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Abstract: This concluding paper of the Special Issue on carbon capture and
storage (CCS) in the Canadian context provides a brief overview of the findings
from all contributions, followed by a description of the Canadian policy and
regulatory backdrop for CCS at both the federal and provincial levels in active
jurisdictions. An integrated risk management framework (IRMF) is proposed
with reference to environmental and human health risk assessment and risk
management frameworks published worldwide as well as risk management
demonstrated in large scale Canadian CCS projects to date. Key features of the
IRMF are the ten-step rational and transparent process, options to engage with
and integrate wide-ranging government and non-government stakeholders on
an ongoing basis, and incorporation of independent external review. The next
generation of risk-based decision making is then applied to the IRMF for CCS.
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1 Introduction

Since the pioneering report of the National Research Council (1983) on Risk Assessment
in the Federal Government: Managing the Process, risk assessment and risk management
processes related to technologies and technological change have evolved significantly,
with enhancements to initial approaches for addressing health and environmental risks
(Krewski et al., 2007; Leiss et al., 2010). Jardine et al. (2003) and the National Research
Council (2009) emphasised that risk assessment and risk management activities should
support the decision making needs of the specific risk context. There has also been an
increased emphasis on communication of the technical analyses involved in risk
assessment and management to much broader audiences in order to try to improve the
level of confidence in and acceptance of the ultimate decisions based on them (Leiss
et al., 2010). Another key characteristic of many of the most complex risk issues that we
face today is that they are shared by a mix of nations around the world (sometimes all of
them, as is the case with climate change) and that effective international coordination of
risk management decision making in an age of increasing global economic integration is
both desirable and necessary.

Articles in this Special Issue consider wide ranging risk assessment and management
issues relevant to future CCS implementation. In introducing these issues, Leiss and
Krewski (2019) identify ten major factors within three broad categories (Table 1). The
key finding is that major risk issues have been proactively identified and characterised by
industry, government and non-government organisations. While each of these issues
could be the single subject of a Special Issue, the individual papers included herein
consider selected aspects of these issues in more depth.
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Ten major factors in risk assessment and risk management of CCS

Risk factors

Title (authors) of contribution in this Special Issue

Government and industry factors

1

Competent regulatory oversight

Risk management frameworks for CCS: a global
perspective (Larkin et al., 2019d)

Alberta’s approach to the transfer of liability for
carbon capture and storage projects (Bankes,
19)
The evolution of regulatory practice for CCS
projects in Canada (Larkin et al., 2019¢)

Canadian context in the present article

2 Adequate risk assessment and risk Risk management frameworks for CCS: a global
management frameworks perspective (Larkin et al., 2019d)
Canadian context in the present article
3 Supportive public policy architecture Canadian context in the present article

Environmental risk factors

4 Adequate site-specific Potential technical hazards associated with four
characterisations of geological North American carbon capture and sequestration
formations for CCS storage sites projects (Sarkarfarshi et al., 2019)
worldwide

5 The possibility of leakage in storage Uncertainty in risk issues for carbon capture and

geological storage: findings from a structured
expert elicitation (Larkin et al., 2019b)

6  Credible monitoring of storage site Risk management in carbon capture and

performance

geological storage: insights from a structured
expert elicitation (Larkin et al., 2019a)

Socio-economic factors

7  Economic costs The economic evaluation of the benefits and costs
of carbon capture and storage (Heyes and Urban,
8  Public perceptions of risks and Risk communication and public engagement: the
benefits foundations of public acceptability (Leiss and
Larkin, 2019)
The present article
9  Information provision, effective Risk communication and public engagement: the
communication and stakeholder foundations of public acceptability (Leiss and
engagement Larkin, 2019)
The present article
10 Social and public acceptability, Improving decision-making processes for carbon

including the use of decision support
mechanisms

management initiatives (Campbell-Arvai et al.,
2019)

Risk assessment and risk management (RA/RM) frameworks for CCS have been
developed in both a regulatory and non-regulatory context since the publication of the
Special Report on Carbon Capture and Storage by the Intergovernmental Panel on
Climate Change (IPCC, 2005). Based on the global compendium and comparative
analysis undertaken by Larkin et al. (2019d), major frameworks are often value-chain
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specific. Each contains at a minimum a list of considerations for health or environmental
RA/RM during project planning and implementation; more elaborated frameworks
contain detailed methodological considerations. Mandatory requirements in leading
jurisdictions include the European Union Directive on the Geological Storage of Carbon
Dioxide (European Union, 2009) and United Nations Framework Convention on Climate
Change, Modalities and procedures for carbon dioxide capture and storage in geological
formations as a Clean Development Mechanism (United Nations Framework Convention
on Climate Change, 2011). Elaborated non-regulatory guidance has been published by
the US National Energy Technology Laboratory (National Energy Technology
Laboratory, 2013, 2017a, 2017b, 2017c, 2017d) and DNV GL (Det Norske Veritas,
2010b, 2010c, 2012, 2013), as well as through web-based resources maintained by the
Global Carbon Capture and Storage Institute (GCCSI, 2019). Collectively, these
frameworks offer valuable guidance on how to move forward with the deployment of
CCS technology in a safe and effective manner.

In their examination of the evolution of regulatory practice regarding CCS in Canada,
Larkin et al. (2019¢) found that oversight of integrated CCS projects (both saline aquifer
and enhanced oil recovery) is value chain specific. Technical risk assessment has been
completed for an increasing range of environmental and human health issues in capture,
transport, injection and storage, using well-established approaches. Global risk estimation
has not been completed for CCS and monitoring is identified as the principal risk
management option. One area of ongoing concern, discussed further by Leiss and Larkin
(2019) is a lack of transparency in risk communication.

With respect to technical risk issues in CCS performance and containment,
Sarkarfarshi et al. (2019) provide an illustrative taxonomy of potential hazards based on
international standards and publicly available application and review documents for three
North American carbon capture and sequestration projects and one enhanced oil recovery
(EOR) project. Six major potential events are described in detail: CO, (carbon dioxide),
H,S (sulphur dioxide) or brine leakage from the reservoir during injection or storage;
CO, or H,S leakage during transportation; release of hazardous gases or materials (other
than reservoir and pipeline, e.g., NO, (nitrogen dioxide) and PM,s (fine particulate
matter) during capture plant operations); surface uplift; induced seismicity; and,
unforeseen limitations in site storage capacity or well injectivity. Diagrams illustrate
potential causal relationships between the triggers of the major hazardous event, the
hazards and potential adverse consequences. For CCS activities (capture, transportation,
well drilling, CO, injection, short-term and long-term storage), Sarkarfarshi et al. (2019,
Supplementary Information) provide a database of potential events, including a short
description, the occurrence probability, magnitude and potential adverse consequence(s).

Larkin et al. (2019a, 2019b) provide findings from a structured expert elicitation on
relative risk and uncertainty judgements for potential hazards in injection and storage and
risk management of low probability high impact (LPHI) events. As an outstanding issue
for CCS, Koornneef et al. (2012) suggested that ongoing uncertainty in injection and
storage components of integrated projects has the potential to become a bottleneck for
wide-scale implementation of CCS, if not properly addressed. While the insights gained
from this expert elicitation are not applicable to a specific project, the findings assist in
better understanding a number of difficult decision challenges anticipated in future
project evaluation and approval processes. The empirical data may also provide
motivation for further scientific deliberations to achieve objective judgements on CCS
risk issues.
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For issues in risk assessment, experts’ suggested an increasing uncertainty for the
likelihood of minor, major and catastrophic CO, leakage in capture, transport and
injection during the operating period (0-50 years), with virtual certainty of some minor
leakage in capture at the lower limit of the credible range (5th percentile). The experts’
judged that major CO, leakage that would most likely result in measurable environmental
or public health impact was the same over three time periods, approximately 1 in 103.
The experts also considered safe storage lifetimes to be quite long, with 95% of facilities
expected not to fail for almost 13,000 years. The experts ranking of technical,
environmental and health risk in capture, transport, injection and storage did not separate
strongly and systematically. The likelihood and severity of hazards associated with well
leakage, injection, intrinsic storage and induced storage circumstances were elicited using
a five-point Likert scale previously used by Polson et al. (2012). Leakage from unknown
and unlocatable wells was the only hazard to score high risk based on the risk ranking
cutoffs used in the analysis of the elicitation results.

With respect to risk management the expert elicitation considered the effectiveness of
six risk management options (site selection, well integrity studies, emergency response
plan, monitoring, automatic shut-down system and training) for three georisks and two
human health LPHI events: large migration out of pore space; caprock fracture; induced
seismic event M > 4; massive fatal release of CO, resulting in human fatalities; and
catastrophic injection wellhead failure. Site selection and monitoring emerged as the
preferred risk management options for georisks and were considered ‘very’ effective
measures; the median expert response also suggested storage site monitoring should
continue for 92 years. With the exception of site selection, all risk management options
were considered ‘very’ or ‘extremely’ effective for both massive fatal release and
catastrophic wellhead failure. The elicitation also quantified, in a preliminary way,
judgements for the emphasis of risk management on human health compared with
environmental protection in injection and storage activities; as well as mandated as
opposed to voluntary cost allocations for environmental and human health protection
during injection operations and the storage period.

The choice to implement CCS as a technological mitigation strategy for climate
change transcends technological issues in performance and containment. Social risk
issues consider legal questions on project liability. Bankes (2019) examines different
categories of liability associated with a CCS storage facility, with emphasis on the
transfer of post-closure liability from project developers to the Crown. In Alberta, a
post-closure stewardship fund, has been established to collect fees per tonne CO, injected
during operations in order to pay for future post-closure (mostly monitoring) operations
and risk of orphan sites. Third party tort liability is not, however, an eligible expense.

Heyes and Urban (2019) evaluated the benefits of CCS with respect to CO, emissions
avoided, with reference to the social cost of carbon (SCC) values that remain a
component of policy analysis in Canada and the USA. They define the SCC as the
‘benchmark’ against which alternative carbon emissions reduction methods, including
sequestration, are compared. If the SCC is greater than the technological cost to avoid a
tonne of CO, into the atmosphere, then it is deemed to pass a cost-benefit test. Their
analysis finds lower benefits than costs from large scale CCS implementation, but
sometimes by a small margin; moreover, the results can be sensitive to alternative
analytic assumptions.

Campbell-Arvai et al. (2019) reviewed five challenges in decision making about
carbon management options. Behavioural and perceptual obstacles may introduce
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systemic bias. Other issues relate to the complexity of carbon management problems
themselves: neglecting objectives and performance measurement criteria; the propensity
to search for singular solutions and in doing so, also neglecting a discussion of the full
range of trade-offs among solutions; and preferences that support decisions are
fundamentally constructive in nature. Their paper also offers a decision-making tool that
can improve the quality of carbon management decisions.

