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Abstract: With a focus on risk management (RM) in injection and storage for
carbon capture and geological sequestration (CCS), an expert elicitation of
scientific judgements quantified collective uncertainty ranges for a number of
difficult environmental and human health risk challenges. Results suggest
similarities and differences in opinions, an outcome that may be reflective of
both the newness and the complexity of this technology. A suitable monitoring
period was estimated at about a century; however, uncertainty was three orders
of magnitude, with an upper (5th percentile) value of almost 1,000 years. For
selected low probability high impact georisks, only site selection and
monitoring were considered ‘very’ effective RM options. Monitoring, well
integrity studies, emergency response plan, automatic emergency shut down
system and training were considered ‘very’ or ‘extremely’ effective in
managing two risks more directly related to human health. Experts responded
with a wide uncertainty spread for a regulated threshold of minor, major and
catastrophic leakage. A companion paper discusses elicitation findings for
issues related to risk assessment.
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1 Introduction

Carbon capture and geological storage (CCS) has been identified as a mitigation option
for climate change. This technological process can reduce carbon dioxide (CO,)
emissions at point source fossil fuel and industrial process sites such as coal and natural
gas electricity generation facilities, or cement, steel, fertiliser and oil upgrader facilities
(IEA, 2009, 2013; IPCC, 2005, 2014). In 2010, CO, from fossil fuel and industrial
processes was estimated at 31.85 GtCO,e/year, accounting for 65% of total annual
anthropogenic GHG emissions, up from 55% in 1970 (IPCC, 2014). Electricity and heat
production and direct industry emissions accounted for a further 12.25 GtCO,e/year and
10 GtCOye/year (25% and 21% of GHG emissions, respectively) (IPCC, 2014).

The overarching purpose of CCS is long term retention of CO, in deep geological
formations, where large scale integrated projects (LSIPs) have the capacity to store at
least 800,000 tonnes of CO, annually for a coal-based power plant or at least
400,000 tonnes of CO, annually for other emissions from intensive industrial facilities
(including natural gas-based power generation) (GCCSI, 2016). Estimates suggest that up
to 3,000 dedicated large scale geological sequestration storage projects, storing a
cumulative 123 GtCO,, are necessary worldwide if CCS is to achieve a projected 13%
reduction in CO, emissions by 2050 and thus making a measurable contribution to
climate change mitigation (GCCSI, 2014; IEA, 2013).

CCS projects include four value chain activities: CO, capture and compression to a
supercritical state, pipeline transport, deep wellbore injection and permanent storage in
geological formations (i.e., saline aquifers). While addressing the global environmental
and human health impacts of climate change, the overarching goal for CCS project
proponents and regulators is to ensure local safety and environmental protection while
storing CO, for the long term. Indeed, environmental and human health hazards have
been identified for each of the value chain activities. When CCS projects were first
initiated, risk assessment and management of capture and transport chain activities were
better known and understood than injection and storage components (Damen et al., 2006;
Koornneef et al., 2012). Today, research and experience are improving understanding and
reducing uncertainty in the latter activities (Pawar et al., 2014, 2015).

With a focus on injection and storage in saline aquifer sequestration projects, an
expert elicitation of scientific judgements was convened in an effort to quantify collective
uncertainty judgements for a number of complex environmental and human health risk
challenges related to CCS. The present paper provides findings related to risk
management, including options for addressing low probability high impact events. The
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elicitation also considered issues in risk assessment, findings for which are detailed in a
companion article (Larkin et al., 2019a).

1.1 Structured expert elicitation

Structured expert elicitation has been shown to be of value where there is limited
experience and large uncertainties, but where risks are considered very low (Aspinall,
2010). CCS, in particular sequestration in saline aquifers, is a relatively new technology
that falls within these parameters.

Since the early 1990s, structured expert elicitation has been used to discern risk
ranking, uncertainty and risk management options for wide ranging issues of societal
importance (Cooke and Goossens, 2008; Oraby et al., 2016; Tyshenko et al., 2012, 2011).
With respect to CCS, this approach has been recommended within a suite of tools to be
used in risk assessment (Gerstenberger et al., 2013). It was also applied in a research
project, in combination with Bayesian Belief Networks analysis, in considering the
detection and stabilisation of a potential CO, plume in the CO,CRC Otway Stage 2C
experiment (Australia) (Gerstenberger and Christophersen, 2016).

1.2 Elicitation parameters

The portion of the facilitated expert elicitation reported here focuses on environmental
and human health risk management issues for saline aquifer sequestration projects,
particularly with respect to injection and storage and management of low probability high
impact (LPHI) events. Carbon capture utilisation and storage (CCUS) projects are also
operational, particularly for enhanced oil recovery (EOR) operations that use CO, in a
miscible flood. Another CCUS project type is enhanced coal bed methane (CBM)
recovery operations, where injected CO, remains permanently stored in the coal. CBM
are the least common CCUS projects undertaken to date (MIT, 2018).

Environmental and human health issues associated with CCS have been discussed in
broad terms by Wilson et al. (2003) and included both local environmental risks (CO,; in
the atmosphere or shallow subsurface; CO, dissolved in subsurface fluids; and geological
displacement) and the risk to the global environment, should project leaks re-emit stored
CO, to the atmosphere. More recently Koornneef et al. (2012), Bowden et al. (2013b) and
Pawar et al. (2015) expanded the spectrum of environmental risks for the natural
environment: CO,, brine or process contaminants can affect air, soil and groundwater
quality. Bowden et al. (2013a), in their list of biosphere risks, extended this further to
include wildlife, prairie, recreation and industry assets related to air, soil and water
issues. Jones et al. (2015) reviewed research and experience regarding the potential
impacts of CO, leakage on potable water resources and ecosystems.

