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ABSTRACT

Currently severadisparate and incomplete approaches l@mg used to analyse and make
decisions on the complex methodology of carbon capture and storage (CCS). A literature review
revealed that, as CCS is a new and complex technology, there is no-@goeethorough
assessment method for higvel CCS decisns. Therefore, a risk model addressing these
weaknesses waseated forassessingomplex CCS decisionsusing a multcriteria decision
analysis approach (MCDA)The model isaimed at transparently and comprehensively assessing

a wide variety of hetegeneous CCS criteria fwovide insightsnto andto aid decision makers

in making CCSspecific decisions

The risk model includesa variety of tools to assess heterogeneG@S criteria from the
environmental, social, economic and engineering fieldBhe model use decision trees,
sensitivity analysis antMonte Carlo simulation in combination with utility curves and decision
maker soé6 weights t o dataane stsmtiochinaiamtieobBlementsmshe d o n
model have been used elsewhéng are combined here in a novel way to address CCS
decisions.

Three ase studies were developtdrun the model in scenariasing expert opinionproject

specific data, literature reviewsnd engineering reports from Alberta, Saskatchewan and
Europe. In collaboration with Alberta Innovates Technology fewes a pilot study was

conducted withCCS experts in Albertaotassess how they would rank the importance of CCS
criteriato a projectselection decisionThe MCDA malelwasr un usi ng i@weighdsr t sO0 ¢
to determine howCCS projects were ranked Hifferentexperts.

The model was well received by the CCS experts who believed that it could be aalaghted
commercialized to meet many CCS decision probleffibe survey revealed a wide range in
expertsd under st an @Eipertg also placed @Bre emphasiseon icréeria from
within their field of expertisgalthough economic criteria dominated weights overalieresults
highlight the benefit of anodelthat clearlydemonstrasthe tradeoffs betweeprojects under
uncertain conditions. The survey results also revealed how sioiepision analysesan be
improved by including mordransparentmethods interdisciplinary criteria and sensitivity
analysis to produce more compreheasassessments
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IEA International Energy Association

IEAGHG IEA Greenhouse Gas Program

IGCC Integrated gasification combined cycle

IPAC-CO, International Performance Assessment Centre for geologic storage
of CO,

IPCC Intergovernmental Panel on Climate Change

ISO International Standardization Organization

kWh Kilowatt hour

LCA Life cycle assessment

LCI Life cycle inventory

MACC Marginal abatement cost curve

MAUT Multi-attribute utility theory

MAVT Multi -attribute value theory

MCDA Multi-criteria decision analysis

MCDM Multi -criteria decision making

MEA Monoethanolamine
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MT Megatonne

MW Megawatt

NGO Non-governmentabrganization

NIMBY Not in my back yard

NOx Nitrous oxide

O Oxygen

OO0IP Original oil in place

OPEX Operating costs/expenses

PFC Perfluorocarbons

PFM Preference function modeling

PO Phosphate

POCP Photochemical ozone creation potential

PPB Parts per billion

PPM Parts per million

PROMETHEE Preference ranking organizational method for enrichment
evaluation

RES Renewable energy source

SMART Simple multiattribute rating technique

SO, Sulphur dioxide

STEM Step method

Sk Sulphur hexafluoride

TOPSIS Technique for order preference by similarity to ideal situations

UNFCCC United Nations Framework Convention on Climate Change

VOC Volatile organic compounds

WCSB Western Canadian sedimentary basin

YOLL Years of life los
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GLOSSARY

Acidification Potential (APYgSQ, -equivalentkWh):

Acidification is the process of reducing the pH of a substance, in this context through the release
of SO, emissions from burning fossil fuels at a power generation plant (Penht and - 20Q&eI

Black Box Decision Analysis

A black box decision analysis is a model in which some, or all of the model is not understood by
the decision maker. This is the opposite of a transparent and user friendly model. Technical
parameters and complex mathould either be avoided or well explained to users (Figetira

al., 2005).

