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Background

At its meeting in November 2006 in London, the CSLF Technical Group created a Task
Force to Examine Risk Assessment Standards and Procedures. This Task Force is chaired by
the United States with representation from Australia, Canada, France, India, Japan,
Netherlands, Norway, the United Kingdom, the United States, and the IEA Greenhouse Gas
R&D Programme. A Phase | Final Report was completed in 2009, and included an overview
of risk assessment and related methodologies, a review of the existing literature on risk
assessment for geologic storage of CO,, a summary of ongoing risk-assessment activities in
various countries, a highlight of critical issues, and an identification of areas where additional
information was needed. Phase Il activities included a gap assessment to identify CCS-
specific tools and methodologies that will be needed to support risk assessment, and a
feasibility assessment of developing general technical guidelines for risk assessment that
could be adapted to specific sites and local needs. This document is a Phase 11 Final Report
from the Task Force.

Action Requested

The Technical Group is requested to review and approve the Phase Il Final Report from the
CSLF Risk Assessment Task Force.
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1. Background

At the joint meeting of the Technical and Policy Groups of the Carbon Sequestration
Leadership Forum (CSLF) in London (14-15 November 2006), the CSLF Technical Group
(CSLF-TG) formed a task force to examine risk assessment standards and procedures.

This task force was formed to address a need identified in the CSLF strategic plan: the
development of recommendations for risk assessment standards and procedures.

In Phase | of its activities, the Risk Assessment Task Force (RATF) focused on the
identification of potential risks from CCS activities and the examination of risk assessment
standards and procedures that can be used to place these risks in context based on their
likelihood to occur and their potential impacts.

RATF completed Phase | activities in November 2009. The Phase | Report included an
overview of risk assessment and related methodologies, a review of the existing literature on
risk assessment for geologic storage of CO,, a summary of ongoing risk-assessment activities
in various countries, a highlight of critical issues, and an identification of areas where
additional information was needed.

1.1 Status of Recommendations from RATF’s Phase | Report

The Phase | report provided a number of recommendations. The following summarizes those
recommendations and any subsequent actions taken by the CSLF:

e The link between risk assessment and liability should be recognized and considered.
This recommendation was passed to the CSLF Policy Group (CSLF-PG), which then
formed a joint task force between the CSLF Policy and Technical Groups. This joint
task force initiated action following the CSLF Ministerial Meeting in Beijing (2011).
In July 2012, the joint task force will conduct a workshop in Paris at which a range of
CCS stakeholders will help to clarify needs in the area of risk and liability.

e Establish acceptable risk levels — Storage-integrity goals for sites should be discussed.
This recommendation was taken up in Phase Il of the RATF and resulted in a white
paper discussing performance goals (see Appendix II).

e The use of risk assessment to ensure successful storage at sites should be considered
in the context of stakeholder outreach and communication. This recommendation was
passed to the CSLF-PG, which, through its communication task force, developed a
series of fact sheets that were vetted with the CSLF-TG and posted on the CSLF
website (cslforum.org/education/index.html#inFocus; see Appendix I).

e The CSLF-TG’s Projects Interaction and Review Team (PIRT) should conduct a gap
assessment to identify CCS-specific tools and methodologies that will be needed to
support risk assessment. The PIRT conducted this analysis as part of its overall gap
assessment. To augment that analysis, RATF developed two additional assessments
as part of its Phase Il activities, both of which are summarized in this report. Section
2 presents a brief summary of potential needs/gaps in risk assessment associated with
CO; storage in conjunction with the use of CO, for enhanced oil recovery (EOR).
Section 3 presents a brief outline of the variation of risks associated with different
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phases of a project, recognizing that types and likelihoods of risks vary over the
course of the project and are likely to be handled by different approaches to liability.

The CSLF-TG should consider the feasibility of developing general technical
guidelines for risk assessment practices that could be adapted to specific sites and
local needs, and subsequently development of such guidelines. This recommendation
was tabled by RATF, pending outcomes from the joint task force on risk and liability.



2. CO,-EOR/Storage R&D Needs

The recent emphasis on CO, capture, utilization, and storage (CCUS) has added a new
dimension to considerations related to risk assessment for CO, storage. This section provides
a brief overview of these factors.

2.1 Integrity of Pre-Existing Wells

All EOR/storage projects will take place in reservoirs with existing wells that were required
for exploration, production and/or injection of water or other fluids for secondary or even
tertiary (non-CO;) recovery. The age of these wells will vary, with some potentially being old.
Consequently, completion histories for the wells will also vary. Although well work-overs
are common industry practice in conjunction with CO,-EOR, most wells developed solely in
consideration of oil production needs are unlikely to have been drilled, completed and/or
abandoned according to requirements specific for long-term CO, storage. Some oil fields,
particularly in North America, may have hundreds and even thousands of wells. Both the
number and condition of these wells must be considered in any assessment of storage
integrity, because wellbores that penetrate the primary seal are potential pathways for leakage
from the reservoir. In the future, there may also be interest in re-entering fields which are
currently idle, where information on the condition of the existing wells, and, possibly even
their location, may be absent. Hence, research is needed in a number of areas to mitigate the
potential for CO, leakage through existing wells:

e Further work on methodologies to detect the presence and location of pre-existing
wells.

e Development of new, more quantitative, methods to evaluate the condition (with
respect to leakage) of existing wells — e.g., corrosion, cements, and in particular,
characterization of the annular region between the casing and the rock.

e Development of statistical methods to characterize the condition of wells in oil fields
with a very large number of wells where not every well can be individually evaluated.

e Further work on monitoring of wellbores for leakage.

e Development of improved technologies for remediating old wellbores- can “cement
squeeze” technology be improved?

2.2 Optimization of EOR and Storage

Conventional CO, EOR production strategies, ie, well spacing, injection interval location,
injection pressures, WAG strategies, etc, have been developed in order to maximize oil
production while minimizing “loss” of CO,, where “loss” refers to the CO, which remains
underground and not reclaimed from produced oil for re-injection. In the future, if CO;
storage affects the economics of EOR, operators may be interested in optimizing injection
strategies for both production of oil and storage of CO, (co-optimization of oil production
and CO; storage). While some work has already been done on this topic (e.g., Kovscek and
Cakici, 2005), further research is needed to understand what variables affect this optimization,
and how they might be manipulated to affect it.



