then environmental concerns diminish and vice versa.
Once leakage rates at the seafloor are given by leakage simulations in subsea geological
formations, CO2 fate in seawater can be predicted by numerical simulations. Leaked CO2 can occur
in both gas and dissolved phases when it seeps out from the seafloor. The bubble CO2 rises in the
water column forming bubble plumes and rapidly dissolves into the seawater during its ascent.
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209
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Dissolved CO2 disperses in the sea by water currents and tidal mixing. The sequence of CO2
dispersion in the sea have been modeled in detail to predict the impacted area.210,211,212

5.3 R&D Opportunities and recommendations
Over the last decade or so a significant body of research into the impacts of high CO 2 on marine
systems has matured, driven directly by CCS but also by concerns regarding ocean acidification.
Much of this work has concentrated on physiological impacts and has utilized laboratory scale
manipulations. However both natural analogues, typically where volcanic CO2 is emitted at the
seafloor, 213 and more recently a controlled release experiment, where CO2 was deliberately
injected into the seabed, 214 have been used to study the synergistic impacts driven by a
combination of hydrodynamics, ecosystem interactions, behavior and physiological responses.
These systems also provide highly realistic environments in which to test a variety of monitoring
tools and strategies (q.v. Marine and seabed monitoring, Chapter 7.2 Offshore Monitoring
Technology) and are very well suited to communicating realistic impact scenarios to concerned
parties including the general public. The main outcome from these real world experiments is a
glimpse of the complexity of impacts and the challenges to efficient monitoring, in particular the
requirement for a comprehensive understanding of natural variability necessary to correctly
identify and quantify non-natural change. Natural analogue sites are geographically diffuse, and
due to their volcanic nature never associated with candidate storage sites and controlled release
experiments are expensive to develop. Nevertheless the knowledge gain is so significant that more
such experiments, in diverse storage sites can only be recommended. Specific challenges arising
from existing work are to understand the buffering potential of sediments, and the impact of longer
term exposures. In the short term it has been observed that carbonates, naturally present in some
sediments undergo dissolution in the presence of excess CO2, reducing the presence of gas at the
seafloor, some of the chemical parameters and biological impacts. However sediment carbonate is
finite and once exhausted a step change in detectability and impact is likely.
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Models of hydrodynamics or bubble plume behavior, often coupled with CO2 speciation equations
have been used to address a wide range of leakage scenarios.9,11,215 Whilst the primary driver of
the spatial extent of detectability and impact is the leakage rate, many other factors such as depth,
bubble size, current speed, tidal mixing and topography are shown to have a large influence on
dispersal. Whilst these existing models are robust, they are limited in that they generally cannot
deal with very fine scales (≈1m), necessary for the correct treatment of small leak scenarios at the
same time as accurately defining regional scale mixing processes, necessary for the correct
estimation of dispersion. Further these models do not simultaneously deliver detailed estimates of
natural variability of carbonate chemistry, as driven by biological processes, with leakage
predictions. Models that aspire to such a multi-scalar multi-process functionality are under
development, limited mainly by computational demands, rather than fundamental lack of
understanding. The existing modelling provides clear evidence that no two leakage scenarios are
alike and a recommendation for any storage site is to commission a bespoke model analysis to
inform both the range of potential leakage extents and the potential variability in the natural
environment.
The majority of work to date has focused on the detectability and impacts of high CO2 reaching
the seafloor including the mobilization of other chemical species under low pH conditions. A
scenario that has not been adequately investigated is the potential for hyper-saline anoxic
formation water expulsion as a precursor at storage complexes situated in saline aquifers. Natural
analogues or even controlled release experiments addressing this phenomenon would be a
potentially valuable addition to the research base, presuming that expulsion of formation water is
geologically realistic.216
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6 Wellbore management
6.1 Well construction technologies
The construction of an offshore well can be divided into a five main phases:
1) Planning
2) Drilling
3) Completion and commissioning
4) Operation
5) Plug and abandon
6.1.1

Pre-drilling activities

The main planning activities consist of:


Identifying reservoir targets and possible infrastructure locations



Site investigation



Detailed well and facilities planning (drilling, completion and commissioning)



Well risk assessment and mitigation planning

An important part of the site investigation is the identification of potential hazards. The geohazard
assessment is recommended for every well drilled. The shallow hazards evaluation should contain
the following.
 Shallow Gas Classification
 Shallow water flow
 Soil stability issues such as landslides
 Depth to all interpreted formations
 structural closures
 Faults
 Shallow sediments
 Anchoring conditions
 Boulders
 Neighboring well geohazards
Furthermore, for the geotechnical investigation a shallow gas interpretation needs to be available
prior to execution of geotechnical investigations.
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Important planning aspects when constructing an injection well:


The pressure operational window needs to be set early in the planning stage to ensure
sufficient design parameters, i.e., minimum and maximum pressures and temperatures,
formation strength, formation fluid types and salinities, etc.



Drilling fluids: One of the main purposes of the drilling mud is to remove drill cuttings
from the hole by keeping the particles in suspension. Another main function is to control
the formation pressure, at the same time as it must not cause damage to the formation by
reducing its injectivity.



Ensure hydraulic isolation between formation and all casing strings



Instrumentation should be installed to detect any potential future leaks.


Bottom-hole pressure and temperature



Wellhead pressure and temperature



Fluid injection rate



Annulus pressures

Sensors can be used to monitor pressures and temperatures outside the casing
A shallow gas pilot may need to be drilled if shallow gas is a potential concern. The shallow gas
pilot well is typically drilled to 800-1000 m.
6.1.2

Drilling phase

For carbon storage there are three types of wells: characterization (or exploration), injection, and
monitoring wells. Characterization wells are used to evaluate the site suitability for safe carbon
storage, mainly focused on reservoir and caprock properties. Utilizing existing data from oil
exploration wells can greatly decrease the need for characterization wells. Injection wells are
drilled to be used in disposal operations. The wells are optimally located for injection technical
reasons. While production wells in an oil reservoir are drilled in the oil zone, injection wells are
usually drilled to a gas or water zone, and only exceptionally in the oil zone. Monitoring wells are
used strictly to monitor the CO2 plume and the effect it is having on the subsurface.
In order to be usable from a central platform, injection wells are generally deviated wells. Wells
added to existing infrastructure are drilled from fixed installations. However, subsea-completed
wells and pre-drilled wells are drilled from floating facilities or jack-up platforms.
Offshore wells are often drilled with small pressure margins and advanced techniques. These
margins mean that drilling operators are challenged to keep pressures across the entire well high
enough to avoid formation collapse while not exceeding the formation fracturing pressures.
Drilling and well operations are high risk activities with regards to safety, environmental and
economic exposure. The activities involve cooperation between many participating parties, work
with over-pressured formations that may contain hydrocarbons, and use highly specialised
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equipment. The ultimate risk is uncontrolled hydrocarbon flow with the possible loss of life,
damage to property and environment and subsequent harm to the company’s reputation.
A typical injection well is first spudded (drilled) using a 36”-hole opener. If the seabed is soft or
uneven, a temporary guide base is installed on the seabed. The 36” holes are typically drilled to
around 60-80 metres under the seabed. Seawater is used to circulate out sand and silt, which flow
onto the seabed. The hole is filled with a viscous liquid which prevents it from collapsing before
the drillstring is retracted. Afterwards, a 30” conductor casing is run through a permanent guide
base and run in the hole. The casing functions to prevent the hole from collapsing and prevents
contamination of the ground water in the upper formations. The conductor casing is then cemented
to the formation all the way up to the seafloor.
Subsequently, the drilling of a 26” hole often commences without risers. Return of the drill cuttings
is to the seabed. When drilling on a subsea template using several slots, the drill cuttings are moved
50-100 metres away. In some cases of pre-drilling of wells, the 26” holes are drilled with risers to
circulate drill cuttings back to the rig. A pilot hole can be drilled if shallow gas is considered an
issue. A blow-out preventer is often not used, only a diverter valve at the top, and the drilling fluid
is seawater with a little added weighting material to obtain a density of approximately 1.1g/cc. A
likely depth for 26” holes is in the region of 400- 500 metres below the seabed, but this depends
on geological conditions and well target depth. Then a 20” surface casing is run. Normally, the
20” surface casing is cemented up to the surface (seabed). After the wellhead is in place, a blowout
preventer is used for all subsequent drilling operations. The blowout preventer is connected to the
top of the wellhead.
After the 20” casing is in place, a 17½” hole is usually drilled using a blowout preventer and risers.
The blowout preventer comprises a system of valves on top of the wellhead. Its function is to
secure the well in the event that downhole fluids start flowing into the well due to a high-pressure
zone, or if the drilling mud is too light. After the 17 ½” holes is drilled 13 3/8” casing is run and
cemented. The casings is cemented above all permeable zones, or in many cases, up to the 20’’
casing.
Afterwards, drilling is carried out using a 12¼” bit. This section is often drilled to just above the
reservoir. In some cases, this section is drilled through the reservoir. The 12¼” hole is usually
cased with 9 5/8” casing and cemented up to the previous casing string. The cement is required to
be above the proposed packer depth and verified by logs. Hydraulic isolation is essential for
ensuring outer well integrity. This is especially important in injection well operations.
If the 12¼” hole is not drilled through the reservoir, an 8½” bit is used for drilling through the
reservoir. The hole is cased with a 7” casing. This is often suspended from the lower part of a 9
5/8” casing, but sometimes run in all the way up to the surface. It is particularly important to
cement this section, as a leak could result in fluids rising to the surface through migration up the
annulus.
Characterization wells are drilled to gather detailed information on the reservoirs and caprocks.
Much of the time they are not designed for any other use, and are plugged and abandoned after the
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information is gathered. The data is gathered by taking many meters of formation core, running
multiple logging suites, and performing fluid injection or extraction tests. Although the well design
can be simpler due to the lack of the final string of casing, there is usually a lack of experience
drilling in the area and thus protections need to be put in place to mitigate the risk of unanticipated
hydrocarbon accumulations, higher than expected pressures, or other geohazards.
Since monitor wells do not need to allow for fluid to be pumped through them, they can usually
be designed for smaller diameters. The size will depend on the technologies to be deployed in or
through them. If there will not be perforations through the casing, there is no need to run a packer
and tubing. Technologies can be run outside of the casing, between the casing and tubing, and on
wireline inside the tubing. These technologies are discussed in detail in the next chapter.
6.1.3

Well completion and commissioning

Completion involves running in the tubing, installing monitoring equipment, packers, liner/tubing
hanger systems, valves and tree. Any string, including all connections and down-hole equipment,
should be of such diameter, wall thickness, material quality and strength, and installed in such a
manner, that it will withstand the structural and pressure restraining loads.
The completion can be divided into the lower and upper completion.
The lower completion refers to the portion of the well across the injection zone in the reservoir.
Typically, the lower completion is set across the reservoir using a liner hanger system, which
anchors the lower completion to the casing string. Several types of lower completion designs have
been used for injection wells i.e., open hole, cemented and perforated liner, predrilled liner and
screens. The recommended lower completion design will depend on factor like formation
properties (formation stability, porosity/permeability) and type of fluid to be injected. Formations
with low strength and good porosity and permeability should consider using screens unless a lot
of particles will be injected.
The upper completion refers to all components from the bottom of the injection tubing upwards.
The tubing provides isolation of fluids and pressures from the casing, well control, injection
control, stimulation control, and a retrievable “replaceable” pipeline to the reservoir. When
selecting the tubing it is necessary to evaluate material quality relative to the planned use (strength
and corrosion). For CO2 injectors where the fluid can be corrosive, 13Cr or better should be
considered. This material selection will also depend on the desired lifetime. The tubing should
have a size that enable sufficient flow and allow for anticipated tool passage during future
workovers or logging operations.
All offshore wells should have a subsurface safety valve installed in the tubing below the level of
the seafloor. These valves, whether surface- or subsurface-controlled, operate in a failsafe mode,
meaning in any upset condition they automatically close, sealing off all vertical flow in the well.
Placement of the packer is critical for safe injection operations. A leak above the packer will be
detected on the annulus pressure. A leak below the packer can be more difficult to detect. The
packer should also be placed in well-cemented casing.
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The well can be perforated either before, during, or after the lower and upper completions are run.
Well commissioning takes the completed well and prepared it to accept the injection fluid (CO2).
It consists of two tasks:
1. Connecting and verifying the accuracy of all instrumentation
2. Placing the proper fluid in the wellbore.
After the completion of the injector wells, there is a possibility that the wells will not have been
cleaned up sufficiently. A remedial action will often be required to decrease the skin damage on
the well. A breaker is then often spotted across the reservoir section, which should dissolve the
filter cake built up during the drilling of that section. However there is the possibility that the wells
may not clean up sufficiently and then conventional coiled tubing will be required to carry out
remedial action to decrease the skin damage on the well.
When CO2 injection starts whatever fluid is in the wellbore will be pushed ahead of the injectate
and into the reservoir. Some formations, due to their mineralogy, are easily damaged by water, the
wrong salinity of water, or the presence of certain chemicals in the fluid. In some cases the well
will need to be circulated and pressurized with CO2 in order to not damage the reservoir at the
initiation of injection.
6.1.4 Well operation
During the injection operations key parameters are continuously or periodically monitored to
ensure no damage to the well, reservoir, or caprock. Alarm points are set for these parameters and
mitigation actions are pre-determined for each scenario. Since the well is downstream of the pumps
and pipeline, and problems with the well could cause damage to all equipment upstream of it, the
monitoring of the well operation should be performed by the same control room as the pipeline,
which will most probably be onshore.
Common measurements made include:









Injection well downhole pressure and temperature
Injection well surface pressure and temperature
Injection well tubing/casing annular pressure
Injection well flow rate
Monitoring well in-zone pressure
Above-caprock formation pressure (injection well, monitoring wells, or both)
Microseismic activity (from any well or permenent ocean-bottom sensor)
Time-lapse logs in all wells

Most of the mitigation actions would require mobilization of equipment and/or a rig to the site,
thus causing a delay in remediation, and could also be quite expensive to perform. Thus offshore
storage demands that the wells be engineered to be operable under as many conditions as
economically possible in order to minimize the number of interventions.
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6.1.5

Plug and Abandonment

The proper procedures for P&A of all wells will be specified by the regulatory agency. Specific to
carbon storage wells will be the requirement that plugging materials be resistant to carbonic acid.
Multiple plugs will be required in each well to ensure permanent sealing of the well. Since the
injection interval will probably be at a much higher pressure than it was originally, extra care will
need to be taken to guarantee well control during the entire plugging operation.

6.2 Wellbore Construction Materials and Integrity
The basis for injection wells is designing a fit for purpose well ensuring safe and effective injection
of the planned fluids. The injection well also needs to be equipped with instrumentation enabling
sufficient monitoring.
Considerations within the well design and monitoring include:
1.

