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Abstract: Carbon geological storage (CGS) projects are designed to securely
store carbon dioxide (CO,) for thousands of years. Because of this, there are
several studies to evaluate the potential risks of long-term storage of CO, in
geological formations. This paper presents a new method for the qualitative risk
assessment of CGS: the risk assessment of stored CO, (RA-CO,) method. It
consists of the systematic and structured identification of CO, release risk
scenarios arising from: seal, well, and fault and fracture zones. The
uncertainties associated to each mapped risk scenario and the risks are
qualitatively evaluated using the RA-CO, method. The characteristics of the
RA-CO, method enable a comprehensive understanding of the underground
evolution and future behaviour of the CO, in various time scales and their
influence on safety. For future studies, the validation of the proposed RA-CO,
method using a real case study is recommended.
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1 Introduction

In recent years, the average temperature of the planet has increased due to the growing
concentration of certain gases, called greenhouse gases (GHGs), in the atmosphere that
retain heat. The presence of GHGs is important to control the earth’s temperature and
consequently life on Earth. However, the presence of too many GHGs can cause the
temperature to increase uncontrollably and can alter the balance of energy transfers
between the atmosphere, space, land, and oceans. Among the GHGs, anthropogenic CO,
emissions are a major contributor to climate change and it made up 77% of total
anthropogenic GHGs emissions between 1970 and 2004. According to the
Intergovernmental Panel on Climate Change (IPCC) (2007), carbon dioxide (CO,) is the
most important of these gases and is taken as a reference.

According to Pacala and Socolow (2004), carbon capture and storage (CCS)
technology may bring about a reduction in CO, of 25 GtC over 50 years. In this context,
CCS has been discussed as one within of options to mitigate climate change by authors
as, for example, Bachu (2000), IPCC (2005), Viebahn et al. (2007), Gerard and Wilson
(2009), Praetorius and Schumacher (2009), Johnsson et al. (2010), and Einsiedel et al.
(2013).

The risks of future carbon supply has been strongly debated, as is the viability of
alternative energy sources, which do not seem to be able to maintain viability without
government financial support (Wu et al., 2013). CCS can represent a ‘technological
bridge’ between mitigation of climate change and sustainable energy chain, being an
important option against the increase of GHG concentration and, at the same time,
allowing the continued use of fossil fuels (Paltrinieri et al., 2013). The CCS life cycle
includes steps ranging from the capture of an anthropogenic source of emissions followed
by separation, dehydration, compression, transport to storage location and the
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confinement itself. Among the places that have potential for CO, storage is storage in
geological formations (carbon geological storage — CGS), addressed in this work (IPCC,
2005).

According to the International Energy Agency Greenhouse Gas R&D Programme
(IEAGHG, 2009), sedimentary basins have characteristics for safe long-term storage as
demonstrated by the existence of natural accumulations of CO, and by the presence of
hydrocarbons trapped in reservoirs. However, due to the characteristics of CGS and the
need to guarantee safe storage, risk assessment is a tool that can reveal the main scenarios
of risk and identify potential threats and vulnerabilities that may compromise the
performance of such systems. This knowledge can provide greater confidence and
credibility to the efficiency of storage over hundreds of thousands to millions of years, in
other words, on time scales appropriate for geological storage.

Increasingly, many nations and regions are expanding efforts to transition to post
fossil carbon societies by changing to renewable energy based on systems, but every
production, like every other human activity, involves risks (Wu et al., 2013). Thus, to
better understand CO, leakage risks, the purpose of this paper is to present a new method
for CGS qualitative risk assessment, called the risk assessment of stored CO, (RA-CO,)
method, based on the qualitative methods available in the literature. A comparative
analysis between the existing methods and the main aspects that influence risk estimate
have guided the development of the RA-CO, method.