2.3 Utilization of the Residual Oil Zone (ROZ)

Below what is conventionally recognized as the oil/water contact, oil may still be present,
though at a saturation where it is immobile under primary production techniques. CO, could
be used to mobilize the oil, while at the same time producing pore space for storage. Limited
work to date suggests that the potential reserves of oil in ROZs, as well as the potential CO,
storage volume, may be large. It is noted that currently available storage resource estimates
do not take ROZ storage into account. Considerable research needs to be done to assess the
feasibility of ROZ EOR plus CO, storage:

e The size of the ROZ resource, both for oil production and CO, storage, needs to be
better defined

e Methods for site-specific characterization of the ROZ and its production and storage
potential need to be developed

e Strategies for production and storage need to be developed, including laboratory
studies of basic processes, numerical simulations, and field testing

2.4 Utilization of Other Oil Resources

Not all oil reservoirs are considered appropriate for conventional CO, EOR. In particular,
CO; is not conventionally used for enhanced recovery operations if it is immiscible with the
oil. Miscibility is a function of mainly pressure and oil properties (gravity). Though
immiscible CO, EOR is not a new research area, it remains a challenge.

2.5  CO,; Enhanced Gas Recovery (EGR), and Enhanced Coal Bed Methane (ECBM)
and Shale Gas Recovery

In the broader context of linking CO, storage with value-added technologies, further research
should be undertaken in all three areas related to use of CO, for enhanced methane recovery.
Use of CO, to enhance recovery of natural gas from conventional petroleum reservoirs is not
a conventional technology. Studies however suggest that CO, could be used as a displacing
fluid and/or a re-pressurization fluid to enhance production of methane in conventional
reservoirs. However, due to the low pressure in natural gas reservoirs at depletion, the
injected CO; expands rapidly and mixes with the remaining gas, such that gas mixed with
CO; would be produced. The field of enhanced gas recovery in a co-optimization scenario
should be looked into. The use of CO, to enhance production of methane from coal has been
field tested, but more research is warranted to understand the processes of CO, adsorption
onto coal and of coal swelling. The same physicochemical processes which make CO, ECBM
attractive should also operate in some methane-bearing organic shales, though much research
remains to be done.

2.6 Other Miscellaneous Topics
None new, but further research nonetheless is needed:

e Measurement (relative permeability in particular) for fluids consisting of multiple
phases and multiple components, specifically water or brine, liquid hydrocarbon (oil),
and gas (including CO,, CH,, and potentially H,S). Reported measurements of
relative permeability for more than two phases are extremely rare, if they exist at all.



e Development and validation of reservoir simulators for the prediction of multiphase
fluid flow in porous and fractured systems that account for the relative permeability
measurements as discussed above.

e Development of monitoring approaches to determine phase saturations in multi-phase
systems.



3. Risk-assessment considerations related to various phases of a storage

project

As noted in the RATF Phase | report and in many technical studies on CO, storage, types and
likelihoods of risks vary with different phases of a project (i.e., site-development phase,
injection phase, post-injection phase, and long-term phase). Given this

Phase

Issue - Concern

Reason - Rationale

Development Phase

Identification of
wells/faults/fractures

Necessary for assess
containment integrity. Also
identification of faults is
important in predicting potential
for ground motion associated
with fluid injection

Characterization of natural
(background) seismicity

Background seismicity is
important both for prediction of
potential induced seismicity
(which could impact public
perception/opinion and could
impact containment integrity,
surface facilities, other surface
structures, etc.)

Geologic site characterization

Identification and
characterization of potential
receptors for consideration in
risk assessment (e.g., subsurface
resources, groundwater,
ecosystems, and the public)

Assess capacity/injectivity




Phase

Issue - Concern

Reason - Rationale

Injection Phase

Pressure management

Maintenance of maximum
bottomhole pressures below the
limit imposed by the regulatory
agency;

Prevention of induced
seismicity

Prevention of pressure effects
beyond the storage complex
approved by the regulatory
agency

Prevention of pressure effect on
underground resources (water
production, geothermal
production, O&G, natural gas
storage, ...) —on water recharge
capacity for open aquifers (risk
of flooding)

Plume tracking

Validate containment integrity,
migration of CO,, capacity and
injectivity

Verification of stored CO, for
credits

Brine tracking

Control displacement and
migration of brine

Leakage detection

Validate containment integrity,
protection of subsurface
resources, groundwater,
ecosystem and the public




Phase

Issue - Concern

Reason - Rationale

Post-Injection Phase

Strategic monitoring for
plume/pressure tracking

Define timeframe for
monitoring period

Validate plume stabilization and
pressure recovery, ensure long
term containment

Ensure plume does not impinge
on pore space not covered under
deed or agreement, including
other storage reservoirs

Ensure plume does not impinge
on other subsurface resources




Phase

Issue - Concern

Reason - Rationale

Long-Term Phase

Strategic monitoring

Ensure CO, and other
potentially displaced gases
(such as methane) are not
released to the atmosphere

Ensure groundwater protection
from potential impacts
associated with CO, or brine
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Appendix I1: White Paper on Performance Based Standards



Performance based standards for site safety and integrity

The CSLF Technical Group, during the meeting of 1-2 April, 2009, noted that the Policy
Group required specifying ins and outs raised by four of the recommendations resulting from
the 3rd workshop on Near-Term Opportunities for CCS.

Among these four recommendations, the Technical Group decided that the recommendation
n°14 " Governments working with stakeholders need to develop performance-based
standards for storage site safety and integrity ", required specific work to produce a
document which could review the state of the art on this question, and could identify the
principal gaps to be addressed in this area.

This work was assigned to a specific Working Group. France proposed to lead it and the
following countries volunteered to contribute:

- Canada (S. Bachu)

- France (O. Bougc, L. de Lary de Latour, D. Bonijoly, H. Fabriol)
- Japan (M. Akai)

- Netherland (H. Schreurs)

- SA (F. Goede)

- USA (G. Guthrie)

At a subsequent Technical Group meeting in March 2010 it was proposed and agreed that
this Working Group should merge into the Task Force on Risk Assessment.



Introduction

The reduction of Greenhouse Gas emissions is an objective shared by many countries in
order to limit the harmful effects of climate change. International agreements tend to quantify
these objectives of reduction, and in parallel, to propose technical solutions making it
possible to achieve these goals.