Well design and construction materials are site specific and will depend on factors such as:



local geological setting (depth, fluid chemistry, pressure, temperature)



expected design life of the injection well



injection and reservoir fluid characteristics



formation chemistry



injected fluid chemistry



Pressure (formation and injected fluid)



Temperature (formation and injected fluid)



injection rates

2.
Material quality: Material selection for CO2 injection requires input related to physical and
chemical composition of reservoir an injected fluid in addition to pressure and temperature the
well will be exposed to during the well lifetime. Additionally, there are various materials that are
part of a well, including cement and polymers/rubbers. For CO2 injectors the liner and liner hanger
system should be corrosion resistant material such as 13CrS110 material to resist corrosion. The
parts in the lower completion contact with formation water should also be corrosion-resistant
material.
Under standard atmospheric conditions CO2 is always in the gas state. For pressure above 73 bar
and 31 °C the CO2 goes into single phase—supercritical phase. For some rubbers the supercritical
phase has been shown to influence more than pure gas exposure. The main effects of CO2 in gas
and liquid form on rubbers are:217


Physical swelling—with associated loss in mechanical properties.

Reidar Stokke, CO2PIPETRANS – Technical study: Material compatibility for polymers and elastomers,200812-01, SINTEF Report
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Explosive decompression (ED)—dissolved gas trapped in rubber that expands when the
pressure drops.
Chemical degradation

It was concluded that the chemical degradation from CO2 on its own is minimal for the standard
oilfield rubbers.218 From the literature218 it seems that the two main parameters for a successful use
of rubbers are:



The rubbers should show minimal swelling (at operating conditions).
The resistance to explosive decompression should be good minimal for the standard oilfield
rubbers. The main challenge with CO2 exposure is the ED damage.

Rubber quality should be evaluated in relation to dynamic, static and shear ram seal of the BOP
and other critical components in the well.
3.
Injection pressures should not be higher than the fracture closure at the packer setting
depth. The reason for this is that a leaking casing below the packer will not be detected on annulus
pressure.
4.
The cement must provide hydraulic isolation above the target reservoir to prevent out of
zone injection.
5.
Well Instrumentation needs. Instrumentation is of critical importance ensuring optimal and
safe injection operations. Chapter 7 on monitoring technologies provides more details, but the
importance of well instrumentation needs are defined below.


Injection pressures operating within predefined operating window based on topside design,
well design and formation limitations.



Early detection and stop of injection with abnormal well behaviour



Use of high and low alarms defined by well design and formation limitations in the operations
phase enabling detection of abnormal well behavior.



Annulus pressures monitoring to detect leaks in injection tubing and annulus monitoring to
detect abnormal pressure buildup in formation outside casing that can be caused by out of zone
injection (OOZI). Leaks into overburden can significantly increase the P&A cost when
permeable overpressured zones need to be isolated.

6.3 Well Remediation
Well remediation can take many forms depending on the problem being corrected. In the offshore
environment mobilization to the well can take quite a bit of time, and working space at the well is
at a premium. So any remediation will take careful planning and close coordination.
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The easiest treatment is when a fluid is pumped down the well to dissolve some kind of blockage.
Typical problems could be scale plugging the tubing or perforations, fines plugging the sandface,
or hydrates in the interval from the wellhead to the mudline. Diagnosing these problems to select
the correct fluid can be the hardest part, and many times require the mobilization of a wireline or
slickline unit to run measurements inside the well. In some cases the wireline unit can fix the
problem itself by adding perforations, spotting fluid with a bailer, shifting a sliding sleeve, setting
a plug, or many other tasks.
If these methods do not work, the next level of effort requires a coiled tubing unit to be mobilized
to the well to spool a continuous tube down the inside of the well. The many potential usages
include using a drill bit and motor to drill out a blockage, a jetting tool to cut scale off the sides, a
grapple or bailer to fish debris out of the well, various downhole assemblies to spot chemicals at
specific points in the well, or squeezing cement or other sealants into leaks. Again, diagnosing the
problem could include the use of other techniques such as wireline or slickline.
If the tubing and/or packer needs to be removed from the well, a workover unit or rig will need to
be mobilized. The type of rig will depend on the type of well being remediated. It could vary from
a small unit on a barge, a platform rig, a jackup, or a semisubmersible. The uses would be to replace
a joint of tubing or leaking packer, squeeze a hole in the casing, replace downhole hardware, or
recomplete the well in another interval.
Well remediation is a complex process that requires close cooperation among many disciplines.
Installed hardware does not always come free as designed. Squeeze jobs do not always plug the
leak. The organization needs to be nimble enough to react to unforeseen results by changing the
remediation plan on the fly. Thorough brainstorming of possible scenarios and mitigation actions
will pay off in less surprises and reduced down time. This will keep cost to a minimum while
enabling the highest odds of success.

6.4 Technical Challenges or Technology Gaps
Offshore wells that receive CO2 from a subsea pipeline will have much colder temperatures
through the wellhead and the shallow sections of the well than any experience in the oilfield. It is
poorly understood what effect this will have on well integrity and material durability.
Modeling has shown that an uncontrolled CO2 blowout (such as the wellhead getting knocked off
by a ship) could cause extremely low temperatures in a shallow-set subsurface safety valve. It is
not yet demonstrated that the metallurgy and response systems could withstand these low
temperatures.
When cold CO2 from a subsea pipeline is injected into a depleted offshore field, especially a
shallow one, the reservoir may not present enough backpressure to the wellhead and pipeline to
keep the fluid in dense phase. Pure CO2 at 5 °C will boil when the pressure drops below 600 psia.
We do not know what effect this will have on the stability of the flow and the ability of the
elastomers to maintain their sealing properties.
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CO2 sequestration wells will need to be permanently plugged with material guaranteed to last.
Normal well plugging materials are susceptible to degradation by carbonic acid. Unlike onshore
wells, plugged offshore wells are very hard to re-enter if they develop a leak.

6.5 R&D Opportunities
Research is needed for materials and procedures that are used to construct, complete, monitor, and
plug carbon storage wells. With the high cost of offshore well intervention the long-term durability
of metals, elastomers, and electronics will be critical.
The materials used and how they are assembled to combat any negative effects from cold CO2
entering a wellhead.
-

Verify that subsurface safety valves will perform in worst-case scenarios

-

Develop probes and electronics that enable accurate monitoring for decades

-

Develop well plugging materials that do not degrade when exposed to carbonic acid

-

Understand the surface and system implications of injecting into low-pressure reservoirs

As was discussed in Section 4.5, (R&D Opportunities for Transportation, dynamic flow models)
for wells also suffer from poor understanding of phase equilibria and equations of state in CO2
mixtures with small amounts of impurities. Transient flow models require a much better
understanding of these conditions in order to accurately predict the conditions wells will be
subjected to. Fluid viscosities could swing wildly if trying to operate near phase transition
boundaries, as at present small amounts of impurities can cause the equations of state to become
unstable.

6.6 Recommendations
Safe and dependable offshore CO2 sequestration wells will depend on proper data gathering
(characterization) and risk management. While the costs will be higher than onshore sequestration
fields, it may be much easier to permit and operate. Care will need to be taken to fully evaluate the
economics through the entire CCS system so that proper decisions can be made on site selection,
CO2 cleanup, material selection, and monitoring activities. The design and operation of the wells
will be very site specific. The above technology gaps and R&D areas could greatly reduce the
uncertainties, risks and costs associated with offshore storage.
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7

Monitoring, verification and assessment tools for offshore storage

7.1 Offshore monitoring overview
7.1.1

Context

In this chapter we review the current status of technology and methods for monitoring, verification,
and accounting (MVA) for offshore CO2 storage. We focus on summarizing recent experience and
identifying important lessons learned for the offshore context. CO2 storage monitoring and
approaches for MVA have been widely addressed in previous reports.219,220 More recently the
IEAGHG221 has reviewed offshore monitoring for CCS projects and main of the key conclusions
from the IEAGHG report are also summarized in this chapter.
7.1.2

The offshore setting

Offshore CO2 storage is attractive given the large estimated storage capacity, reduced risks to
protected groundwater resources and population centers, generally simpler storage resource
ownership aspects, and proximity to sources of large industrial CO2 emissions. The offshore
settings also allow for efficient collection of continuous 3D subsurface seismic imaging data over
prospective storage sites which can be used for characterization and monitoring.
Monitoring for offshore CO2 storage has some general characteristics which makes it distinct from
monitoring onshore projects. The main differences are that:
● Wells and well interventions are more expensive offshore;
● Geophysical surveys are generally less expensive and often give much better imaging
quality;
● The regulatory requirements differ in several respects;
● The marine ecosystem is quite different from the onshore surface environment.
Monitoring for offshore CO2 storage is quite a mature technology, having been applied since the
start of the first industrial-scale CCS project at Sleipner,222 offshore Norway, in 1996. Since then
similar approaches have been applied at the Snøhvit site223 in the Norwegian Barents Sea (since
2008), at the K12-B pilot site offshore Netherlands (since 2004) and at the Tomakomai CCS
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Demonstration Project224 in Japan (under construction, to be operational in 2016). Two planned
offshore CO2 storage projects at Peterhead-Goldeneye (UK) and ROAD (Netherlands) have also
performed extensive scoping studies for offshore monitoring. Figure 7-1 and Table 7-1 summarize
monitoring technologies deployed at offshore CO2 storage site to date.
Time-lapse 3D seismic monitoring has proven to be a highly valuable tool in the offshore setting,
with repeat survey intervals of 2–3 years being applied at Sleipner and Snøhvit giving excellent
plume monitoring capabilities.225 The Sleipner project has also successfully applied time-lapse
gravity monitoring 226 (Alnes et al. 2011) and tested the potential for controlled source
electromagnetic monitoring (CSEM).227 At the Snøhvit CO2 storage project, permanent down-hole
pressure and temperature gauges were deployed demonstrating the value of downhole gauges in
understanding pressure development. Down-hole gauges have also been successfully tested at the
K12-B project, where the use of tracers has also been successfully tested, demonstrating their value
in understanding CO2 storage in an offshore depleted gas field. In Tomakomai, the initial 3D and
2D surveys have been conducted and down-hole pressure and temperature measurements are
planned for collection of baseline data in early 2015. Microseismicity and natural earthquakes have
been already observed continuously with an ocean bottom cable (OBC) equipped with 72
seismometers and four independent ocean bottom seismometers. The OBC will also be used for
future repeated 2D surveys.
Marine and seabed monitoring approaches are generally less mature than reservoir monitoring
methods, but the technology is rapidly developing and a range of methods have now been
successfully tested and applied in the Sleipner area.
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Table 7-1 Summary of offshore monitoring technologies applied at offshore CO2 storage projects
to date
Monitoring Technology

Sleipner

Snøhvit

High-resolution 2D seismic

*

*

*

Time-lapse 3D seismic

*

*

*

*
(4D)
*

*
(4D)

*
(continuous)

Gravity surveys
CSEM
Seabed surveys and marine monitoring

K12-B

Tomakomai

*

Permanent down-hole gauges

*
*

Tracers

*
*

Downhole well-testing during operations

*

*

Wellbore integrity monitoring

*

*

Downhole fluid sampling

*

*

*

Wellhead monitoring

*

*

*

*
*

7.1.3 Offshore regulation and
monitoring objectives
Marine and
seabed surveys

Seismic
imaging

The first overall question for CO2 storage
monitoring is what type of monitoring is
needed? There are two aspects to this
question:
a)
What monitoring is required from a
regulatory perspective?

Down-hole
gauges

b)
What monitoring is cost-effective
from an operational point of view?

CO2 plume

100m
1000m

Figure 7-1 Overview of monitoring technologies applied
at offshore CO2 storage projects
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The regulatory requirements are the
overriding factor, but generally leave room
for choice and optimization depending on
the site context. The operational perspective
is therefore often critical as it involves
specific choices of technologies and survey
intervals that are necessary to achieve
certain MVA objectives.

There are two key over-arching regulations that cover offshore CO2 storage, as reviewed by the
recent IEAGHG Report, 228 the London Protocol and the OSPAR Convention. The London
Protocol, which is a global agreement to protect the marine environment by regulating waste
disposal at sea, was amended in 2006 to include CO2 storage. Both of these conventions have
similar two-stage monitoring guidelines. The first stage covers the performance of monitoring of
CO2 within storage formations and the second deals with the environmental impact in the event
that leakage is suspected. The implications are that impacts on the seafloor and marine
communities need to be ascertained.
It is in Europe that the regulatory framework is most mature but offshore storage regulations also
exist and are developing elsewhere, notably in Japan, Australia and the Unites States. Although
drafted at differing levels of detail, the regulatory documents from the different national
jurisdictions all emphasize the key role of monitoring and the range of objectives it should serve.
These can be broadly distilled as demonstrating that the storage site is performing effectively and
safely and that it will continue to do so into the future. This approach can therefore be expressed
as providing assurance of containment and conformance.
Since 2007 the international regulatory framework has been evolving notably in Europe with the
introduction of the European Storage Directive for CO2 in 2009. These regulations will be
particularly pertinent to the planned projects at Peterhead-Goldeneye, White Rose and ROAD.
Sleipner, Snøhvit and K12-B predate current EU legislation. The Sleipner and Snøhvit projects
were licensed under Petroleum legislation in Norway, but have been used as case studies for
informing the EU Directive, which has been recently adopted into Norwegian law. The EC Storage
Directive specifically addresses monitoring for the purposes of assessing whether injected CO2 is
behaving as expected, whether any migration or leakage occurs, and if this is damaging the
environment or human health.
OSPAR is primarily focused on detecting and avoiding leakage and emissions and therefore
identifies the following objectives for a monitoring program:
● Monitoring for performance confirmation;
● Monitoring to detect possible leakages;
● Monitoring of local environmental impacts on ecosystems;
● Monitoring of the effectiveness of CO2 storage as a greenhouse gas mitigation technology.
The following essential elements of monitoring and control are stated as required to help achieve
these objectives:
● The injection rate;
● Continuous pressure monitoring;
● Injectivity and pressure fall-off testing;
228
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● The 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 including performance monitoring and monitoring in
overlying formations to detect leakage;
● Control measures, overpressure and emergency shutdown system.
It is clear from the wide range of regulatory requirements that have been developed, that regulation
has reached different stages of maturity across the world. There are, however, two relatively
consistent monitoring-related themes:
a) The requirement to demonstrate that a storage site is performing effectively and safely;
b) The need to ensure that it continues to do so via the provision of information supporting
robust prediction of future performance.
These requirements for monitoring offshore storage can be distilled into a number of necessary
actions, which fall within two main monitoring objectives: containment assurance and
conformance assurance. A third category, contingency monitoring may be required in the event
that containment and/or conformance requirements are not met.
In terms of the types of monitoring tools used, it is sometimes convenient to categorize them as
deep-focused (providing surveillance of the reservoir and deeper overburden) and shallow-focused
(providing surveillance of the near seabed, seabed and water-column) as described in the IEAGHG
report229 and summarized in Table 7-2.
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Table 7-2 Objectives for Deep and Shallow-focused monitoring (as proposed by the authors of
the IEAGHG report).
7.1.4