Leiss and Larkin (2019) further explore risk communication and public engagement
as foundations to public acceptability at the project level — a theme that underpins the
integrated risk management framework for CCS proposed here. This paper suggests that
a successful sequence of social interactions begins with public perception of the risks and
benefits of CCS generally, followed by effective communication of these at the project
level and credible public engagement, ultimately resulting in a transparent decision
making process.

In this article, the prevailing public policy for CCS is presented as the backdrop to
potential implementation as a mitigation option for climate change (Section 2). The
Canadian regulatory context is also discussed, with an absence of an elaborated
framework for how RA or RM should be completed under federal or provincial
jurisdiction (Section 3). The attributes and practical dynamics of the proposed integrated
risk management framework described in Section 4 should be of increasing interest to
stakeholders as they strive for successful implementation: the IRMF provides a
transparent process with improved risk-based decision inputs and a greater likelihood to
identify acceptable risk control options. Section 5 considers approaches to managing the
potential risk of CCS, considering regulatory, economic, advisory, technological and
community-based risk management options, as suggested by Krewski et al. (2014).

2 Canadian policy context

Through collaboration between industry and government for over a decade, Canada has
been a leader in CCS research and in deploying demonstration projects for CCS as an
approach to climate change mitigation. The need for supportive financial and regulatory
conditions was identified in the CCS Technology Roadmap (Natural Resources Canada,
2006) and the ecoEnergy CCS Task Force Report (2008). Over $3B has been allocated
through federal and provincial public funding, in addition to industry dollars
(Government of Canada, 2011), with ongoing funding opportunities related to clean
technologies (Natural Resources Canada, 2019).

Other federal efforts have focused on regulatory clarity under the Canadian
Environmental Protection Act, 1999, such as the approved reduction of carbon dioxide
emissions from coal-fired generation of electricity regulations (Environment Canada,
2018) and proposed regulations limiting carbon dioxide emissions from natural gas-fired
generation of electricity (Government of Canada, 2018b). Coal-fired electricity
generation is being phased out by 2030 (a ten-year earlier deadline than originally
stipulated) (Government of Canada, 2016¢) with a transition to lower- or non-emitting
sources of electricity, including fossil-fuel power with CCS. A 420 tonnes of CO, per
GWh performance standard is being applied to new coal-fired units and those that will
reach the end of their economic life within this timeframe. The intent is to apply the same
performance standard to new and significantly modified natural gas-fired units
(Government of Canada, 2018b).
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Adherence to such regulations is inevitably included in the calculations being made
with respect to Canada’s commitment to reduce emissions under the Paris Agreement
(Government of Canada, 2016a; United Nations Framework Convention on Climate
Change, 2015). Consistent with the coal-fired generation regulation, Saskatchewan’s
Boundary Dam project, primarily an EOR project, is acknowledged in the Pan-Canadian
framework for clean growth and climate change (PCF) (Government of Canada, 2016d)
as a positive way to reduce emissions in the electricity sector. Implementation of the
Greenhouse Gas Pollution Pricing Act, the carbon pricing regime described in the PCF,
could have further implications for CCS, beginning with $10 per tonne in 2019 and rising
by $10 per year to $50 per tonne in 2022.

At the provincial level, British Columbia approved its Climate Action Plan in 2008
with goals to reduce GHG emissions by 33% by 2020 and 80% by 2050 from 2007 levels
(Government of British Columbia, 2008a). The Greenhouse Gas Reductions Target Act
(Government of British Columbia, 2014) requires that progress reports are completed
every two years, with a finding that the 2012 interim target was achieved. The plan
includes a revenue neutral carbon tax — now $30/tonne — and will hold this price until the
rest of Canada catches up. BC’s 10-year Natural Gas Strategy includes production
increases (British Columbia Ministry of Energy and Mines, 2012) and, as discussed in
Section 3.4, a process to develop a CCS-specific regulatory policy framework (RPF)
(Government of British Columbia, 2016; Province of British Columbia, 2014a, 2014b).
This reflects BC’s viewpoint for CCS and CCS-EOR to be key drivers for CO, emissions
mitigation.

Alberta’s policy context for CCS has several components. Direct investment in CCS
includes funding to the Quest Carbon Capture and Storage Project and Alberta Carbon
Trunk Line (Larkin et al., 2019c¢), for which there is an ongoing requirement for the
proponents to share technical information and lessons learned (Alberta Energy, 2018a).
The province completed a regulatory framework assessment for CCS in 2013 (Alberta
Energy, 2018b), described in detail in Section 3. Wide ranging recommendations resulted
from the multi-stakeholder process for technical, environmental, safety, monitoring and
closure issues for CCS. Implementation of the province’s climate leadership plan
(Government of Alberta, 2015) could also see CCS used to reduce emissions from coal
fired plants that operate past 2030. In advance of the federal price on carbon, Alberta
enacted the Specified Gas Emitters Regulation in 2007, applicable to large industrial
emitters of GHGs, then replaced by the Carbon Competitiveness Incentive Regulation
(carbon levy and rebate program) in 2017, beginning with $20/tonne and having
increased to $30/tonne in 2018 (Government of Alberta, 2018).

In Saskatchewan, the aforementioned Boundary Dam project is this province’s
principle investment in CCS. Additional research is being undertaken at the Petroleum
Technology Research Centre’s Aquistore sequestration project, as well as potentially
through CCS implementation at SaskPower’s Shand Power facility.

In Nova Scotia, the legislature passed the Environmental Goals and Sustainable
Prosperity Act unanimously in 2007 (Province of Nova Scotia, 2012) and a Climate
Action Plan in 2009 (Nova Scotia Government, 2009). The target for GHG emissions
reductions is 5 Mt/year by 2020, with caps on electricity emissions taking effect in 2010,
2015 and 2020. A joint venture consortium, CCS Nova Scotia, between the Province,
Nova Scotia Power Inc. and Dalhousie University, completed research on the elements of
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capture, transport and storage, as well as overarching issues of the environment,
regulatory and legal, public awareness and risk management (CCS Nova Scotia, 2015). In
order to better understand the geology, this group completed field research on the Sydney
sub-basin as a potential site for a CCS project.

Table 2 Storage type and rated capacity (MtCO,) for Canadian large scale integrated projects

Large scale integrated Saline
project, sector and Project phase EOR (MtCO,) sequestration
province (MtCO,)
Weyburn-Midale Operational 3/yr

(US capture; Canadian 17 since inception

EOR) 3040 projected

Saskatchewan (@2030)

[Possibly 25 additional
storage, post EOR

operations]

Boundary Dam Operational 1.0/yr
Coal fired electricity 30 total @2045
Saskatchewan
Alberta Carbon Trunk Construction 1.5-2.0/yr initial
Line — Industry (Operational 14.6/yr flow capacity
Alberta ~2019)
Shell Quest Project Operational 1.2/yr
Industry 27 total @2040
Alberta
Enbridge Fort Nelson —  Feasibility/planning 2.2/yr
Industry ~66 total @30 yrs
British Columbia
Total 5.5-6.0/yr 1.2-3.4/yr

>60-75 Mt EOR ~27-93Mt total

Possibly 3040 Mt
future storage

Source: Larkin (2017)

In terms of project development, Canadian saline sequestration and CCS-EOR large scale
integrated projects (LSIPs) are rated to capture approximately 6.4 MtCO,equiv/yr
(Table 2), equivalent to about 3% of this country’s emissions reduction target of
approximately 225 MtCO,equiv/yr (megatonnes equivalent per year) by 2030. As
discussed by Larkin et al. (2019c), CCS-EOR has been underway since the 1990s at
Saskatchewan’s Weyburn-Midale operations. The Shell Quest project is one of four
saline aquifer sequestration projects worldwide (GCCSI, 2018). Feasibility studies for a
second project, the Fort Nelson CCS Project in British Columbia (proposed by Spectra
Energy, now merged with Enbridge) were financed in part by the Government of
Canada’s ecoEnergy Technology Initiative'. Boundary Dam, Saskatchewan, is the first
and only large scale power plant CCS-EOR project. Furthermore, Alberta’s Carbon
Trunk Line is coming on stream with a large capacity of 14.6MtCO,/yr, a transport
pipeline for EOR injection purposes for emissions sourced at a fertiliser plant, oilsands
upgrader and from additional as yet unidentified industrial sites.
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Table 3 Potential CCS applications and related CO, emissions

Actual and estimated GHG .
) . emissions % of Canadian total Approximate LSIP

Potential CCS application (MtCOsequiva)* contribution to emissions

reductions (rated capacity)
2013 2020 2030

Electricity sector — western ~12% ~10% ~7% 1.35% 2020

provinces; Nova Scotia (85) (74) (58) 1.72% 2030

(Ontario and Quebec do not (1 Mt)

burn coal) Boundary Dam

Oil and gas sector — ~25% ~27% ~29% 2-2.3% 2020

western provinces (fossil (179) (210) (242) 1.8-2% 2030

energy used in oil and gas (4.3-4.9 Mt)

production and refining) Quest, ACTL, Fort Nelson

Emission intensive trade ~10% ~10% ~13 0.8% 2020

exposed (EITE) industry — (76) (76) (107) 0.5% 2030

cement, steel (production (0.585 Mt)

across Canada, but with Nutrien Redwater Fertilizer

concentration in Ontario portion of ACTL

and Quebecl); fertiliser

(west)

Notes: “overall in Canada, an estimated 79% of GHG emissions is CO,. There is
insufficient information to calculate the CO, gas component of these projections.
"Weyburn Midale EOR excluded because capture facility is in the USA.
'Location of cement facilities: http://www.cement.ca/en/Economic-
Contribution.html; Location of steel facilities: http://www.canadiansteel.ca/wp-
content/uploads/2016/05/Steel_Facilities Map.pdf.

Source: based on data from Government of Canada (2016b)

Potential further applications of CCS in the Canadian context are presented in
Table 3, where estimated emissions from CCS sectors are provided for the 2020 and 2030
time horizons. The North American Carbon Storage Atlas (North American Carbon Atlas
Partnership, 2012) identified 188 large stationary sources of CO,, 71 for electricity
production and the rest listed as industrial sites. As a percentage of national total
emissions, the electricity sector is projected to decrease to approximately 7%; the oil and
gas sector to increase to approximately 27%; and the emission intensive trade exposed
(EITE) sector (steel, cement, fertiliser production) also to increase to about 13% of
emissions (Government of Canada, 2016b). Although the increase in the latter two
sectors is approximately the same number of Mt between 2020 and 2030 (31 Mt), the
percentage increase is greater for EITE than for the oil and gas sector (41% increase
compared with 15%) (Table 3). International Energy Agency (IEA) analysis for industrial
applications of CCS indicates Canada has a high trade exposure impact for methanol, iron
and steel and cement, with CCS having a low, medium and high impact on production
costs, respectively (IEA, 2018).