Among the proposed technical solutions, the CO, Capture, transport and Storage (CCS) in
the geological media, addresses the need for urgency for action and for volumes of
emissions to be reduced, while guaranteeing the access to energy which will remain, for the
decades to come, based on the use of fossil fuels.

Although geological storage of CO, seems a reliable and secure solution in the short term,
thanks to the experience acquired in the field of geological storage of natural gas and
through all the operations of pumping and/or injection of various fluids in the underground
(oil industry: EOR, acid gas injection), this technical solution raises the particular question of
long-term safety, because of the requirement for long term retention (several hundreds to a
thousand of years). Thus, it is necessary to demonstrate that, for long periods of time, the
stored gas is located in the place where it was permitted to be through the regulatory
process of application and permitting, and that, in the case of abnormal events which would
lead this gas to move towards the surface, the risk it would present with respect to the
environment and to humans, would be sufficiently negligible to be acceptable. This is why all
stakeholders (operators, governments and the public) are asking for clear and transparent
performance criteria, to make it possible to guarantee the safety and integrity of CO, storage.

This document provides a progress report on the state of the art in this field as of 2010.

First, it presents a review of the technical requirements necessary for the establishment of
performance and safety standards.

Second, it reports the current various regulatory approaches to be used possibly to
guarantee the safety and integrity of storage sites on the basis of the technical criteria
described previously.

In the end, it identifies the main knowledge gaps which need to be covered in order to make
this technology acceptable to the various stakeholders.

In the following, “performance” of a storage site is referred to as its ability to contain CO,
underground long enough to make a valuable contribution to the mitigation of global change,
i.e. to achieve the purpose it was designed for. This notion is distinct from storage safety,
which refers to the absence of significant adverse effects to humans and the environment
resulting from this activity.



Technical requirements for performance-based standards for storage site
safety and integrity

Which performance objective for a CO, storage site?

A review of the literature dedicated to CO, storage risk assessment reveals a high variability
in the time frames suggested for CO, retention in the subsurface, usually ranging from 100
years to 10,000 years. However, since the publication of the IPCC Special Report on CCS
(IPCC, 2005), the value of 1,000 years seems to become more widely adopted. The required
duration of effective CO, storage to mitigate climate change is highly uncertain, due to
limited knowledge of the magnitude of CCS implementation and the relative importance of
stored CO, compared to future emissions, of the kinetics of climate response to CO, storage,
and more broadly to uncertainties inherent in future climate evolution scenarios (dependent
in particular on the availability and cost of fossil fuels and on future energy policies).

In its Special Report on CCS, the IPCC (2005) suggested a humber of elements to address
this question:

- From a technical point of view, the authors stated that “for large-scale operational
CO, storage projects, assuming that sites are well selected, designed, operated and
appropriately monitored”:

o It is “very likely” (i.e. with “a probability of 90 to 99%”) that “the fraction of
stored CO, retained is more than 99% over the first 100 years”, which
corresponds to a mean annual release’ rate of 10 of the amount stored:;

o It is “likely” (i.e. with “a probability of 66 to 90%”) that this fraction “is more
than 99% over the first 1000 years”, which corresponds to a mean annual
release rate of 10™ of the amount stored.

- The report authors also quoted research indicating the effectiveness of atmospheric
CO, mitigation through CCS for annual release rates as high as 10 of the amount
of CO, stored.

Given these statements, some subsequent researchers have used an annual release rate of
10 of the amount of CO, stored as the performance objective for a CCS project, while
others used the “likely” value of “99% retained over 1000 years” as performance objective. It
must be underlined though that none of these two figures, which differ by two orders of
magnitude in terms of release rate, was recommended as a performance objective by the
authors of the IPCC Special Report on CCS and by IPCC itself.

The 107 release rate should be considered cautiously, as it results from studies considering
CO, storage sites around the world as a whole (global effects). There is therefore a mean
effect behind this value, which should hence not be taken as the performance objective for
specific CCS operations. As stated by the IPCC, it is expected that most sites should
perform much more efficiently. Several authors (e.g. Bradshaw et al., 2005, Stenhouse et al.,
2006) pleaded for the use for risk assessment purposes of much more realistic release rates
from a geological perspective, for instance in the order of 107.

Furthermore, the figures mentioned above are based either on technical and geological
considerations, or on modelling of the global effects of CO, releases. None of them relates
to the potential impacts that such a leak could cause locally on humans or on the

L In this document, we use “release”, “seepage” or “emissions” to designate a movement of the injected fluid
from the storage site to the atmosphere or the water column (in the case of an offshore storage), and “leakage” to
designate a movement of the injected fluid out of the geological formations intended for its storage



environment and valuable resources. In other words, no quantitative threshold on leakage
rates has been established at the local scale following a risk approach. Stenhouse et al.
(2009) pointed out that “to date, [...] assessments of storage projects have focussed more
on the performance of the storage reservoir in terms of its ability to contain the CO, or at
least prevent its leakage to the surface or near-surface environment, rather than determine
the potential impacts of leakage of CO, (together with any gases such as H,S or radon that
may be transported with the CO,) on specific environmental targets”. Pearce et al. (2005)
underlined that “repository performance criteria based on risks to human health or the
environment [...] might differ significantly from [an acceptable leakage rate defined in terms
of the emissions reduction performance of geological storage], depending on local
conditions”. As an illustration of the lack of references with respect to safety, the EU
Directive on CO, geological storage requires the operator “to prevent and, where this is not
possible, eliminate as far as possible negative effects and any risk to the environment and
human health”, but does not set a limit for tolerable leakage rates or CO, concentrations.

Which evaluation criteria for assessing safety and integrity of a CO, storage site?

Based on the above, a risk-based approach should be taken to analyse whether a proposed
storage site is safe. Risks should be assessed specifically for every storage site. However,
so far, no methodology has been agreed and recognized worldwide as a standard for
assessing risks related to CO, geological storage (see e.g. Oldenburg et al., 2009, Bouc et
al., 2009), though various approaches were developed such as the FEP (Features, Events,
Processes) approach (Wildenborg et al., 2004, Savage et al., 2004) or the RISQUE method
(Bowden & Rigg, 2004). In addition to the methodological gap, benchmarks are needed to
compute the level of risk (as defined by the combination of the severity of an adverse effect
to humans or environmental assets and the likelihood of its occurrence) and to evaluate it
against agreed thresholds.