Capital Cost ($):

Capital costincludes all the costs involved in developing the project and constructing all the
necessary components of the CCS plant includinguoaptransprt, injection, monitoring and
decommissioning.

Capture Cost ($):

Capture cost refers to the operating costs for capturinga@@® separating the gas from the flue
gas of a fossifuelled power plant.

Carbon Dioxide (C@):

Carbon dioxide is the most imgant greenhouse gas causing between 9 and 26% of the overall
greenhouse effect and on the order of 75% of anthropogenic portion (Kielh and Trenberth, 1997).
CO; is by far the most abundant anthropogenic gas, which accounts for its large impact on
climatechange despite its low GWP.
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CO, Capture Efficiency (%):

CO, capture efficiency refers to the percentage of G& that is captured from the flue gas of a
power plant. The portion that is not captured is released into the atmosphere. A higher
efficiency is thus preferred for CCS.

CO, Storage:

The three major types of storage mediums being researched inclaohel @hs reservoirs, deep

saline formations and unmineable cbalkdls. Each storage method involves injecting @

dense rock formations wup to sever al kil ometr
have been identified in both on and offghtcations (IPCC, 2005).

CO, Transportation:

The main types of transportation include, truck, boat and pipeline. For quantities that are very
small, trucks may be the least expensive option. For distances that are up to 1,000 kilometres
and those thainvolve large quantities, pipelines are the preferred option. For overseas
transportation, ships are the most economically attractive option (IPCC, 2005).

Cost Benefit Analysis (CBA):

Cost benefit analysis as a concept is one of the widsly usedeconomicmethods for decision
making. It is aimed at maximizing economic benefits while minimizing costs (Pohekar and
Ramachandran, 2004). It includes methods ttfaracterizethe social consequences of
decisions basedxclusivelyon monetary value@Munier, 2004) All attributes of a project are
translated into money valugSavallaro, 2009)

Cost of Electricity (COE}$/kWh):

Cost of electricity is the price that consumers pay for each kWh, including all subsidies and extra
costs of adding CCS tofassilfuelled power plant.
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Energy Penalty:

The process of capturing, compressing and transporting f@@ a power plant requires a
significant amount of energy and is referred to as an energy penalty. Approximatd§ol0
additional energy is requd to produce electricity from@CSpower plant as compared with a
similar plant without CCS depending on the cdiodis and the technology used (IPCC, 2005).

Enhanced Oil Recovery (EOR):

EOR involves injecting C®into oil and gas wells to fpressurizethe reservoirs and produce
more oil and gas. This process can help produoemental oil above what is produced during
primary production When CQis injected into depleted oil and gas reservoirs, it dissolves in the
oil resulting in swelling and redttion in viscosity and rpressurizes the reservoir (Meadowcroft
and Langhelle, 2010). Approximately 8@t of natural CQ is injected into oil fields (mostly in
Texas) annually with small projects throughout the world. Currently there are over SQuadlivi
sites, some of which have been in use since the 1970s (IPCC, 2005).

Eutrophication Potential (ERPO,>-equivalentkWh):

Eutrophication is caused by a seri#shemicals such as NOSQGs, NHz andPO,> and refers to

the excessive supply of nutrients to soil and water (Pehnt and Henkel, 2009). Due to the
increased energyequired when introducing CC$e eutrophication potential can double when
CCS is added to a post combustion coal plant. 3 Hhe main eutrophicationcontributor
caused by thdegradation of the ME#nediumused in the C@capture process

Functional Unit:

A functional unit is a quantified description of the performance of the product systems, for use as
a reference uhi(Danish Ministry of the Environment, 2004). The functional unit is used in
assessments to compare alternatives using the same units and scale.

Global Warming Potential (GWRYCO,-equivalentkWh):

Although CCS reduces the quantity of £@mitted into the atmosphee due to the energy
penalty of CCS, extra construction material and imperfect capture techn@@yyis still
emitted into the atmosphereGWP i s used as a measure of an
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change.The GWPs used by the IPCC are a function adfiative forcing and atmospheric
lifespan. All GWPs are in relation to carbon dioxide which has a default rating of 1.