Table 3 also indicates a western provincial bias for CCS development within the
electricity and oil and gas sectors. As evident from the list of Canadian projects to date
(Table 2), these are located in the western provinces where the long history of oil and gas
development supports industrial capture, pipeline transport, injection and storage phase
activities of CCS. The Canadian West is also a prime storage region, given the large
extent of the Western Canadian Sedimentary Basin (Bachu, 2003). However, project
locations could see CCS expand to more populated regions, such as Ontario and Quebec,
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if Canada is to address emissions from the EITE sector across the country. Although
sedimentary basins exist (Bachu, 2003), these regions have less familiarity with pipelines
and wells and realising what are perceived to be acceptable risk control options may be
more challenging. Indeed, proponents and regulators experienced public resistance to
fossil-fuel related pipeline proposals such as Energy East in 2017.

Ongoing policy deliberations will consider how Canada will meet its Paris Agreement
commitments and Canadian policy makers and wide ranging stakeholders, including
industry, may yet identify CCS as the most preferable and cost effective mitigation option
for point sources (IEA, 2015a, 2016). It is anticipated that fossil fuels will continue to be
the largest component of the global energy mix, but that CCS may be the only large-scale
technological process to mitigate emissions through 2050. However, L’Orange Seigo
et al. (2014a) and CMC Research Institutes and Pembina Institute (2019) reported on
limited knowledge about CCS in Canada, concluding that public education is necessary
in support of informed decision making.

A background research paper prepared for the First Ministers” Specific Mitigation
Opportunities Working Group (2016) listed alternative policy tools for electricity
generation and large industry sectors. While CCS-related ‘accelerated coal phase-out’
and ‘abatement and sequestration’ is priced between $50-$100/t (along with other
mitigation options at this cost range), the Working Group report also identified mitigation
policy tools for these sectors at higher and lower cost ranges (Specific Mitigation
Opportunities Working Group, 2016). Implementing the IRMF presented in Section 4
may be critical to CCS within and outside western Canada, because if early projects have
early setbacks, whether in terms of performance, containment, market, or risk perception,
private and public stakeholders could abandon this technology.

3 Canadian regulatory context

The review and approvals for energy-related industrial development falls primarily within
provincial jurisdiction in Canada. However, federal government authority does apply to
Federal Lands, the North, where interprovincial matters exist within federal jurisdiction
and where projects cross international boundaries. Krupa (2011) provided a first
assessment of the legal framework for CCS in Canada.

As noted in Section 2, large scale CCS project development has been limited to two
western provinces, Alberta and Saskatchewan. With a focus on environmental and human
health assessment, this section is therefore limited to federal provisions in project
assessment, as well as those in three provincial jurisdictions: Alberta, Saskatchewan and
British Columbia. BC is also included because a feasibility assessment has been
completed for Enbridge’s Fort Nelson CCS Project'. For an analysis of the application of
the Canadian provisions to four large-scale integrated projects, see Larkin et al. (2019c¢).

With respect to Indigenous groups in Canada, a 2014 Supreme Court of Canada
ruling found that while economic development can still proceed on aboriginal land where
Title is established, this requires that the development has the consent of the First Nation
and, failing that, that the government must make the case that development is pressing
and substantial and that it has met its fiduciary duty to the Aboriginal group (Supreme
Court of Canada, 2014).
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3.1 Canadian federal government

Prior to July 2012, Canadian CCS projects were subject to the Canadian Environmental
Assessment Act (CEAA) (Government of Canada, 2012b) when there was a potential
financial contribution through the federal ecoEnergy Technology Initiative or Clean
Energy Fund administered by Natural Resources Canada. This applied to Canadian
projects to date. The goals of this Act were (among others): to ensure that projects were
considered in a careful and precautionary manner’ to avoid significant adverse
environmental effects; to encourage responsible authorities to take actions that promote
sustainable development and thereby achieve or maintain a healthy environment and a
healthy economy; and, to ensure opportunities for timely and meaningful communication
and consultation with Aboriginal peoples and the public. The National Energy Board
(NEB) also implemented the Act, having jurisdiction for pipelines crossing international
and interprovincial boundaries. NEB regulations classified CO, pipelines as a type of
commodity pipeline with no specific standards, where terms and conditions were
determined on an ad hoc basis, as guided by applicable procedures for other pipelines and
supplemented by specific analysis of the individual applications IEAGHG, 2010).

The CEAA was amended in 2012 and referred to as CEAA2012 until 2019, at which
time the legislation was replaced through An Act to enact the Impact Assessment Act and
the Canadian Energy Regulator Act, among other provisions. The purposes of the
CEAA2012 remained similar to CEAA but its application changed. Under CEAA2012
(Government of Canada, 2012a) project-types included in the regulations required
proponents to submit a project description to the Canadian Environmental Assessment
Agency at which time a determination was made whether a federal environmental
assessment was required. Potentially regulated ‘physical activities’ that could have been
part of a CCS project include an oil or gas facility in a federally managed wildlife area; a
fossil fuel-fired electrical generating station over 200 MW in size, or greater than 50%
expansion resulting in 200 MW or more; expansion of a heavy oil or oils ands processing
facility of defined capacity; and increased production capacity of more than 35% for an
oil refinery, including a heavy oil upgrader of prescribed input capacity. The Minister for
the Environment and Climate Change may also have designated a project not identified in
regulations if there was the potential for environmental effects in areas of federal
jurisdiction or public concerns about such effects. With respect to regulated requirements
for cooperation and communication with Aboriginal peoples, the definition of
‘environmental effects’ included changes to health and socio-economic conditions,
physical and cultural heritage, current use of land and resources for traditional purposes
and any structure, site or thing that is of historical, archaeological, paleontological, or
architectural significance. The NEB remained responsible for interprovincial and
international pipelines.

While CEAA applied to several Canadian CCS projects considered by Larkin et al.
(2019c), CEAA2012 did not apply to a Canadian CCS projects because no new project
was proposed during its period. At the time of writing, the regulations under the new
Impact Assessment Act (IAA) are undergoing consultation, including the project list, as
are regulations governing activities of the newly established Canadian Energy Regulator.
Among other provisions, the IAA (Government of Canada, 2019):
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e Created the single government impact assessment agency to lead assessments and
coordinate crown consultations with indigenous peoples.

e Provides for assessment of environmental, health, social and economic effects of
designated projects.

e Enables the Minister for the Environment or designate to approve projects that are
likely to cause certain effects if deemed in the public interest, after taking into
account impacts on rights of Indigenous peoples, and other factors.

e Establishes an early planning and engagement phase.
e  Establishes timelines for impact assessments and related decisions.
e Continues with opportunities for public participation and funding.

e Sets out the factors to be taken into account, including impacts on Indigenous
peoples.

e Provides for interjurisdictional cooperation.

e Provides for transparency in decision-making, including use of a public registry of
scientific and other information taken into account.

e Enables the minister to set conditions, including mitigation measures.

e Provides for assessment of cumulative effects on a regional basis, including
assessment of federal policies, plans and programs, and of issues that may be
relevant to a project through strategic assessments.

e  Sets out requirements for an assessment of environmental effects of non-designated
projects that may be proposed on federal lands or outside Canada.

3.2 Alberta

One CCS project is operating in Alberta (Quest) and one project is being built (Alberta
Carbon Trunk Line). Until October 2014, Alberta Ministry of Environment and Parks
(AEP), formerly the Ministry of Environment and Sustainable Resource Development
(ESRD), administered the Environmental Protection and Enhancement Act (EPEA)
(Province of Alberta, 2010b) and Water Act (Province of Alberta, 2014) as they would
apply to the potential effects of projects on land and water. The EPEA and accompanying
regulations describe which activities require environmental impact assessment approvals
and the process for obtaining them. Individual categories of activities include waste
management; substance release; conservation and reclamation; miscellaneous (pesticides,
designated materials, water wells); and potable (drinking) water. There are mandatory,
exempted and discretionary project types; or, where an activity is not specifically listed in
the Regulation, an EIA process may be triggered when referred by another Environment
Director or by the Proponent who may request a decision on the need for an EIA report.
There are six related regulations, two Codes of Practice and 12 listed Standards and
Guidelines.

Since 2014, upstream oil and gas regulatory functions under these acts are
administered by the Alberta Energy Regulator (AER) [formally the Alberta Energy
Resources and Conservation Board (ERCB)]. The AER is a quasi-judicial administrative
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tribunal acting as the single regulator of energy development, from application and
exploration, to construction and development and abandonment, reclamation and
remediation. This includes allocating and conserving water resources, managing public
lands and protecting the environment over the entire life cycle of hydrocarbon resource
development. Energy-related project applications are posted and updated on the
regulators’ website.

The AER has been regulating the disposal, storage and injection of fluids to
underground geologic formations in Alberta for over 20 years. CCS projects have been
treated as acid gas disposal activities under its Directives (Bankes and Ference, 2009). An
application to dispose CO, would likely be approved if the AER is satisfied that disposal
will not impact hydrocarbon recovery; the disposal fluid will be confined to the injection
formation; offset owners within 1.6 km of the disposal well(s) have been consulted, with
no objections or concerns to the disposal scheme (unit operators, approval holders, well
licensees); and the applicant has the right to dispose into the requested formation.

The regulatory framework for CCS includes the Oil Sands Conservation Act
(Province of Alberta, 2013b) applied to capture activities, the Oil and Gas Conservation
Act (OGCA) (Province of Alberta, 2017) applied to storage activities and several
Directives (Alberta Energy Regulator, 2018a): Directive 051, Injection and Disposal
Wells, Directive 056, Energy Development Applications and Schedules applied to well
and pipeline development (pipeline design is based on CSA Z662-07: Oil and Gas
Pipeline Systems), Directive 065, Resources Applications for Oil and Gas Reservoirs
applied to enhanced oil recovery schemes (EOR) and disposal/storage where CO, is
considered an acid gas, Directive 071, Emergency Preparedness and Response and other
relevant Guides and Directives that apply to waste facilities and upstream oil and gas
authorisations and consultation requirements.

Applications are posted publicly and AER hearings are scheduled where community
concern is not resolved through the Appropriate Dispute Resolution process (Alberta
Energy Regulator, 2013). Interveners are accredited based on the location of their land
holdings and the potential for a direct and adverse effect within a designated
environmental protection zone. Fluker (2009) suggested that the then-ERCB did not
address the socio-ecological impacts of energy projects because of its narrow
interpretation of who meets the test to obtain standing and request a hearing. Salomons
and Hoberg (2014) provide examples and discuss concerns for the application of AER’s
‘directly affected’ standard, an issue analysed by Larkin et al. (2019¢). As a component
of their Integrated Decision Approach, the AER is revising requirements for public
consultation through its Participant Involvement Initiative (Alberta Energy Regulator,
2018b) with a draft Directive posted in 2019 (Alberta Energy Regulator, 2019).