Understanding and evaluating the risk caused by a leak implies knowing, in addition to its
likelihood, the corresponding levels of exposure and the effects they could cause on the
various targets at stake. Both points raise difficulties in the case of CO, geological storage. It
appears indeed that the potential effects of releases on the environment (on ecosystems and,
to a lesser extent, on human health) cannot yet be fully described due to some crucial
knowledge gaps, described below.

Effects of exposure to CO,

Stenhouse et al. (2009) highlighted the « lack of information or data on the nature of the
potentially broad range of environmental impacts that might arise from elevated levels of
CO, in the environment ».

Effects on human health

Health consequences of human exposure to CO, are well documented. Carbon dioxide is a
biologically active gas which has effects on numerous physiological functions (breathing,
chemical balance control, pH control). This is the reason why high CO, concentrations are
toxic. The effects of CO, can be summed up as follows (Hepple, 2005): at or below 1% CO,
nearly no effect is noted; chronic exposure to 1.5-3% results in physiological adaptation
without adverse consequences; above 5% CO, irreversible effects are observed and loss of
consciousness can occur; death is imminent at 30% CO, concentrations.

However, the currently available data are based on studies involving only healthy volunteers.
No long-term epidemiological studies have been carried out to study the effects of long-term
exposure to CO, on highly susceptible subgroups (children, elderly people, people with
respiratory deficiencies) (IEA GHG, 2007).



Effects on ecosystems

Impacts of CO, on terrestrial, subsurface and marine ecosystems are generally poorly
understood (West et al.,, 2005). Data on CO, effects are only available for few taxa.
Furthermore, there is a very wide range of sensitivity depending on the species and the
ecological environment. Thus, it is very difficult to draw general conclusions.

Here is a summary of available information and existing knowledge gaps:

- Surface-dwelling animals: Few data are available about the toxicity of CO..
Nevertheless, thresholds for human may be appropriate proxies for surface-dwelling
animals (U.S. EPA, 2008). Generally, concentrations above 5% lead to respiratory
poisoning for animals (Sage, 2002). Surface-dwelling animals can suffer secondary
effects if plants are adversely impacted (U.S. EPA, 2008).

- Insects: The heart of insects is stimulated by 5% CO, concentrations, but it stops
beating at very high concentrations. Surprisingly, this can happen without damage
to the insect (Nicolas and Sillans, 1989). Thus, insects generally show higher
resistance to CO, than other animals. However, their behaviour can be affected by
very low variations of CO, concentrations (Sage, 2002).

- Soil-dwelling animals: They may begin experiencing negative physiological effects
at 2% CO, and concentrations of approximately 15% could be lethal (U.S. EPA,
2008). Invertebrates response to CO, has been studied for some taxa (Sustr and
Simek, 1996).

- Freshwater: Few data exist on the effects of increased CO, concentrations on lakes
and rivers (IEA GHG, 2007). Aquatic animals may be adversely impacted or killed
by pH variations of a few tenths (Hepple, 2005).

- Microbes: Some microbes are killed by concentrations above 10% CO,, and 50%
CO, has generally a significant inhibitory or lethal effect (Hepple, 2005).
Experiments have been carried out at (natural or artificial) test sites where CO, is
released. It appears that CO, exposure may influence microbial activities and the
total number of microorganisms (Kruger et al., 2009; Beaubien et al., 2008; West et
al., 2008). However, tolerances are extremely wide. Some microorganisms
(Archaea) may be enhanced by increasing CO, concentrations (Kruger et al., 2009).
Microbial population may be affected by biogeochemical changes due to CO,
exposure, which may change nutrients availability (ex: nitrogen) and impact the
whole ecosystem (IEA GHG, 2007). The effects on deep subsurface microbial
populations are not well known (U.S. EPA, 2008).

- Plants: A critical threshold seems to be around concentrations of 20 to 30% CO,
(IEA GHG, 2007). A slight increase of atmospheric CO, can enhance plant
photosynthesis. However, an important increase of CO, concentration (in soil or in
air) has adverse physiological effects. Plants responses have been studied at test
sites where CO; is released (Kruger et al., 2009; Beaubien et al., 2008; West et al.,
2008). According to those experiments and depending on CO, exposure, impacts
may range from subtle changes in vegetation diversity or composition to total
disappearance of plants (die-out). Some plants appear to be more tolerant than
others to high levels of CO, (ex: monocotyledonous).

There is no documented case of environmental impacts due to CO, leakage from an
anthropogenic geological storage reservoir. Studies on natural sites where deep-origin CO,
is released (e.g., Latera Caldera in Italy, Laacher See in Germany) provide interesting
results. However, in these sites where CO, has leaked for considerable time periods
ecosystems may have adapted to high CO, concentrations. Thus, observed impacts may not
be representative of the short-term or middle-term local impacts in case of leakage from a
geological storage reservoir (West et al., 2008).



Exposure to CO, may impact ecosystems diversity, soils and crop growth, but little
information is available in those areas. Nearly no data exist about the ecosystems capacity
to recover following releases events. There are also very few studies of ecosystems long-
term exposure to chronic concentrations (<10% CO,) (West et al., 2005).

Few data are available on the indirect impacts of CO, exposure (habitat loss, changing soll
pH...).

Effects on groundwater

The literature about the effects of CO, leakage into an aquifer used as a source of drinking
water is relatively scarce so far. Most simulations for CO, geological storage investigate the
consequences of physico-chemical reactions induced by the injection of CO, into the
reservoir formation. The main purpose of these simulations is the understanding and the
forecast of the long-term CO, behaviour. But waters from storage formations investigated for
CO, storage are typically unusable for industrial or human consumption purposes because
of their high salinity. Hence water quality alteration in these aquifers is not a concern and is
not assessed in those studies. Concern about quality changes in drinking water aquifers
following CO, leakage from an underlying reservoir has been addressed only recently.

Potential geochemical effects of CO, leakage into an aquifer are complex and widely
dependent on aquifer’s lithology, therefore requiring site-specific assessments. In addition to
flow perturbation due to pressure changes, CO, leakage into an aquifer could affect:

- mineral dissolution / precipitation equilibria, thus changing water mineral
composition and potentially liberating trace elements;

- metal sorption, precipitation or aqueous complex formation;
- mobilisation of organic compounds, for which CO, is an excellent solvent;
- microbial activity.