Human Toxicity Potential (HTR)ears of life lost):

Human toxicity is mostly a function of flue gas emissidram fossitfuelled power plants
comprisingHF, NOy, SO, HCI and particulate matter (Koameefet al.,2008) all of which have
a negative impact on human health

Intergovernmental Panel on Climate Change (IPCC):

The IPCC is an international organizati@stablished in 1988 by the world meteorological
organization and the United Nations environment program. The IPCC provides scientific
assessments of the risks of climate change caused by human activities.

Knowledge of CCS (constructed scald)d

Awareness and understanding of CCS by the public.

Life Cycle Assessment (LCA):

LCA is a method for measuring all the inputs and outputs of a system or process over its entire
lifespan from conception to disposal (and sometimes includes post disposal monitoring
remediation). LCA is often used in environmental projects and was first comprehensively used
for assessing CCS by Viebakhal., in 2007 (Pehnt and Henkel, 2009). LCA methodologies
have been formalized by the International Organization for Stazdéh (ISO) in their 14040
series of standards.

Multi-Criteria Decision Analysis (MCDA):

Multi-criteria decision making (or mulariteria decision analysis) has become more popular
when dealing with complex problems and is starting to be used insdisgesnergy options
(Wanget al, 2009). The process is similar to thet LCAs in that it assesses many criteria
differs from LCAshowever, in thaémphasis is put on amalgamating andglveng the different
criteria in order t@ive a morecomprehasiveconclusion or recommendatioMCDA can input
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data from LCAs and CBAs and then applies dec

project is best overall.

Operating Cost$):

Operating cost refers to the ongoing maintenance and costs askogthtkeeping a CCS plant
working.

Oxyfuel CQ capture:

Oxyfuel is a less mature technology than either post ecqmbustion and involves injecting a
high purity oxygen stream into the fossil fuel combustion phase of CCS. The major costs with
the oxyliel capture method are from separating oxygen from air, but likegondustionthe
process produces very pure C@(almost 100%) gas streanowering costs in the separation
phase.

Payback Period:

A common measure used in economic analysis is the payback period, which refers to the amount
of timerequired foran investmento give a full return orcapitalcosts (Parlet al.,2000).

Perceived Impact on Climate Change (constructed sebje O

Perceved impact of CCS on climate change relative to otfierate change mitigation optien
andis based on surveys of public opinion.

Perceived Impact on Health (constructed scelg: 0

Public perception of the positive or negative impacts of CCS on hbewdthn.

Perceived Impact on Other Technologies (constructed s¢Bte 0

Perceived impact of CCS on the development of other climate change mitigation technologies.
One common concern regarding CCS is that pursuing the technology witlerdae effort ah
funding tosustainablelimate changenitigation actios such as renewable energy projects.
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Photochemical Ozone Creation Potential (PO@RJ),H4-equivalendkWh):

POCP, al so referr ed thd aeatiansof nemgyroumdnezone throughgtide
combination of sunlight, nitrogen and volatile organic compounds (VOCs). VOCs and nitrogen
oxides are produced in the combustion of fossil fuels. POCP negatively impacts breathing and
inhibits plant functions.

PostCombustion CQCapture:

PostcombustionCCS technology is the most developed,@@pture technology and already is

in use in several locations worldwide. The capturing and separation portion of CCS has been in
use for several decades in the natural gas processing industry (IPCC, 2005¢onfassition

CO, capture refers to collecting G@as from the flue gas after the fuel has been burned. The
capturing therefore takes place in the flue gases and is wsitoilather processes involving
Gcrb b i polutants out of the smokestack such asetfosremovingSQ, and NQ.

PreCombustion C@Capture:

Precombustion C@ capture technologies have also been in use in some form for many years,
mostly in fertilizer manufacturing and hydrogen production (IPCC, 2005). This method of
capturing CQis currently more complex and expensive than qooshbustion C@capture. The

gas stream however has a much higher concentration pfa@®higher pressures making the
separation less costly and roughly comparable overall tecposbustion C@Q CCS. The pre
combustion process involves partially oxidizing the fossil fuel which reacts with steam to form
CO, and H. The hydrogen is then used directly as a fuel combustion source. The CO
concentrations from the emissions are much higher than those togpoiststion capture and

are typically in the range of 160% (Rackley, 2010).