2 Risks in CGS projects

The history of risk management has evolved since time immemorial. Levantine and
Chinese traders prior to A.D. undoubtedly coped with the risk of sailing trade, as the
Egyptians and Babylonians did before them. Technology has grown rapidly, a
characteristic of our advancing civilisation, which provides many valuable tools, but also
introduces new risks (Wu and Olson, 2010). The long-term CO, storage is one of these
new technologies that will require a new variety of tools on risk evaluation to support the
decision-making with innovative use of analytic techniques.

Risk can be obtained from the ‘combination of uncertainty and damage’, the ‘ratio
between hazard and safeguard’, and the ‘combination of probability and consequence’
(Kaplan and Garrick, 1981; Leitch, 2010; Purdy, 2010). The combination of probability
(or frequency) and consequence is the most widely used definition of risk. However, as
CGS is built into a natural body (a geological formation) risk can be understood as a
combination of natural and technological hazards because some causes of possible leaks
do not only depend on the operation of technology as usually happens in industrial plants
and consequently the causes are not perfectly known or understood (Morgado and
Esteves, 2011). Engebg et al. (2013) also bring forward that risks associated with CO,
capture and transport are satisfactorily managed when planned, different from risk related
to storage, for which there is no large operational experience.

According to Wu and Olson (2009), complexity and uncertainty in many practical
applications require new methods and tools what are not different for CO, long-term
storage because geophysical and geomechanical changes in the geological formation, the
presence of population and the reservoir features may modify the characteristics of CO,
storage and consequently the complexity of risk analysis. For this reason, there is a
difficulty of characterising or defining this natural system completely and this is among
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the factors that contribute to risk estimate for the geological storage as well as to
uncertainty regarding the site performance (CSLF,' 2009; Condor et al., 2011). The level
of uncertainty, which also influence storage risk, is an important factor to estimate CO,
storage capacity and is discussed by Bradshaw et al. (2007), Frailey and Finley (2009),
and Szulczewski et al. (2012).

Song and Zhang (2013) discuss the viability of CO, storage and its long-term safety
depends on the sealing capacity and integrity of the cap rock. Koornneef et al. (2012)
present the well, the cap rock or seal, and geological faults and fractures as main paths to
scenarios that may result in the leakage of CO, from the target reservoir, shown
schematically in Figure 1: wells, cap rock or seal, and geological faults and fractures. In
addition, Benson and Hepple (2005) propose some remediation techniques to prevent
human or ecosystem impacts. It is noteworthy that, as in risk analysis, the presentation of
these remediation options can help build public confidence in CGS Technology.

The risk profile varies over the pre-operation, operation, closure and post-closure
phases of the CGS project, as shown in Figure 2. The risks for the CGS project start with
the CO, injection, which begins during the operational phase and continues increasing
until the injection starts to reduce or to cease that occurs when the curve flattens. This
curve finally tends to decline over time in the closure and post-closure phases, periods
corresponding to twice or more the injection period. One of the reasons for the risk
increase during operational phase is due to the increase in build-up pressure in the storage
reservoir. This pressure starts reducing when the CO, injection stops because the storage
reservoir pressure decreases and trapping measures begin to act over time (Benson,
2008). Kempka et al. (2013) evaluated the contribution of the four CO, trapping
mechanisms (structural, residual, solubility and mineral trapping) to long-term storage at
the Ketzin pilot site in Germany. In the risk assessment of Weyburn-Midale, Choi et al.
(2013) identified the wellbore integrity as being a significant risk factor for the
permanence of long-term CO, storage, which is associated with corrosion.

Figure 1 Schematic CO, geological storage site and potential leakage pathways

Accumuation in water of
deep. stably stratified lake

‘Abandoned Shallow
wel groundwater
\ Accumulation in well

topoglaP'm: Ott gas from well -
depression -

Accumulation

in basement
N
°0
ot -

S
LTS Rr—

N e ——
Nk
N 5
CO; dissolved > f
in groundwatar ==X \\++ Separate phase GOz
) B e |

= =
e \ —= Diffusion
B |

—
€Oz in low
‘v L
2 B =
=i A -
T H T\

permeability environment
s

Source: Benson and Hepple (2005)



An approach to assess risks of carbon geological storage technology 93

Figure 2 Schematic of potential risks during the phases of a hypothetical CGS project
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The most critical phase is the operational phase as underground injection of CO, into
porous rock can exceed the allowable formation pressure and consequently can induce
fracturing of the cap rock and creating or reactivating geological fractures or faults. This
fault activation and induced fracturing by overpressure can create or enhance fracture
permeability, thus providing pathways for unwanted CO,. Moreover, during the
operational phase problems can occur due to operational errors.