The AER webpage also provides links to specified acts and regulations administered
by other ministries, such as the EPEA (https://www.aer.ca/regulating-development/
rules-and-directives/acts-regulations-and-rules). Where applied, EIA examines a project
to determine what the environmental, social, economic and health implications may be. A
decision is made by the regulator as to whether the project is in the public interest and
sets specific conditions under which the project can operate. There is a follow up
program to monitor project implementation.

Alberta has also enacted several CCS-specific regulatory provisions. Through the
Carbon Capture and Storage Statutes Amendment Act (Province of Alberta, 2010a), an
amendment to the Mines and Minerals Act (MMA) (Province of Alberta, 2013a) and the
Carbon Sequestration Tenure Regulation under the MMA (Province of Alberta, 2011),
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instruments define and grant pore space, establish minimum depth for injection (greater
than 1,000 m) and manage long-term liability. Monitoring, measurement and verification
(MMV) plans and closure plans are required in relation to a carbon sequestration lease.
These plans must be approved and updated every three years, including management of
long term liability. There is no specific reference or guidance on RA/RM, except for the
MMV plans. However, the MMA enables RA to be required through regulation, as part
of a CO, storage permit application (IEA, 2014).

In 2013, Alberta completed a detailed Regulatory Framework Assessment (RFA) for
CCS (Alberta Energy, 2018b). The goals were to review and develop regulations for CO,
sequestration that are comprehensive and transparent; to contribute to the acceleration of
CCS activities in the province; and to underpin greater public acceptance of CCS
projects. A multi-stakeholder, expert-led process considered technical, environmental,
safety, monitoring and closure issues. The process focused on CCS for sequestration, as it
was determined that CCS for EOR required its own review, including transitioning from
EOR to CCS.

Background reports prepared for the working groups included: Review of Carbon
Capture and Storage Environmental Assessment and Project Approval Requirements in
Ex-Alberta Jurisdictions; Literature Review and Assessment of Potential Impacts of
Emissions from Carbon Capture and Storage Projects; Carbon Capture and Storage
Leakage Scenario Assessment and Gap Analysis of Alberta Mitigation and Remediation
Plan Requirements; Public Engagement and Stakeholder Consultation Assessment; and a
Public Safety Survey for CCS. (Not all of these continue to be available through a web
search).

The RFA Report included 71 individual recommendations and 9 conclusions, now
being considered by the Ministry of Energy for potential implementation (Alberta
Energy, 2018b). A detailed status report on implementation is not published within four
topic areas: applications, approvals and regulatory framework; risk assessment,
monitoring and technical requirements; public consultation and notification, surface
access and public safety; and site closure and long term liability. The RFA was extensive
in terms of both process and outcomes.

Risk-related recommendations suggest:

e RA guidelines, deemed integral to the MMV and Closure plans, be iterative,
systematic, technically defensible and transparent, with a publicly accessible process

e modelling and simulations be undertaken (as applicable on a site-specific basis) to
evaluate and predict the behaviour of the CO, sequestration complex and inform the
RA

e MMV records (including all iterative updates and comparisons of predicted
behaviour of the sequestered CO, with measured performance) be retained for the
life of the project to support MMV plans and closure certificate applications

e non-technical risks related to public acceptance of MMV be identified and addressed
by project proponents.

The reporting also suggested that the entire RM process be incorporated into the
regulatory framework, including ‘informal assessment’, although this assessment was not
defined. It was also recommended that levels of acceptable risk be developed on a
case-by-case basis, between the regulator and proponent (other stakeholders were not
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identified); that mandatory EIA be undertaken during a three-year review of its
application to CCS; that the public safety priority focus on transportation and injection;
and that a detailed RA would inform MMV focused on CO, capture, injection and
storage.

The RFA also noted that air emissions from CO, capture processes (i.e., amine-based
systems) and impacts to groundwater from CO, sequestration operations are both less
well understood and thus require further study. Other recommendations are to develop
environmental protection zone (EPZ) requirements specific to CCS projects for
transportation and injection only; and the review of CSA Z741-12: Geological Storage of
Carbon Dioxide (CSA Group, 2012), in order to inform a decision on whether the
standard, or parts of it, should be adopted by the province (Alberta Energy, 2018b).

With respect to communication and outreach, the report and appendices refer to the
importance of transparency and public understanding of CCS as a new technology. The
development of a CCS Regulatory Guidance Document and industry-wide minimum
requirements specific to CCS were recommended, with the possibility of enhancing the
consultation and notification process for all stakeholders normally undertaken for oil and
gas activities.

3.3 Saskatchewan

In Saskatchewan, a wide variety of project types are submitted by proponents to the
Ministry of Environment (SaskMoE) for review under The Environmental Assessment
Act (EAA) (Government of Saskatchewan, 2018). As described (Government of
Saskatchewan, 2014a), the environmental assessment (EA) branch first administers a
screening process of the proponent’s technical proposal to arrive at a determination
whether the project is a ‘development’ under the Act. If deemed necessary by the EA
branch, the proposal will be distributed more broadly for a technical review. Assessment
criteria for any project, operation, or activity or any alteration or expansion of any
project, operation or activity include:

e the effect on any unique, rare or endangered feature of the environment

e substantial utilisation of any provincial resource and in so doing pre-empt the use, or
potential use, of that resource for any other purpose

e emission of any pollutants or by-products, residual or waste products which require
handling and disposal in a manner that is not regulated by any other Act or regulation

e widespread public concern because of potential environmental changes

e new technology that is concerned with resource utilisation and that may induce
significant environmental change

e significant impact on the environment or necessitate a further development which is
likely to have a significant impact on the environment.

This process also serves to identify the range of non-environmental legislative and
regulatory requirements. The EA branch has an option to require the proponent to
complete public consultation or additional studies and the proponent is given the
opportunity to answer any outstanding questions. The subsequent Ministerial
Determination will either:
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1 provide a clearance for the project, based on the description and proposed
environmental protection commitments outlined in the proposal and the clarifications
and restrictions developed through the review process

2 require an EIA.

The EIA process requires the proponent to prepare a Terms of Reference or scoping
document that identifies areas for detailed study including ecological, socio-economic
and cultural issues. An environmental impact statement is then prepared by the proponent
and distributed for technical review. Proponents are encouraged to undertake public
consultation. A formal public comment period is posted after the technical review;
following which the Minister’s decision is made — to approve, approve with terms and
conditions, or refuse the application.

Once clearance or EIA approval is completed, the proponent may proceed to obtain
other required permits and approvals for CO, transport under the Pipelines Act and
associated regulations (Government of Saskatchewan, 2011) and injection and EOR
under the Oil and Gas Conservation Act (OGCA) (Government of Saskatchewan, 2014b).
However, this is not mandatory under either legislation; some projects may be reviewed
under EAA screening prior to or in parallel with the OGCA approval process.

The main purpose of the OGCA is to enable the greatest possible ultimate recovery of
provincial oil or gas reserves, while protecting the environment with respect to operations
of the oil and gas industry. The OGCA has been applied to CO,-enhanced oil recovery
(EOR) operations. In 2011, an OGCA amendment (Government of Saskatchewan,
2014b) expanded regulation-making powers and clarified oversight for non-oil-and-gas
substances, in particular with respect to the injection, storage and sequestration of carbon
dioxide and other greenhouse gases in subsurface caverns. The Minister is authorised to
make orders respecting:

e the containment, storage, handling, transportation, treatment, processing, recovery,
reuse, recycling, destruction and disposal of oil and gas waste and non-oil-and-gas
waste

e the conditions under which drilling and producing operations may be carried out in
environmentally sensitive areas and any special measures to be taken in those
operations

e well closures, decommissioning, abandonment and site reclamation

e contributions to Oil and Gas Orphan Fund in the event that the owner of a well is
unable to implement its obligations with respect to a specific well or facilities.

There are requirements for the owner/operator to ensure post-closure protection to
prevent CO, leakage, as well as to properly decommission and remediate the surface
area. However, ongoing monitoring or testing for leakage is not normally required from
the licensee, except where reasonable risk exists; the Ministry will then require an
on-going monitoring program. Details for making this determination were not available,
but depend on an assessment of the circumstances. Remediation for leakage at a
decommissioned and abandoned well site is the responsibility of the licensee in
perpetuity.

Lastly, communications and outreach with stakeholders are not prescribed in
Saskatchewan. Experience by the SaskPower proponent and Petroleum Technology



482 P. Larkin et al.

Research Centre, for the Boundary Dam capture project (Larkin et al., 2019c¢), appeared
to follow best practices, but no specific regulatory requirements.

3.4 British Columbia

In British Columbia, most broadly, the Environmental Assessment Act (Government of
British Columbia, 2017a) applies to major projects or facilities and the Environmental
Management Act (Government of British Columbia, 2017b) aims to protect human health
and the quality of water, land and air with respect to waste management and
contaminated sites. The associated Waste Discharge Regulation (Government of British
Columbia, 2017d) lists industries, trades, businesses, activities and operations that require
authorisation to introduce waste into the environment. To date, CO, has not been listed as
a waste product.

More specifically, the mandate of the single-regulator British Columbia Oil and Gas
Commission (BCOGC) is to provide for the sound development of the oil and gas sector
by fostering a healthy environment, a sound economy and social well-being; to conserve
petroleum and natural gas resources; to ensure safe and efficient practices; and to assist
resource owners to participate equitably in the production of shared pools of petroleum
and natural gas. The Commission regulates the exploration and use of storage reservoirs,
facilities, wells and provincial pipelines, as well as undertakes education and
communication programs in order to advance safe and efficient practices in technological
development. Community and industry expectations and process flowcharts are available
(BC Oil and Gas Commission, 2017).

While no large scale CCS project is operating in British Columbia, several Acts and
regulations would apply. The BC Petroleum and Natural Gas Act (Government of British
Columbia, 2012) provides a definition of a storage reservoir and enables its tenuring,
with provision for permitting, leases (including disposal well purposes), spacing, pooling
and Crown Reserves. The Oil and Gas Activities Act (OGAA) Section 75 enables
application for an underground storage facility (Government of British Columbia,
2008b). The BCOGC has adopted the Canadian Standards Association Standard Z741
Geological Storage of Carbon Dioxide (CSA Group, 2012) under the Drilling and
Production Regulation of the OGAA (Government of British Columbia, 2017c).

The BC government recognised that these provisions were not designed to manage
issues of long term CO, storage development. A CCS-specific regulatory policy
framework is underway with a stated purpose “to identify and address any regulatory
gaps; ensure that CCS is done safely to protect the public and the environment; and to
provide transparency in CCS development” (Province of British Columbia, 2014b, p.2).
Among the proposals relevant to environment and health RA/RM, the discussion paper
suggested that a CCS storage reservoir lease application would include: site
characterisation details; CO, stream composition; a description of measures to prevent
significant leakage, unintended migration or other irregularities, as well as corrective
measures and contingency plans in such an event; a proposed monitoring plan; health and
safety emergency response plan; and community and First Nations’ engagement plan,
including consultations conducted at the time of application. The discussion paper also
suggested establishing a CCS review board (Storage Reservoir Stewardship Board) to
verify these inclusions and that the Board would refer to third party experts to review site
characterisation data, validate site risk assessments, monitoring and verification programs
and mitigation plans. The proposed monitoring plan would be results-based and informed
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by site-specific risk assessments (Province of British Columbia, 2014a). Information on
the status of implementing the recommendations is not posted publicly.