Project level human health hazards include exposure to supercritical CO, and the
effects of induced seismicity on built infrastructure (Koornneef et al., 2012). Morbidity
and mortality can result from inhalation of elevated CO, concentrations in the
atmosphere, should there be a sudden release of the supercritical CO, stream. Seismicity
could affect human populations should the built infrastructure become weakened.
Furthermore, re-release of CO, could worsen GHG concentrations in the atmosphere,
thereby contributing to climate change, with concomitant environmental and health risks.
This is also germane from a population health perspective, as environmental conditions
are an important determinant of health.
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The elicitation methods are described in detail in the companion article that provides
findings with respect to important issues in risk assessment (Larkin et al., 2019a).

In brief, twelve international experts participated in the structured expert elicitation
using video conferencing over two consecutive part-days in March 2015. Five
participants from government research centres and seven from academia had extensive
expertise in varied aspects of geoscience, risk assessment and monitoring. The group first
arrived at a common understanding of terms and context, with an emphasis that the
elicitation did not concern a specific project site but that the location of a project would
be away from major urban centres. Other understandings included leakage types and
failure scenarios and the boundary between injection and storage activities. Additional
questions of clarification and group interpretation were permitted throughout the process.
Experts completed and returned elicitation target questions individually within distributed
spreadsheet file response tables. Partial results for one participant, who withdrew
voluntarily from the elicitation after the first day, are not included in the analysis.

The risk management target questions had two formats:

1 Numerical uncertainty distribution. In preparation for numerical uncertainty
distribution target questions, the elicitation began with expert calibration under
Cooke’s Classical Model (Cooke, 1991). This step provided a distinct performance
weight (PW) for each expert statistically based on their ability to judge uncertainties,
as established by their accuracy (best judgement) and uncertainty informativeness
(90% credible range) for eighteen questions for which the answers were known. The
Cooke Classical Model is the only currently available technique that enables genuine
empirical control such that the result of the PW median solution and associated
uncertainty distribution is a valid representation of the group view (Aspinall and
Cooke, 2013; Cooke, 1991, 2013).

Experts then answered target questions with best judgement responses for the
quantity in question (50th percentile), as well as the 90% credible range (lower limit
Sth percentile and upper limit 95th percentile). Risk management questions
considered the regulated threshold for likelihood of storage leakage, safe storage
lifetimes, long term retention, storage monitoring period and relative effort and
project costs that should be focused on risk management.

Calibration and target question responses in this format were processed using the
EXCALIBUR software package (Cooke, 1991; Cooke and Goossens, 2008;
Tyshenko et al., 2011).

2 Likert scale rating. A 5-level Likert scale was used to elicit expert opinion on the
effectiveness of six risk management (RM) options for five low probability high
impact (LPHI) events. A description for each level of effectiveness was provided:
not at all effective (1); minimally effective (2); moderately effective (3); very
effective (4); extremely effective (5). Prior to providing their responses, the experts
added an additional level: (6) ‘0/not applicable’.

The rated LPHI events were: large migration out of pore space, caprock fracture,
induced seismic event M > 4, massive release of CO, resulting in human fatalities
and catastrophic wellhead injection failure. The RM options were: site selection, well
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integrity studies, emergency response plans, monitoring, automatic emergency shut
down system and training (operating procedures).

Expert panel responses in this section were also converted to equivalent pairwise
preference matrix form and re-processed with the Unibalance Probabilistic Inversion
algorithm (Macutkiewicz and Cooke, 2006).

Likert scale responses and associated paired comparisons were not weighted based on
calibration question responses used in the numerical uncertainty distribution format.
However, pairwise preferences were checked for internal consistency.

Following completion of the structured elicitation, a third facilitated video conference
session provided experts with preliminary findings. Some of these findings, combined
with expert comments, suggested further clarification of some items would be beneficial.
An explanatory document summarising the rationale for such clarifications was
distributed electronically and all experts completed and submitted responses to the
re-elicitation target questions on an individual basis.

3 Results

3.1 Numerical uncertainty distributions

Table 1 provides the median performance-weighted responses and 90% credible intervals
provided by the experts for risk management target questions. The supplementary
material [online] includes figures with individual expert responses, performance weight
(PW) and equal weight (EW) distributions, along with composite plots of comparative
piece-wise uncertainty distributions for linked target items, representing the three
quantiles (i.e., 5th, 50th and 95th percentiles) of aggregated performance weighted
judgements. Figures 1 and 2 provide examples of these representations. Re-elicited
questions include R suffix in numbering.

a  regulated threshold for likelihood of minor, major or catastrophic storage leakage
TQ37R-39R — preamble:

Large scale integrated projects (LSIPs) have capacity for at least 800,000 tonnes of
CO, annually for a coal-based power plant, or at least 400,000 tonnes of CO,
annually for other emissions-intensive industrial facilities (including natural
gas-based power generation) (GCCSI, 2014).

What should be the regulated threshold for the likelihood of minor, major or
catastrophic storage leakage in a LSIP sequestration project (1 in X, where X > 1; for
example, 1 in 100 would represent a 1% likelihood)?