According to Tucker et al. (2013), late in the injection phase, well injection pressures
at the sand face could exceed hydrostatic pressure and a combination of temperature and
pressure may induce local fractures. The risk assessment shows that there is a possibility
of fault reactivation. In addition, potential pathways for migration up to surface could
occur along the casing in the case of a failure of the cement bond. For this reason, they
emphasise the importance of monitoring tools and techniques with time depending on
specific risks. Engebg et al. (2013) discuss the challenges related to risk assessment at
each stage in the CCS project.

Although the failure zone of the CO, storage system suggests low risk, uncertainty
regarding the assessment of the risk, if not properly addressed, can presents a bottleneck
and one of the greatest challenges for wide scale implementation of CCS (Roberts et al.,
2011; Koornneef et al., 2012). In general, there is no historic data available for failure
scenarios of CO, storage and the expert judgement used instead is based on experience in
the oil and gas industry, from natural analogue studies and through modelling. Thus, the
assessment of failure rates for most of the possible leakage scenarios lacks an empirical
base and is heavily dependent on expert judgement. Additionally, there is no
methodological standard on whether and how these scenarios should be modelled to
estimate the risk using quantitative indicators (Koornneef et al., 2012).

Thus, based on observations of natural and industrial analogues, geological
formations can be used to store this gas as long as the site is carefully selected and
monitored. The generally adopted probability of leakage and failure through rock and
faults is less than that of wellbores. For this reason, wellbores have been important factor
associated with the risk of CO, leakage from the target formation. Among the main
concerns are: leaks through completion of poor quality and old injection wells, leaking
through abandoned wells and inadequate characterisation of the rock seal as well as
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inconsistent and inappropriate monitoring of injection wells, corrosion coatings (Benson,
2005; CSLF, 2009).

3 Qualitative risk assessment of CGS projects

3.1 Main methods available in literature

Based on Condor et al. (2011) and NETL (2013), the main qualitative methods for risk
assessment of CGS Projects are summarised in Table 1: vulnerability evaluation
framework (VEF), structured what-if technique (SWIFT), organised and systemic method
of risk analysis (MOSAR), features, events and processes analysis (FEP analysis), carbon
storage scenario identification framework (CASSIF), screening and ranking framework

(SRF), and multi-criteria assessment (MCA).

Table 1 Qualitative risk methods for CGS projects
Method Objective Application References
VEF Evaluation of the Strategy for site EPA? (2008)
system’s vulnerability to  assessment and guide to
adverse impacts on the regulatory agencies
CGS
SWIFT Hazard identification Mapping of the dangers Sollie et al. (2011) and
and consequences DNV (2010)
MOSAR Identification of the risks Systematic analysis of Cherkaoui and Lopez
and barriers to contain risk for well-known sites (2009)
them
FEP Elaboration of scenarios Screening and site Savage and Maul (2004),
selection Quintessa (2010),
Wildenborg et al.
(2005), and NETL
(2013)
CASSIF Analysis of scenarios Screening and site Yavuz et al. (2009)
based on the analysis of selection
well, and seal failures
SRF Analysis of geological Risk assessment of Oldenburg (2005)
barriers and potential storage sites
leakage near the surface
MCA Evaluation of Strategy for screening Gough and Shackley
alternatives and selecting the storage (2006)

location

Source: After Condor et al. (2011)

For a comparative analysis of the risk assessment methods and the aspects influencing the
estimated risk each method was evaluated according to how it complied with the
following aspects: cause or initiating event, frequency, severity, uncertainty and
safeguard. These aspects were selected because of their influence on the estimated risk
and the importance of evaluating risk in CO, storage.
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Each aspect was qualitatively weighted by a team of experts on 4 levels and the
methods were classified by numbers from 0 to 3. A method that received a number 3
classification or considers the aspect analysed through a structured way 100%, while a
method that receives a number 2 classification or considers 66% of the aspect analysed
and the methods classified as 1 and 0 consider respectively 33% and 0%. More detailed
information about the weight scales of each method can be found in Paraguassu (2012).
The result of this evaluation is presented in Table 2.