4 Integrated risk management framework for carbon capture and storage
in the Canadian context

Significant contributions in the form of elaborated risk assessment and risk management
frameworks for CCS have been published by both regulatory and non-regulatory
organisations worldwide (Larkin et al., 2019d). This work suggests that: storage site
selection and characterisation is an effective approach to reduce risk; the use of the well
accepted standard for a 3- or 4-step risk assessment process; an iterative approach to
monitor and re-assess risk; and the use of accessible and transparent processes. Some
recommend risk ranking using expert facilitated workshops, but only with respect to site
selection and risk management (CSA Group, 2012; Det Norske Veritas, 2012; World
Resources Institute, 2008). Comprehensive risk estimation is not yet promoted.
Monitoring has been identified as the key option for assuring containment and
performance, including an iterative process to update modelling and subsequent
monitoring efforts. However, regulatory and non-regulatory suggestions for contingency
planning for major incidents are not yet well developed. While RA/RM considerations
such as characterisation of uncertainty, stakeholder communication and consultation and
the goal of transparency are discussed in a limited way in the regulatory context, some
non-regulatory guidance is focused solely on these activities (Forbes et al., 2010;
National Energy Technology Laboratory, 2017b).

Overall, RA/RM for CCS in North America has been less prescribed than in
European-based jurisdictions (Larkin et al., 2019d). For example, in contrast to the
United Nations Framework Convention on Climate Change (2011) mandatory elaborated
requirements for capture, transport, storage and post-injection, the US Underground
Injection Control (UIC) Class VI Well Program (promulgated in 2010) does not include a
mandatory requirement for RA/RM (US Environmental Protection Agency, 2011). US
Environmental Protection Agency voluntary guidance is, however, extensive. Moreover,
the Class VI Well Program is linked to the Greenhouse Gas Reporting Program, Subpart
RR, Geologic Sequestration of Carbon Dioxide. For the latter, a monitoring, reporting
and verification plan must be submitted for review and approval (Dixon et al., 2015). In
Canada, as described in Section 3, amendment to the Alberta Energy Resources
Conservation Act and Mines and Minerals Act to facilitate CCS (approved in 2011) did
not include reference or guidance on RA/RM, except for a required measurement,
monitoring and verification (MMYV) Plan, but without elaboration.

In Canada, we are in the midst of moving on from CEAA2012 with a new legislative
framework, the Impact Assessment Act and the Canadian Energy Regulator Act.
Subsequent regulations will be forthcoming. As proposed at the time of this writing, the
mandate of the Government of Canada, the Minister, the Agency and federal authorities
would include application of the precautionary principle, with one of the purposes of the
new Act directing federal authorities to exercise powers in a careful and precautionary
manner to avoid significant adverse effects within federal jurisdiction (Government of
Canada, 2018a). Implementation of Alberta’s CCS Regulatory Framework Assessment is
ongoing, while the implementation of British Columbia’s CCS Regulatory Policy
Framework is as yet unknown.
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Under these circumstances, application of a robust integrated risk management
framework will serve to support successful deployment of additional CCS projects in
Canada and elsewhere. In turn, this will allow this technology to achieve the valuable
contribution to climate change mitigation that has been anticipated since its inception
(IEA, 2015a).

4.1 Previous attempts at integration

Previous attempts at integration in risk assessment and risk management have been made
at the conceptual and project level. Bowden and Rigg (2004) published the first major
overview of risk assessment for CO, projects, testing a conceptual approach in the
context of four sites in Australia. The proposed approach was to build on the familiar
FEP (feature, event, process) analysis, which is focused first on the understanding of
complex failure modes, then on scenario analysis, process modelling (the behaviour of
injected CO, under various physical conditions) and finally consequences analysis for
health, safety and environmental parameters. In addition, transparency in the risk
assessment process was enhanced, so as to “provide an interface with the wider
community and allow stakeholders to assess whether the process is safe, measurable and
verifiable, and whether a selected alternative site would deliver cost-effective greenhouse
benefits” (Bowden and Rigg, 2004, p.678). An independent and objective expert panel
would carry out quantitative estimates of likelihood and consequences for selected risk
scenarios and report their findings to the public and key stakeholders, following the risk
identification and strategy using quantitative evaluation (RISQUE).

Risk assessment of CO, capture, transport and storage is considered within the
context of environmental impact assessment in a major study by Koornneef et al. (2012).
Among other reasons, they argue that this larger context is important because CO,
capture at power plants entails ‘cross-media impacts’ which, for example, change the
profile of other key atmospheric emissions (such as NO, and NHj) and produce an
increase in water consumption and the creation of new waste by-products. In other words,
risk assessments that focus exclusively on the transport, injection and underground
storage of CO, itself normally do not capture any associated cross-media impacts and
thus may underestimate the overall magnitude of the environmental consequences of a
CCS project. Table 10 in Koornneef et al. (2012, p.82) provides a summary of the key
issues in the assessment of environmental interventions regarding CO, capture, transport
and storage. Given these additional complexities in the risk assessment of CCS projects,
the authors recommend the utilisation of a “transparent process that demonstrates [to] the
general public how risks and uncertainties are managed” (Koornneef et al., 2012, p.82).

Gerstenberger et al. (2013) presented an overview of methods and tools that are
available for ‘integrated risk assessment for CCS’. Both qualitative tools — including
brainstorming, a risk register, structured expert elicitation and bow-tie diagrams — as well
as probabilistic or quantitative tools are reviewed, with an indication how different tools
may be phased-in during stages of a complex decision process. The authors strongly
recommend in particular the use of an expert elicitation process in order to respond to the
inevitable uncertainties and limited data available at the time decisions are made.
Gerstenberger et al. (2013, p.2782) conclude on a note that is fundamental to the overall
process: “A key component of an effective risk assessment is communication. The
assessment should effectively communicate to varied stakeholders the current state of
knowledge with respect to risk within the system.”
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Multicriteria decision analysis (MCDA) is a familiar and well-tested method for
taking a structured approach to the evaluation of risk, particularly for evaluating and
ranking alternative solutions. Choptiany and Pelot (2014) and Choptiany et al. (2015)
apply the MCDA approach to CCS problems, such as choosing among competing CO,
storage sites and optimising mitigation measures for risk reduction. The articles develop
this approach for hypothetical coal-fired power plants involving post-combustion CO,
capture, pipeline transport and storage in depleted oil reservoirs. The decision model
development has the standard MCDA features, including hierarchy of objectives,
elicitation of utility functions, criteria weighting, scoring and sensitivity analysis. In
Choptiany and Pelot (2014), the authors argue that this method enables an interactive
engagement process with stakeholders who can participate as decision-makers in study
process and can provide a “transparent assessment method by which to choose among
competing projects.” In Choptiany et al. (2015) results further indicated functionality and
positive responses from experts in government, environmental non-government
organisations, research and industry who participated in the case study.

The most comprehensive risk assessment project level documentation on a group of
proposed CCS sites, the Final Risk Assessment Report for the FutureGen Project
Environmental Impact Statement, was issued in 2007 by the US Department of Energy
(US Department of Energy, 2007). The project included a coal-fired generation plant
upgrade with an oxy-combustion technology, capture of 1.1 million tons of CO, (more
than 90% of carbon emissions), criteria air quality contaminant emissions reductions to
near-zero levels and pipeline transportation of the sequestered gases to an underground
storage site. The risk assessments for four proposed sites, two in Illinois and two in
Texas, evaluated both human-health and environmental adverse effects; human-health
effects were considered separately for workers and the public. The release scenarios
encompassed two categories, pre-sequestration releases from pipelines and wellheads as
well as post-sequestration releases through caprock, faults and wellbores. More than a
dozen separate failure modes were considered in the release scenarios and the
probabilities of at least one failure were estimated quantitatively for each one. Thousands
of pages of text and illustrations, including methodologies, were made available on a
publicly-accessible website. Subsequently the site in Meredosia, Illinois, was chosen for
the project. However, the project is suspended, with federal funding cancelled in 2015.

For the Illinois Basin-Decatur Project (IBDP), Hnottavange-Telleen et al. (2011)
noted that a risk management program for geological sequestration sites should aim to
maximise the chance of project success “by assessing, monitoring, minimising all risks in
a consistent framework” (p.4044). An FEP-based expert elicitation methodology was
used to rank risks and scenarios were identified that would provide the “tangible and
temporal malignant chains of events against which interventions — risk reductions — can
be designed” (p.4051). The authors’ stressed that risks as perceived by a variety of
interested parties and stakeholders are no less important than those identified by experts
and that adequately addressing all risks is indispensable for project success.

Bowden et al. (2013a, 2013b) reported two related studies dealing with the IEAGHG
Weyburn-Midale CO, monitoring and storage project in Saskatchewan, Canada. The first
was labelled a ‘geosphere risk assessment’ and the second, a ‘biosphere risk assessment’.
The biosphere is defined as ‘the air, soils, rivers, lakes and groundwater and everything
contained therein, that lie above the base of the Cretaceous-Tertiary aquifers’. The base
of the biosphere occurs at a general depth of 150 m in the Weyburn-Midale Project area
and the geosphere as everything below that depth. The geosphere assessment used the
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RISQUE method (Bowden and Rigg, 2004) to identify in quantitative terms the
‘containment risk’ — possible leakage of CO, from underground storage — as well as
further research needs and risk reduction opportunities. The containment target was set at
99% of stored CO, over the first 1,000 years, at a confidence level of 80%. An expert
panel concluded that this target would be met; however, it also identified well pathways
as the greatest risk to containment and recommended a review of well abandonment
practices to address this risk. The biosphere study used “the outputs (pathways,
likelihoods and CO, mass) from geosphere risk assessment to identify the general
physical and chemical effects on the fundamental biosphere components (groundwater,
surface water, soil, air) and the consequential impacts on organisms, habitat, amenity and
public safety” (Bowden et al., 2013a, p.S291). These effects were reported in a
semi-quantitative form and were put in the context of environmental impact assessment
methods. The thorough public engagement strategy adopted the view that stakeholder
perceptions are an important factor in project success and sought direct stakeholder inputs
(including values) on a wide range of specific issues associated with the biosphere risk
assessment process. It also used a ‘socially acceptable risk’ concept holding that “if risks
are low enough, the community will accept them.”