A study at the scale of the US territory (Apps et al., 2009, Birkholzer et al., 2008) identified
arsenic (As), lead (Pb), zinc (Zn), barium (Ba) antimony (Sb) as potentially critical elements
whose concentration in an aquifer could exceed the quality limits as a result of a release
from the rock matrix, under reducing conditions (which are characteristic of most
groundwaters). The rate of CO, leakage into an aquifer would affect the geometrical extent
of groundwater contamination more than the concentration levels, which basically do not
change once the CO, solubility limit of water has been exceeded (Zheng et al., 2009).

Concentration limits for the above-cited elements, as well as pH references defining the
range of acceptable acidity, exist in the requirements for potable water. The difficulty here
lies in the site-specific nature of the studies required to assess water quality alteration, which
research so far has not excluded.

Effects of impurities

Depending on the capture process and the CO, source, different “impurities” could be co-
injected with CO, (H,S, SO,, NOx, Hg...). The fate of co-injected species is not well
understood (IEA GHG, 2007). A CO, leak may act as a carrier of naturally-occurring
subsurface gases (hydrogen sullfide, radon and methane). Impurities potentially have a very
wide range of effects (cancer, fertility decline, malformations...) and may impact receptors by
different exposure pathway (inhalation, ingestion, dermal contact, surficial contact). Though
current research in various projects seeks to address this concern, insufficient information is
available to assess the risks associated with gas impurities at present time (IPCC, 2005).



Exposure assessment

The effects of CO, (and/or impurities) depend much more on the level of exposure
(concentration and duration) than on the total quantity of CO, released. Consequently, safety
assessments should be based on the potential concentrations that could result from a leak
from a CO, geological storage site, rather than primarily focussing on leakage rates and/or
volumes. A leakage rate or volume by itself is not representative in terms of safety; it must
be converted into an exposure level to evaluate the consequences it generates.

Exposure assessment is currently an important challenge because it supposes to know the
behaviour and fate of the leaking CO, (IPCC, 2005). Little information is available in this
area. The concentrations in soil porosity is often very high (nearly 100% CO,) at natural test
sites where deep-origin CO, is released. In the atmosphere, it seems that dispersion
generally quickly dilutes CO, seepages. As a consequence, biological receptors are
susceptible to be exposed to higher CO, concentrations in soil than in atmosphere (IPCC,
2005). Nevertheless, CO, is a high density gas which tends to migrate downwards and
accumulate in low-lying areas or in confined spaces. This property may create locally high
concentration zones in places lacking wind or ventilation. Only few studies so far (e.g. Bogen
et al., 2006, Chow et al., 2009, Stenhouse et al., 2009) have investigated the fate of CO, at
the surface and the potential for accumulation either outdoor (e.g. in topographic
depressions) or indoor (e.g. in basements). Such studies require taking account of site-
specific geographic as well as meteorological conditions.

Acceptable concentration limits for human and ecosystems

In regard to human exposure to CO, and impurities, some standards containing exposure
thresholds exist in the area of industrial hygiene, ambient air quality, hazard assessment or
health risk assessment (Table 1).

Limit value Duration of exposure Country/Entity Reference
Occupational exposure limit 0.5 % 8h/day Europe, United Sates, | European commission,
8h/day (Workers) Canada 2007; Hepple, 2005
Short-Term Exposure Limit 3% 15 minutes United Sates Hepple, 2005
(Workers)
Level immediately dangerous to 4% - United Sates Hepple, 2005
life and health
Irreversible Effects (risk 5% 30 minutes France Ministry of ecology,
assessment) 2007
First lethal effects (risk 10 % 30 minutes France Ministry of ecology,
assessment) 2007
Significant lethal effects (risk 20 % 30 minutes France Ministry of ecology,
assessment) 2007

Table 1 — Examples of CO,thresholds from regulations.

Concerning ecosystems, there are only few data about the toxicity of impurities and CO..
There is no clear definition of acceptable limit for specific ecosystems (IEA GHG, 2007). To
date, neither acceptable limits nor key indicator organisms have been established. These
would probably be site-specific and dependent on the use of the ecosystems.

Computation of a risk level

Thus, CCS faces the difficulty of providing a reliable estimate of the risk level due to the
processes and time scales involved. Risk assessment for common industrial activities
usually combines the estimated severity and probability of occurrence of an undesirable
event. In the case of CO, storage, uncertainties about the geological medium and the long-
term behaviour of the storage complex, as well as limited experience imply that any
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probability estimation for the occurrence of such an event is subjective and can be disputed,
given the time scales considered.

Acceptable risk levels

Finally, assuming an estimation of the risk can be provided, CCS currently lacks a definition
for an acceptable level of risk, expressed in terms of probabilistic number of fatalities per
year for instance.

In France, a note from the Ministry in charge of Ecology, dated 16 November 2007, defines
the thresholds on CO, atmospheric content to be considered in the risk assessment carried
out for surface industrial activities (Table 1). These thresholds are designed for population;
different severity categories are defined depending on the number of human beings
potentially exposed to these levels of CO, concentration. This allows integrating CO,
fatalities on humans in the common severity / probability grid defined for assessing whether
risk caused by an industry is acceptable. It should be made clear whether these thresholds
and this approach also apply to CO, geological storage; at the international level, similar
guidance appears desirable. Nevertheless, in the case of France, the indicated values do not
compensate for the lack of data for evaluating the impacts on the environment; they do not
allow assessing the potential effects on other targets than humans. This comment must be
mitigated however in regard to other industrial activities: although the assessment of risks
caused by an industry to the environment is obviously mandatory, there is no agreed-upon
methodology prescribing how to take into account potential impacts on the environment,
unlike impacts on humans.

Which techniques and capabilities for monitoring CO, storage performance and safety?

Setting performance objectives and expecting a demonstration of them being met is not
sufficient by itself; for safety to be guaranteed, it is required to be able to actually monitor in
respect of these goals and to intervene in the case they are not achieved. Risk management
plans should explicit the thresholds on monitoring results that should trigger corrective
measures.