Monitoring experience at Sleipner

The Sleipner CO2 injection project was the world’s first offshore industrial CO2 storage project
and emerged at a time when there were no regulations for monitoring CO2 injection (the project
was licensed under Norwegian petroleum regulations). Consequently, the project has served as a
full-scale “laboratory” for testing and developing monitoring techniques, being extensively used
as a case study in the 2005 IPPC special report on CCS230 and numerous research projects. Figure
7-2 shows an overview of monitoring techniques tested and used at the Sleipner CO2 injection site.
Seismic 3D monitoring was from the start the main monitoring technique at Sleipner.231 It has been
very successful, despite the fact that the seismic surveys were designed mainly for monitoring the
deeper gas condensate production in the area. The main reason for the success is the high porosity
of the reservoir, promoting large velocity and density contrasts between the injected CO2 and the
original brine in the pore space. CO2 at Sleipner is injected close to the base of the Utsira sandstone
Formation at an injection point at a depth of 1010 m (TVD MSL). The 200-300 m thick sand-rich
Utsira Fm. with porosities of 35-40 percent and permeability values mainly over a Darcy (10-12
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m2) provides an excellent storage domain with good capabilities for testing monitoring
techniques. 232 Since injection start in 1996, the CO2 plume has gradually spread laterally and
vertically, within a series of stacked sandstone layers separated by thin shale layers, gradually
rising to the top Utsira/caprock interface at a depth of around 820 m. The time-lapse seismic
observations have provided both containment monitoring (confirming that the CO2 has not
migrated out of the Utsira storage unit), and conformance monitoring (providing a better
understanding of the CO2 flow behavior in the reservoir). Other technologies tested at Sleipner
have been time-lapse gravity,233 seafloor mapping (sonar and echo beam),234 water and sediment
sampling,235 and a test of the feasibility of monitoring using CSEM.236

Figure 7-2 Illustration of seismic, gravimetry and sonar measurements at Sleipner (left) and monitoring
techniques employed at Sleipner as a function of CO2 stored (right)
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In general, the repeat seismic monitoring at Sleipner has proved most valuable, being able to
address multiple MMV issues, including the spatial extent of the CO2 plume, the vertical migration
of the plume between sand layers within the Utsira, and the containment of the CO2 plume beneath
the Nordland shale. Gravity field monitoring has also been very valuable as a control on mass
distribution, and has provided a constraint on the rate of CO2 dissolution in brine. The seafloor
mapping techniques have been valuable in helping to define how monitoring methods can be
applied in the offshore setting.
Routine wellhead monitoring of pressure, temperature and flow rate have confirmed a very stable injection
history with the wellhead temperature held at 25oC and the pressure remaining stable at 62-65 bar (close to
the gas-liquid phase transition point). Permanent downhole gauges were not deployed at the Sleipner CO2
injection well.
7.1.5

Monitoring experience at Snøhvit

The Snøhvit CCS project which started CO2 injection in April 2008, adopted a similar monitoring
strategy to Sleipner with a base-line seismic survey acquired in 2003 followed by three repeat
seismic surveys so far (in 2009, 2011 and 2012) and a gravity field survey (baseline and 1 repeat
so far). Furthermore, the successful deployment of a down-hole pressure and temperature gauge
in the injection well proved especially valuable. In 2011 the injection strategy was modified by
changing the downhole injection completion, closing off the lower Tubåen Fm. completions and
switching to injection in the higher Stø Fm.237 By the end of 2014 the project had injected 9 Mt
CO2 with a little over 1 Mt having been injected into the Tubåen Fm.
By combining down-hole gauge data with 4D seismic monitoring (Figure 7-3), Snøhvit project
was able to optimize the injection strategy in response to operational challenges related to reservoir
uncertainties. The expected formation permeabilities around the injection well were in the range
of 100mD to 8D. However, analysis of pressure gauge data during the first 3 years of injection
showed that the effective permeability away from the wellbore was significantly lower than this,
due to the effects of geological barriers. This led to a gradual rise in the injection well pressure,
eventually leading to a limit on the injection period as the operational pressure limits was
approached (Figure 7-3). Analysis of the first time-lapse seismic survey (2009) also revealed a
limited degree of injection into the upper two perforations (Tubåen 2 and 3), with most of the CO2
being injected into the lowermost perforation (Tubåen 1). These monitoring observations were
then used to design a well intervention operation in April 2011—the world’s first such operation
for a CO2 injection well from a subsea template.

237

Hansen, O., Gilding, D., Nazarian, B., Osdal, B., Ringrose, P., Kristoffersen, J-B., Eiken, O., Hansen, H., [2012]
Snøhvit: The history of injecting and storing 1 Mt CO2 in the fluvial Tubåen Fm. Energy Procedia, 37, 3565 – 357.

76

b
c
a

Figure 7-3 Pressure history at the Snøhvit CO2 storage site (2008 to 2013) with time-lapse seismic
acquisition surveys. Three main features of the injection pressure history are: a) early rise in pressure
due to near-wellbore effects related to salt drop-out, b) a gradual rising trend in pressure due to
geological flow barriers in the Tubåen Fm., and c) pressure decline to a new stable level following
diversion of the injection into the overlying Stø Fm.

Following formation testing of the existing CO2 perforations, the decision was made to deploy a
back-up injection solution by isolating the Tubåen interval and switching the injection to the
overlying Stø Formation. Subsequent CO2 injection into the Stø Fm (since 2011) has continued
without interruption and with pressure falling to a stable level (Figure 7-3) due to the better lateral
continuity of the Stø Fm.238 It should be noted that this change in the Snøhvit injection plan was
within the expected range of uncertainty identified at the start of the project, and that the alternative
injection option was deployed using a well designed to be flexible. By combining surface
geophysical and downhole monitoring data, the project was able to successfully respond to
operational challenges related to geological and reservoir uncertainties. The Snøhvit project is
planning a second CO2 injection well (to be drilled in 2016) as part of the long-term strategy to
ensure continued CO2 storage as part of this large gas development project.
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7.1.6

Monitoring experience at K12-B

The K12-B gas field is located in the Dutch sector of the North Sea, some 150 km northwest of
Amsterdam. Since 2004, produced CO2 has been re-injected into the field for storage and enhanced
natural gas production. Injection is still ongoing and so far about 90kT of CO2 have been injected.
Different monitoring technologies have been deployed, with the overall aim of studying relevant
processes for underground CO2 storage in depleted gas fields, but with the primary aim of
establishing wellbore integrity and assessing the potential for EGR.
Downhole and wellhead measurements of temperature, pressure and flow rate have been acquired
for the gas production and CO2 injection wells, and provide the input data for reservoir simulations.
At the start of CO2 injection in 2004 this data was updated on an hourly basis, but later the
frequency was changed to daily updates.
Since the injected CO2 originates from the same reservoir into which it is being re-injected, it
cannot be chemically distinguished from naturally occurring CO2 in the reservoir. Two
perfluorocarbon chemical tracers were therefore injected to investigate the CO2 migration patterns
and EGR potential of the reservoir, as well as the partitioning behavior of the CO2 and CH4 (Figure
7-4).
Downhole sampling of water samples took place in 2010. Analysis of these samples gave an insight
into the downhole conditions of the CO2 injection well during shut-in. Downhole pressure and
temperature gauges have been temporarily installed to perform pressure fall-off tests. These tests
along with the results of reservoir modelling work have been used demonstrate that CO2 injection
at K12-B has performed successfully and has not lead to complications related to changes of
reservoir permeability, increasing skin factors or wellbore storage. Samples from the gas
production stream were taken at regular intervals and the composition of the produced gas was
analyzed in order to support reservoir simulations and confirm interpretations of the reservoir
dynamics.
All tests along with the results of reservoir modelling work have been used to demonstrate that
CO2 injection at K12-B is successful and has not lead to complications related to changes of
reservoir permeability, increasing skin factors or wellbore storage.
Since the injected CO2 originates from the same reservoir into which it is being re-injected, it
cannot be chemically distinguished from naturally occurring CO2 in the reservoir. Two
perfluorocarbon chemical tracers were therefore injected to investigate the CO2 migration patterns
and EGR potential of the reservoir, as well as the partitioning behavior of the CO2 and CH4 (Figure
7-4).
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Figure 7-4 Tracer concentrations and CO2 fractions at the K12-B1 production well. Tracer
concentration data for both tracers show tracer breakthrough after 130 days (August 2005) for the K12B1 well and after 463 days for the 12-B5 well (June 2006).

Additional tracer tests are being planned for 2015. The objectives of these tracer tests are (a) to
identify and test new chemical tracers specifically for (Dutch) gas field conditions and (b) to
provide insights into the flow of CO2 in the reservoir. The results will be useful for the assessment
of the potential for Enhanced Gas Recovery. The project has identified and characterized suitable
chemical tracers that are expected to migrate more closely with CO2 as compared with previously
injected tracers. Future plans at this site include co-injection of the tracers with the CO2 stream,
with monitoring for breakthrough times and concentration. Composition data from the production
stream in combination with well head data will then be used to constrain reservoir simulations,
leading to an improved understanding of processes relevant to CO2 storage and EGR.
7.1.7

New offshore CO2 storage projects in the planning phase

The planned CCS project at Peterhead-Goldeneye, offshore Scotland, involves injection into a
depleted gas field and has a monitoring program designed to meet European offshore requirements
and covering both deep and shallow focused monitoring. The deep-focused component will
include surveillance of the reservoir and overburden and utilizes a number of proven technologies,
including time-lapse 3D seismic, down-hole pressure and temperature, geophysical logging and
fluid sampling. A comprehensive shallow environmental monitoring program is also planned,
including seabed imaging, seabed sampling and seawater sampling technologies. Contingency
monitoring is also addressed, for example a P-Cable seismic survey is planned to help image and
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understand shallow migration in the event of leakage being detected at the top of the storage
complex.
The Dutch ROAD project is the first project to be permitted under the EU Storage Directive. The
permit is subject to updates and the inclusion of more detail. Around 1.1 Mtpa of CO2 is planned
to be transported to a depleted gas field 20 km (12 miles) off the coast of Rotterdam. The target
reservoir will be the P18-4 gas reservoir (operated by TAQA). Further work is underway to assess
specific local pressure build-ups, pressure barriers and later-stage fault leakage. Results will be
used to update the risk assessment which will feed into the updated monitoring plan to provide
evidence for containment and to demonstrate integrity of seals, faults and wells.
The Japanese Tomakomai CCS project is a large scale demonstration project located 3-4 km off
the coast of Hokkaido. The monitoring program includes 2D and 3D seismic surveys. These will
be deployed via OBCs because greater repeatability is achievable and the busy port and shallow
water setting precluded streamer deployment. The 2D survey line aligns with the two injection
wells and uses a buried OBC for similar reasons. Heavy emphasis has been placed on the detection
of natural earthquakes and microseismicity which also uses the OBC equipment, in addition to
four dedicated ocean bottom seismometers (OBS) and downhole sensors in the observation wells.
Various kinds of marine environmental monitoring are also scheduled, as required by Japanese
regulation.

7.2 Offshore monitoring technology
7.2.1

Time-lapse seismic methods

Time-lapse seismic is a mature technology used to monitor gas and oil production worldwide, and
it has also been successfully employed for monitoring many saline aquifer CO2 injection sites,
both onshore and offshore. The technology is based on the acoustic contrast between the low
velocity and density of CO2 compared to the higher velocity and density of the in situ brine. Both
repeated 2D and 3D seismic have been employed for CO2 monitoring and the results typically give
a detailed image of the lateral and vertical distribution of CO2 in the pore space. The method is
best employed at sites where the injected CO2 properties give a good contrast with the in situ pore
fluid—generally good within saline aquifers but less favorable for CO2 injection into produced gas
fields. Although the level of detail possible with seismic imaging is relatively high, it is restricted
by the seismic wave length and there is a lower resolution limit beneath which time-lapse changes
will not be resolved (typically around 10-15m). The method depends on a precise repetition of the
seismic surveys, and it is particularly important to reproduce the position of the seismic source and
receivers. Marine 3D seismic acquisition and time-lapse seismic monitoring is constantly
improving, e.g., using guided and steerable streamer technology. These improvements lead to a
paradox in any time-lapse monitoring project. Although there is a desire to always use the most
updated technology, the base line survey is often the limiting factor when taking advantage of the
newer technology available for repeat surveys. In recent years there has been a development
towards broadband seismic technologies, aimed at expanding the frequency range for seismic
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acquisition. Time-lapse processing is used to make these newer surveys backward compatible with
the (typically poorer) base line survey.
Time-lapse seismic has been the main monitoring technology employed from the start at the
Sleipner injection site, and has provided a detailed overview of the CO2 behavior in the
reservoir.239,240 (Figure 7-5) shows the typical time-lapse response at Sleipner, between the 1994
(base survey) and the repeat 2010 survey. In total, nine different layers were identified at Sleipner
from the 4D seismic monitoring. These imaged layers are interpreted as being due to CO2 partially
trapped beneath thin mudstone layers within the Utsira sandstone storage unit (due to capillary
forces), and then migrating upwards towards the top of the storage unit. These thin shales were
identified in wells at the outset of the project241 but their effect was unknown as the shales could
not be correlated from well logs alone or seen on the baseline seismic data. Time-lapse seismic
imaging has therefore revealed which geological units actually control the dynamics of CO2 plume
movement, leading in turn to an improved appreciation of the physics and dynamics of CO2-brine
multiphase flow systems.242,243,244
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Figure 7-5 Time-lapse response (1994 to 2010). Left: seismic difference section, right: map view of the
two uppermost layers.