Having agreed to an understanding of three CCS leakage failure scenarios, Table 1
indicates a decreasing median regulated threshold moving from minor, to major, to
catastrophic scenarios, as well as wide solution uncertainty spread for all three
scenarios. However, there is some separation into high and low risk ‘schools of
thought’ in all three cases (supplementary material). It appears there are significant
differences of opinion within the expert panel, perhaps indicating that this risk
management option has not been previously considered thoroughly or in detail by the
participants.



Risk management in carbon capture and geological storage 411

Table 1 Median performance-weighted responses and 90% credible intervals provided by the
experts to target questions

. . Median 90% credible
Target question (unit of response) value interval
TQ37R-39R. What should be the regulated threshold for the
likelihood of minor, major or catastrophic storage leakage in
a LSIP sequestration project (1 in X, where X > 1; for
example, 1 in 100 would represent a 1% likelihood)?
Minor leakage 11in 202 11in 39,600 to 1
in2.7
Major leakage 1 in 4,060 1 in 337,000 to 1
in 40
Catastrophic leakage 1in 1 in 1.1 million to
399,000 1in 338
TO43R: how long will a typical saline aquifer storage site 12,700 8.6 million yrs to
remain safe, where safe means 95% or more facilities will not years 166 years
fail in the time periods you specify (years)?
TQ44R: how long will a typical saline aquifer storage site 125,000 80 million yrs to
remain safe, where safe means 50% or more facilities will not years 5,130 years
fail in the time periods you specify (years)?
TQ45R: how long will a typical saline aquifer storage site 1 million 780 million yrs to
remain safe, where safe means 5% or fewer facilities will not years 15,100 years
fail in the time periods you specify (years)?
TQ46: in a typical large scale integrated saline aquifer storage 99.8% 87% to 100%

project, what fraction of injected CO, can be expected to be
retained over a period of 1,000 years? (0—100%)

TQ47: in a typical large scale integrated enhanced oil 99.85% 54% to 100%
recovery storage project, what fraction of injected CO, can be

expected to be retained over a period of 1,000 years? (0—

100%)

TQ55: What should be the storage project monitoring period 92 years 8 yrs to 990 years
(years)?

TQ56: considering potential negative impacts of CCS on 12% 1.1% to 69%
either the environment or human health, what proportion of

risk management should be focused on mitigating

environmental impacts as opposed to human health impacts

(0-100%)?

TQ57: on a project basis, what proportion of costs should be 5.5% 1.1% to 17%
mandated by the leading regulatory agency to be spent on

environmental and human health protection (%)?

TQ58: assume there is an annual budget for the proponent to 11% 1.1% to 25%
fund operational costs of a CCS storage facility. What

percentage of this budget should be allocated to safety to

ensure sufficient mitigation of environmental and human

health impacts such that the company is reasonably secure

against gross negligence claims in any post-failure litigation

(%)?

Notes: R in question number denotes re-elicitation'; 'exact meaning should not be
ascribed to the precision of these reported results — they should be regarded as
indicative.
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safe storage lifetimes at ‘low-end’, ‘median’ and ‘high-end’ safe storage periods
TQ43R—45R — preamble:

Large scale integrated projects (LSIPs) have capacity for at least 800,000 tonnes of
CO, annually for a coal-based power plant, or at least 400,000 tonnes of CO,
annually for other emissions-intensive industrial facilities (including natural
gas-based power generation) (GCCSI, 2014).

Assuming no fundamental change in technology, what is the safe storage lifetime of
a typical saline aquifer storage site at the following confidence levels? Please give
three durations to express your uncertainty.

TQ43R: how long will a typical saline aquifer storage site remain safe, where safe
means 95% or more facilities will not fail in the time periods you specify (years)?

TQ44R: how long will a typical saline aquifer storage site remain safe, where safe
means 50% or more facilities will not fail in the time periods you specify (years)?

TQ45R: how long will a typical saline aquifer storage site remain safe, where safe
means 5% or fewer facilities will not fail in the time periods you specify (years)?

The experts” median period for facilities remaining safe is 12,700 years, 125,000
years and 1 million years (95% or more; 50% or more; and 5% or fewer facilities,
respectively) (TQ43-45R, Table 1). Experts’ judgement median values showed less
uncertainty than EW solutions (supplementary material). One expert indicated
lifetimes one-to-two orders longer than other panel members, an individual
judgement that extended the uncertainty in all cases (supplementary material).

long-term retention of CO,

TQ46: in a typical large scale integrated saline aquifer storage project, what fraction
of injected CO, can be expected to be retained over a period of 1,000 years?
(0%-100%)).

TQ47: in a typical large scale integrated enhanced oil recovery storage project, what
fraction of injected CO, can be expected to be retained over a period of 1,000 years?
(0%-100%).

The most widely-quoted long-term retention target for storage of carbon dioxide is
99% of injected CO, remaining underground for 1,000 years (IPCC, 2005). In this

question, experts understood retention to be within the identified storage formation
immediately adjacent to the injection wells.

The group median estimate judgement is essentially the same for both saline aquifer
sequestration and EOR operations, with approximately 99.83% and 99.85% of
injected CO, expected to be retained. The uncertainty band is wider for EOR than for
saline (TQ46—47, Table 1).

storage monitoring
TQS55: what should be the storage project monitoring period (years)?

Next to site selection, CO, monitoring to test for containment and conformance in
CCS projects is the primary risk management activity, where an iterative process to
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calibrate and update risk assessments and monitoring plans is included in many
regulatory-based risk management frameworks and non-regulatory guidance
documents (Larkin et al., 2019b, 2019c). Jenkins et al. (2015) provide a review of the
progress in monitoring and verification in the ten years since the IPCC Special
Report on Carbon Capture and Storage (IPCC, 2005).