Table 2 Methods evaluated according to compliance with uncertainty, initiator event,
safeguard and consequence aspects

Aspects Methods of risk analysis

analysed VEF SWIFT  MOSAR FEP CASSIF SRF MCA

Uncertainty 1 3 0 2 2 3 1

Initiator event 3 3 3 3 3 3 1

Safeguard 3 3 3 0 0 1 1

Frequency 0 1 3 3 0 1 1

Consequence 3 3 3 3 3 3 1
Scale hue

Does not 1 Satisfies a little 1 Partially 2 Satisfies the aspect 3

satisfy (0%) (33%) satisfies (66%) mentioned (100%)

SWIFT is a method for hazard identification based on checklists made from the
Quintessa online database. It is used to guide the discussion of topics such as reservoir,
seal, overburden, vadose zone, surface, wells, fault zones and atmosphere. The points
discussed for each identified hazard are: causes, uncertainty, consequences and
safeguards (Sollie et al.; 2011; DNV, 2010). Among the methods for qualitative risk
analysis, the SWIFT method was the most structured.

In contrast to the SWIFT method, MCA was the least complete because the items to
be analysed by this method depend on the choice of the team executing and the
stakeholders because the MCA method allows stakeholders the flexibility to explore
options with their own criteria, weightings and scores. Thus, the aspects ‘initiating event’,
‘safeguard’, “uncertainty’ and ‘frequency’ were not presented clearly.

The MOSAR method was structured for understanding the risk scenarios. However,
uncertainty, a critical factor for CGS project risk, was not considered. Unlike MOSAR,
both the SWIFT and SRF methods considered uncertainty in the analysis. Using SWIFT
it is possible to map the uncertainty associated with both frequency and consequence
information while in SRF it is possible to map the uncertainty regarding information on
HSE risk.

For the CASSIF and FEP methods the uncertainty is dealt with implicitly. In
CASSIF, its first step consists of answering a questionnaire in which the user can indicate
the level of uncertainty of the quality of site data that will be base for characterising the
storage site. While in the FEP Method, uncertainty is associated with the future
occurrence of a determined scenario, which is classified as variant scenario.

Despite the importance of measures to prevent, control or mitigate the potential effect
of CO, leakage, the aspect ‘safeguard’ is not addressed in the most methods. Both the
SWIFT and MOSAR methods enable a more structured mapping and VEF indicates
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which items can be evaluated to monitor and mitigate risks. In addition to the ‘safeguard’
aspect, ‘frequency’ and ‘uncertainty’ were aspects poorly treated by the methods due to
the lack of specific knowledge based on research and field data that could offer better
basis for estimation. Koornneef et al. (2012) discuss these problems. Thus, to deal with
all the aspects involved the RA-CO, Method is proposed as it is flexible, transparent,
robust, comprehensive, systematic, low cost and easy to use for qualitative estimation of
risk.

3.2 Background to the RA-CO; method

The criteria and approach used for the development of RA-CO, method were defined
from the set of characteristics of the qualitative methods of VEF, SWIFT, MOSAR, FEP,
CASSIF, and MCA method with the insertion of concepts based on reports and from the
sector’s leading companies and risk management standards, presented in Table 3.

The structure adopted for the RA-CO, method, a worksheet with columns, was based
on the structure presented by SWIFT and by both hazard and operability study (HAZOP)
and preliminary hazard analysis (PHA) methods, which are presented in Bahia (Estado)
(2009). The part labelled ‘compartment’ was based on the term adopted in CASSIF
wherein the scenario analysis is performed from the evaluation of three main scenarios
leakage of CO,: well, fault and seal. Polson et al. (2012) also emphasise them as potential
leakage pathways.