The project application, review and approval of the Shell Quest saline sequestration
project in Alberta, Canada, included the identification and assessment of environmental
and human health risks for each of capture, transport, injection and storage. Qualitative,
semi-quantitative and quantitative methodologies were undertaken and the storage
scheme was assessed by an Independent Panel Review. The 20-month process generated
approximately 4,000 pages within 400 documents; however, transparency, in terms of
ease of access and the fullest possible disclosure, was problematic. The subsequent
regulatory decision by Alberta’s Energy Resources Conservation Board (now the Alberta
Energy Regulator) illustrates the risk management decision-making process (Energy
Resources Conservation Board, 2012). This project is included in the detailed analysis of
regulatory practice (Larkin et al., 2019c¢).

What is still lacking in a Canadian context is a response to the challenge posed in the
articles by Gerstenberger et al. (2013) and Pawar et al. (2015), for effective
communication with a broader range of stakeholders on the risk assessment and risk
management of CCS projects which would help to foster further acceptance of this
technology. Leiss and Larkin (2019) suggest a chain of social interactions begins with
public perception of the risks and benefits of CCS generally; continues with effective
communication of these at the project level; then involves robust and credible
mechanisms for public engagement; and results in transparent decision making processes.
As described in Larkin et al. (2019d), the 2012 Canadian Standards Association standard
for CCS also stipulates that risk communication and consultation should specifically
address the thoroughness, accuracy, transparency, traceability and consistency of the risk
assessments and the nature and degree of understanding of known or perceived risk
scenarios (CSA Group, 2012).

4.2 Attributes and dynamics of IRMF in practice

The proposed integrated risk management framework (IRMF) for CCS in the
Canadian context supports both a systematic and transparent ten-step rational process for
project proponents and regulators to follow, as well as a guide to ongoing opportunities
for wide-ranging engagement with other government, quasi-government and
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non-government stakeholders at all stages (Figure 1): these features will help to ensure
success in project implementation with improved risk-based decision inputs and a greater
likelihood to identify acceptable risk control options. As examples, findings from the
expert elicitation reported by Larkin et al. (2019b) provide valuable new insights on the
difficult decisions related to short and long term hazard and risk issue uncertainties that

need to be addressed.
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The attributes and dynamics described below will also address three issues noted by Leiss
et al. (2010) in their assessment of the continuing evolution of RM frameworks over the
past 30 years. First, risk management frameworks have not included a mechanism to
break down the distribution of authority for human health and environmental risk factors
within the ‘silos’ of line departments at multiple levels of government. Second,
particularly for global risk issues, mechanisms are not yet developed to adequately
support opportunities for international collaboration in risk management. And third, some
risk issues span extended time horizons, during which the capacity of agencies to manage
risk at critical junctures needs to be supported (Leiss et al., 2010). Each of these issues is
relevant to CCS, with integrated projects raising a number of complexities, including:
wide ranging human health and environmental hazards spread over four value chain
components; the place of CCS within the global issue of climate change mitigation; and
the timeline of project implementation spread over decades, with the goal of permanent
storage giving rise to intergenerational considerations.

The central panel in Figure 1 indicates the ten risk assessment and risk management
steps that comprise the core of the framework. In the risk assessment phase these are:
issue awareness; review of the policy and governance context; risk dimension analysis;
risk estimation; and risk control options analysis. in risk management, the key steps
include: a formal consultation process; risk management decision; implementation
sequence; monitoring and compliance plan; and evaluation, review and adjustment. As
indicated in Table 4, each of these steps involves a number of key components.

Two other notable features of the IRMF are the options for transparent integrated
input by wide ranging stakeholders and the conduct of independent external review at
selected junctures. With respect to the first of these two features, an extensive but
possibly incomplete list of potential government, quasi-government and non-government
stakeholders whose input may be integrated in different ways at various points has been
developed (Table 5). As described in Section 3, core provincial government agencies
responsible for project review and approvals in Canada’s western provinces include
single window regulators in Alberta and BC and the Ministry of Environment in
Saskatchewan. The Canadian Environmental Assessment Agency and National Energy
Board (under federal review, as noted above) may or may not be a regulator, depending
on the project specifications. For a specific proposal, the lead proponent or industry
partnership would also be identified.

The three left-hand panels indicate an integrated role for government and
quasi-government agencies within Canada, foreign governments, or international
partnerships. Within Canada, if the CEAA or NEB are not regulators for a project
proposal, they would be included here. Other agencies include provincial ministries with
a review function, such as for the environment, health, geological survey, or fisheries and
oceans; interested and active provincial governments; the project’s municipal and/or
regional government(s); and potentially affected Indigenous groups (First Nations, Métis,
or Inuit). The potential list of foreign government stakeholders includes active and
interested jurisdictions where lessons may be learned from the Canadian experience in
project approvals. A number of international agencies could be engaged because of their
interest in tracking CCS developments given their support for the technology (such as the
IEA, Intergovernmental Panel on Climate Change (IPCC), UN Framework Convention
on Climate Change (UNFCCC)), or as a means of increasing understanding for a
Canadian risk management process relative to other jurisdictions (such as the UNFCCC,
OSPAR Commission for the protection of the marine environment of the north-east
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Atlantic and International Maritime Organization). Foreign government research
institutes are also well established and included on the left hand panels of the framework.

Table 4

Major steps and key components in integrated risk management framework

Major step in IRMF

Key components

1

Ongoing surveillance

Review
policy/governance
context

Risk dimensions analysis

Risk estimation

Risk control options
analysis

Formal consultation
process

Risk management
decision

Implementation sequence

Monitoring and
compliance plan

Evaluation, review and
adjustment

o

o o & o o & (e}

5 0:m - 0 o 0 o ®

(S

o 0O o »® 0 g ® 0

o

Horizon scanning

Risk forecasting/foresight

Science updates

Domestic laws, regulations

International treaties and agreements

Relevant policies

Number of unique risks

Potential for risk escalation

Initial risk communication

Hazard characterisation

Exposure characterisation

Determination of risk factors

Frequency estimation

Consequences estimation

Uncertainties specification

Risk class (probability x consequence matrix)

Risk ranking

Domestic context

International context

Financing of options

Interim decisions (if required)

Presentation of risk assessment

Analysis of feedback

Risk control steps

Allocation of responsibilities

Risk communication strategy

Coordination of agencies

Memoranda of agreement

Targets and timeframes

Allocation of responsibilities

Inspections and reporting

Achieving risk control objectives
Agreed timeline for follow-up to verify predictions

i IRMF steps for risk assessment

ii IRMF steps for risk management
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Table 5 Potential government, quasi-government and non-government stakeholders within a
Canadian integrated project risk management process for carbon capture and storage

Broad stakeholder type

Organisations

Core stakeholders — centre panel (Figure 1); see also Section 3

Canadian federal
government

Provincial government

Proponent

Possibly, but not always (see Section 3): Canadian Environmental
Assessment Agency, National Energy Board, Natural Resources
Canada

Regulator in provincial jurisdiction where project is undertaken.
Alberta Energy Regulator; Saskatchewan Ministry of Environment,
British Columbia Oil and Gas Commission

Individual company or partnership within oil and gas industry,
coal-fired electricity generation, or emissions intensive trade exposed
industry

Government and quasi-government stakeholders — left hand panel (Figure 1).

International agencies

Foreign governments

Foreign government
agencies and
associations

International country-
based research institutes

International Energy Agency, Intergovernmental Panel on Climate
Change, United Nations Framework Convention on Climate Change,
OSPAR Commission, International Maritime Organization, Carbon
Sequestration Leadership Forum, World Bank

European Union, US Department of Energy, US Environmental
Protection Agency, US various active State governments, US —
Canada Clean Energy Dialogue, Australia Commonwealth and State
governments, Norway, UK, other active CCS jurisdictions (e.g.,
China, Brazil, Japan, South Africa, etc.)

CATO2 — Netherlands, US-China Clean Energy Research Centre,
US Regional Carbon Sequestration Partnership Program, UK —
Carbon Capture and Storage Association, Australian Commonwealth
Scientific and Industrial Research Organization (CSIRO), Japan —
Research Institute of Innovative Technology for the Earth and others
(e.g., in Scotland, China, South Africa)

Other Canadian government or Indigenous group

Federal government
agencies

Provincial government
review agencies and
others

Municipal government

Indigenous group

Natural Resources Canada — Office of Energy Research and
Development, Canmet Energy, Energy Policy, Geological Survey of
Canada; Environment and Climate Change Canada; Health Canada;
Fisheries and Oceans Canada; National Research Council

As named in individual jurisdiction: Ministry of Environment,
Energy, Health, Geological Survey, Active Provincial and Territorial
Governments, for instance the Saskatchewan Research Council,
Alberta Innovates, British Columbia Innovation Council and CCS
Nova Scotia

Project location and regional representation

First Nations, Métis, Inuit in project location and regional
representation
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Table 5 Potential government, quasi-government and non-government stakeholders within a
Canadian integrated project risk management process for carbon capture and storage
(continued)

Broad stakeholder type Organisations

External non-government stakeholder organisations — right hand panel (Figure 1)

Directly impacted Oil and gas operators — e.g., Athabasca Oil Sands Project (Shell
industry sectors Canada, Chevron Canada, Marathon Oil Canada Corporation), North

West Redwater Partnership (North West Upgrading Inc., Canadian
Natural Resources Ltd.), Enhance Energy, Santonia Energy, Swan

Hills SynFuels, Spectra Energy, Cenovus Energy, Apache Canada

Ltd; etc., Electricity — e.g., SASKPower, Sherritt, TransAlta, Nova
Scotia Power Inc; etc., Emission intensive trade exposed industry —
fertilizer, steel, cement, chemical; etc.

Other external stakeholders

International Global Carbon Capture Storage Institute (GCCSI), International
membership Energy Agency, IEA Greenhouse Gas R&D Programme, the
organisations International Standards Organization, Carbon Capture and Storage

Association, Cooperative Research Centre for Greenhouse Gas
Technologies (CO,CRC), American Coalition for Clean Coal
Electricity

Canadian research and Petroleum Technology Research Centre, CMC Research Institutes,

industry organisations Canadian Clean Power Coalition, Canadian Oil Sands Innovation
Alliance (COSIA), Coal Association of Canada, Canadian
Association of Petroleum Producers, Alternative Energy Association,
Clean Resource Innovation Network, Natural Gas Innovation Fund,
Canadian Energy Research Institute

Universities UCL Centre for Law and Environment, U of Regina, U of
Saskatchewan, U of Alberta, U of Calgary, Other
Major consultants DNV GL, Schlumberger, Bluewave Resources

Larger non-government ~ Pembina Institute, World Resources Institute, Bellona, ZERO
organisations

Public Local and regional non-government organisations and environmental
non-government organisations, individuals, experts, smaller
consulting firms, or watershed based organisations

The three right-hand panels categorise the range of non-government stakeholders that
might be engaged in a decision making process. In Canada, directly impacted sectors
include oil and gas operators, the electricity sector and emission intensive trade exposed
industries (Section 2, Table 5). Other non-government stakeholders include
representatives of the CCS member-based research community, selected universities,
large environmental non-government organisations (ENGOs) and, in the public domain,
local or regional NGOs or ENGOs, or individuals.