Experts’ uncertainty judgement suggests a coherent view, with median estimate
92 years monitoring activity, i.e., about a century (TQS5S5, Table 1; Figure 1).

Figure 1 Individual expert responses, performance weight (PW) and equal weight (EW)

distributions (see online version for colours)
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Note: TQS55: what should be the storage project monitoring period (years)?

(<

a triplet of questions considered the proportion of environment and human health
risk management and costs within CCS project operations. Experts limited the
estimate to injection and storage implementation, thereby excluding exploration,
construction, capture and transport activities.

TQ56: considering potential negative impacts of CCS on either the environment or
human health, what proportion of risk management should be focused on mitigating
environmental impacts as opposed to human health impacts (0%—-100%)?
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TQ57: on a project basis, what proportion of costs should be mandated by the leading
regulatory agency to be spent on environmental and human health protection (%)?

TQ58: assume there is an annual budget for the proponent to fund operational costs
of a CCS storage facility. What percentage of this budget should be allocated to
safety to ensure sufficient mitigation of environmental and human health impacts
such that the company is reasonably secure against gross negligence claims in any
post-failure litigation (%)?

Findings indicate uncertainty distribution of approximately 1%—-70% of RM that
should be focused on the environment as opposed to human health impacts, with a
median estimate of approximately 12% (TQS56, Table 1).

Experts’ median estimate is that approximately 5.5% of project costs should be
mandated by regulatory agencies to protect the environment and human health. This
can be compared with experts’ response on the percentage budget that should be
allocated to safety to ensure sufficient mitigation of environmental and human health
impacts, such that the company is reasonably secure against gross negligence claims
in any post-failure litigation. Here, the median estimate is approximately 11% or
double the regulated amount (TQ57-58, Table 1; Figure 2).

Figure 2 Composite plot for of comparative piece-wise uncertainty distributions for linked target

items, representing the three quantiles (i.e., 5th, 50th and 95th percentiles) of
aggregated performance weighted judgements (see online version for colours)
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Notes: TQ57: on a project basis, what proportion of costs should be mandated by the

leading regulatory agency to be spent on environmental and human health
protection (%)?; TQ58: assume there is an annual budget for the proponent to
fund operational costs of a CCS storage facility. What percentage of this budget
should be allocated to safety to ensure sufficient mitigation of environmental and
human health impacts such that the company is reasonably secure against gross
negligence claims in any post-failure litigation (%)?
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3.2 Likert scale effectiveness ratings of risk management options

RM?2: This question is focused on risk management of high impact low probability
(catastrophic) events. For questions related to leakage, please note that the nature of the
leaked substance (e.g., CO,, brine, or another contaminant) is not the focus of the
question; rather, the question focuses on a leakage of any kind.

Please rate the effectiveness of each of the following methods to manage risk of high
impact low probability (HILP) (catastrophic) events using the following 5-point Likert
scale: not at all effective (1); minimally effective (2); moderately effective (3); very
effective (4); extremely effective (5); not applicable (6).

Experts rated the effectiveness of site selection, well integrity studies, emergency
response plan (ERP), automatic emergency shut down system and training (operating
procedures) in managing the five low probability but high impact events discussed below.
Prior to their response, experts arrived at an understanding that ‘large migration” includes
all scenarios such as through a wellbore or geological fault.

Findings are displayed in a heat matrix of mean ratings (Figure 3). With the exception
of site selection, all risk management options were considered ‘very’ or ‘extremely’
effective in managing risk of potential massive release of CO, and catastrophic wellhead
failure. Only site selection and monitoring were considered ‘very’ effective risk
management options for georisks, namely large migration out of pore space, caprock
fracture and induced seismic events > M4. Monitoring was considered moderately or
very effective for all LPHI events.

Figure 3 Mean effectiveness rating of six risk management options for five low probability high
impact events (see online version for colours)

CCS Risk Management Options

\Wal Entesyity . i Automatic Training
Site Selection el Integrity memgency Manitaring Emergency Shut (operating

Studies Response Plan ° "

Down System procedures)

Large migration out of
e space
Caprock fracture

Induced seismic event
>M4

Massive release of COZ
resulting in human

faralities
Catastrophic injection
wellhead failure

Likert Scale Mean response colour code
L] Not applicable 0-0.5
1 Notatall effective 0.5-1.49
2 Minimally effective 1.5-249
3 Moderately effective 2.5-349
4 Very effective
5 Extremely effective

Notes: Large migration out of pore space; caprock fracture; induced seismic event m > 4;
massive release of CO, resulting in human fatalities; catastrophic injection
wellhead failure.

The pairwise preference matrix form of risk management options for pairs of LPHI
indicate that for most scenarios, the group collectively identified definite preferences in
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ordering for risk management measures. The one scenario for which there is no clear
consensus on effective measures is ‘fatal massive CO, release’ (supplementary material).
Supplementary material also provides:

1 bar charts showing mean of responses for effectiveness of risk management options
for each LPHI, with the standard error of the mean score providing a measure of
uncertainty in expert opinion

2 pairwise preference matrix form of risk management options for pairs of LPHI.

A large migration of CO, out of the pore space could extend the plume to geological
formations and anthropogenic features that were not assessed, thereby increasing the risk
to performance and containment success. Jenkins et al. (2015, p.334) suggested that “the
complex interplay of highly reflective thin layers, tuning effects, variable fluid saturation
and mixing patterns, various modes of signal attenuation still renders full understanding
of the plume highly challenging.”

