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CARBON CAPTURE AND STORAGE

WHAT ARE THE RISKS?

The risks associated with the storage of CO2 underground are less well understood than those for
capture, transport and injection. In the words of Herzogi (2004):

“Once CO2 is injected in the reservoir it enters an in-situ subsystem in which the control of
CO2 is transferred to the forces of nature… Direct environmental and human health risks
are of utmost concern”

Technical and operational considerations

A piece of work commissioned by the DTI in 2003 required a group of risk experts to utilise a
Structured What If Technique (SWIFT) to ascertain hazards that may result from leaks of CO2

from geological formationsii. They were also tasked with looking at the likelihood and
consequence of leaks and to evaluate the relative importance of these different hazards.
Brainstorming, then prioritising, generated the following list of hazards.

Oil and gas fields:
- operational well bore failure
- chemical interaction at the wellbore
- physical interaction at the wellbore
- geomechanical effects
- earthquakes (induced seismicity)
- cap rock integrity failure
- post abandonment wellbore leakage
- human intervention
- fractures, faults and natural pathways
- well head damage
- chemical interaction in a producing well

Saline aquifers ~ considered to be similar to those identified for oil and gas fields, but also
included:

- lateral migration and CO2 movement around seals
- intervention by drilling or mining
- over-pressurisation
- unrecognised geological structures
- migration into other fields
- phase change of CO2

For each hazard identified, the causes, consequences, planned safeguards, relative frequency and
relative consequences were determined. Although the SWIFT analysis only provided a qualitative
analysis, the process will be extended to quantitative analysis using the same expert panel over
time.
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A workshop was organised by IEA, BP and the DTI in 2004 to assess the current status of
progress on risk assessment activities relating to the geological storage of CO2, and develop a
roadmap for future workiii. This work acknowledged the development of risk scenario assessment
methods, analytical and numerical risk assessment models and expert-panel developed risk
assessment processes – however it also recognised this work to be at an early stage of
development and in need of further refinement. After reviewing modelling work developed
against ongoing pilot work in the North Sea and Canada, the workshop indicated that well bore
failures were of most concern, particulary in mature fields  - most critical of the well failures were
smaller long term leaks particularly in abandoned wells, as these may occur undetected. They
believed the large scale failures would be identified quickly by specifically designed monitoring
systems, allowing remedial actions to be instigated rapidly. Regarding the emphasis so far on
qualitative assessments, they concluded “there are concerns within the expert community that
probabilities cannot currently be assigned to leakage events from a geological storage formation
with any degree of certainty due to our limited understanding of the storage system”.

A review was made of two separate Features-Event-Process (FEP) databases constructed to help
assess risks, using an approach developed by the nuclear industry. These databases contain over
200 aspects of the process of carbon storage and are used to further the evaluation of storage
securityiv. Following an assessment of data used in modelling, this group concluded that data
deficiencies include issues pertaining to flow through faults, well bore failure modes and leakage
pathways, and geochemical reactions which may affect the integrity of the cap rock (although
work is now being undertaken to address these data gaps). They also concluded that societal and
terrestrial ecosystem damage through leakage rates were well understood, but the potential
impacts from leakage on offshore ecosystems was an area lacking in understanding. Interestingly,
they identified the inability to communicate with stakeholders on the risks of underground CO2

storage as being a key issue, identifying how positive messages should initiate the dialogue...

Statoil has stated that of concern in understanding saline aquifers more fully, the risk is that we
“do not have the same assurance as in oil & gas reservoirs that there is closure capable of
preventing the upward migration of CO2”

v. In order to achieve larger storage capacities, CO2

should be stored above supercritical pressure (supercritical point at 31ºC, 74 bar pressure). This
unfortunately tends to affect the density of CO2, making it more buoyant; as a result CO2 is more
likely to move upwards than oil would in similar circumstances. Depleted oil and gas reservoirs
which have been studied intensely (both before and during the producing life of the field) hold
few secrets, whereas the similar depth of knowledge may not be held on saline aquifers. Risks
surrounding CO2 injection into coal seams, and how this will affect the geochemistry and
geomechanics of the bed, are not fully understood and could in reality affect gas flow and
therefore storage potential. Much remains to be learned about the kinetics of mineral and CO
interactions, and how monitoring data can be used to predict the extent and rate of mineral and
solubility trappingvi.