The time-lapse seismic response is potentially influenced by changes in saturation, pressure or
rock strain, or more generally a combination of all these factors. While at Sleipner the response is
mainly related to saturation (since pressure changes are very small), at the Snøhvit site it seems
that the observed response is related to both pressure and saturation changes.245 Although this can
complicate the interpretation of time-lapse seismic, it also brings the potential for resolving both
the pressure footprint and the spread of the CO2 plume itself from seismic monitoring datasets.
7.2.2

Other geophysical methods

The most successful alternative geophysical monitoring technique has probably been time-lapse
gravity, which has been employed both at the Sleipner and Snøhvit injection sites.246,247,248 Timelapse gravity monitoring is based on accurately measuring the difference in the Earth’s mass
attraction when the in situ brine is replaced by lower density CO2. The methodology was developed
for offshore monitoring by Statoil in co-operation with the Scripps Research Institute during the
late nineties and was first successfully used in monitoring gas production from the Troll field. The
success of the method depends on the instrument precision and position accuracy. Typically
concrete benchmarks are placed on the seafloor in a grid covering the injection site and the
gravimeter is deployed using an ROV and then retrieved from the benchmark after sufficient time
to correct for tidal effects and long-term drift. This allows a precision in the range of 2-5
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microgalileos (μGals), (which is a unit of acceleration defined as one-millionth of a Gal, which is
1 cm/s2) comparable to the best onshore gravimetric surveys.

Figure 7-6 Map of observed gravity changes at Sleipner between 2002 and 2009 (corrected for
measured benchmark settling, and after water influx signal has been subtracted), redrawn from Alnes et
al 2011. Red arrows denote a reduction in seafloor gravity (scale i s shown in the bottom left hand
corner). Contours show modelled gravity response from the CO2 plume (contour spacing is 2 μGal).
Thick black outline shows the outline of the CO2 plume estimated from the seismic response in 2008.

Figure 7-6 shows the gravimetric layout over the Sleipner field, together with the gravimetric timelapse response from 2002 to 2009. The advantage of the gravimetric method is that it provides a
direct estimate of the CO2 density change in the reservoir (as opposed to seismic which is a mixed
response of density and velocity); however, the disadvantage is that gravimetric measurements
have much less resolution than seismic measurements. In practice, gravity surveys are most useful
when used in combination with time-lapse seismic, allowing density changes to be more precisely
calibrated.
Repeated resistivity measurements downhole have been used successfully for monitoring
resistivity changes at the onshore Ketzin CO2 injection test site.249 In the offshore setting, where
downhole monitoring in wells is much more limited, an attractive alternative is to use CSEM waves
with sources and receivers towed close to the seabed. CSEM has had a rapid development as a
249
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supplement to seismic for oil exploration purposes and relies on measuring the resistivity
difference between a more resistive oil or gas bearing rock formation compared to the formation
filled with saline brine. CSEM surveys also provide relatively low resolution measurements. A
feasibility test was conducted at the Sleipner CO2 storage site in 2006, but did not give conclusive
results, however the method shows some potential especially when combined with gravity field
monitoring.250
7.2.3

Downhole monitoring

Onshore CO2 storage sites, such as the demonstration projects at Ketzin, 251 Decatur, 252 Bell
Creek,253 and Cranfield254 have tended to have a stronger focus on downhole monitoring, including
use of downhole gauges, distributed fiber-optic measurements, repeat saturation logging,
downhole electrical resistivity tomography, and downhole seismic measurements. In the offshore
setting, where well construction and operations costs are significantly higher, downhole
monitoring for CO2 storage has so far been more limited. However, following significant technical
advances in down-hole fiber-optic deployed measurement devices,255 downhole monitoring in the
offshore setting has become a more practical and cost-effective option.
Permanent downhole monitoring approaches recently applied in the oilfield setting include:


Permanent quartz gauges with a range of acoustic, copper or fiber-optic transmission
systems;



Distributed temperature sensing (DTS) systems where the fiber optic cables are used to
measure temperature changes along the fiber;



Distributed acoustic sensing (DAS), where the fiber optic cables are used to measure strain.

These permanent downhole sensors are most commonly deployed attached to the injection (or
production) tubing with transmission to surface via single-mode fiber or multiple fibers in a single
tube. Fiber optic cables and downhole gauges may also be placed behind the well casing or in
dedicated monitoring wells. At the Citronelle (United States) test site, a DAS cable was deployed
250
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as part of a Modular Borehole Monitoring (MBM) system alongside electrical cables for geophone
and P/T data, and a u-tube for fluid sampling.256 Improvements in the reliability of the installation
process and in the long-term stability of the gauges and fibers at high temperatures and pressures
have taken the performance lifetime from a few months to several years, meaning that the systems
can now be considered as permanent for the lifetime of most projects (10–30 years). The value of
permanent downhole gauges for CO2 storage monitoring has now been demonstrated at several
sites, both onshore257 and offshore (at the Snøhvit and K12-B sites). Distributed temperature and
acoustic sensing has been field tested at several onshore CO2 storage sites including Otway
(Australia), Ketzin (Germany), Decatur and Citronelle (United States),258 where the value of DAS
for acquiring vertical seismic profile (VSP) datasets shows great potential as an advanced and cost
effective approach for MMV. Field trials for acquiring VSP data from distributed acoustic sensing
systems deployed in offshore gas production wells have also been recently demonstrated,259 such
that use of DAS and DTS systems is likely to be an important part of future offshore CO2 storage
projects.
Interpretation of downhole monitoring data will always require integration with other subsurface
data, including geological data, surface seismic data, and fluid characterization and modelling. The
value of this integrated approach to monitoring and verification of CO2 storage sites is clear from
many case studies, and nicely illustrated for the offshore setting by Snøhvit CO2 injection project,
where downhole pressure gauge data were interpreted alongside time-lapse surface seismic data
to design a well intervention operation. 260,261 Figure 7-7 illustrates how the time-lapse seismic
response at Snøhvit was subsequently confirmed by downhole flow logging data, confirming the
value of combining a range of monitoring data (in this case surface seismic data with downhole
pressure gauge and flow logging data) in order to optimize and manage CO2 storage in an offshore
setting.
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INFLOW LOG

Estimated flow distribution from 4D seismic:
• 80% in lower perforation
• 20% in two upper perforations

150 ms
Logged flow distribution from downhole logging:
• 81% in Lower Perforation
• 19% in two upper

1 km

Figure 7-7 Comparison of downhole flow logging at the Snøhvit CO2 storage site with flow
distribution estimate from time-lapse (4D) seismic (yellow box indicates the Tubåen storage unit).

7.2.4

Shallow-seismic monitoring

Various technologies currently exist for investigating the shallow sub-seabed, the sediment-water
interface and overlying water column. These include shallow seismic methods, acoustic methods
(swath bathymetry, sonar), coring, underwater imagery, and chemical sampling. Near-seafloor
monitoring techniques are undergoing rapid development and are now being applied to CO2
storage issues; including establishing baseline datasets, understanding spatial and temporal
sampling requirements, and improving detection thresholds. Figure 7-8 illustrates the various
methods available for addressing monitoring, risk assessment and site selection issues. Here we
will first review shallow seismic monitoring methods and then passive seismic and seabed
monitoring in the following sections.
There is a wide range of offshore seismic acquisition and monitoring technologies available for
subsurface geologic characterization, which need only minor modification adaptation for CCS. In
heavily explored hydrocarbon basins, baseline 3D seismic surveys are widely available, and for
other offshore basins new 2D and 3D seismic data can be easily acquired. Newer high resolution
3D (HR3D) seismic technologies 262 , 263 (e.g., the P-cable) are especially valuable for
characterization of the overburden stratigraphy Figure 7-9. Such acquisition systems have been
deployed for the Snøhvit site in the Barents Sea Basin as well as for the potential CO2 storage site
262
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P18, offshore the Netherlands. When integrated with deeper regional conventional 3D seismic data
and petroleum exploration data, HR3D becomes a valuable tool for characterizing regional seals
and mapping faults that may extend vertically from hydrocarbon and CO2 storage reservoir depths
through confining systems.

Figure 7-8 Diagram showing the roles of environmental (seabed and shallow sub-seabed) and deep
geological (seismic) data to sub-seabed storage of CO2. Solid lines indicate likely relationships, and
dashed lines indicate potential relationships. 264

From 2012 to 2014, three HR3D surveys have been conducted on the inner shelf (<10 miles)
offshore Texas in the Gulf of Mexico as part of a project to characterize CO2 storage potential.
During 2014 another type of HR3D survey was executed just offshore the Netherlands in the
vicinity of the P18 gas field, a potential CO2 storage location for the ROAD project. These
surveys have identified gas migration pathways and shallow re-accumulations, providing insight
into CO2 storage and long-term fate of buoyant mobile phases. HR3D data can identify
stratigraphy and faults in the overburden in unprecedented resolution (well below conventional
seismic resolution (Figure 7-9), and provide crucial information for proving up storage prospects
(seal continuity and potential migration pathways). Observations from these surveys indicate the
value of HR3D data for discriminating between favorable and unfavorable storage settings with
264
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respect to long-term containment, as well as potential for time-lapse monitoring for leakage from
engineered injections.

Figure 7-9 (Top) Comparison of data from a conventional seismic survey with HR3D data.
Conventional data has poor shallow coverage and resolution. (Below) shallow gas pocket delineated in
HR3D survey near the ROAD project’s candidate storage location.

7.2.5

Passive and induced seismic monitoring

One particular concern for CO2 storage security is the potential risk of induced seismicity.265,266 A
major technical challenge is that induced seismicity needs to be differentiated from a background
of natural seismicity. In general, land-based seismic monitoring networks are much better
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developed than offshore networks, such that the starting point for understanding background
seismicity is generally poor.
Seismic events offshore can be monitored by seismographs such as OBS. Offshore reservoir
monitoring tools such as OBCs and ocean bottom nodes (OBN) can also be used for event
hypocenter determination of microseismic events around a reservoir zone or storage unit. The
combination of OBS and OBC/OBN monitoring should be useful for distinguishing induced
seismic events from natural events, but is currently an emerging technology and will be
demonstrated in the Japanese Tomakomai Project (Figure 7-10), where CO2 injection is planned
for 3 years, starting in 2016. Some onshore CO2 storage sites, including Weyburn,267 In Salah268,269
and Decatur270 have successfully tested microseismic monitoring for CO2 storage revealing the
potential for using the approach to monitor microseismicity associated with CO2 injection. A key
issue emerging from these studies is that detected events are generally controlled by pressure and
stress changes and only indirectly associated with CO2 injection. Development of high quality
velocity and geomechanical models is therefore essential for successful application of this
technology.
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Figure 7-10 Layout of the monitoring facilities at the Tomakomai CCS Demonstration Project.
7.2.6

Marine and seabed monitoring

A number of studies have looked at natural leakage of CO2 from the seabed271 as an analogue for
understanding possible leakage of CO2 into the marine environment, while others have conducted
controlled release experiments in the shallow marine environment.272,273 In both cases the objective
has been to understand how CO2 leakage to the seabed might be detected and what the potential
impacts could be to the marine environment.
An important research site is the QICS artificial CO2 test injection experiment in Ardmucknish
Bay off the west coast of Scotland. CO2 was released beneath 11m of sediment over a period of
37 days. Although bubbles occurred soon after injection, CO2 was retained within sediments and
trapped in pore waters. The QICS experiment also clearly revealed the influence of cyclical
hydrostatic pressure induced by tides. By using dispersed transponders it is possible to detect the
location of bubble streams by triangulation. Although the system allows continuous measurement
271
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it is susceptible to biofouling, suspended sediment and trawler damage. One of the main challenges
encountered with passive acoustic measurements is the extent of background noise from artificial
and natural sources which can mask a specific acoustic signal.
The controlled release experiments conducted by the QICS research project demonstrate that leaks
of CO2 gas can be detected by monitoring acoustic, geochemical and biological parameters within
a given marine system. However the natural complexity and variability of marine system responses
to (artificial) leakage strongly suggests that there are no absolute indicators of leakage or impacts
that can unequivocally and universally be used for all potential future storage sites. These studies
suggest that a multivariate, hierarchical approach to monitoring is needed, escalating from
anomaly detection to attribution, quantification and then impact assessment, as required. Proposed
optimal spatial and temporal criteria for baseline surveys relating to each category of monitoring
approach are detailed in Table 7-3. The particular choice of approaches will have some site
specificity. QICS suggested that acoustic and geochemical methods will be the primary detection
methodologies and therefore identify the most pressing aspects of baseline generation. Given the
spatial heterogeneity of many marine ecosystems it is essential that environmental monitoring
programs are supported by a temporally (tidal, seasonal and annual) and spatially resolved baseline
of data from which changes can be accurately identified.
Table 7-3: Optimal spatial and temporal criteria for baseline surveys relating to each category of
monitoring approaches suggested from QICS controlled release experiment
Methodology
Active acoustics

Passive
acoustics

Variables
Seafloor bathymetry,
including
pockmarks.

Temporal sampling interval
In shallow waters where the
seafloor
sediments are exposed to stormdriven resuspension and
biological sedimentation a
seasonal discrimination, in the
first instance.
In deeper waters where
sediments are disconnected from
weather driven events an initial
survey, followed by a
repeat survey 1–2 years later.

Free gas in surface
sediments and water
column.

An initial survey, followed by a
repeat survey 1–2 years later.

All noise at relevant
frequencies.

Seasonal in addition to targeted
short-term deployments to
assess event driven noise.

Targeted to known fixed
installations or shipping
routes.

Necessary for
quantification, not
essential for
detection.

Acoustics of existent
natural gas seeps.

Seasonal and targeted short term
deployments to account for
intermittent gas flow.

Spatial extent of the storage
reservoir as well as
allowing for lateral

Required for
detection.
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Spatial sampling scale
The spatial extent of the
storage reservoir in addition
to allowing for lateral
movement of migrating
CO2.

Notes
Assists
identification of
existent natural
seeps.

Useful for
attribution.

Methodology

Variables

Temporal sampling interval

Spatial sampling scale
movement of migrating
CO2.

Notes

Geochemistry

Water column
pH, pCO2,
temperature,
salinity, pressure.

Hourly measurements for at
least part of the seasonal cycle,
corresponding with periods of
biological or physical activity.
Weekly for entire annual cycle.
Repeated for at least one
subsequent year to assess interannual variability and then on an
approximately decadal
repeat to assess longer term
trends.

For high frequency data, if
the storage site is large or
includes significant
changes in water depth
or other hydrodynamic
properties, at least a pair of
landers deployed across the
site.
Spatial extent of the storage
site via AUV deployment.

Required for
detection.

Isotope composition
ratios: e.g., C13:C12

Occasional (not dynamic)

Occasional (not dynamic)

Addresses
attribution

Community
structure,
indicator species and
related indices.

Weekly during periods of
intense biological activity,
otherwise monthly.
Repeated for at least one
subsequent year to assess interannual variability and then on an
approximately decadal
repeat to assess longer term
trends.

Significant differences in
water depth and-or different
sediment types within the
complex would need
separate characterization.
Multiple replicates are
required for statistical
certainty.

Principally for
impact
assessment.

TA or DIC and O2 if
possible.