Caprock is the sealing formation of low permeability rock that is a critical feature for
CO, containment at a CCS site (IPCC, 2005). Its damage through caprock fracture,
potentially caused by injection pressures, would open a pathway into or through the
formation potentially enabling stored CO, or brine to reach the surface environment.

Induced seismic events with magnitude M > 4, potentially caused by injection
pressures, could result in unanticipated leakage scenarios through a fractured caprock or
release through a fault pathway. In addition to potential CO, or brine leakage that could
affect drinking water, felt earthquake tremors are a concern with respect to public
acceptance because of property damage or nuisance (White and Foxall, 2016). Birkholzer
et al. (2015) linked slips on existing faults to broken seals. Both Pawar et al. (2015) and
Celia et al. (2015) noted ongoing difficulty in risk assessment of induced seismicity, in
part because of limited data sourced from large operations. White and Foxall (2016)
reviewed technical difficulties associated with achieving effective risk assessment and
risk management of induced seismicity, as well as progress to address them. Discussion
included fault identification; microseismic event detection, location and characterisation;
estimating earthquake recurrence and influence of injection; ground motion prediction;
and structural and community vulnerability (White and Foxall, 2016).

A massive release of CO, resulting in human fatalities could occur during capture,
transport, injection, or storage activities, the latter through an existing wellbore. While
normal air concentrations of CO, are typically less than 1%, the relatively large volume,
concentrated and pressurised CO, stream in CCS could pose a hazard to humans and
other living organisms. The National Institute for Occupational Safety and Health defines
an ambient CO, concentration of 4% as immediately dangerous to life and health (IDLH)
(Centers for Disease Control and Prevention, 2016), whereas the target purity of the
supercritical CO, stream is 97%-99.9% depending on the capture technology. Stream
impurities, such as hydrogen sulphide, may also affect human health and the near surface
biosphere (Koornneef et al., 2012).

Similarly, catastrophic injection wellhead failure could affect project workers,
contaminate the local environment, reduce or shut down project performance and
exacerbate public concern. Quintessa Ltd. (2018), the online CO, database of features,
events and processes, describes this event as an “uncontrolled flow of fluid (liquid, gas or
supercritical fluid) into the injection wellbore, followed by [rapid] transport of the fluid to
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a shallower geological formation (underground blowout) or to the land surface or
seabed.”

4 Discussion

Environmental and human health risk management for CCS projects considers potential
performance and containment hazards in an effort to ensure large scale integrated projects
operate as planned. CO, capture, transport, injection and geological storage need to be
effectively and safely deployed by operators while operators and regulators need to
minimise the likelihood and severity of local hazards and related risk issues. These
include contamination of air, soil, or water resources from process contaminants, CO,, or
brine; human, wildlife or livestock morbidity and mortality from exposure to highly
concentrated CO,; and induced seismicity causing surface uplift or earthquake, with
damage to infrastructure. The goal of permanently sequestering CO, emissions and
mitigating climate change, with associated benefits to the global environment and
population health, could also be negated should there be higher than expected CO,
leakage rates.

A wide variety of risk management options should be considered and applied to an
integrated, interdisciplinary technology such as CCS. As a principle of population health,
coordinated action at multi-levels and multi-scales assists in protecting the determinants
of health. While not comprehensive in terms of risk management options for CCS [also
see Larkin et al. (2019b) in this issue], elicited target items are situated within five
categories of action proposed by Krewski et al. (2007) and Krewski et al. (2014) under
the REACT framework that considers regulatory, economic, advisory, community-based
and technological options (Table 2). A number of options require action by stakeholders
under more than one category of action.

Table 2 Elicited risk management options associated with five categories of action

Risk management options

Regulatory Economic Advisory Community-based Technological
Regulated leakage likelihood threshold
Regulated mandated cost allocation Proponent’s cost commitment
Site selection Site selection
Emergency response Emergency response plan
plan
Automatic emergency Automatic
shut down emergency shut
down
Well integrity studies Well integrity Well integrity
studies studies
Training

Monitoring
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4.1 Focus on environmental and human health protection

Two primary concerns for CCS performance, containment and public perception risk
management in injection and saline aquifer sequestration are CO, or brine
leakage (seepage) to the biosphere. For the shorter operations period, the group’s
performance-weighted median response suggests 88% of effort should be focused on
human health compared with environmental protection (TQ56, Table 1). Experts also
suggested greater health than environmental risk in capture compared with storage
(Larkin et al., 2019a). As an economic risk management option, experts’ central estimate
was that 5.5% of injection and storage project costs should be mandated by regulatory
agencies for both environment and human health protection, with a 90% credible range
~1%—-17% (TQ57, Table 1). Based on 2010 US$ analysis of the FutureGen project’s
Environmental Impact Assessment, Trabucchi et al. (2012) suggested the damages to
human health and the environment from pipeline ruptures and subsurface leakage could
be less than 1% of total estimated project costs over a 100-year operating period, but that
the range in damage estimates would be site dependent.