The potential for ground-heave and induced seismicity are additional risks that need to be
factored into any risk assessment. Responses by the geological strata surrounding and overlying
the injection point are difficult to predict. Simiilarly difficult to estimate is the time taken to
respond to leaks from abandoned wells – these may experience high leakage rates but may be
difficult to detect over timescales of hundreds of years. An illustrative study by the DTI in 2003
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has suggested that over the course of a 1000 year storage-reservoir lifetime, there is a high
cumulative probability of such a wellbore leak. This would result in a CO2 release in the range of
1600 to 960,000 tonnes (i.e. less than 2.4% of the total amount sequestered)vii. Migration of CO2

through strata could lead to eventual leakage, whether this is through cap-rock compromise or
leakage into upper aquifers. The DTI state that slow release such as this is unlikely to liberate
substantial amounts to the atmosphere - but much is unknown.

Every storage site is different, needs to be selected carefully, its site specific characteristics
determined, and be examined through risk assessment to guard against leakage.

Risks to marine ecosystems

There is general consensus that little is understood of the impacts of marine ecosystems of
geological storage of CO2. The obvious risk is from gradual leakage or catastrophic releases, but
also the potential impacts from the use of seismic for monitoring should not be overlooked. Those
scientists and non-governmental organisations already involved in dialogue with government and
the oil and gas industry are well versed in the potential impacts from conducting seismic
operations, and there have been various guidelines developed to minimise the impacts e.g. UK
JNCC Guidelinesviii. That is not to say that we fully understand what the risks are, and neither can
we confidently say how the impacts caused might change the feeding and mating behaviour of
marine mammals, fishes, pinnepeds, etc. We understand little about the real direct or indirect
impacts on cetaceans and fish during seismic surveys, and much research is yet to be undertaken
to fill these glaring gaps in our knowledge. Nevertheless just because we don’t fully understand
the impacts, does not mean the potential to cause effect through increased numbers of surveys, or
their contribution to cumulative impact, should be ignoredix. Even in a relatively mature oil and
gas producing area such as the North Sea, the need for seismic surveys has not dwindled – areas
once surveyed by 2-dimensional surveys are resurveyed in 3D, or for the purposes of 4D (time as
4th dimension). But with the potential requirement to increase the number of seismic surveys to
also monitor offshore CO2 storage projects, as utilised at the Sleipner Field in Norwegian waters,
this can only contribute to a situation that some already feel has gone well beyond minimal
impact.

The reality of risks from climate change on the biological and ecological stability of the oceans
are already being observed through monitoring the impacts of sea level rise, changes to ocean
currents and increases in pH levels and ocean temperaturesx. This will be exacerbated with the
continuing exploration and development of further hydrocarbon resources. But the risks and
associated impacts from a release of CO2 into the ocean from a leaking reservoir below are
unknown. Turley et al (2004), under contract from DEFRA, undertook a literature review of
impacts following a gradual or catastrophic release of CO2 following storage. There are no known
natural seepages of CO2 in the North Sea and although there are seepages elsewhere (e.g. Aegean
Sea) the differences in sea and ecosystem characteristics make it difficult to compare findings.
Turley et al state:

“The main potential effect of CO2 release on seawater chemistry is the lowering of local pH,
although removal of O2 (and N2) by bubble clouds of carbon dioxide could occur. The effect on
the ecosystem, and extent of reductions of pH, will depend on the quantity of CO2 released, the
rate of release, the duration, its density, its dispersion, its reactions with sediment, pore water
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and seawater chemistry. Should the leak be sufficient to reduce pH significantly it could have
a deleterious affect on some local benthic and pelagic invertebrates and vertebrates,
especially those that produce calcium carbon shells. If the density of released CO2 is heavier
than seawater or if there is gradual seepage from the sediments below then the benthos may
experience the highest CO2 concentrations and the first impact.”

There is much yet to be defined and understood on the risks and resultant impacts from CO2

leakage into the marine environment.

Weighted against the impacts of a release of CO2 from the seabed, is the impact that can be
predicted from the continued increase in atmospheric CO2, and the implications this will have on
ocean biological systems. The oceans are already acting as a buffer for rising atmospheric levels
of CO2 – this has caused a decrease in pH level by 0.1 (from pH 8.2 to 8.1) over the last 200
years. This cumulative impact will only worsen as the oceans will be required to buffer CO2 from
both atmosphere and seabed. Studies estimate that were we to continue in a business-as-usual
scenario, we could anticipate a drop in pH level to 7.8, or even as low as 7.5, over the next 100
years causing significant acidification of the worlds oceansxi. This would have serious
consequences for all ocean species, but especially the calcareous organisms such as corals,
shellfish, some phytoplankton, etc. In addition, the oceans ability to buffer further CO2 increases
in the atmosphere would be diminished as absorbed concentrations rose and surface sea
temperature increased.