The part labelled ‘aggravating” which is presented in RA-CO, method refers to
circumstances that can intensity the cause of a particular scenario of CO, leakage
negatively. The ‘aggravating’ can be classified as dynamic actions and static conditions
the main difference between them is their timescales which the static conditions happen
on shorter timescales. This approach has been proposed in RA-CO, method based on FEP
Approach to describe the long-term performance and safety of geological storage of CO,.

The analysis of aggravating circumstances is important because the impacts from CO,
leakage depend on the response of local organisms to elevated CO, concentrations, which
can be long-term chronic and short-term acute exposure as discussed by Koornneef et al.
(2012), who also emphasise the effect of long-term exposure on ecosystems as a
knowledge gap. For healthy humans, some effects are presented in IPCC (2005).

The proposed criteria for the both frequency and severity categories were also based
on Bowden et al. (2013a, 2013b) and on the industrial risk analysis guide (FEPAM,
2001), risk assessment tool and guidance (HSE 2008) and the standard risk management
of Bahia [Bahia (Estado), 2009], and Australian Standards (2004) strongly cited by
Fletcher (2005) and Underschultz et al. (2011). Despite the references FEPAM (2001),
HSE (2008) and Bahia (Estado (2009) are not specific to the risk of CO, storage, they are
consolidated technical risk references. In order to be consistent with ISO 31000 (2009),
the study was conducted following its guidelines.

The mapping of the uncertainty of frequency and severity in the RA-CO, method was
adopted based on SWIFT, CASSIF, FEP and SRF methods. Although these methods
handle uncertainty in different ways, the mapping of the uncertainty is an important point
in the RA-CO, method because it is one of the greatest challenges for CCS projects as
discussed by authors as Condor et al. (2011), Koornneef et al. (2012), Roberts et al.
(2011), Polson et al. (2012).
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Table 3 References for the development of the RA-CO, method

Items of the

proposed Brief definition References
method
Compartment Main migration paths for leakage of =~ Cherkaoui and Lopez (2009), Bahia
CO, (Estado) (2009), Wildenborg et al.
(2005), and Yavuz et al. (2009)
Attenuating Also called ‘Safeguards’ they are Cherkaoui and Lopez (2009), Bahia
measures and actions that can reduce (Estado) (2009), Wildenborg et al.
risk (2005), Yavuz et al. (2009), DNV
(2010), and Sollie et al. (2011)
Aggravating Items that may intensify the event Wildenborg et al. (2005).
initiator or the effects of CO,
leakage
Frequency Chance of CO, leakage occurring FEPAM (2001), Cherkaoui and

Lopez (2009), Bahia (Estado)
(2009), DNV (2010), and Sollie
etal. (2011)

Severity Consequence or impact categories Wildenborg et al. (2005), HSE
due to CO, leakage (2008), Cherkaoui and Lopez
(2009), Bahia (Estado) (2009), and
Yavuz et al. (2009)

Cause or Each event initiator can have one or Wildenborg et al. (2005), EPA
initiator event more causes responsible for the (2008), Cherkaoui and Lopez
occurrence of leakage (2009), Bahia (Estado) (2009), DNV
(2010), and Sollie et al. (2011)
Uncertainty Level of mistrust or doubt about the Oldenburg (2008), Yavuz et al.
information provided during the (2009), DNV (2010), and Sollie
analysis etal. (2011)

Paté-Cornell (1996), for example, presents different levels of uncertainty treatment in risk
analysis mainly from a quantitative viewpoint. However, for the purposes of the
RA-CO; method uncertainty is qualitatively weighted on a scale of 0 to 100% to assess
the quality of information given and to qualify the scenario uncertainty by the team that
leads to risk analysis from the RA-CO, method. This weighted scale is proposed based on
Oldenburg (2005), Sollie et al. (2011), Polson et al. (2012), Bowden et al. (2013a,
2013b).