Experts’ numerical uncertainty distribution for the fraction of CO, expected to be
retained for the long-term (1,000 years) indicates the same median estimate judgement
(99.8%) for both saline aquifer and EOR projects (TQ46—47, Table 1). This is in keeping
with the IPCC Special Report on Carbon Capture and Storage (IPCC, 2005), where a
summary of evidence for retention and release rates suggested more than 99% of CO,
would be retained over the first 1,000 years. In 2005 and 2007, experts set the acceptable
project leakage rate at 1% over 1,000 years for the Otway research project (Watson et al.,
2014). Similarly, the containment risk target within a geosphere risk assessment
workshop for the Weyburn-Midale EOR project was 99% retention of total injected mass
of CO, over 1,000 years (Bowden et al., 2013b). However, the expert panel’s 90%
credible interval was greater for EOR, with the lower limit having greater variability than
upper limit values (TQ46-47, Table 1). At the low/5th percentile, that is a 1 in 20 judged
likelihood, experts’ suggested 87% and 54% of CO, would be retained in saline aquifer
sequestration and the EOR project type over 1,000 years, respectively. Wilson et al.
(2003) and IPCC (2005) suggested the effects of re-release are time-dependent, with less
serious effects if anticipated leakage occurs in the long term. Nevertheless, re-release of
unanticipated volumes of CO,, for reasons described by Meadowcroft and Langhelle
(2009, p.284) as basic knowledge failure, practical knowledge failure, or significant
regulatory failure, could affect the role of CCS in emissions reductions, thereby
exacerbating public acceptance as well as anticipated population health benefits of
climate change mitigation.

Responses to our set of elicitation questions on what should be the regulated
threshold for the likelihood of minor, major, or catastrophic storage leakage suggested
wide ranging views, possibly suggesting that this risk management strategy has not (yet)
engaged the thinking of the expert panel in the way presented. A regulated threshold for
leakage scenarios could be developed, as are used in risk management for industrial
emissions of contaminants to air, soil and water. In their review, Koornneef et al. (2012)
did not identify clear performance indicators (including amount of CO, leaked) and
recommended they be developed in conjunction with thresholds linked to potentially
affected environmental compartments. Others have described a percentage of the total
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volume injected, for example 0.01%-0.001% per year (1% over 100 years up to 1% over
1,000 years) (IPCC, 2005; Stenhouse et al., 2009). In an attempt to assess the probability
that leakage and leakage rate to atmosphere would surpass a regulated threshold,
Gerstenberger et al. (2015) proposed an assessment structure to calculate rate, volume
and concentration level of CO, that would be compared to local health, safety, or
environment standards.

Safety in the elicitation was defined as percentage of facilities not failing and the
expert elicitation panel understood that a generic storage site would be properly selected,
characterised and designed. The median response indicated that for greater than 95% of
storage, these would remain safe for almost 13,000 years, albeit with wide 90%
confidence bounds. Both the median number of years and uncertainty increased as the
percent of safe facilities decreased (TQ43R—45R, Table 1). One expert indicated lifetimes
one-to-two orders of magnitude longer than the rest of the group, extending the spreads
of both performance weight and equal weight solutions in all three cases (supplementary
material).

Markusson et al. (2012, p.912) suggested “there is uncertainty as to whether
geological storage of CO, will prove safe over long time periods, as well as if and how
the associated risks can be reliably assessed and managed.” In another application, safety
criteria have been determined for Yucca Mountain, the potential geologic repository to
store and dispose of high-level radioactive waste. The 2008 Environmental Protection
Agency standard set a radiation dose limit to protect public health for the first 10,000
years after disposal, with a higher acceptable limit between 10,000 and 1 million years
(US Environmental Protection Agency, 2016). Watson et al. (2014) also used the
management of radioactive waste in the UK as an analogue case study regarding safe
storage uncertainties that could inform CCS.

Given the long project lifespans, sometimes referred to as ‘permanent sequestration’
spanning centuries, Bachu (2008) discussed the assumption of long-term operational and
financial liability for both monitoring and remediation in case of CO, leakage. In addition
to the injection and storage project costs should be mandated by regulatory agencies for
both environment and human health protection, proponents could make a further financial
commitment to be reasonably secure against gross negligence claims in any post-failure
litigation. The experts’ median estimate was approximately 11% of the injection and
storage operational budget, double the suggested regulated amount. While the lower limit
was equal for costs mandated and invested, the upper limit was more variable (TQ57-58,
Table 1). Wilson et al. (2009) assessed the liability regime for CCS in the US and
suggested risk management tools that could provide financial security to investors. While
not limited to environmental or health impacts of leakage scenarios outside of normal
operating conditions at CCUS projects, Pollak et al. (2013) proposed a leakage impact
valuation (LIV) method to estimate the financial implications for wide ranging
stakeholders (for both low and high cost storylines): leakage only, interference with each
of subsurface activity and groundwater and migration to the surface. A cost category was
included for legal expenses that may be incurred by the geological storage site operator to
defend against lawsuits in the USA.

Should data be made available, further research into budgeting for existing and
proposed CCS projects could begin to clarify and quantify proponents’ perspectives and
effort in environmental and human health risk management.
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4.2 Low probability high impact events

Dedicated risk management of LPHI is necessary for continued public and public sector
support of this new technology. A poor outcome could not only affect containment risk,
but public perception and public acceptance overall.

The elicitation considered risk management of LPHI events in two ways. Relative
risk of four distinct causes of local health or environmental hazards was assessed using
pairwise preference semi-quantitative ranking, as discussed in the companion article
(Larkin et al., 2019a). In this question, experts ranked caprock integrity loss due to
hydraulic fracturing as a lower relative hazard, but did not agree on the rank order of the
other three hazards: brine, HCO;, or elevated gas-phase CO, migration into the shallow
subsurface and near-surface environment; a seismic event of magnitude M > 5 on the
Richter scale; or explosive re-release of CO, to the surface.