Biology

Natural CO2 seepage sites are prevalent in several areas around the world and especially in
geothermally active areas. The hydrothermally driven seeps off the island of Panarea in the Aeolian
Islands are a good example. Observations near these seeps show that the local biology has adapted
to the presence of these seeps, but this adaptation is in distinct contrast to conditions in colder,
deeper and more turbid sites. The Hugin Fracture is another example of a natural seepage, in this
case in the central North Sea. Here, a 3 km long seabed structure is covered by soft sediments with
wide patches of methanotrophic bacteria which metabolize methane from a natural seep. There is
no evidence of CO2 at this location.
The use of high-resolution seismic reflection using chirp and boomer technology is a valuable
technology for near-surface monitoring, and proved highly effective during the QICS experiment.
The technique produced clear images of gaseous CO2 trapped in sediments above the release point
(Figure 7-11).

The experience being gained from experimental and natural seepage sites highlights some key
issues that affect offshore monitoring programs. Monitoring strategies need to be devised to cover
large areas, typically tens to hundreds of km2 and yet also achieve accurate measurement and
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Figure 7-11 Seismic profile at the QICS site showing gaseous CO2 trapped in shallow sediments and a
bubble stream above the release point.

characterization over sufficiently long periods in order to understand temporal fluctuations.
Limited spatial coverage could increase the risk that anomalies remain undetected. Monitoring
data should be used to build a robust baseline but data interpretation can be used to improve the
knowledge of storage sites and where anomalies could occur. A combination of point sampling
and large spatial surveys should help to improve the quality of monitoring. Search areas could be
narrowed down by the integration of information from deeper-focused monitoring such as 3D
seismic, which can identify migration pathways, with shallow surface monitoring such as acoustic
detection.
Seasonal variability, seawater chemistry variability and other features such as the presence of
shallow gas (CH4, CO2, H2S) in marine sediments need to be considered in any monitoring
program. Other factors such as seabed recycling and sediment transport and anthropogenic
activities such as trawling also need to be taken into account.

7.3 Technical challenges and technology gaps
7.3.1

Importance of data integration

Based on the recent record of monitoring technology development, we can expect further steady
progress with novel monitoring approaches, improved detection and resolution, and more costeffective survey methods. Despite these improvements, it is important to emphasize that
measurement of CO2 in the subsurface will always carry inherent uncertainties. Detection of
changes in fluid saturation or pressure must always be compared to a background signal. This is
clearly the case with time-lapse seismic monitoring of CO2 plumes, where the “fluid signal” needs
to be differentiated from the “rock signal”, but it is also the case apparently more direct downhole
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measurements. The successful track record of CO2 storage monitoring at Sleipner and Snøhvit,
clearly illustrates the importance of using multiple datasets (e.g., seismic, gravity and well data)
in order to understand the nature of the monitoring data being interpreted.
Furthermore, it is increasing clear that CO2 storage modeling and monitoring activities have to
function in an iterative loop, with improved monitor data used to refine models274 and improved
model understanding used to improve the accuracy of monitoring data.275,276 Using this experience
from the early offshore CCS demonstration projects, we can develop realistic expectations on what
can be detected from monitoring data, and use this insights to guide the implementation of the
appropriate monitoring regulations.
7.3.2

Challenges for monitoring

This need for data integration and realistic expectations from monitoring data gives a good
framework for understanding the main challenges for MMV, which can be summarized as follows:
1. Understanding the requirements for baseline datasets versus monitoring surveys:
Technology evolves with time, and baseline datasets will typically have less advanced
content than the latest survey data.
2. Marine and seabed surveys need to assess the range of natural variation, spatially and
temporally, in order to establish a reference for detection of possible anomalies.
3. CO2 storage monitoring requires some knowledge of the whole storage complex, including
the overburden sequence and a fairly large volume around the storage site, leading to the
question of how much data is really needed and over what volume?
4. Rock strain and the geomechanical response to CO2 injection is relatively poorly
understood and so the basis for differentiating natural (passive) seismicity from induced
seismicity is challenging.
5. The interests of different stakeholders (e.g., the public, the regulator, the site operator)
leads to challenging demands on the monitoring datasets, which will always have some
inherent uncertainties.
7.3.3

Emerging technology

Many new and improved monitoring technologies have emerged in the last decade, and these are
being tested and applied at the several industrial and pilot-scale CO2 storage projects currently in
operation. We can expect this trend to continue. It is useful to highlight some of these
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developments as a pointer to what technology might emerge in the near future. These technologies
include:
1. Improved time-lapse seismic imaging using steerable streamer technology and broadband
seismic technology;
2. Improvements in the accuracy of time-lapse gravimetric monitoring to resolve density
changes;
3. Use of high-resolution 3D seismic technologies (e.g., P-cable) to obtain improved imaging
of overburden sequences;
4. Use of high-resolution seismic reflection chirp and boomer technology for near-surface
marine monitoring;
5. Use of OBS and OBC and OBN to monitor natural and induced seismic events;
6. Use of fiber optic cables for downhole monitoring, including systems with permanent
quartz gauges, DTS systems and DAS systems.
7. Interpretation of tracers co-injected the with the CO2 stream to monitor breakthrough times
and concentrations;
8. A range of improved acoustic techniques (e.g., multibeam echosounders) for monitoring
the seabed, including detection of gas fluxes.

7.4 Summary and Recommendations
1. Monitoring technology for offshore CO2 storage can be considered as mature, with many
emerging technologies potentially bringing higher quality surveillance at an acceptable
cost level.
2. The long history of monitoring at the Sleipner and Snøhvit sites in Norway and the pilotscale K12-B site in the Netherlands, can be used to demonstrate the value of several key
technologies, including 4D seismic, gravity-field monitoring, downhole gauges, and the
use of tracers, alongside routine wellhead monitoring.
3. The portfolio of monitoring techniques available for CO2 geological storage offshore can
be classed in terms of deep-focused (providing surveillance of the reservoir and deeper
overburden) and shallow-focused (providing surveillance of the near seabed, seabed and
water-column).
4. Deep-focused operational monitoring systems are dominated by the use of 3D seismic
surveys which have been highly effective for tracking CO2 plume development in Sleipner
and Snøhvit reservoirs. Measurement of downhole pressure is also highly valuable, and the
availability of reliable down-hole gauges and fiber-optic systems indicates that this will be
important technology for the future.
5. Shallow-focused monitoring systems are less mature but are currently being developed and
demonstrated. New marine sensor and existing underwater platform technology such as
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AUVs and mini-ROVs enable deployment and observation over large areas at potentially
relatively low cost. Seafloor and ocean monitoring technologies can detect dissolved phase
CO2, precursor fluids (using chemical analysis) and gas phase CO2.
6. Developments in geophysical techniques (such as the P-Cable seismic system for higher
resolution 3D data collection in the overburden) have shown that successful and effective
integration of these shallow subsurface technologies with the seabed monitoring data can
help to understand shallow migration processes.
7. Assessment of the results from both the operational (predominantly deep-focused) and
research (predominantly shallow-focused) monitoring activities from Sleipner and Snøhvit
indicates that many elements of the European storage requirements have been met at these
large-scale sites which were both initiated before the CCS Directive was introduced.
8. There are currently several emerging offshore CO2 storage projects, such as the
Tomakomai in Japan, ROAD in the Netherlands and Peterhead-Goldeneye offshore
Scotland, which are designing and adopting state-of-the art monitoring strategies for
offshore storage.
It is important to maintain the momentum in technology development for monitoring of offshore
CO2 storage, especially via data and experience exchange, along with focused international
knowledge-sharing workshops.
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8 Summary of regulatory requirements for offshore storage
8.1 Introduction
There have been significant developments in the regulation of CO2 geological storage offshore.
This section will describe the main developments, starting with the international coverage of the
London Convention, the regional coverage of OSPAR for the EU and North East Atlantic, the
regulation implemented by Japan, and the regulatory situation in the United States. These have
created an enabling regulatory situation for CCS offshore whilst ensuring the protection of the
marine environment and other resources.
From 2004 to 2007, a considerable amount of both legal and technical work on the storage of CO2
in sub-seabed geological formations was developed under the London Convention and its 1996
Protocol and the OSPAR Convention. The technical and legal work included consideration of the
risks and benefits to the marine environment within the context of increasing atmospheric CO2
absorption by the oceans. The conclusion of this work was that the Conventions should move to
remove their prohibitions that applied to certain CO2 geological storage project configurations, so
as to facilitate and to regulate environmentally safe CO2 geological storage. In timescales faster
than most anticipated, the London Protocol was amended in November 2006 and OSPAR was
amended in June 2007. The actual amendments include various provisions, conditions and
restrictions so as to only allow environmentally sound CO2 storage. In this process, three detailed
guidelines were produced for risk assessment and management of CO2 storage. Much of the
material below is taken from Dixon (2009 and 2015).277,278

8.2 International Regulatory Requirements (Existing and Proposed)
8.2.1

London Protocol

The London Convention (1972)279 and the London Protocol (1996)280 are the global agreements
regulating dumping of wastes at sea, with the intention of protection of the marine environment.
The Convention consists of 87 countries, and the Protocol 45 countries (as of November 2014).
The Protocol is an updated and more rigorous version of the Convention. The secretariat of the
London Convention and the London Protocol is provided by the IMO. The London Protocol was
ratified by sufficient countries so as to come into force in March 2006, and is intended to replace
the Convention in time. The Protocol prohibits dumping of wastes or other matter except those
specified in its Annex 1, and these require permitting and regulation. Examples of wastes or other
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matter which may be dumped include dredged material, fish waste and inert geological material.
However, it appeared that the Protocol, because it included the sub-seabed in its scope, could
prohibit CO2 geological storage in several CCS project scenarios including CO2 from an onshore
source to an offshore platform for injection into a sub-seabed geological formation.
An amendment to the Protocol to the London Convention was proposed in April 2006 by Australia
and supported by UK, Norway, France and Spain. This was voted on and agreed in November
2006 and came into force on 10 February 2007. All of this was in timescales far faster than most
anticipated, due to the newly recognized impacts of atmospheric CO2 upon the oceans with ocean
acidification. The key elements of this amendment are as follows: added to the list of substances
that can be dumped is:
“CO2 streams from CO2 capture processes for sequestration”
With the important caveats that:
“Carbon dioxide streams may only be considered for dumping, if:
1

disposal is into a sub-seabed geological formation; and

2
they consist overwhelmingly of carbon dioxide. They may contain incidental associated
substances derived from the source material and the capture and sequestration processes used;
and
3
no wastes or other matter are added for the purpose of disposing of those wastes or other
matter.” (IMO 2006a)281
This meant that the geological storage of CO2 had its prohibition uncertainty removed, so long as
it is geological storage, and the CO2 can contain impurities but this cannot be used as route for
dumping other wastes.
In addition, the Scientific Group for the Convention and the Protocol produced two sets of detailed
guidelines on geological storage of CO2 in the marine environment. For risk assessment and
management of such activities, they produced the Risk Assessment and Management Framework
for CO2 Sequestration in Sub-seabed Geological Structure (known as the RAMF) (IMO 2006b),282
which also helped them understand the processes and risks better themselves. They then produced
Specific Guidelines for Assessment of CO2 Streams for Disposal into Sub-seabed Geological
Formation (known as the CO2 Specific Guidelines or sometimes as the CO2 Waste Assessment
Guidelines—WAG) (IMO 2007). 283 Both these guidelines provide an environmental impact
assessment process, with factors to be considered specifically for CO2 storage activities. These
281
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guidelines drew upon the best available knowledge from scientific experts and guidance from
IPCC sources, including the IPCC Special Report (IPCC 2005) 284 and the IPCC Guidelines for
GHG Inventories (IPCC 2006).285
The basic structure of the RAMF guidelines is as follows, with a brief summary of the content:
1.

Problem Formulation—scope, scenarios, boundaries

2.
Site characterization—capacity, integrity, leakage pathways, monitoring options,
surrounding area, modelling of CO2 behavior
3.
Exposure assessment—properties of CO2 stream, exposure processes and pathways,
likelihood, scale
4.
Effects assessment—consequences - sensitivity of species, communities, habitats, other
users
5.

Risk characterization—integrates exposure and effects - environmental impact, likelihood

6.
Risk management—leak prevention, monitoring of CO2 streams within and above
formations—linked to performance monitoring and migration detection, and monitoring seafloor,
water and biological if leakage is suspected - mitigation
Regarding monitoring, the RAMF guidelines draw upon the information contained in the IPCC
guidelines (2006).286 It places monitoring techniques into two categories - those for measuring
performance within the geology, and those for monitoring when leakage is suspected. The latter
are more detailed and also can measure impacts, and include monitoring of sea water chemistry
and ecological effects. Emphasis is made that the monitoring activities have to be revised in the
light of monitoring results, and following the IPCC GHG guidelines (IPCC 2006),286 the frequency
of monitoring can be reduced as confidence grows in the security of storage. Also following the
IPCC guidelines, the RAMF recognizes that each storage site will be different and so site
characterization and risk assessments should be on a site-by-site basis. Overall, the primary focus
of the RAMF is on geological storage in depleted hydrocarbon reservoirs and saline aquifers. They
explicitly do not cover coal beds, basalts and salt caverns. Also they recognize that storage in
geological formations under deeper waters, e.g., 500m, would require revised guidelines.
The CO2 Specific Guidelines (IMO 2007)284 are the transposition and refinement of the RAMF
into the standard structure of London Convention waste assessment guidelines to assist regulators
in their permit decisions. These require an ‘impact hypothesis’ to be produced as a statement of
the expected consequences of disposal. The basic structure of the Specific Guidelines is as follows,
with a summary of the content:
1.

Introduction—purpose and scope
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2.

Waste Prevention Audit—not directly pertinent to CCS

3.

Consideration of Waste Management Options—not directly pertinent to CCS

4.

Chemical and Physical Properties—characterization of the CO2 stream

5.
Action list—screening for acceptability of substances to be disposed, in this case the CO2
stream including impurities.
6.
Site selection and Characterization—both of the storage formation and of the marine area,
drawing upon the IPCC SR, including evaluation of potential exposure to CO2 and other
substances mobilized by the CO2, identification of leakage pathways and probabilities, modelling
of the CO2 behavior.
7.
Assessment of potential effects—bringing all the above together into a risk assessment
and producing an impact hypothesis.
8.
Monitoring and risk management—to verify the site management and that permit
conditions are being met, a detailed monitoring program defined from the results of the impact
hypothesis, including a mitigation plan in the event of leakage.
9.

Permit and permit conditions—the information required for and in a permit.