The risks are grouped into categories according to severity to people, environment,
image, facilities (geological storage) and financial aspects. These categories were adopted
based on Australian Standards (2004), HSE (2008), Bahia (Estado) (2009) and DNV
(2009, 2010, 2011) and the criteria for frequency category based on FEPAM (2001) and
Bahia (Estado) (2009).

4 RA-CO; method: a new approach to assess CGS risks
The RA-CO, method is a qualitative method for risk assessment of CGS technology. The

RA-CO, method has been developed to analyse the ways in which CO, can be released in
an undesirable or uncontrolled fashion and consequently lead to potential impacts such as
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damage to the company reputation or project image, environment, personal security,
integrity of the storage system and financial damage. The risks are qualitatively evaluated
and classified as high, medium or low risk.

4.1 RA-CO, method implementation

4.1.1 Teamwork approach

The RA-CO, method is an inductive method structured to identify the potential causes
that can lead to the danger of CO, leakage from the storage site and the results of this
method depend on available information and on team experience. Thus, a
multidisciplinary team should perform the analysis. The presence of at least three types of
professionals in the team is essential to support the analysis: a leader, a supporter (scribe,
data recorder, organiser, etc.), and an expert. The leader is the person who knows the
method and is responsible for carrying out the risk analysis, the scribe records the
information and the expert has information and knowledge of similar systems (Sutton,
1997; Nolan, 1994).

4.1.2 Database and information for identifying risks

Good quality information is important in identifying risks and the starting point for risk
identification may be historical records, incident databases and analysis of failures and
previous risk registers if they exist. There are also focus group discussions, surveys and
questionnaires, structured interviews, expert judgement and personal experience or past
organisational experience, results and reports from audits, inspections and site visits,
checklists (Australian Standards, 2004). A database that has often been used is FEP
Database developed by Quintessa (2010) which contains FEPs that describe the current
and future states of the storage system.

Some typical data used to characterise and select geological CO, storage sites are
presented by IPCC (2005): seismic profiles across the area of interest, structure contour
maps of reservoirs and seals, maps of the structural boundaries of the trap, documentation
and maps of faults and fault, oil and gas production data, geomorphological data and
tectonic investigations.

4.1.3 RA-CO; method review steps

Once the boundary conditions are determined, defining the objectives and scope of the
analysis as well as the participants of the working team and survey data required for
analysis, the next step is defining the boundaries of the process analysis from a
subdivision into compartments. Then, from the system data and team experience, the
worksheet presented in Table 4 is completed. The conceptual model of the RA-CO,
Method can be seen in Figure 3 showing the implementation steps.

For each cause or initiator event identified the potential impacts, attenuating
(safeguards) and aggravating factors are mapped, the frequency of occurrence and
severity are associated: the basis for risk scenario formation. The simplified sequence of
steps used to conduct the review is as follows:

e define the objectives and scope of the analysis

e define the teamwork and boundary conditions
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e perform data collection
e explain the RA-method and the design intentions (workshop/meeting)
e identify the scenario causes (initiator events) and consequences

e identify all attenuating and aggravating factors that influence the evolution states of
CO, storage

e specify the attenuating factors (safeguards)
e determine the frequency of occurrence and severity of each scenario

e ponder the uncertainty associated to frequency of occurrence and severity of each
scenario

e for the risks classified as unacceptable, make recommendations to reduce it, ranking
all recommendations according to schedule of implementation

e write the final report.

Figure 3 Conceptual model of the RA-CO, method
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events, aggravating circumstances, mitigating measures, consequences from CO, leakage,
(1st column) initiator event: In this column all initiating events or causes which may
lead to the unwanted migration of CO, impacting the company reputation, project image,

frequency and severity categories, suggestions or recommendations and one number
column to reference each accident scenario as shown in Table 4 and described as follows:

The RA-CO, method worksheet is basically structured in nine main columns for initiator

4.2 Structure of RA-CO, method
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environment, people’s safety and causing financial damage are listed. The causes or
initiator events of CO, leakage may involve both human errors and natural occurrences.