Project (system) Boundary:

The project boundary is the interface between a system being studied and the environment that is
not included in the study. Several factors determine fYls¢e boundaries, including the
intended application of the study, the assumptions madegpffcudriteria, data and cost
constraints, and the intended audience (ISO 14040, 2006).

Public Perception (constructed scal&)0
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Overall opinion of the CCS projeby the public.

Radiative Forcing:

Radiative forcing is a measure of the influence a factor has in gtdr@balance of incoming
and outgoing energy in the Earitmosphere system and is an index of the importance of the
factor as a poteral climate change mechanism. aRiative forcing valuesrepresent changes
relative topreindustrial conditions sedt the yearl750 and are expseed in watts per square
metre(W/m?) (IPCC, 2007).

Risk Analysis:

The term isk is often referred to in terms of the dlikhood of events combined with their
associated consequences (ISO, 2009b). sk has al s o btateeai unckagainiyned a
where some of the possibilities involve a | os
determining and assessingshtombination of a negative consequence and its probability of
occurrence.

Storage Cost ($):

Storage cost includes all aspects of injecting and monitoringr@®a geological reservaoir.

Storage Potential (Mt of stored @O

Storage potential refer® tthe total reservoir capacity for storing £@isually in a geologic
medium

Supercritical fluid

A supercritical fluid refers to any substance with temperatures and pressures that enable the
substance teimultaneoushhave properties of solids, liquidéd gases. In thedS context this
enables CQto be very dense and to occupy very small pore spaces in geological reservoirs for
storage.
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Threshold:

Criteria are evaluated based upon their numerical or nominal values in order to create a score. A
thresold is a point beyond which the score of a criterion becomes unacceptable.

Transport Cost ($):

Transport cost includes the costs of compressing &1 transporting the supercritical fluid to
the storage site via pipeline, truck or ship.

Utility:

Utility is used as a measure of the usefulness of an iteaf,jmw much service it is to a person.

It can also be used to represent preferences between different choices. When comparing
different alternatives, it is important to use the same scala foil criteri a, such e
(Clemen, 1996)In order to compare heterogeneous criteria, utility curves are often used.
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CHAPTER 1
INTRODUCTION

11 CARBON CAPTURE AND ST ORAGE DECISI ON MODELING

Climate change is one of the most compbimallenges facing humankinidday (Patz et al.,
2005; DSF, 2009Major economies forum, 2009; Rackley, 2010; Chan). ndhe largest
contributor to anthropogenic climate change is the emissiatarifon dioxide (Cg), due in

| ar ge par teliahce o fossikfuelled ppwes plants to produce electricity. There are
however mitigation techniques and technologies that can reducee@sionssuch asnergy
conservationgreaterreliance orrenewable energgnd ornuclear powerand carbon capture and
storage (CCS) A suite of actions will be needed to adequately limit anthropogenic climate
change (IPCC, 2005)The CCSprocessaptures, transportandstoresCO, from fossitfuelled
power pantsin deeppermanengeologi@l reservoirs (IPCC, 2005)As CCS is a largscale and
new technology there are significant uncertainties relatéd its costs, impacts and
implementation For instance, the public is largely ignorant of CCS and have many

misconceptions of the technolodyujjts et al, 2007; Ashworthet al, 2009).