In the EU approach, the two main goals for CO, storage are that CO, must be stored
permanently in such a way that any adverse impact to the environment and human health
could not occur in a normal situation. This implies that:

1. Monitoring and reporting of the stored CO, must inform on the performance of the
storage, i.e. quantify, if any, vented and fugitive emissions from injection and/or from
EOR operations, and leakage of CO, from the storage reservoir in the geological
medium;

2. In case of leakage, the operator should be able to:

a. lIdentify and quantify the impacts and inform, in the monitoring report, on the
impacted targets (“physical environment”, flora, fauna and humans) and the
level of impact ;

b. Mitigate these impacts according to the remediation plan.

The European Commission issued a Decision on the 8" June 2010 regarding monitoring and
reporting guidelines for greenhouse gas emissions from the capture, transport and
geological storage of carbon dioxide under the EU Emissions Trading Scheme (EU ETS)2.
According to these guidelines, monitoring dedicated to emissions accounting shall start in

2 As laid out in Directive 2003/87/EC establishing a scheme for greenhouse gas emission allowance trading within the Community.



the case that any leakage results in emissions to the air or release into the water column in
the case of offshore storage.

But the underground cannot be managed as a classical physical medium because of the
lack of tools allowing a continuous description of its different components. This is the reason
why probabilistic approaches may be necessary. For the same reason, with the currently
available tools, not all leaks that could occur in the geological medium could be identified,
because of the insufficient resolution of monitoring methods.

In the short term and during operations, it is usually considered that the main risk of leakage
from a geological storage site is associated with the failure of the features which intersect
the storage unit (injection, observation or abandoned wells) or unsuited operating conditions
(injection pressure too high) (e.g. Damen et al., 2003; Bowden and Rigg, 2004; Oldenburg et
al., 2009). Proper monitoring of the installations will thus make it possible to guarantee that a
possible escape will be detected as soon as possible and to start fast and effective
remediation actions (well work-over, casing substitution; injection pressure decrease or even
pumping of the injected CO,). In some cases, ground deformation monitoring by remote
sensing is a useful method to detect an anomalous behaviour of the storage complex.

In the longer term, the risks of seepage are primarily associated with a failure of the
geological containment or of the abandoned wells. These seepages can then occur
anywhere in the storage unit and the volume of gas escaping from the reservoir could be
sufficiently low to be detected only a long time after the start of the escape. In this case, the
main issues are (1) leakage / seepage detection, and (2) leakage / seepage quantification.

Leakage detection will be site-dependant. For instance, a recent study in the case of CO,
injection in a French carbonate reservoir seems to demonstrate that the 4D seismic
detection threshold would be in the order of 100,000t of CO,. At the opposite end, in the
case of the Sleipner CO, storage, the 4D seismic detection threshold is likely 4000 m? (or
2500 t). Other geophysical methods, such as gravity or electrical-electromagnetic, could be
able to produce a realistic quantitative assessment of the mass of CO, in place, but they are
still at the research stage.

The most accurate monitoring plan will certainly be a combination of physical and chemical
techniques. Pressure monitoring at the injection well will allow the detection of any abnormal
behaviour of the stored CO,, and sampling in a control aquifer immediately overlying the
storage reservoir will allow detecting any modification of water chemistry and pressure.
These two techniques will be able to alert on a leakage occurrence. But the location of the
leak point and quantification of the released CO, are more complex. No real technical
solution is available currently except a very costly geological, geochemical and geophysical
survey.

In summary:

- Quantification of CO, in place needs an integrated approach using a mix of different
techniques: geophysical surveys from the surface and downhole measurements in
observation wells, geophysical and geochemical logging, gas and fluid sampling at
different depths and in situ monitoring with permanent sensors;

- Several geophysical techniques are not really able to detect dissolved CO,,

- Reliability of the permanent sensors for long period of time is certainly not
demonstrated. ,

- The use of airborne and remote sensing techniques is still under development.
Conclusion

Besides the lack of a risk assessment methodology tailored for CCS, gaps in knowledge
concerning the environmental impacts of CO, leaks, or the difficulties to calculate a reliable
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risk level based on the probability and magnitude of exposure to elevated CO, or impurities
concentrations, there is a need for determination of either acceptable risk levels or
acceptable leakage rates from CO, geological storage sites.

It is emphasized that performance standards (in terms of fraction of CO, kept away from the
atmosphere) are only loosely connected to safety standards (in terms of potential adverse
consequences that could occur from a CO, release). Indeed safety assessments have to be
based on potential exposure. It necessitates converting fluxes and volumes into
concentrations, which depend on the conditions of exposure of the vulnerable assets.
Exposure is then conditioned by the release rate and/or volume, but not by the size of the
storage. Therefore, if reporting a release rate to the total mass of CO, stored in the reservoir
has a sense in terms of national greenhouse gas reduction commitment or in respect of
individual quota obligation, it makes no sense, in terms of safety, to do so for a leakage flux
leading to critical exposure. The percentages (fractions) of the amount stored stated as
performance standards have to be considered as mean objective for the whole of the
storage sites and are not relevant to local safety issues. Moreover, they do not rely on a
geological basis.

Monitoring for health and safety is very different to monitoring for storage integrity and
greenhouse gas accounting. The methodologies, the equipment, the costs and the
objectives are quite different from each other. Monitoring for safety can be done with less
precision than for greenhouse gas accounting but it needs to have wide coverage and in real
time. Most groundwater, soil and air monitoring methods measure concentrations, not fluxes
or volumes (total amount), which poses the problem of whether safety/performance
assessment criteria should be site specific, namely concentration and time of exposure, or
global, based on leakage flux and/or volume, or both.
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Regulation requirements for performance-based standards for storage site
safety and integrity

The safety and integrity of CO, storage will have to be guaranteed by the various regulations
in place or to be defined in order to manage this activity. This one can be divided into five
principal stages:

- Site identification phase: selection and qualification (exploration)

- Design and construction phase — drilling and baseline monitoring

- Operational phase - injection, monitoring and reporting,

- Post closure phase - monitoring and reporting,

- Post abandonment phase - monitoring and reporting as necessary.
For these different phases, the regulator faces two major options:

1. to define as precisely as possible the different thresholds that operators will have to
meet (means and resulting obligations), which is a prescriptive-based approach; or

2. to define the main goals attributed to an activity in term of impact and to ask the
operator for the demonstration that he will meet these general goals (resulting
obligation), which is a performance-based approach.

EU approach
The EU approach is presented hereafter as an example.