(2nd column) aggravating: in this column, the actions and conditions that may
contribute negatively to increase the occurrence of initiating events or leveraging the
events identified are listed. The aggravating circumstances can be due to static conditions
or dynamic actions.

Static conditions are conditions inherent to the process, operation or environment.
The result for the event initiator is immediate (acute) and for this reason its timescale is
smaller compared to the dynamic action timescale. Dynamic actions are actions that
happen over time and the outcomes of the initiator event are cumulative and dynamic
because the effect from the action is not immediate. Therefore, dynamic actions are
chronic actions.

(3rd column) attenuating (safeguards): in this column, the preventive or corrective
measures to avoid CO, leakage scenarios developing into incidents and mitigate its
effects are described. Also called ‘safeguard’, the preventing and mitigating measures are
actions that may reduce the both occurrence frequency and severity of the analysed risk
scenarios and depending on the case may also reduce uncertainty associated with the
frequency and consequence.

(4th column) consequences: in this column the consequences of the effect expected as
result of the identified initiator event are described. These consequences are related to the
impact and effects that can lead to financial losses, put at risk people’s safety, the
company reputation or project image, environment and storage system facilities.

(5th column) frequency: in this column the frequency category of scenarios and their
level of uncertainty are shown. The degree of uncertainty associated with the frequency
information is expressed as a percentage ranging from 0 to 100% depending on the
consensus of the executing team. The frequency categories can be classified as
improbable (IM), remote (RE), occasional (OC), probable (PR), and frequent (FR) as
presented in Table 5.

Table 5 Example of frequency categories for RA-CO, method

Sigla Name Description
M Improbable  Conceptually possible, but extremely unlikely to occur during the lifetime
of the project.
RE Remote Not expected to occur during the lifetime of the project. It requires multiple
failures.
oC Occasional Unlikely to occur. Requires double failure or simply delayed.
PR Probable  Expected to occur during the lifetime of the project/installation. It requires a

single fault.

FR Frequent Expected to occur several times during the life of the project.

Source: Developed from FEPAM (2001) and Bahia (Estado) (2009)

(6th column) severity: in this column the severity category of the scenario and its level of
uncertainty associated to frequency information are shown. The degree of uncertainty
associated with the frequency information is expressed as a percentage ranging from 0 to
100% depending on the consensus of the executing team. The severity categories can be
classified as low (LO), moderate (MO), critical (CR), and catastrophic (CA) as presented
in Table 6.
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Example of the severity categories for RA-CO, method

Table 6
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Example of the severity categories for RA-CO, method (continued)

Table 6



104 M.M. Paraguassu et al.

(7th column) risk: the classification of risks scenarios are shown in this column. The risks
of scenarios are obtained by combining the frequency and severity categories from risk.

Matrix (Figure 4) and depending on the region, the risk can be classified as low,
medium or high.

Figure 4 Example of risk classification matrix for the RA-CO, method

Frequency Category
Risk Matrix M RE ocC PR FR
Improbable [ Remote | Occasional | Probable | Frequent

g CA | Catastrophic | Medium | Medium
I_%D CR Critical Low Medmm
’é MO| Moderate Low Low

S

}/’ LO Low Low Low

The risk obtained for each of the scenarios is associated with a qualitative uncertainty
level, and this level is obtained from the values stipulated by the team for the both
frequency and consequence information. For the scenarios that present uncertainty
greater than 50%, the team should propose measures to reduce the uncertainty.