Refinements added to the CO2 Specific Guidelines included a further definition of the CO2 stream
which clarifies that substances can be added to assist CCS. “the CO2 stream, consisting of: .1 CO2;
.2 incidental associated substances derived from the source material and the capture and
sequestration processes used: .1 source- and process-derived substances; and .2 added substances
(i.e., substances added to the CO2 stream to enable or improve the capture and sequestration
processes)” [IMO 2007, section 1.3].284
On CO2 stream purity, the Scientific Group concluded that, rather than stipulating a generic
standard for stream purity, given that the overall requirement is for environmental safety the levels
of these impurities should be related to potential impacts on the integrity of storage and transport,
and assessed on a case-by-case basis recognizing the natural variation in storage site characteristics
(as in IPCC (2005)285 and IPCC guidelines (2006)286) and different transport constructions. This
principle is described in the Specific Guidelines (IMO 2007)284 and is why the general phrase
“consist overwhelmingly of carbon dioxide” is used in the legal amendment.
The Specific Guidelines provide guidance on permitting and permit contents. A key requirement
identified is that permits (and permit applications) should contain information on the CO2 stream
composition, and a risk management plan which has itself to include: a monitoring plan
(operational and long term) and reporting requirements; a mitigation and remediation plan (for in
the event of leakage): and a site closure plan with post-closure monitoring (IMO 2007 section
9.1).284 Permits should be reviewed at regular intervals and should take into account any changes
identified from the monitoring and updated risk assessments.
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8.2.1.1 Transboundary Issues under the London Protocol

The main issue for CCS at the London Protocol since the 2006 amendment is the topic of
transboundary export of CO2 for sub-seabed geological storage. The London Protocol Article 6
prohibits exports of wastes for dumping in the marine environment.
ARTICLE 6. EXPORT OF WASTES OR OTHER MATTER.
“Contracting Parties shall not allow the export of wastes or other matter to other countries for
dumping or incineration at sea.” (London Protocol 1996)280
This is intended to stop Parties exporting their waste to non-Parties so as to get around the London
Protocol controls. However, this prohibits transboundary transport, i.e., export, of CO2 for subseabed geological storage. There may well be a need for such export in the situations where a Party
does not have sufficient suitable geological storage capacity but they still wish to use CCS to
reduce emissions. In the 4th meeting of contracting parties to the Protocol (LP4) in October 2009
an amendment was adopted to remove this restriction (IMO 2009 resolution LP.3(4)). 286 The
amendment requires that an agreement or arrangement has been entered into by countries
concerned, which should include permitting responsibilities and, for export to non-parties,
equivalent provisions as those required of Protocol Parties.
AMENDMENT TO ARTICLE 6 OF THE LONDON PROTOCOL
“2
Notwithstanding paragraph 1, the export of carbon dioxide streams for disposal in
accordance with Annex 1 may occur, provided that an agreement or arrangement has been entered
into by the countries concerned. Such an agreement or arrangement shall include:
2.1
confirmation and allocation of permitting responsibilities between the exporting and
receiving countries, consistent with the provisions of this Protocol and other applicable
international law; and
2.2
in the case of export to non-Contracting Parties, provisions at a minimum equivalent to
those contained in this Protocol, including those relating to the issuance of permits and permit
conditions for complying with the provisions of annex 2, to ensure that the agreement or
arrangement does not derogate from the obligations of Contracting Parties under this Protocol to
protect and preserve the marine environment.
A Contracting Party entering into such an agreement or arrangement shall notify it to the
Organization.” (IMO 2009)286
Work commenced to revise the CO2 Specific Guidelines for the assessment of carbon dioxide
streams for disposal into sub-seabed geological formations to take into account transboundary
activities (export and migration). Through this work, it was decided that sub-seabed migration
across national boundaries does not constitute export, and so was not prohibited by Article 6, but
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was not covered by the CO2 Specific Guidelines. The revised CO2 Specific Guidelines were
finalized and adopted on 2 November 2012 (IMO 2012 annex 8).287
The other transboundary aspect to be resolved is the development of guidance to determine the
responsibilities of Parties in the case of export of CO2, in particular if exported to a country that is
not a party to the London Protocol. A new document “Guidance on the Implementation of Article
6.2 on the Export of CO2 Streams for Disposal in Sub-seabed Geological Formations for the
purpose of Sequestration” was produced (IMO 2013).288 This sets out the responsibilities of Parties
and the requirements of the agreements and arrangements which must be entered into by Parties
who wish to undertake export of CO2, including if to non-Parties, so as to ensure that the standard
of requirements of the London Protocol on permitting CO2 geological storage are maintained. In
the case of a breach of an agreement or arrangement by a non-Contracting Party, the Contracting
Party should “engage in consultations to rectify”. In the case of a “significant ongoing breach” the
Contracting Party is required to terminate the export (IMO 2013).288 This new Guidance was
adopted at the Annual Meeting on 18 October 2013, for use when the export amendment comes
into force.
However there is one significant remaining transboundary aspect to be resolved. The export
amendment adopted in 2009 to allow export of CO2 for geological storage requires two thirds of
Parties to ratify before it comes into force. This currently means 30 countries need to ratify it. To
date just two have: Norway and UK. Emphasis and concern on the rate of this ratification was
expressed by Mr. Koji Sekimizu, the IMO Secretary-General in his opening speech to the 2013
annual meeting of the London Convention and London Protocol (held at the International Maritime
Organization in London from 14-18 October 2013 (LC35 and LP8).
“The London Protocol currently is also the only global framework to regulate carbon capture and
sequestration in sub-seabed geologic formations… …. However, it remains a serious concern that, to date,
only two of the 43 London Protocol Parties have accepted the 2009 amendment, which is a long way from
satisfying the entry-into-force requirements. The importance of securing its entry-into-force cannot be overemphasized, if the threat from acidification of the oceans from climate change is to be minimized.”289

It is understood by the authors’ informal enquiries that just five further countries are working on
their ratification at the moment, so at this rate it will take many years to come into force, and in
the meantime London Protocol countries cannot export their CO2 to another country for storage in
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the marine environment. The exception is if the CO2 is a purpose other than dumping, such as for
enhanced oil recovery.
8.2.2

OSPAR

OSPAR (1992)290 is the convention protecting the marine environment in the North East Atlantic,
with 15 nations and the EC as Parties. Similarly to the London Protocol, OSPAR was drafted
without CCS in mind. Like the London Protocol, OSPAR specifies what is allowed to be dumped
in its Annexes, and is considered more restrictive than the London Protocol. In the light of the
work on the London Protocol amendment, in 2006 OSPAR started legal work to consider its own
amendment, and started a technical group to assess and refine for OSPAR purposes the London
RAMF. This work resulted in guidance called the OSPAR Framework for Risk Assessment and
Management of Storage of CO2 Streams in Geological Formations (known as the FRAM) (OSPAR
2007a).291
The structure of the OSPAR FRAM mirrors that of the London RAMF, with the same purpose.
The principles established for CCS in London were also repeated in the FRAM. Again, the focus
was on geological storage and explicitly not on storage in coal beds, basalts, oil and gas shales, or
salt caverns. Refinements included the addition of an ‘impact hypothesis’ in the risk
characterization, providing more information on monitoring requirements, and identification of
areas benefiting from further research.
Two amendments were required, for OSPAR’s Annex II dealing with dumping and for Annex III
dealing with offshore sources. These amendments were proposed in 2007 by Norway and cosponsored by UK, Netherlands, and France. As well as the FRAM, guidelines were produced on
how to use the FRAM, these were the OSPAR Guidelines for Risk Assessment and Management
of Storage of CO2 Streams in Geological Formations (known as the OSPAR Guidelines), which
included the FRAM as an integral annex (OSPAR 2007b).292
OSPAR was amended in June 2007 by consensus. The legal amendments were similar to London’s
but with an additional condition:
“CO2 streams from CO2 capture processes for storage...provided:
•

Into a sub-soil geological formation

•
Consist overwhelmingly of CO2. May contain incidental associated substances derived
from the source material and capture and sequestration processes used
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•

No wastes or other matter are added for the purpose of disposal

•
They are intended to be retained permanently and will not lead to significant adverse
consequences for the marine environment, human health and other users “ (OSPAR 2007c)293
The permanent retention point means that sites with even low enough levels of leakage for climate
benefit cannot be used.
At the same time, OSPAR Parties adopted a ‘Decision’ (a legal decision) to make use of the
OSPAR Guidelines obligatory (OSPAR 2007d)294 when issuing permits for geological storage of
CO2. In the London Protocol, the similar guidelines are for guidance only (though the London
Protocol includes more detailed provisions on the issuing of permits within an overarching annex).
This OSPAR Decision 2007/2 (OSPAR 2007d)294 includes permit requirements similar to those in
the London Specific Guidelines, but in more detail.
Any permit or approval issued shall contain at least:
1.

a description of the operation, including injection rates;

2.
the planned types, amounts and sources of the CO2 streams, including incidental
associated substances, to be stored in the geological formation;
3.

the location of the injection facility;

4.

characteristics of the geological formations

5.

the methods of transport of the CO2 stream;

6.

a risk management plan that includes:

i.

monitoring and reporting requirements ;

ii.

mitigation and remediation options including the pre-closure phases; and

iii.
a requirement for a site closure plan, including a description of post-closure monitoring
and mitigation and remediation options; monitoring shall continue until there is confirmation that
the probability of any future adverse environmental effects has been reduced to an insignificant
level. [OSPAR 2007d Section 3.2.6]294
The point in part 6.iii on monitoring means that monitoring may cease when confidence exists in
the security of the CO2 storage, reflecting the IPCC GHG Guidelines (IPCC 2006). The OSPAR
Decision also included the requirement for reporting, including post-closure reports, and a
reporting template (OSPAR 2007d Appendix 1).294
In addition, at the same meeting, OSPAR adopted another Decision to adopt a German proposal
to prohibit ocean storage “The placement of carbon dioxide streams in the water column or on the
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seabed is prohibited” (OSPAR 2007e).295 Thus ruling out ocean storage for OSPAR countries,
unless for experimental purposes.
In terms of timescales, the OSPAR Decision to use the OSPAR Guidelines, and the Decision on
ocean storage, came into force on 15 January 2008, for all CO2 geological storage projects in the
marine environment except those for enhanced oil recovery or from normal operations or
experimental purposes, which fall outside the OSPAR cover. The legal amendments to remove the
prohibitions came into force after seven OSPAR Parties ratified them, which was achieved on 23
July 2011.
Note that OSPAR does not have the export prohibition on wastes. Note also that both these marine
treaties do not deal with long term liability.

8.3 Examples of Specific National Regulatory Requirements
8.3.1

Japanese regulations

Prior to her ratification of the London Protocol in 2007, Japan amended the Act on Prevention of
Marine Pollution and Maritime Disaster to set out a regulatory framework for CO2 sub-seabed
storage in a way of complying with the Protocol. The amendments prohibit dumping in the subseabed in addition to that in the water column and exempt CO2 sub-seabed disposal or storage if
permitted by the Environment Minister. The Act regulates CO2 disposal not only at sea but also
from the land, for example, through an inclined well with its wellhead onshore, which is beyond
the Protocol. To obtain a permit, those who plan to dispose CO2 under the seabed are required to
submit to the Minister such documents as a project plan and a CO2 monitoring plan. The Minister
may issue a permit if determining, for example, that the way of storing CO 2 stream will not harm
the conservation of the marine environment around the storage site and that there are no other
appropriate ways of disposal available. More detail requirements are set out in a cabinet order,
ordinances and a notification of the Ministry of the Environment (MOE).
The major documents of an application are, as mentioned above, a project plan and a CO2
monitoring plan. The MOE ordinance for dumping permits requires the monitoring plan to be
developed for three cases: for normal times, for CO2 leak possibly taking place and for leaking or
nearly leaking. The MOE notification categorizes those to be monitored, which are the same for
the three cases: injected/ stored CO2, reservoirs, seawater chemicals, marine organisms and
ecosystems, and marine utilization such as marine leisure and fishery. The ordinance also requires
applicants to submit an environmental impact assessment (EIA) report as an attachment to a permit
application. To complete the EIA report, applicants need to set up CO2 leak scenarios; project
locations, spatial extent and volume of CO2 leakage based on the scenarios; identify those to be
affected by the projected leakage such as marine organisms and the marine ecosystems; acquire
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baseline data of the potentially affected; and assess the potential impacts of the assume leakage on
those.
The Act and its related legal orders were set out under a concept not to promote CCS but to regulate
CCS. There are, therefore, a couple of stipulations which may need to be amended for wider CCS
deployment in future. An example is that the regulations require an applicant to renew a permit
every 5 years or less, but do not specify the end of the renewals. This implies that the storage
operator should continue the renewals forever and keep on monitoring the injected CO2 and the
marine environment for an indefinite period. MOE has investigated appropriate conditions to allow
operators terminating monitoring but such conditions are not incorporated legally at present.
Another example is specifications for CO2 stream allowed to be injected. The orders provides that
CO2 should be captured by amine and be a concentration of 99 vol% or more (the threshold of
concentration is relaxed to 98 vol% for hydrogen production for oil refinery) on the assumption
that amine is the capture technology most likely to be adopted in Japan. The regulator claims that
they will amend stipulations when other promising technologies emerge, but anyway the current
law does not allow oxyfuel combustion capture and widely-used pre combustion capture such as
Selexol and Rectisol in Japan.
The regulations will be applied for the first time to a full-chain demonstration project funded by
the Ministry of Economy, Trade and Industry (METI). The project takes place in Tomakomai,
Hokkaido and plans to capture more than 100 thousand t of CO2 per year from a hydrogen plant
and inject the CO2 to offshore reservoirs for 3 years, commencing in 2016. The project is exempted
from the London Protocol in that CO2 will be injected onshore with inclined wells. However,
because the Japanese Government intends to report the project as that complying with the CO 2
Specific Guidelines under the Protocol to IMO and the contracting parties, the project will be
recognized as the world-first CCS project to be operated under the framework of the Protocol once
operated.
8.3.2 U.S. regulations
Regulation of future offshore sub-seabed GS of CO2 in the United States will be the responsibility
of two federal entities, the U.S. Department of Interior (DOI) and the U.S. Environmental
Protection Agency (EPA). The area under DOI jurisdiction is the Outer Continental Shelf (OCS),
which is that portion of the United States offshore from the seaward boundary of State submerged
lands to the outer edge of the Exclusive Economic Zone (200 nautical miles [nmi] [370 km]). EPA
will have jurisdiction over sub-seabed CO2 GS in State submerged lands; these extend from shore
line seaward to a distance of either 9 nmi (16.7 km) (Texas and west coast of Florida) or 3 nmi
(5.6 km).
The DOI will have jurisdiction over sub-seabed CO2 GS within the largest offshore portion of the
United States, meaning those portions of the OCS not under drilling moratoria. 296 However,
regulations specific to CO2 sub-seabed GS have not yet been written. Through the Bureau of Safety
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and Environmental Enforcement (BSEE) and Bureau of Ocean Energy Management (BOEM) DOI
already regulates offshore oil and gas activity on the OCS under the authority of the Outer
Continental Shelf Lands Act.297 This regulatory responsibility includes secondary and tertiary oil
recovery, and by default EOR using CO2. The current rules focus on resource recovery operations;
regulations for monitoring to demonstrate that CO2 injected for EOR is remaining in the deep subseabed will be needed if operators want to claim CO2 storage credit.
The OCSLA was amended in 2005 to also give DOI authority to establish regulations for
renewable energy resource recovery and other forms of energy and marine related uses of the OCS.
DOI and BOEM have determined that they have authority to regulate GS of CO2 generated from
coal-fired power plants. They have not yet issued an opinion on whether they will also have
authority to regulate GS for CO2 generated by and captured from other types of industrial sources.
The Bureau of Economic Geology (BEG) at The University of Texas at Austin is working with
the BOEM under funding from the National Oceanic Partnership Program298 to provide (1) an
analysis of existing BSEE and BOEM regulations that could be adapted to sub-seabed CO2 GS,
(2) an online EndNote database of pertinent existing manuals and guidance documents, and
published literature, and (3) a report on Best Management Practices and Data Gap Analysis for
Sub-seabed Geologic Carbon Dioxide Sequestration. This report is nearly ready for external
review and will be finalized and submitted to BOEM in September 2015. Further discussion of
how existing BSEE and BOEM regulations may be adapted to offshore GS, is contained in an
interim report associated with BEG’s BOEM project.299
The EPA has jurisdiction over onshore GS of CO2 through two U.S. federal laws, the Clean Air
Act (CAA)300 and the Safe Drinking Water Act (SDWA).301 The EPA, through its Office of Air
and Radiation, is responsible for regulations to protect the public from air pollution. In 2007, the
U.S. Supreme Court included CO2 as an atmospheric pollutant the EPA must regulate. As a result
EPA established the Greenhouse Gas Reporting program and in 2009 published regulations for
industrial emitters of CO2.302 The association of this program to offshore CO2 GS is through rules
in its Subpart RR—Geologic Sequestration of Carbon Dioxide. 303 Certain Subpart RR rules
require operators seeking to avoid future CO2 emissions penalties through geologic sequestration
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to follow an approved plan for monitoring, reporting, and verification (MRV). Such operations
located on State submerged lands will be subject to EPA GHGRP Subpart RR.
Under the SDWA, EPA’s Office of Water regulates protection of drinking water resources. The
program most applicable to CO2 GS is Underground Injection Control (UIC).304 UIC has defined
multiple classes of injection wells, each with their own set of rules. For example, EPA UIC Class
I well rules apply to industrial and municipal waste disposal wells. Injection of CO2 for EOR falls
under EPA UIC Class II rules. In 2010, EPA published regulations for newly established UIC
Class VI wells, which are wells used to inject CO2 for long-term geologic storage without EOR.
Class VI well rules include specific requirements for MVA of injectate-CO2. Again, the purpose
of EPA’s UIC program is to protect drinking water resources. These regulations should apply in
State submerged lands underlain by underground sources of drinking water (USDW),305 or where
sub-seabed stratigraphic units in hydraulic connection with onshore USDWs are present.