The EU Directive for CO, geological storage defines in its first article the main goal for any
operator who would propose to store CO,: “The purpose of environmentally safe geological
storage of CO, is permanent containment of CO, in such a way as to prevent and, where
this is not possible, eliminate as far as possible negative effects and any risk to the
environment and human health.”

But neither this Directive, nor the Guidance Documents that support its implementation
(European Commission, 2011), never define what could be an acceptable risk through the
definition of particular values or thresholds, as the leakage rate or concentration (see chap.
2.1) or the CO, purity, and so on.

In this case, the regulator is waiting for results that will demonstrate the absence of risks,
and in case of abnormal processes, the complete management of their impact through
adapted remediation actions.

Annexes can be integrated in this type of regulation that define the minimum requirements
as intermediate results considered being essential.

The CCS field is recent, so that dedicated industrial best practices are still not mature,
especially with respect to long term CO, containment. At the opposite end, the EU Directive
of the European Parliament and the Council on industrial emissions (Integrated Pollution
Prevention and Control, IPPC) is a very detailed directive. One of the main elements
concerns the achievement of environmental improvements while at the same time ensuring
cost-effectiveness and encouraging technical innovation.

The IPPC Directive covers emissions to air from industrial installations that represent a large
share of total emissions of key pollutants. The central element of such an approach is the
implementation of Best Available Techniques (BAT). This is defined as using established
technigues which are the most effective in achieving a high level of environmental protection
as a whole and which can be implemented in the relevant sector under economically and
technically viable conditions, taking into account the costs and advantages. An information
exchange on BAT is being organized by the Commission with Member States and other
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stakeholders to establish BAT reference documents (BREFs) indicating what is regarded as
BAT at EU level for each industrial sector. The Directive defines all the concerned chemical
elements, and defines for each element or molecule, the acceptable thresholds on emission
rates.

In this case, performance standards are published and known. The regulator has to monitor
and control the respect of all these extensively defined recommendations.

International regulatory review

A gap oriented review was carried out in 2008-2009 under the EU-funded STRACO2
project *, with the goals of supporting the development and implementation of a
comprehensive regulatory framework for CCS in the European Union and of building a basis
for EU-China cooperation on CCS. In addition to regulations (cf. Table 2), a number of
projects were reviewed and a stakeholders’ opinion survey was conducted by STRACO2
team.

¥ STRACO?2 consortium:
- European members: BRGM, World Business Council for Sustainable Development, TNO, Malardalen
University, KTH — Royal Institute of Technology;
- Chinese members: DEVELOPMENT Solutions, The Administrative Centre for China’s Agenda 21,
Institute of Engineering Thermo-Physics, Institute of Policy and Management
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Title Country / Entity Year of
Publication
Directive 2009/31/CE of the European Parliament and of the council on the | Europe 2009
geological storage of carbon dioxide and amending Council Directives
85/337/EEC, Directives 2000/60/EC, 2001/80/EC, 2004/35/EC, 2006/12/EC and
2008/1/EC and Regulation (EC) No 1013/2006. April 23, 2009
Energy bill — Chapter 3: Storage of carbon dioxide. United Kingdom 2008
London Protocol - Risk assessment and management framework for CO2 | International 2006
sequestration in sub-seabed geological structures. LC/SG-CO2 1/7, annex 3. Convention
London Convention - Final draft specific guidelines for the assessment of carbon | International 2007
dioxide streams for disposal into sub-seabed geological formations. Convention
OSPAR guidelines for Risk Assessment and Management of Storage of CO2 | International 2007
Streams in Geological Formation. Reference Number: 2007-12. Convention
US-EPA - Federal Requirements Under the Underground Injection Control (UIC) | U.S. 2008
Program for Carbon Dioxide (CO2) Geologic Sequestration (GS) Wells.
US-EPA - Using the Class V Experimental Technology Well Classification for | U.S. 2007
Pilot Geologic Sequestration Projects — UIC Program Guidance (UICPG # 83)
March 2007.
Storage of Carbon Dioxide in Geologic Structures — A Legal and Regulatory Guide | Interstate Oil and | 2007
for States and Provinces — Task Force on Carbon Capture and Geologic Storage — | Gas Compact
September 25, 2007. Commission
Washington State Legislature — Chapter 173-218 WAC - Underground injection | U.S. Washington | 2008
control program. State
State of Wyoming, House Bill No. HB0090 — Carbon Capture and sequestration. U.S. - State of | 2008
Wyoming
Australian Regulatory Guiding Principles - Ministry Council on Mineral and | Australia 2005
Petroleum Resources.
Draft Offshore Petroleum Amendment (Greenhouse Gas Storage) Bill 2008. | Australia 2008
Overview. Reader’s guide to exposure draft
Amendments of the Law relating to the prevention of marine pollution and | Japan 2007-2008

maritime disaster.

Table 2 — Regulatory documents reviewed under the STRACO2 project
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In regard to safety, the main gaps and recommendations from the STRACO?2 project are as
follows (STRACO2, 2009):

The regulatory documents assign goals rather than means to achieve them; they
contain few technical criteria such as indicative or thresholds values. Because of the
possible future technological developments and the "competition principle", the
legislator does not recommend any technique for the acquisition of requested
knowledge or parameters. The published frameworks require an application for a
licence; it can be anticipated that requirements for each individual project will be set
in these permits, given site-specific considerations. Indeed, the risk scenarios to
consider, the adequacy of monitoring techniques or the operational parameters, to
cite a few, largely depend on site-specific conditions. Moreover, lack of experience
about CO, storage makes difficult the establishment of criteria at a generic level, and
it is probably desirable that regulatory frameworks remain flexible to technological
and knowledge developments. Nevertheless, the opinion survey carried out by
STRACOZ2 demonstrated that stakeholders expect from a CCS regulation the setting
of precise requirements, commonly accepted standards, guidelines or even
techniques, in the field of site characterisation, site closure, risk assessment,
emergency measures, monitoring, etc.

The level of detail for site selection requirements or operational parameters varies
among publications; but very few evaluation criteria can be found to determine what
is an appropriate site, due to the site-specific nature of the assessment.