WHAT WORK IS NEEDED TO REDUCE THESE RISKS

The following is a list of topics/questions needing further research to improve understanding of
carbon storage. The majority of these are compiled from papers by IEAxii, Galexiii, BP/IEAxiv,
Karstadxv, Johnson & Santilloxvi, DTIxvii, Schuler & Tangxviii, and Benson & Myerxix.

Reservoir storage
• Potential for catastrophic release
•  Potential causes of leakage through abandoned wells, and processes controlling leakage,

so that well bore leakage can be incorporated in risk assessment models; include study
into leakage rates

•  Further assessment to better understand potential pathway leakages through fractures /
porous media; processes controlling leakage through faults so faults can be incorporated
into risk assessment models; include study into leakage rates

•  Information on the impacts on offshore leakage – primarily to identify the potential
effects on ecosystems of undersea leakage

• Research into impacts on sub-surface ecosystems
• Identification of further pilot project sites
• Demonstration/proof of security of storage in a variety of applications; research into less

favourable reservoirs than so far studied ~ smaller/larger sizes, less permeable, less
favourable with respect to fracturing, earthquakes, etc.

• Site specific assessments of storage and cap rock integrity
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• Need to assess the long-term interaction between CO2 and source rock chemistry; better
physical data on CO2 mixed with a range of other gases such as methane, nitrogen, etc;
more long term geochemical experiments.

• Determine site specific potential for solubility/mineral trapping and impacts on formation
porosity

• Research into how long CO2 needs to be stored (acceptability with public?) plus final fate
and likely duration of stored CO2 under different storage conditions

Monitoring and communication of results
• Further refine and improve monitoring techniques; further research required on assessing

the practicability of the various monitoring methods and their ability to detect slow
leakage of CO2 under pressure from geological formations

•  Minimise environmental impacts from monitoring e.g. such as seismic (impacts on
marine mammals)

•  Further testing of model predictions versus pilot project monitoring findings, and
continuation of this during carbon storage development – model refinement

•  Further discussions with NASA regarding their continued programme of monitoring
greenhouse gases, as this bears directly and indirectly on monitoring for carbon
sequestration

•  Track further developments in laser spectroscopy technology that can measure in real
time carbon and oxygen isotopes: such data could serve as tracers for the fate of
transported or injected CO2

Regulatory & Communication
•  Work with international partners to identify paths of acceptance into the IPCC

International Emissions Inventory; develop standardised CO2 inventory practices,
standard monitoring and verification post-injection, and establish system of redress if
leakage occurs

• Identification of inter-generational liabilities from long-term storage
• Governance of transboundary impact, for example outside of EEZ, North Sea, Baltic and

Mediterranean and the ESPOO Convention
•  Encourage Government departments to have dialogue with each other, and other

stakeholders, to determine most pressing research needs and define acceptable storage
periods

•  Make the information from research available to a wider spectrum of people in an
understandable fashion

Marine ecosystem impactsxx

• What is the concentration and rate of CO2 release and over what area and time?
• Will the CO2 dissolve in the sediment pore waters before reaching the sea?
• If the CO2 is gaseous will the bubbles all dissolve?
• What is the diffusion of leaking CO2 into seawater i.e. extent of geologically sequestered

CO2 uptake by seawater?
• What will the effect be on dissolved nitrogen and oxygen?
• How quickly will any changes in pH be eliminated by mixing, dilution or gas exchange?
• What are the rates (if any) of adaptation of marine organisms to higher CO2/lower pH?
• What will be the availability of nutrients for marine production?
• How will nutrient uptake mechanisms respond to higher CO2/lower pH?
• What are the CO2/ecosystem interactions?
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• What are the geochemical-biochemical-CO2 interactions in sediment/rock?
• What are the effects of CO2/pH on biodiversity and eccosystem function? e.g. effects on

larval development.
• What is the response of oceans to climate change?
• What is the effect of reduced pH on metal speciation and subsequent effects on the biota?
• What is the effect/cumulative effect of associated contaminants?
• What is the whole ecosystem response and feedbacks?

Whilst companies and governments continue to seek and promote the exploration and
development of further hydrocarbon resources, the reasons why we are faced with these risks
continue to grow. If carbon dioxide is used as a tool for enhanced oil recovery from reservoirs,
the negative feedback loops this approach brings mean that more oil will be produced, and thus
potentially more reservoir storage required to attempt to eliminate the climate change problem.
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