These hazards were closely reiterated in the Likert-scale rating of risk management
options for LPHI events (Table 3). Such hazards were also assessed as accidents,
malfunctions and unintended events (AMUE) under the Canadian Environmental
Assessment Act review of the Shell Quest project (Shell Canada Limited, 2010). Note
that risk management in the present elicitation was focused on injection and storage and
therefore excluded capture infrastructure included by Shell.

Table 3 Selection of low probability high impact (LPHI) events in carbon capture and storage

Relative risk - distinct causes of Shell quest

RM of five LPHI events local environmental and human  Accidents, malfunctions and
(Figure 3) health hazards (companion unintended events

article) (Shell Canada Limited, 2010)
Large migration out of pore Brine/gas CO, migration into Release of CO,, BCS brine or
space shallow subsurface, near surface ~ CO, saturated brine from the
Induced seismic M > 4 Seismic event M > 5! storage comp leﬁ‘ or mjection
quake' wells
Caprock fracture Caprock integrity loss due to

hydraulic fracturing

Massive release of CO, Explosive re-release of CO, to CO, pipeline rupture or
resulting in human fatalities the surface injection well head failure
Catastrophic wellhead
failure

Process upsets in CO, capture
infrastructure

Note: 'Slightly different cut-off in each question.

An interesting finding of the elicitation is the dichotomy of risk management approaches
deemed effective for three LPHI leakage georisks compared with events more directly
related to human health and safety (Figure 3). Only site selection and monitoring were
considered ‘very’ effective risk management options for large migration out of pore
space, caprock fracture and induced seismic event M > 4. However, with the exception of
site selection, the other five risk management options — well integrity studies, emergency
response plan, monitoring, automatic emergency shut down system and training — were
considered ‘very’ or ‘extremely’ effective in managing the potential massive release of
CO, and catastrophic wellhead failure. The expert panel collectively identified order
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preferences for most risk management options for most scenarios (supplementary
material). The one scenario for which there was no clear consensus on effective measures
is ‘massive release of CO, resulting in human fatalities’, where the heat matrix indicates
high effectiveness for all options except site selection.

Wilson et al. (2008) discussed the special attention that could apply to injection in
CCS sequestration projects, given projected high volumes and inherent buoyancy in the
supercritical state. Both individual and societal risk estimates could be calculated. In the
Weyburn-Midale EOR project geosphere risk assessment, it was assumed that the public
safety (societal) risk would be unacceptable if it exceeded a probability of 1 x 107 per
year of one or more fatalities (the Australian National Committee tolerability for Large
Dams (ANCOLD) guideline limit); and that it would be marginally acceptable if it was
between this tolerability limit and a lesser probability level of 1 x 10~ per year (Bowden
et al., 2013b). Pawar et al. (2015) found that one sequestration project application,
FutureGen in the USA, estimated the frequency of an eruptive event to be remote
(probability of < 10°® per 5,000 years). Jenkins et al. (2015) found that analyses have not
assessed significant adverse effects on the environment or other resources very well and
that contingency planning for an adverse event has not been well developed.

Indeed, Larkin et al. (2019b), identified few RA/RM frameworks in the regulatory
context that include a requirement for contingency plans for large incidents, being limited
to the United Nations Framework Convention on Climate Change (2011) modalities and
procedures for CCS as a clean development mechanism, Australia’s Offshore Petroleum
and Greenhouse Gas (Environment) Regulation (Australian Government, 2014) and the
US State of Kansas enabling legislation (Kansas State Corporation Commission, 2010).
As a non-regulatory guidance document, DNV CO,RiskMan (2013) provides extensive
hazard risk management guidance to consider the large quantity, concentrated and
pressurised nature of the CO, stream within the capture, transport and injection chain
activities (Det Norske Veritas, 2013; Holt et al., 2012). However, impacts to groundwater
quality from CO, or brine, as well as the storage chain, are excluded from the guidance
document. Pawar et al. (2015) concluded that research has reduced uncertainty for some
major risk issues, such as leakage pathways and induced seismicity, but that more limited
efforts have been made to quantify other low probability events of high consequence such
as well blowout or catastrophic caprock failure.

An area of further research could consider why site selection was not judged more
effective to manage human health risks considering that this phase in project
development could underpin safety overall. It is possible the expert panel considered
proper site selection having already been completed and so site selection could do
nothing more to limit LPHI events.

4.3  Emphasis on monitoring

Monitoring options for CCS help to manage performance, containment and public
perception risk issues in leakage and safety. In considering a suitable monitoring period,
the experts’ median estimate is 92 years, i.e., about a century in duration (TQSS5,
Table 1). However, responses included uncertainty of three orders of magnitude, with a
credible upper limit of almost 1,000-year monitoring period. A monitoring plan during
the operations phase of CCS sequestration projects is a mandatory or voluntary activity in
a wide variety of elaborated risk assessment and risk management frameworks developed
in the regulatory and non-regulatory context (Larkin et al., 2019b).
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Dixon et al. (2015) noted that monitoring is based on site specific risk assessments
and that review articles to share good practice and learnings are forthcoming. One of the
most detailed existing documents is the US National Energy Technology Laboratory
(2017) guidance on monitoring, verification and accounting of CO, stored in deep
geologic formations. (This general topic is usually referred to as MMV — monitoring,
measurement and verification — but in the USA it is also called MVA — monitoring,
verification and accounting). In 2012, the NETL best practices was that projects
demonstrate 99% retention of CO, through GS [geological sequestration], up from 95%
in 2008. These retention levels were defined by the ability of a sequestration site to detect
CO, leakage at levels of 5% and 1% of the stored amount of CO, into the atmosphere.
Jenkins et al. (2015) reviewed advances in monitoring technologies. In Alberta, the
Quantification Protocol for CO, Capture and Permanent Storage in Deep Saline
Agquifers (Government of Alberta, 2015) requires MMV of containment, as described in
the Alberta Energy Regulator directives for MMV activities under the Mines and
Minerals Act. Project developers must attempt “to ensure there are no emissions from the
subsurface to the atmosphere” (Government of Alberta, 2015, p.56). Bourne et al. (2014)
describe the MMV plan for the quest project operating in that province.