According to CCPS-AICHE (2008), the risk acceptability criteria using Risk
Matrix are the best metrics to determine if additional risk controls will be needed as
well as the means to compare the benefits of competing risk mitigation options. In
essence, Eduljee (2000) argues that the acceptability and development of risk
management strategies is more likely to be based on the principles of as low as
reasonably achievable (ALARA) or as low as reasonably practicable (ALARP) than on
absolute expressions of risk or tolerability. To analyse these kinds of scenarios the
team should evaluate based on a cost benefit decision. According to Nolan (1994), in
cases where the cost for any proposed recommendation is near or exceeds the potential
remediation costs after the potential incident, the risk may be termed as low as reasonably
practical (ALARP). Based on Bahia (Estado) (2009), the risk criteria adopted this paper
are the following:

High risk: this category indicates a condition of unacceptable risk, where it is
necessary to propose measures to reduce risk that should be implemented on a mandatory
and immediate basis as well as do a quantitative risk analysis.

Medium risk: this category indicates a condition of intermediate risk in which it is
necessary to propose recommendations and corrective actions. The recommendations and
corrective actions need to be presented as well as their respective deadlines for
implementation. The implementation of the measures should take place if they are
considered economically and technically feasible. The risk scenarios classified as
medium risk should be subject to further analysis to reduce the risk and uncertainty
analysis. After this, having exhausted the possibilities of improvements, they may be
considered as acceptable though be still classified as medium risk. Thus, the most
appropriate safeguard depends on a balance among cost, effort, and the benefits with
implementing the improvements and the decision should take into consideration if the
treatment of risk is economically justifiable.
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Low risk: this category indicates a condition of acceptable risk, in which
recommendations can be considered as suggestions for reduced frequency or severity,
and complementary studies are not necessary. Although the suggestions, comments and
improvement actions can be proposed, implementation is not mandatory.

(8th column) actions and observations: in this column the observations, suggestions
and actions needed for each accident scenario are listed.

(9th column) this column gives a serial number referencing each accident scenario to
facilitate its identification.

5 Conclusions

Several alternatives have been studied to evaluate and understand the potential risks
associated with CO, geological storage. In spite of this, there are gaps in the methods
evaluated. The main gaps identified for GS projects are related to uncertainty and
frequency. These gaps have been caused mainly by lack of knowledge and lack of
specific data about storage systems.

Among the seven methods for qualitative risk analysis, the SWIFT method was the
most complete because the points discussed for each hazard identified causes,
uncertainty, consequences and safeguards. From this comparative study, it was concluded
that there is space to develop a user-friendly method applicable to complex and dynamic
systems and that includes aspects, which influence risk estimation such as: uncertainty,
safeguards, initiating event or causes, frequency and severity. Accordingly, the RA-CO,
method includes these characteristics.

With the implementation of the RA-CO, method to assess the risk associated to
storage, it is possible to obtain information about the causes that lead to the unwanted
migration of CO, and the aggravating conditions that lead to this migration and
preventive actions to avoid potential negative impacts as well their mitigating conditions.
Thus, with the RA-CO, method it is possible better understand the potential risks
associated with the CO, geological storage.

The economic cost comparison among the application of the RA-CO, method and the
other methods was not part of the scope of this paper since the identification of the main
parameters that influence the application cost was not the subject of this work analysis.
Some of the parameters are human resources availability, staff expertise, speed of data
collection and maintenance cost of the organisational assets. Thus, according to demand,
resources availability, assumptions, constraints, and technical requirements of the project,
the use of methods can have complementary action or be more appropriate in a specific
phase of CGS project.

The methods studied are all qualitative and they tend to have similar costs, which
depend on the scale and complexity of the project. Thus, the focus of this work was not
the identification of the application cost of the method, but the identification and
implementation of actions that could improve the process. The use of RA-CO, method
has the advantage of early recognition of the hazards involved in the process resulting in
a cost saving method. Noteworthy that the mapping of uncertainty enables focus on
future investment on the recommendations made for the scenarios with lower uncertainty.

In future studies the validation of the proposed RA-CO, method is planned using a
real case study to evaluate how flexible, practical and systematic it can be. The RA-CO,
method can be applied to estimate the typical field risk for storage in a system that
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simulates the actual conditions for geological storage of carbon. For better comparison of
costs among all the qualitative methods studied, it is recommended, for future work, the
application of all the methods in the same project to assess the actual cost according to
CGS project phases.
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