8.4 Implications of Regulatory Requirements on Technology Development
The international regulations were drafted in consultation with technical expertise on CO2
geological storage, with the intention that they did not place unrealistic requirements on the
science, the operators or the regulators. This means that they are based upon the level of knowledge
and technology development that existed in 2004-2008. With the emphasis on protection of the
marine environment, there is an emphasis on monitoring techniques for both leak detection and
impact assessment, as well as for environmental baseline measurements. There has since been
much work in developing such techniques, and some have been demonstrated at offshore sites
such as in Europe.
Monitoring strategies may need to be devised to cover large areas, typically tens to hundreds of
square km and also achieve accurate measurement and characterization possibly over lengthy
periods. Limited spatial coverage could lead to the risk that anomalies remain undetected or are
only detected after a lengthy period of time. Search areas could be narrowed down by the
integration of information from deeper-focused monitoring, such as 3D seismics which can
identify migration pathways, with shallow surface monitoring such as acoustic detection.
Deep-focused monitoring relies heavily on established hydrocarbon industry tools which are
mature. There is scope for improving some of these technologies and related data processing and
interpretation for CO2 storage. The quantification of CO2 within a reservoir still remains a
challenge.
Shallow-focused monitoring is less advanced compared with deep focused monitoring, but
systems are being developed and demonstrated. New marine sensor and existing underwater
platform technology such as AUVs and mini-ROVs enable deployment and observation over large
areas at potentially relatively low cost. Seafloor and ocean monitoring technologies can detect both
dissolved phase CO2 and precursor fluids (using chemical analysis) and gas phase CO2. AUV
304
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technology capable of long-range deployment needs to be developed so that the AUV can be
tracked transmit data via a satellite communications system. Real-time data retrieval and
navigation will enable onshore operators to modify or refine surveys without costly intervention
using a survey vessel. Further development in integrated in situ sensors has been underway over
the last 5 years. The quantification of leakage at the seabed remains a technical challenge.
The capabilities to predict the behavior of marine systems using models need to be improved.
Advances are needed so that systems can simulate leakage in the context of natural variability by
combining both pelagic and benthic dispersion and chemistry, including carbonate and redox
processes. Models that can simulate large scale dispersion of multi-phase plumes whilst
simultaneously simulating tidally-induced dispersion in the near- and far-field also need to be
developed.306

8.5 Implications of Technology Development on Regulations (i.e., better
modeling/simulation tools, etc. and influence on regulations)
There have been significant developments in the regulation of CO2 geological storage offshore.
This section has described the main developments internationally and for Japan and the United
States. These regulations have created an enabling regulatory situation for CCS offshore whilst
ensuring the protection of the marine environment and other resources.
These regulations, particularly the international ones, were among the first dedicated CCS
regulations to be developed. Experience and assessment of their suitability with application with
projects would be beneficial. There have also been significant developments in technologies and
knowledge since the period these regulations were developed, particularly in the areas of
monitoring and environmental assessment, with testing and demonstration of these developments
in Europe, Japan, and the United States. It is recommended that the knowledge gained through the
development and application of these regulations, and the relevant technical knowledge and
developments since, are shared with other countries who may be interested in offshore CCS.
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9 Summary and Recommendations
Offshore storage has been demonstrated by the Sleipner project for nearly 20 years and much has
been learned from this effort. Additionally, the oil and gas industry has developed significant
toolsets and capabilities for offshore hydrocarbon recovery and transport. However, there are also
significant opportunities to increase our understanding of offshore CO2 storage. Some of these
opportunities include: storage capacity assessments, infrastructure, monitoring and modeling, and
understanding of environmental impacts and dynamics of CO2 dispersion in ocean environment.
There is a growing wealth of research, development and practical experiences that are specific to,
or relevant for, CO2 storage offshore, as described in the preceding chapters, but this expertise is
familiar only to a few specific countries around the world. However there is also significant global
potential for offshore CO2 storage, and countries who are not yet active but may become interested
in offshore storage, would benefit from knowledge sharing from these existing experiences and
expertise. Such international knowledge sharing would be facilitated by international workshops
and by international collaborative projects. The CSLF is very well-positioned to encourage and
support such knowledge-sharing activities.
Storage Capacity Assessments
Global storage capacity assessments at the national level are currently inadequate. These
assessments are typically high risk and involve long lead times to prove storage capacity and
support the development of first-wave or even second-wave CCS projects. The long lead time (in
the range of 7–10 years) means that storage qualification defines the start-up time of a CCS project.
There are also cost implications. For example, although the cost of storage is typically considered
to be lower than that of capture, one ‘dry’ hole (i.e., into a formation that proves not to be a good
storage resource) would significantly increase the cost of storage.
Recommendation: It would help prospective CCS stakeholders if public-private partnerships were
developed to provide a number of pre-qualified storage locations. 307 For such locations, all
preparatory work, including the documents for a storage permit application could be made
available to reduce the uncertainty regarding the availability of storage. This would support both
the storage and the transport elements of CCS projects.
It is recommended that a more thorough evaluation of the geologic storage aspects of many basins
be pursued. It is also recommended that an increased level of knowledge sharing and discussion
be implemented among the international community to outline the potential for international
collaboration in offshore storage.
Transport Infrastructure
Technology solutions for CO2 transport exist and have shown to be robust during decades of
operation. Offshore CO2 transportation is more limited, but can benefit from substantial
307

This is sometimes referred to as ‘bankable’ storage capacity.

110

operational experience from natural gas pipelines. Compared with onshore pipeline transportation,
offshore CO2 transport will probably be more expensive, but there are also some distinct
advantages, such as less exposure to issues around routing, shipping is a mode of transport with
large flexibility in a start-up phase and to tie in smaller CO2 sources, and a more stable physical
environment.
Recommendation: To realize the international ambitions to mitigate global warming, the CO2
transportation infrastructure must increase significantly and will be an important contributor to the
overall costs for CCS. Hence, optimization of current practices is important, on areas such as CO2
product specifications and sharing of infrastructure to optimize utilization.
Additionally, during the pilot and demonstration phase of CCS, CO2 volumes will be relatively
small. However, these projects could be developing the first elements of the large-scale
infrastructure, if sufficient incentive is given to oversize the components of the transport
infrastructure. Especially during the early phase of CCS, public-private partnership is essential to
generate these large infrastructural works.
An increase in the available financial incentives for (offshore) CCS project is needed to increase
the speed of development of offshore CCS. Funding mechanisms should consider funding
operational costs, as well as up-front investments.
Offshore CO2-EOR
Currently, the only offshore CO2-EOR project that exists is the Lula project in Brazil. However,
offshore CO2-EOR is seen as a way to catalyze storage opportunities and build the necessary
infrastructure networks. One of the barriers reported widely for offshore CO2-EOR projects is the
investment required for the modification of platform and installations, and the lost revenue during
modification.
Recommendation: Recent advances in subsea separation and processing could extend the current
level of utilization of sea bottom equipment to also include the handling of CO2 streams. By
moving equipment required to separate and condition the CO2 to the seafloor, modifications to the
platform can be minimized. It is recommended that RD&D activities explore opportunities to
leverage existing infrastructure and field test advances in subsea separation and processing
equipment.
Understanding of CO2 Impacts on the Subsea Environment
Over the last decade, a significant body of research into the impacts of high CO2 concentrations
on marine systems has matured, driven directly by CCS but also by concerns regarding ocean
acidification. Much of this work has concentrated on physiological impacts and has utilized
laboratory scale manipulations. However both natural analogues, typically where volcanic CO2 is
emitted at the seafloor, and more recently a controlled release experiment, where CO2 was
deliberately injected into the seabed, have been used to study the synergistic impacts driven by a
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combination of hydrodynamics, ecosystem interactions, behavior and physiological responses.
The main outcome from these real world experiments is a glimpse of the complexity of impacts
and the challenges to efficient monitoring, in particular the requirement for a comprehensive
understanding of natural variability necessary to correctly identify and quantify non-natural
change. For example, it has been observed that carbonates, naturally present in some sediments
undergo dissolution in the presence of excess CO2, reducing the presence of gas at the seafloor,
some of the chemical parameters and biological impacts. However sediment carbonate is finite
and once exhausted a step change in detectability and impact is likely.
Recommendation: Leverage the existing body of knowledge to expand R&D efforts to diverse
geologic storage sites. Specific challenges arising from existing work are to understand the
buffering potential of sediments, and the impact of longer term exposures.
It is also recommended to expand upon modeling efforts to understand CO2 dispersion in an ocean
environment. Whilst the primary driver of the spatial extent of detectability and impact is the
leakage rate, many other factors such as depth, bubble size, current speed, tidal mixing and
topography are shown to have a large influence on dispersal. Existing models are robust, but
limited in that they generally cannot deal with very fine scales (≈1m) which are necessary for the
correct treatment of small leak scenarios at the same time as accurately defining regional scale
mixing processes, necessary for the correct estimation of dispersion. Model development of marine
systems is required to improve their predictive capabilities. Advances are needed so that systems
can simulate leakage in the context of natural variability by combing both pelagic and benthic
dispersion and chemistry, including carbonate and redox processes. There is also a need to develop
models that can simulate large scale dispersion of multi-phase plumes whilst simultaneously
simulating tidally-induced dispersion in the near and far field.
Monitoring Technology Development
Monitoring strategies may need to be devised to cover large areas, typically tens to hundreds of
square km, and also achieve accurate measurement, characterization and repeatability possibly
over lengthy periods. Limited spatial coverage could lead to the risk that anomalies remain
undetected or are only detected after a lengthy period of time. Search areas could be narrowed
down by the integration of information from deeper-focused monitoring, such as 3D seismic which
can identify migration pathways, with shallow surface monitoring such as acoustic detection.
Recommendation: Deep-focused monitoring relies heavily on established hydrocarbon industry
tools which are mature. There is scope for improving some of these technologies and related data
processing and interpretation for CO2 storage. The quantification of CO2 distribution within a
reservoir still remains a challenge.
Shallow-focused monitoring is less advanced compared with deep focused monitoring, but
systems are being developed and demonstrated. New marine sensor and existing underwater
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platform technology such as AUVs and mini-ROVs enable deployment and observation over large
areas at potentially relatively low cost. Seafloor and ocean monitoring technologies can detect both
dissolved phase CO2 and precursor fluids (using chemical analysis) and gas phase CO2. AUV
technology capable of long-range deployment needs to be developed so that the AUV can be
tracked transmit data via a satellite communications system. Real-time data retrieval and
navigation will enable onshore operators to modify or refine surveys without costly intervention
using a survey vessel. Further development in integrated in situ sensors has been underway over
the last 5 years. The quantification of leakage at the seabed remains a technical challenge.
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10 Appendix
Tables from IEAGHG Offshore Monitoring Report
Table A1 Surface seismic methods
Method

Capabilities

Practicalities

Deployment

Containment
Monitoring

Conformance

Cost

Limitations

Streamer—3D
seismic

High detection
and resolution
capabilities. Data
suitable for
advance analysis
especially the
investigation of
reservoir
properties and
plume tracking

Routine
deployment,
robust and mature
but requires large
unobstructed
areas of sea

Sleipner, Snøhvit.
Planned for
Goldeneye,
ROAD,
Tomakomai*
(Retrievable OBC
3D seismic)

Can provide
robust and
uniform spatial
surveillance of
storage
complexes. Can
detect small
changes in fluid
content and
therefore useful
for leakage
detection.
Changes in timelapse seismic
images can detect
small quantities
of CO2.