Integrated stakeholder engagement throughout the RA and RM steps will provide risk
managers with a detailed picture of the risk management context worldwide. Interaction
across the framework could include a continuum of activities such as notification,
communication, participation, or collaboration, depending on the step in the process and
the stakeholder in question. Such interaction and engagement is possible and desirable in
order for input to provide clarity as to what is important, what is acceptable and what risk
control options could be applied (Leiss et al., 2010).
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Opportunities for input in the form of independent external review are indicated by
the diamond shapes included at various points in Figure 1. Bowden and Rigg (2004)
suggested the use of an independent and objective expert panel to complete risk estimates
and report the findings to stakeholders; Gerstenberger et al. (2013) strongly
recommended expert elicitation to address uncertainties and limited data availability.
Although expert elicitation has also been used to rank risks, Hnottavange-Telleen et al.
(2011) emphasised that perceived risk (Krewski et al., 2012) may be equally important.
Some RA/RM frameworks have also identified the use of expert facilitated workshops for
risk ranking. More recently, BC identified the potential for third party experts in aspects
of our framework’s step 4 — to validate site risk assessments and step 9 — to review the
monitoring and verifications programs and mitigation plans (Section 3). We propose that
independent external review, including public engagement, extend to step 3 — risk
dimension analysis, step 5 — risk control options analysis and step 10 — evaluation, review
and adjustment (Figure 1).

The IRMF also draws on the Canadian experience in project review and approval.
Based on analysis of regulatory practice (Larkin et al., 2019c), Figure 1 provides
examples of where some key components of the IRMF have been implemented by project
proponents and regulators to date. For example, for Shell Quest and Alberta Carbon
Trunk Line (ACTL), the Canadian Environmental Assessment Agency was engaged in
the steps entitled formal risk estimation, risk management decision, implementation
sequence, monitoring and compliance plan and with an ongoing role in evaluation,
review and adjustment. With respect to non-government engagement, Shell Quest
solicited an independent review of their consultation process and risk estimation for the
storage component and a member of the public hired an independent review of the
hydrological risk estimation. An independent review also certified the project as fit-for-
purpose.

While the Shell Quest application, review and approval process had positive
attributes, such as the use of recognised methodologies with a multi-step risk assessment
approach (step 4) and use of independent expert review, an analysis of regulatory practice
also identified shortcomings (Larkin et al., 2019c¢). Recall that this project is the only true
sequestration project in Canada and one of three worldwide. The process was difficult to
follow, some risk assessments were incomplete or withheld and, while the review and
decision for Quest was a public hearing process, participation was limited to landowners
within the project’s area of influence.

The level of detail provided in the IRMF contrasts existing regulatory and
non-regulatory elaborated frameworks and guidance documents, these having a more
limited focus on the detail to be completed in step 4 — formal risk estimation and the
iterative process for monitoring in risk management (Larkin et al., 2019d). Furthermore,
while risk communication has been addressed in some frameworks such as modalities
and procedures for CCS as a clean development mechanism (United Nations Framework
Convention on Climate Change, 2011), the National Energy Technology Laboratory
(2017b) guidance on outreach and education and the World Resources Institute
Guidelines for Community Engagement (Forbes et al., 2010), the right and left-hand
panels illustrate the potential for transparent, extensive and ongoing opportunities to
engage with a variety of stakeholders in a variety of ways throughout the risk assessment
and management phases. Both the BC and Alberta regulatory review processes described
in Section 3 identified transparency as an important goal.
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The IRMF could be used as a process checklist, where the responsibility to conduct
various interactions with agencies and affected parties are recorded as having been
completed. Similarly, in their review of RA/RM developments in the decade since
publication of the IPCC Special Report on CCS (IPCC, 2005), Pawar et al. (2015, p.307)
reiterated how “an effective communication approach needs to demonstrate how the risk
assessment approach has effectively taken into account various stakeholder concerns
during the assessment process, how the uncertainties have been handled, what impact
uncertainties have on risks and how risk is managed via monitoring and mitigation
actions”. The use of the IRMF could include a record of proactive consultations with
interested stakeholders, which could be publically available as the regulatory approval
process proceeds.

We suggest that implementation of such a systematic, transparent and integrated
process will accommodate the local context and support the outcomes of the risk-based
decision-making process, namely to identify acceptable risk control options for a specific
CCS site. Such a process is warranted, especially with options for climate change
mitigation being scrutinised at the policy and project levels. Implementation of the IRMF
would provide a greater opportunity to reach consensus and avoid ongoing controversies
(such as experienced with Saskatchewan’s Boundary Dam project and may be repeated as
Canadian policy-makers decide what mitigation options are to be implemented).
Opportunities for meaningful discussion on the costs, benefits, safety and contribution of
CCS to mitigate climate change would be created and possibly play a role in public
acceptance to support broad application of CCS technology. Furthermore, this could
operationalise the recommendation of the Commission on Social Determinants of Health
(2008), that climate change mitigation options not unnecessarily and unfairly negatively
impact populations, nor exacerbate health equity through unintended effects.

In contemplating the application of the IRMF in other countries (IEAGHG, 2017),
meaningful engagement with relevant stakeholders in other jurisdictions can be realised.
While international government and quasi-government agencies may remain the same for
projects in other jurisdictions (Table 5), key national or regional government and
non-government stakeholders would be identified and integrated in the decision making
process.

4.3 Risk-based decision making

Risk-based decision making and risk management of technologies and technological
change should be based on four broad issue areas: well-established principles of risk
management, economic analysis, sociopolitical considerations and risk perception
(Krewski et al., 2014). These are important features of the context of a CCS project
proposal and should underpin the IRMF’s risk management activities to select and
implement acceptable risk control options.

The ten decision-making principles of risk management were first proposed by
Jardine et al. (2003):

a  beneficence and non-maleficence (do more good than harm)
b natural justice (a fair process of decision making)
¢ equity (ensure an equitable distribution of risk)

d utility (seek optimal use of limited risk management resources)



494 P. Larkin et al.

e honesty (be clear on what can and cannot be done to reduce risk

f  acceptability of risk (do not impose risks that are unacceptable to society)
g precaution (be cautious in the face of uncertainty)

h  autonomy (foster informed risk decision making for all stakeholders)

i flexibility (continually adapt to new knowledge and understanding)

j  practicality (the complete elimination of risk is not possible).

Krewski et al. (2014) suggested that the importance of each of these principles could vary
for each decision-making context and that their consideration may not lead to the same
risk management conclusion. Integrated engagement from the outset, as depicted in the
IRMF, might therefore be of benefit because stakeholders will have an opportunity to
discuss the ten principles that could affect the decision making at three levels: first, the
‘approach principles’, namely beneficence/non-maleficence and/or precaution; the
‘process principles’, potentially choosing the emphasis between natural justice, equity,
honesty, acceptability and autonomy; and the ‘operational principles’, including utility,
flexibility and practicality of risk management options.

These principles of risk management and the broad issue of risk perception are
closely linked for CCS at the project level and on an individual risk basis. Stakeholder
engagement in the determination of the three levels of approach, process and operational
risk management principles of greatest effect would help to build trust and a consensus
could develop for the IRMF’s decision-making process. Indeed, the importance of trust
and fairness was found to have a bearing on public understanding and acceptability in
risk management (Leiss and Larkin, 2019). CCS is in the particular position of dual roles
for government, both as a proponent providing financial and policy support (Section 2)
and as regulator [Section 3; see also Larkin et al. (2019¢)]. Pawar et al. (2015, p.307)
found that “while the GCS [geologic CO, storage] field projects executed to date have
taken into account the public perception risk (acceptance of the project), no documented
GCS risk assessment application exists where the public perception risk has been
explicitly addressed as part of a structured risk assessment approach.” Risk assessment
and risk management completed in a thorough, open and transparent way will help to
build trust in the review and approval process, with associated benefits to risk
acceptability.

Economic analysis as a broad area contributing to risk-based decision making is
relevant at three scales for CCS. In the first instance, this would be completed in advance
of a proponent’s final investment decision on whether or not to proceed with a project.
Second, once a decision to proceed is made, the risk management principle to seek utility
through the optimal use of RM resources would manifest in economic analysis on an
individual risk basis. Economic interest lies in “the extent to which a quantitative
statement of monitorable project goals can reduce cost and improve stakeholder
confidence” (Jenkins et al., 2015, p.343). At these two scales, implementation of the
IRMF as a process would provide opportunities for varied stakeholder input to improve
understanding and develop support for the economic analysis that underpins the choice to
proceed with the project and the choices for risk management options. Furthermore, at
the global level, Heyes and Urban (2019) considered more generally the benefits and
costs of CCS as a mitigation strategy for climate change. Their conclusion, in reference to
the social cost of carbon valuation used in Canada, is that the implementation of large



An integrated risk assessment and management framework for CCS 495

scale CCS has lower benefits than costs, although sometimes with a small margin and
that alternative assumptions can affect the calculations.

Two categories of risk management challenges related to the sociopolitical context
for CCS are introduced by Leiss and Krewski (2019):

1 government and industry factors (discussed here for the Canadian context, including
regulatory oversight [see also Bankes (2019)]: an adequate RA/RM framework
(proposed here) and supportive public policy architecture (Section 2)

2 socio-economic factors: information provision, effective communication, stakeholder
engagement and social and public acceptability through decision support
mechanisms [aspects of which are considered by Leiss and Larkin (2019) and
Campbell-Arvai et al. (2019)].

At the regional and national scale, Campbell-Arvai et al. (2019) suggested that “benefit
perceptions might be susceptible to the national context where CCS is deployed...
[possibly] due to differences in the national energy mix and energy policy.” Indeed, Kern
et al. (2016) analysed Alberta’s positive political economy landscape as a critical feature
in the successful application and development of the Quest project in Canada. Within the
IRMF process, socio-political considerations in risk-based decision making can be more
easily identified and addressed beginning at Step 1 and continuing through ongoing
integrated engagement with wide-ranging government, quasi-government, external
non-government and public stakeholders.

Full understanding of these four broad issue areas, that is, to consider well-established
principles of risk management, risk perception, economic analysis and sociopolitical
considerations underpin the complex risk management decision making context for CCS.
Moreover, the most important of each of these will be different at each of three scales,
namely the individual value chain component risk in capture, transport, injection and
storage; the overarching project risk in a community and region; and, the societal/policy
(global) domain. Within these scales, there will also be a myriad of stakeholders’ points
of view. With respect to project risk, Campbell-Arvai et al. (2019) reviewed behavioural
and perceptual obstacles, as well as those associated with the complexity of carbon
management problems themselves. Leiss and Larkin (2019) suggested that ‘“the
perception of benefits — or the failure to appreciate the benefits of CCS — may be more
important than perception of the associated risks (where the normal case is the exact
opposite).” With respect to the global domain at the time, L’Orange Seigo et al. (2014b)
suggested the potential technical risks of CCS were not overly concerning to the public;
rather, that the public exhibited greater uncertainty about the role of CCS in climate
change mitigation. Once again, the opportunities for varied stakeholder engagement
throughout the IRMF process will assist with creating the conditions for a positive
outcome for the local and global community in CCS risk-based decision making.