There is a lack of an internationally recognised method for assessing and managing
the risk posed by CO, geological storage and of quantitative criteria for characterising
an acceptable risk. In most cases, the acceptance reference consists of a qualitative
statement of the endpoint of the risk assessment. Imprecision about the time scales
to be considered was emphasized as well. The project consortium therefore called
for pursuing R&D and for the development of harmonised technical guidance as well
as metrics on that topic.

One of the major gaps found in the regulations relates to the impurity issues, with
only the Japanese law for offshore storage setting a figure (99%) as criterion to
define an acceptable composition for the injected CO, stream.

Recognising the work done in various research projects on monitoring tools and
methods, the consortium nevertheless stressed, from the stakeholders’ survey
outcomes, the development of commonly accepted best practice standards for CO,
storage monitoring as a foremost expectation from regulators and a requisite for CCS
investment.

There is a need for regulations to require from an operator a plan for mitigation and
remediation in the case of any failure of the storage, in order to meet the
performance and safety objectives. The project suggested the development of
guidelines for emergency measures and remediation actions for CO, geological
storage.

The STRACO2 consortium pointed out the lack in the existing regulations of clear
expectations and quantitative references for demonstrating that a site can be
abandoned, while acknowledging the site-specific nature of such process. Standards
for site closure and abandonment were seen as major needs in the stakeholders’
survey, and building on the lessons from early CCS projects was recommended.

Since then, the IEA published a CCS Model Regulatory Framework (IEA, 2010[a]). It
addresses the key issues listed in Table 3. This model framework does not specify methods
for assessing and managing risks, and does not provide reference values for evaluating risks
or leakage rates.
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Many regulatory developments have taken place over the last few years, as testified by the
legal and regulatory reviews carried out by the IEA (2010b, 2011). To our knowledge, these
developments do not substantially address the above comments from the STRACO2 project.
However, elaborating requirements for long-term security and liability of storage sites, which
appear to be one of the most complex aspects of the regulation of CO, storage activities, is
currently identified as a key task by numerous countries or regions regulators (IEA, 2011).
Long-term security is particularly challenging because authorities need to have evidences
that the site is behaving as expected and that the predicted behaviour of the site is
acceptable (IEA, 2011). In most of the regulations that deal with the long-term behaviour, it is
the responsibility of the operators to demonstrate that the CO, storage is behaving in a
predicable manner and that no significant environmental or health risks exist. Some
additional information is also often required depending on the specificity of each site
(formation, volume injected, the predominant trapping mechanisms...). Nevertheless, it is
worth underlining that detailed technical requirements and performance standards for
storage site safety that need to be met before a site closure are still to come.

1. Classifying CO2
2. Property rights
Broad regulatory issues 3. Competition with other users and preferential rights issue
4. Transboundary movement of CO2
5. International laws for the protection of the marine environment
6. Providing incentives for CCS as part of climate change mitigation strategies
7. Protecting human health
i . 8. Composition of the CO2 stream
Existing regulatory issues - :
applied to CCS 9. Thfe role of environmental |mp§ct assessment o
10. Third-party access to storage site and transportation infrastructure
11. Engaging the public in decision making
12. CO2 capture
13. CO2 transportation
14. Scope of framework and prohibitions
15. Definitions and terminology applicable to COz storage regulations
16. Authorisation of storage site exploration activities
17. Regulating site selection and characterisation activities
CCS-specific regulatory 18. Authorisation of storage activities
issues 19. Project inspections
20. Monitoring, reporting and verification requirements
21. Corrective measures and remediation measures
22. Liability during the project period
23. Authorisation for storage site closure
24. Liability during the post-closure period
25. Financial contributions to post-closure stewardship
26. Sharing knowledge and experience through the demonstration phase
Emerging CCS regulatory  27. CCS ready
issues 28. Using CCS for biomass-based sources
29. Understanding enhanced hydrocarbon recovery with CCS

Table 3 —Key issues relating to CCS regulatory frameworks

In addition to regulatory developments, Guidelines for Selection, Characterization and
Qualification of Sites and Projects for Geological Storage of CO, have been developed by a
Joint Industry Project led by DNV (2009). These guidelines constitute a framework for an
appropriate management of a CO2 storage site and of the related risks. In addition to careful
site selection and characterisation, they emphasise the need, in an iterative process, to
identify and rank uncertainties and risks, and to develop appropriate monitoring and risk
reduction measures. However, they do not specify quantitative values for evaluating risks. In
the guidelines, “it is proposed that the performance targets shall be tailored to the unique
characteristics of each site” (DNV, 2009). These “project specific performance targets”
should result from a dialogue between the project developers and the regulator(s).
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Conclusion

In conclusion, we can probably assume that the integrity and performance assessment for
CO, storage will be primarily based on:

- the characterisation of the storage complex;

- the capacity of simulation tools to reproduce and predict the behaviour of the injected
CO; and the integrity of the complex;

- the ability of the monitoring techniques to detect, locate and quantify the volume of
CO, present in the underground and the ability of monitoring techniques and

technologies to detect and quantify leaks.

We can expect that future progress will allow the development and improvement of new
tools in order to reach this objective relatively easily. And in the cases in which geophysical
techniques from surface would not be adapted for site-specific reasons, the possibility of
obtaining information directly from the sub-surface gives a guarantee to the regulators and
the concerned public.

However, concerning safety assessment, the issue is more complex.

On the one hand, stakeholders (governments, industry, public, NGOs) are waiting for
more precise values and thresholds that could provide the framework for monitoring and
control of safety criteria.

On the other hand, the specificity of activities related to geological media cannot allow
the precise and continuous description of the solid space in which one intends to store
CO,. Combined with the available data on CO, acceptable exposure (concentration and
duration), it causes difficulties in defining realistic general values or thresholds that
industry will have to meet and that governments will have to regulate.

Even though “the indications are also that the accident hazard posed by a CO, storage
site, whether from rupture at injection or from post-injection leakage, is unlikely to be
significant” (Discussions of the European Parliament, 16/12/2008, Andri Pielsbag
Statement by the Commission on whether carbon dioxide should be a named substance
with suitable thresholds in a revised Seveso Directive), and particularly if the initial
phases of the process (selection and qualification of CO, storage site) are well carried
out, it will be difficult to reach local and global consensus on risks posed by any CO,
storage project without a very important research effort, in order to lower uncertainties
that remain for this important issue.

This is why regular revisions of the existing regulations will be necessary in order to integrate
the results of the first research pilots and industrial demo-plants.
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