Project leaders and regulators continuously improve understanding of injectivity and
storage parameters such as flow and pressures, ultimately seeking to demonstrate that a
storage site is operating safely and reliably as planned. With respect to LPHI, Jenkins
et al. (2015, p.343) suggested that “explicit consideration of significant adverse events
would be helpful in designing monitoring strategies and clarifying requirements.” This
review acknowledged the need for a number of techniques, also suggesting monitoring
could nevertheless miss significant adverse events, notwithstanding the evidence from the
past decade that has demonstrated these risks to be small and indeed less than risks posed
by climate change.

With the emphasis on monitoring as one of the preferred RM options, effective
mitigation responses are also required should an adverse circumstance be identified.
Guénan et al. (2011) created a database of mitigation measures for risk events and
Manceau et al. (2014) provide a review of mitigation and remediation technologies and
practices for the case of undesired CO, migration in a storage unit. Farhat and Benson
(2015) proposed a methodological framework that aims to link risk assessment to
corrective measures, using a collaborative and transparent contingency planning process;
this could have potential application to LPHI events. On the other hand, Pawar et al.
(2015) suggested that an assessment of mitigation options themselves is not well
advanced.

5 Conclusions

In an effort to assess and address potential hazards associated with an activity or
innovation, risk assessment and management has been undertaken conjointly and are
fundamentally matters of judgement in probability and uncertainty (National Research
Council, 1983). Within this context, efforts attempt to determine acceptable societal risk
and risk control options.

In this paper, findings from a structured expert elicitation provide insights into target
questions focused on CCS issues in risk management. A companion article provides the
expert panel’s judgements on a series of risk assessment target questions that provide a
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backdrop to the risk management options discussed here (Larkin et al., 2019a). Findings
include pairwise rankings of risks between technology, environment and health in each
domain of capture, transport, injection and storage; experts’ best estimate and uncertainty
bounds for likelihood of leakage in each of capture, transport, injection and storage (the
latter over three time periods); judgements for the likelihood and severity of well leakage,
injection, intrinsic storage and induced storage hazards that could cause leakage or
seepage; and judgements on the likelihoods of major CO, storage leakage that would
require an intervention to mitigate negative environmental impacts or adverse public
health impacts over three time periods: 0-50 years, 51-499 years and 500+ years. This
article also provides comments on the elicitation process.

In conjunction with findings for risk assessment, we have increased understandings of
relative risk and quantified collective uncertainty judgements for a variety of difficult
decision challenges for CCS. Some responses to quantitative target questions conveyed
larger judged uncertainties than others. For example, the percentage of facilities
achieving safe storage lifetimes as a function of time ranged over five orders of
magnitude. In almost all cases the performance weight uncertainty was less than equal
weight. CCS is a multidisciplinary approach to climate change mitigation requiring a
diversity of expertise for safe and secure CO, injection and sequestration in the long
term. It is hoped that outcomes reported here might stimulate further scientific
deliberations towards achieving objective judgements on CCS risk issues.

Risk management of low probability high impact (LPHI) events is particularly
important because effects could unfold at both the local and global scales, both within the
project’s designated area of influence or emergency planning zone and more broadly with
respect to public acceptability of the CCS technology worldwide. A LPHI event has the
potential to seriously affect the future implementation of CCS — whether a major accident
resulting in morbidity or mortality, unintended large migration of CO, out of the pore
space, caprock fracture, or an induced significant seismic event. Site selection and
monitoring were deemed very effective georisk management options; and five options of
well integrity studies, emergency response plan, monitoring, automatic emergency shut
down system and training considered ‘very’ or ‘extremely’ effective in managing the
potential massive release of CO, resulting in human fatalities or catastrophic wellhead
failure.

The emphasis on monitoring as a risk management option leads to the question of
how long this should continue and potential mitigation of an adverse event. Our experts’
pooled median response was a period of almost 100 years, although reservations, arising
from uncertainty, could plausibly extend this to almost 1,000 years. The development of
robust protocols for credible monitoring and verification and the testing of these
protocols in public engagement processes, could be viewed as essential for risk
acceptability of CCS. Public understanding for the proposed response(s) to an adverse
measurement is likely of equal importance.

The findings and insights from the expert elicitation of scientific judgements reported
here illustrate risk management options that could be considered during the review and
approval of potentially thousands of deep geological saline aquifer sequestration projects
worldwide. Indeed, public stakeholders could be unforgiving if hazard assessment and
risk management in CCS is considered insufficient, thus affecting future implementation
of this climate change mitigation technology. On the other hand, comprehensive risk
assessments and rational risk management could impact public perception for CCS
positively, in turn instilling confidence, public acceptance and ongoing support.
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Supplementary ~ material is  available = online at  Harvard  Dataverse
(https://dataverse.harvard.edu/)
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