4.4 Risk management options for CCS

Selected hazards associated with integrated CCS projects that could be addressed using a
variety of risk management options are given in Table 2 [see Sarkarfarshi et al. (2019),
for a more complete discussion of CCS hazards].
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Table 6 Illustrative environmental and human health hazard taxonomy and risks for integrated
CCS projects

CCS value chain activity

Capture Transport Injection Storage

Physical hazards

CO, stream impurities

CO,/amine/criteria Pipeline failure Injection wellhead Unexpected plume
contaminant air or well casing migration
emissions failure

Amine/criteria Associated systems Caprock fracture CO,, brine or CO,
contaminant failure saturated brine migration
land/water through caprock
deposition

Induced seismicity
Direct surface leakage — well leakage or far field

Accidents, malfunctions, unplanned events (process upsets)

Human health and environmental hazards

CO, inhalation — occupational and/or public and/or wildlife morbidity/mortality
Drinking water, soil, air contamination from amines, criteria contaminants, CO,, or brine
Unanticipated CO, leakage rate to atmosphere contributing to climate change

Surface uplift or earthquake

Developed as the REACT framework for risk management and population health
(Krewski et al., 2007; Krewski et al., 2014), risk management options include potential
actions in five domains:

e regulatory: government policies, legislation, guidelines, permits, or approvals for
required action (three categories of statutes include products, emissions and natural
environmental protection)

e economic: insurance, levies and other cost structures, designed as incentives to take
action

e advisory: programs developed to encourage action, including communications,
education and awareness

e community-based: public inception, support and commitment to take action, often
volunteer-based

e technological: action through improved advances in technological abatement and in
the case of CCS, an emphasis on monitoring

Further to the aforementioned four broad issues in risk-based decision-making, integrated
stakeholder engagement, as depicted in the IRMF through notification, communication
and consultation, at various steps as appropriate, could lead to discussions and decisions
within these five categories of risk management options for CCS.

With respect to a regulatory approach, Wilson et al. (2003), Keith et al. (2005) and
Wilson et al. (2008) were among the first to examine the kind of regimes that might
provide a credible basis for risk-based decision making for CCS [see also Leiss (2009)].
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With focus on regulatory oversight, Wilson et al. (2008, p.2782) suggested both that CCS
needs to be done right, because a “single major accident, resulting from inadequate
regulatory oversight, anywhere in the world, could seriously endanger the future viability
of GS [geological storage]” and that “any regulatory framework to manage GS should
therefore be adaptive, without compromising the basic objectives of safety and climate
policy.”

Requirements for site evaluation and monitoring and especially the latter, have since
been identified as key to confirming the robustness of the assumptions built into the risk
estimation within the risk assessment phase (National Energy Technology Laboratory,
2017a; Smith et al., 2011). Similarly, Pawar et al. (2015, p.307) suggested no CO,
storage site “should be permitted without significant characterization and regulatory
scrutiny” and that where a site has a small chance of CO, leakage, “permitting would be
unlikely, that monitoring will always be required, and that approved injection parameters
will minimize residual risk.” Jenkins et al. (2015) further discussed the regulatory linkage
between monitoring and verification, also suggesting a need to consider significant
adverse events explicitly from evaluation through monitorable outcomes.

It is arguable whether an individual risk management option should be established by
regulation rather than as an advisory or community-based approach. In tabular format,
potential risk management options within each of the five REACT categories, as they
may apply to value-chain activities, are provided in the supplementary material [online].
These options were identified from research by Larkin et al. (2019a) and Larkin et al.
(2019c¢, 2019d) concerning the features of RA/RM frameworks worldwide, analysis of
regulatory practice in the Canadian context and findings from an expert elicitation, as
well as research reported in Gale et al. (2015). The suggestions cover wide-ranging
approaches to be discussed and accepted within the risk management context in which
the project is proposed. Minimum documentation requirements could also be identified.
As suggested by this IRMF, Det Norske Veritas (2012) and the Independent Project
Review of Shell’s Quest Project (Det Norske Veritas, 2010a), a risk register would record
all hazards, how each was considered and the chosen risk management option in order to
instill completeness and transparency. Key risk management options include regulated
baseline measurements, operations, emissions, monitoring and reporting activities;
penalties, fines and liability funds; notification processes; community-based siting and
emergency response planning; training and operations strategies; and monitoring
technologies, alarms and shut down procedures. Given the wide ranging opportunities for
stakeholder engagement, the IRMF would support clarity and development of acceptable
risk control options.

While the application of the IRMF presented here is focused on sequestration, carbon
capture utilisation and storage (CCUS) must also be considered. Worldwide, 76% of
projects and 81% of the capture rate is CCS-EOR, with five of the next seven executing
LSIPs being EOR project types (MIT, 2018). As indicated in Table 2, Canada has three
such projects.

For project risk, an expert elicitation panel suggested the three storage options of
saline aquifer sequestration, EOR and coalbed methane had similar relative risk (Larkin
et al., 2019b). With respect to saline sequestration compared with enhanced oil recovery
(EOR) operations, the median response for the percent of CO, that can be expected to be
retained for 1,000 years was virtually the same (99.8%). However, there was greater
uncertainty in the credible range for EOR, particularly at the 5% (1 in 20) lower limit:
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87% and 54% of injected CO, was thought likely to be retained, respectively. Such
uncertainty is clearly an important outstanding issue.

Indeed, the regulatory regimes for CCS-EOR projects are not as rigorous in terms of
monitoring (identified as the key risk management option), verification and public
reporting of CO, stored. In Alberta, as elsewhere, industry is not required to demonstrate
containment and performance (Jenkins et al., 2015), both of which are leading issues for
the protection of the environment and human health. At the time, the Regulatory
Framework Assessment in Alberta specifically excluded EOR because this activity
requires a separate study. Additional amendments or new regulatory initiatives should be
anticipated for these activities. In terms of storage benefit, accounting of CCS-EOR in
climate change mitigation is being considered (IEA, 2015b; IEAGHG, 2016; Wong et al.,
2013), as well as the potential costs (Godec et al., 2017) and technical challenges
(Al Eidan et al., 2015) when a CCUS project may be converted to sequestration, as has
been suggested for Weyburn-Midale in Saskatchewan (Table 2).

The current emphasis on CCS-EOR may be attractive to some stakeholders and
publics because of the economic benefits to a project, but may not, however, encourage
public acceptance of CCS for sequestration (Mabon and Littlecott, 2016). CCS-EOR
projects are sometimes seen as not only enabling but also perpetuating a dependence on
the fossil fuel economy for a longer timeframe. The range of supportive CCS
stakeholders may begin to wane because real progress towards permanent geological
sequestration may not happen fast enough. As well, there is currently heightened public
scrutiny regarding the approval process and development of large energy-related projects
in Canada, particularly for pipeline developments. Given the potential for CCS-EOR
projects, perhaps regulated monitoring and reporting will help to ensure these projects are
safe, reliable and positive contributions to emissions reductions in the short term. The
broader issue concerning the ongoing use of fossil fuels is not resolved here.

5 Conclusions

Should Canadian industry and government policy and decision-makers choose to ramp up
CCS as a climate change mitigation technology in suitable locations, the integrated risk
management framework presented here provides a coordinated, rational pathway for
project assessment and contribution to decision making. The IRMF is based on a well-
developed sequence of steps in risk assessment and risk management that has evolved
over several decades (Krewski et al., 2007; Leiss et al., 2010). Enhancements to previous
attempts at integration include the deliberate and transparent integration of wide ranging
stakeholders in government, industry, non-government organisations and the general
public for the duration of the project, including the application, review, approval,
operations, monitoring and evaluation periods. The IRMF also provides for independent
external review at various junctures.

In order to avoid conflict through four phases of a project (permitting, injection,
post-closure and stewardship), Wilson et al. (2008, p.2719) suggested that “the
competing needs and interests of the public, project developers, financial and insurance
institutions, government regulatory agencies, nongovernmental organizations and
national and international agencies managing CO, trading must be appropriately
balanced”. At the international level, risk assessment and risk management need to be
comparable in an effort to ensure long-term reliability of storage sites and the assessment
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of CCS-based emissions reductions. This also relates to issues identified by Pawar et al.
(2015) in their assessment of what needs to be done to improve overall risk management
and to remove barriers associated with large-scale deployment. Essentials include
stakeholder confidence in quantitative risk assessment approaches; testing the
effectiveness of integrating risk assessment with monitoring and mitigation in risk
management; and further development of outreach and effective communication
strategies in order to minimise risks and boost acceptance of wide-scale deployment of
GCS [storage] technology (Pawar et al., 2015).

The application of the IRMF within a risk-based decision making context would
improve understanding and consensus of stakeholders for the principles of risk
management, economic analysis, sociopolitical considerations and risk perception. Risk
management options for CCS under five action categories would be identified, including
regulatory, economic, advisory, community-based and technology based approaches.
Indeed, coordinated action at multiple levels and multiple scales is considered best
practice in a decision making context to protect or improve human health and the natural
environment upon which we depend. Key risk management options include: regulations
for baseline measurements, injection and storage operations, contaminant emissions and
leakage rates, monitoring requirements and public reporting; penalties, fines and liability
funds; notification processes; community-based siting and emergency response planning;
training and operations strategies; and monitoring technologies, alarms and shut down
procedures.

Carbon capture and storage may yet be implemented as the preferred option for
industrial CO, emissions stemming from the Canadian western oil and gas sector, coal
fired electricity plants in Saskatchewan and Nova Scotia and the cement, steel, fertiliser
and other trade exposed industries across the country. The implementation of a
comprehensive, rational and integrated risk management framework that arrives at
credible risk control options could engender public acceptance. Population and
environmental health would be better protected in the vicinity of local projects at the
same time as a growing number of CCS projects could contribute to global climate
change mitigation, with anticipated health and environmental benefits worldwide.

Supplementary ~ material is  available  online at  Harvard  Dataverse
(https://dataverse.harvard.edu/)
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Notes

1 At the time of publication, multiple attempts to ascertain the status of the project had been
unsuccessful.

2 While undefined in CEAA2012, the Canadian Environmental Protection Act, 1999, suggests
in “implementing the precautionary principle that, where there are threats of serious or
irreversible damage, lack of full scientific certainty shall not be used as a reason for
postponing  cost-effective  measures to  prevent environmental  degradation”
(https://www.ec.gc.ca/lcpe-cepa/26 A03BFA-C67E-4322-AFCA-2C40015E741C/lcpe-
cepa_201310125_loi-bill.pdf).