Ability to track
CO2 plumes is
useful to
corroborate model
predictions and
can be used to
refine or modify
them. Plume
mobility and
storage efficiency
can be checked.
Measured timeshifts can reveal
indicative
pressure changes
in reservoirs.

£10M+
depending on
survey area,
specification,
and locality.

Lack of
significant
azimuthal
variation in wave
propagation
which limits
azimuthal analysis
for evaluation of
anisotropy and
geomechanical
integrity.
Interpretation and
detection of CO2
relies on good
repeatability
which may not
always occur.

Detection
threshold depends
on geometry of
CO2
accumulation
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Processing time
up to £1M in
computing time

Method

Capabilities

Practicalities

Deployment

Streamer 2D
seismic

High detection
and resolution
capabilities
similar to 3D
seismic. Star
survey
configuration can
provide image of
plume spread.

More compact
compared to 3D.
Time-lapse is
reputedly poor.

Sleipner,
Tomakomai
(OBC 2D
seismic)

Streamer—P
Cable seismic

High resolution
3D seismic
system suited to
shallow sections
(<1,000 m)
therefore useful
for imaging
shallow
overburden. High
spatial and
temporal
resolution
possible Useful
for 3D mapping of
structures
especially faults.

Relatively
compact and
short than 3D and
2D configurations
gives high
maneuverability.

Snøhvit, Gulf of
Mexico

Containment
Monitoring

Useful for
containment risk
assessment and
leakage
monitoring by
tracking CO2
migration above
storage
complexes
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Conformance

Cost

Limitations

<£1m
depending on
survey area,
specification,
locality

Lack of 3D
migration in
processing
precludes
optimum imaging
of some
subsurface
structures.

<£1m
depending on
survey area,
specification,
locality

Sea bed multiple
can obscure
important
features.
Vulnerable to
reduced
performance in
poor sea
conditions.

Method

Capabilities

Practicalities

Deployment

Containment
Monitoring

Chirps,
boomers and
pingers

Designed for very
high resolution
surface seismic
surveys direct
detection of
bubble-streams
may be possible in
favorable
circumstances.

Can be deployed
from small sitesurvey vessels.
AUV systems can
be equipped with
Chirp
transducers. AUV
survey has
detected clear
images of natural
gas pockets in
central North Sea

Sleipner, planned
for Goldeneye
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Conformance

Cost

Limitations

<£100k

Designed for
shallow surface
surveys. AUV
based systems
have limited
penetration due to
lower power
availability.

Table A2 Ocean bottom seismic methods
Method

Capabilities

Practicalities

Deployment

OBN and OBC

As static
observation data
recorders these
devices can
provide full
azimuth coverage
with
multicomponent
sensors with p and
s-wave recording
for geomechanical
and isotropy
characterization.
Long-term
recording is useful
for detecting
natural and induce
seismicity

Can provided
information in
close proximity
to platforms

OBN planned at
Goldeneye

Containment
Monitoring

OBC planned at
Tomakomai

117

Conformance

Cost

Limitations

£10M+ but
unlike streamer
surveys there is
a high initial
cost to set up
the system and
relatively low
costs for repeat
surveys.

Vulnerability to
trawling
operations.
Limited spatial
sampling density
compared with
streamer surveys.

Table A3 Downhole seismic methods
Method

Capabilities

Practicalities

Deployment

Containment
Monitoring

4D VSP
(Vertical
seismic
profiling)

High resolution
imaging of nearwellbore region
10s–100s meters
radius

Permanent downhole
sensors allow for
cost-effective timelapse imaging. Data
processing can be
complex. Fiber-optic
acoustic cable might
improve reliability.

Goldeneye
(under
consideration)

Passive seismic
monitoring

Allows
continuous
monitoring for
microseismic
events

Deployment in one or
more shallow wells
(<200m).
Microseismic events
can be used to
identify structures
such as faults and
fractures.

Planned for
ROAD and
Tomakomai
Considered for
Goldeneye

Important to establish
natural background
seismicity to
distinguish events
related to CO2
injection and
migration.
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Conformance

Cost

Limitations

Coverage is nonuniform (spatially
variable offsets
and azimuths)
which can make
interpretation
difficult. Timelapse repeatability
is uncertain.
Reliability of
sensors is a key
issue.
Important to
establish natural
background
seismicity to
distinguish
events related to
CO2 injection
and migration.

High initial
costs
required for
deployment.
Maintenance
costs could
also be high

Sensor reliability
can make the
method
vulnerable leading
to potentially
limited signal
records.

Table A4 Potential field methods
Method

Capabilities

Practicalities

Deployment

Cost

Sea bottom
gravimetry

Directly
measures mass
change within
reservoirs which
is a conformancerelated parameter

Offshore
deployment is
logistically
complex requiring
ROV and boat
support to
emplace concrete
benchmarks

Sleipner

Low compared
to 3D streamer
surveys. A 50
station nearshore survey
would cost
≈£1M.

CSEM

Can provide
complementary
information to
seismics. Method
is sensitive to
fluid saturation at
higher CO2
saturation levels

Offshore
deployment is
logistically
complex

Sleipner

Costs high and
comparable with
offshore 3D
seismics.
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Limitations

The technique is
severely
hampered in
shallow water
(<300m).

Table A5 Downhole measurements
Method

Capabilities

Practicalities

Deployment

Containment
Monitoring

Conformance

Cost

Downhole
pressure and
temperature

Downhole
gauges are
capable of
detecting very
small
temperature and
pressure changes
which are a
primary method
for monitoring
injected CO2
physical
properties and
reservoir
performance.
Position of gauge
across permeable
units can give
indications of
out-of-reservoir
migration.

Deployment is a
requirement
under the EU
Storage Directive,
Long-term
surveillance
needs to take
account of
instrument drift
and reliability.

Snøhvit, K12-B.
Planned for
Goldeneye,
ROAD,
Tomakomai

Key for controlling
geomechanical
integrity of the
reservoir and
caprock.

Essential for
monitoring fluid
flow performance
and model
calibration
demonstrating
reservoir
permeability,
storage capacity
and geomechanical
stability.

Relatively low
<£100 plus
installation
and retrieval
of gauges

Any unexpected
pressure reduction
in the reservoir
could indicate
potential leakage.
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Limitations

Method

Capabilities

Practicalities

Deployment

Geophysical
logging

Standard oilfield
technique used
for calculating
CO2 saturation.
Provided there is
a good baseline
survey, repeat
surveys can be
used to calculate
CO2 saturations

Downhole
logging is
dependent on
access to
wellbores which
might be
restricted.
Obstructions such
as scale
accumulation
may preclude
logging.

Planned at
ROAD and
Goldeneye

Containment
Monitoring
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Conformance

Cost

Pulsed neutron
capture logging is
planned for
Goldeneye to
acquire a good
baseline and
quantify CO2
thickness interval.

Cost varies
depending on
the suite of
logs run

Limitations

Table A5 Downhole measurements
Method

Capabilities

Practicalities

Deployment

Wellbore
integrity
monitoring

Standard oilfield
technique including
cement bond logs used to
check integrity of the
cased wellbore. Quality
and availability of legacy
data from abandoned
wells may limit
effectiveness of integrity
checks.

Techniques is
reliant on
access to wells
and different
operations.
Build-up of
scale can
cause
problems by
obstructing
logging tools.

K12-B,
planned at
ROAD and
Goldeneye

Ultrasonic imaging,
Multi-finger calliper and
Electromagnetic
imaging, downhole video
and real time borehole
stress and tubing/ casing
deformation imaging are
used to check casing and
tubing integrity.

Containment
Monitoring
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Conformance

Cost

Wellbore integrity
is essential for
long-term CO2
storage security by
preventing leakage.
At Goldeneye logs
will be run prior to
injection to
establish a baseline.
Integrity will be
checked initially in
year three and then
every 5 years until
injection is
completed.

Cost varies
depending on
the suite of
logs run

Limitations

Method

Capabilities

Practicalities

Deployment

Containment
Monitoring

Downhole fluid
sampling.

Analyses of reservoir
fluids can yield pCO2,pH
HCO3-, dissolved gases,
stable isotopes and
tracers

Sampling
should be
carried out at
ideally at
reservoir
pressure.
Requires
access to
specific
reservoir
zones. U-tube
is deployed
onshore but
does not have
safety
certification
for offshore
deployment.

K12-B planned
at Goldeneye
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Conformance

Cost

Limitations

At K12-B analyses
of gas samples
from two
production wells
revealed
heterogeneous
nature of the
reservoir. Wireline
downhole sampling
proposed for
Goldeneye.

Onshore cost
per sample
≈£5-10k per
sample.

Accuracy of
breakthrough
timing depends
on temporal
sampling
frequency.

Method

Capabilities

Practicalities

Deployment

Containment
Monitoring

Conformance

Cost

Chemical
tracers and gas
analyses

Tracers and isotopic
signatures can help to
identify CO2 origin and
monitor migration or
potential leakage.

Tracers can be
injected in a
pulse or
continuously.
Tracers can be
detected in
extremely
small
quantities
using gas
chromatograp
hy or mass
spectrometry.

K12-B planned
at Goldeneye

At Goldeneye
use of tracers is
being
considered to
distinguish
between natural
CO2 being
emitted from
the sea bed and
CO2 from the
storage
complex.

Tracer studies at
K12-B showed
breakthrough
occurred at two
producer wells after
130 days and 463
days depending on
distance from the
injector. Differing
CO2 and CH4
solubilities and
insoluble tracers
mean these
breakthrough rates
may not reflect real
CO2 migration
rates.

Noble gases
analyses are
≈£350
compared with
£125 for SF6
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Limitations

Table A6 Sub-sea monitoring
Method

Capabilities

Practicalities

Deployment

Seabed and water
column imaging.

Active acoustic
techniques can be
effective at
detecting gas
fluxes.
Multibeam
echosounders
(MBES) can be
used for 3D
bathymetric
surveys. In timelapse mode
method could be
used to detect
slight changes in
seafloor that
might be caused
by CO2 leakage.

These are
established
techniques that
can be carried out
by a survey vessel
with multiple
imaging systems.
This is a costeffective means of
surveying large
areas of sea bed.
AUV and ROV
systems can
operate closer to
the seabed, the
scale and
operational
duration of
surveys is limited
the size of the
device.

Pervious sidescan sonar,
single beam and
multibeam
echosounding
and pinger sea
bottom profiles
were conducted.
Surveys at
Sleipner and
Snøhvit.
Pockmarks were
clearly identified
but no bubble
streams.
Acoustic bubble
detection is
planned at
ROAD. A
MBES plus sidescan sonar is
planned for
Goldeneye

Acoustic bubble
detection can
identify bubble
releases

Containment
Monitoring
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Conformance

Cost

Limitations

Surveys 10
km2 cost
≈£100k £200k but cost
efficiencies are
possible if
multiple
techniques are
carried out.

There is a tradeoff between the
scale of the
survey area and
the ability to
survey the
seafloor from an
AUV. Static
seabed sensors
can achieve high
resolutions but
over smaller fixed
areas. However,
they are generally
more costly to
install, maintain
and retrieve
compared to
mobile
equipment.

Method

Capabilities

Practicalities

Deployment

Containment
Monitoring

Underwater video

Detection and
recording of high
definition images
of bubbles and
other features
such as bacterial
mats and biota
behaviors which
may give an
indication of CO2

Image quality can
vary depending on
water quality and
height above
seabed.

Sleipner

Seabed
displacement
monitoring

Vertical
displacements of
the seabed can be
indicative of
pressure changes
in reservoirs.
GPS system
could measure
rates with a
accuracy range of
1-5mm.

Sensor networks
on seafloor that
use acoustic
ranging
techniques,
pressure gauges or
tiltmeters can give
very accurate
measurements of
seabed movement

Planned for
Goldeneye.
Single GPS
station mounted
on a platform.
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Monitoring
subsidence or
uplift can
provide evidence
of containment
and
conformance.

Conformance

Cost

Limitations

≈£1k-10k

A highly
qualitative
technique with a
poor ability to
resolve the size
and shape of
bubbles.

≈£1k-10k for
single GPS
station
mounted on a
platform.

Table A6 Sub-sea monitoring (cont.)
Method

Capabilities

Practicalities

Deployment

Geochemical
water column
sampling.

Water column
measurements using
Conductivity,
Temperature and
Depth (CTD) probes
in combination with
pH pCO2, dissolved
O2, inorganic and
organic carbon,
nitrogen, phosphate,
Eh, salinity can be
sued to detect
anomalous
chemistry.

CTD probes
can be
conducted
from survey
ships.
Continuous
measurements
can be made.
Interpreting a
leakage signal
above
background
measurements
can be
extremely
challenging.
Baseline
measurements
ideally need to
reflect a
degree of
natural
variability.

Sleipner and
Snøhvit, and
planned at
Goldeneye
(permanently
attached to
platform) and
Tomakomai.

Containment
Monitoring

A survey over a
period 2011 -2013
above Sleipner
found no evidence
of CO2.
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Conformance

Cost

Limitations

≈£1k–10k for a
survey when
deployed from
a vessel
conducting
other surveys

The density,
timing and the
vertical spacing
separation of
surveys may
mean small
leakage plumes
could remain
undetected
depending on
plume dispersion.

Method

Capabilities

Practicalities

Deployment

Containment
Monitoring

Sediment
sampling

Time-lapse sediment
sampling can be
used to detect
changes in sediment,
pore fluid that could
indicate CO2
leakage. Detecting
CO2 leak induced
changes above
background requires
a good
understanding of
natural variability

Quality of
sample
depends on
substrate and
whether core
has retained
pore fluid at
the original in
situ pressure.
Specialist
vibrocorer
equipment is
required.

Sleipner and
Snøhvit, and
planned at
Goldeneye) and
Tomakomai.
Repeat surveys will
be conducted to
detect possible
changes induced by
CO2 leakage.

Ecosystem
response
monitoring

Time-lapse sediment
sampling can be
used to detect
changes in benthic
flora and fauna
caused by elevated
CO2 concentrations
either as a gas phase
or by a reduction in
pH. Avoidance
behavior needs to be
distinguished by
changes induced by
natural variability

Species
density and
variety can be
recorded with
underwater
video.

At Goldeneye
ecosystem
sampling using Van
Veen Grab is
planned.
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Conformance

Cost

Seabed sediment
samples from
Goldeneye will be
analyzed for a
suite of dissolved
gases to provide a
background
baseline.

£5k / day for
equipment
deployment and
excluding ship
time.

≈£100s per
sample
excluding
processing and
organism
identification

Limitations

Most effective
biomarker species
have not yet
established.