Whereas ndividual components of CCS have been in use for several det@dearious
purposes (Havercrofit al., 2011) integrating all threaspects of CCS has only recently been
explored as an effective climate change mitigation meth®©@. capturehas long beemnsed to
remove impurities in the petrochemical industry and for carbonating beveragesinjéfon
into geological reservoirs is usedr@pressurizeandchange the reservoir conditioimsorder to
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extract more oil from reservoirs. Transporting G®pipelinesto deliver CQ from both natural
and anthropogenisources to refineries and oil regeirsis also widespreadHowever, \ery few
largescaleCCS projectsintegrating all threestageshave beerdevelopedio date(IPCC, 2005

and MIT, nd)

CCS projecs are to be integrated with fos$uelled power plants which necessitates a large
scaleresulting in high costsSome characteristics of implementing CCS attributes hiavied

the development of the technologits long lifecycleand potentialy wide geographical impact
have required the development of new regulations about ownershiialaifity of CO, and CCS
(Government of Alberta, 2010)The uncertaincapital and operatingosts angotential impacts

on the environment and human health halg®resulted in delayed and cancelled CCS projects

duein partto public oppositior{Terwelet al., 2012).

Research is needed to understand how best to implement CCS and ttheymioblems which
havedelayed the development of C&&date Decision analysis is a formal method of assessing
choicesand providing recommendations for these choicd$ost CCS studies have focused
primarily on specific aspects of CCS (economic, social, engineering and environmental) in
isolation of one another TheseCCS assessmestudies also tend to use methods tirait
cross-disciplinary research.Current researchtigdiescan generally be groupedto life cycle
assessments (LCASs) for environmentdtdgusedinvestigations cost benefit analysis (CBA) for

economic studies and social surveys for public perceptioof CCS. The lack of



interdisciplinaity between assessment methdds hinderedcomprehensivecomparisons of

CCSprojectsand limited the broader understanding of the field (IEA, 2010).

Multi-criteria decision analysis (MCDA) is a method that is incregigiused to assess complex
energy problems such as CG8dnget al, 2009. The method involves incorporating déiam

primary sources, or thogeroduced from studies such as LCAs, CBAs and social sulineys
order to input itinto a decision analysifsamework Decisionmakers(DMs) amalgamate the

data andassig relative weights based on their perceived importance to the deciSl@ndata
weighting process produces a Bdylecific decision analysis that can be tailored to meet the
needs of assessneM CDAs also allow foiqualitative and quantitativeéata to be compared on
compatiblescales Cavallaro, 200R The process enables complex decisido beassessed

more holistically. Furthermore, since the future costs, benefits and impacts of imheree

CCS project are indeterminate, this uncertainty must be incorporated into the decision analysis

using a risk model.

The facus of ths thesis ido create aisk assessment modiglr CCS deci®ns using a MCDA
approach. Whilandividual elements bthe model have beeused elsewherg¢hese elements

have been brought together in a novel Wwayefor decision modeling of CGSpecificproblems.



1.1.1 Objectives

The main objective of this thesis i$o develop arisk assessment modé& facilitate CCS
decisionsthat incorporatesocial economic, engineeringnd environmental criteriasing a
MCDA approach To develop a decision assessment model many steps had to be completed. A
literature review of recent CCS studies was conducted to identifyjnther CCS risk factors
(criteria), to compare assessment methadsrently usedand to collect dataon the relevant
criteria A survey of CCS experts was also conductedlicit further risk factors. Probability
distributions of ctieria values wereeVeloped based dhe literature review andlsowith CCS
expersdopiniors. Representative CCS project scenaiese created using this infoationto
compare tradeoffs.DMs are faced with many choicdsr implementing CCS projestthat
necessitate tradeoffsThese can include decisions suchsakectingthe type of CQ capture
technology, location of COstorage, level of public and stakeholder engagemniewgl of
environmental and health monitorings well as developing straieg for reducing and

mitigating CQ leakage riskswhile balancing the need to limit capital and operating costs

1.1.2 Risk Model Development M ethodology and D emonstration

To enhanceand integratdlCDA methods into theisk modelto address CGSpecificproblems
many decision assessmetdols were implemented. Only tools that would provide a direct

benefit toa CCSassessment modekere included to avoid complicating the model and reducing



its usability. The MCDA CCS risk modef includes unceainty in criteria data and DM
preferences, through using Monte Carlo simulation, criteria weights, utility functions and
sensitivity analyses. The risk model aéswbles the inclusion bieterogeneousnitsfor diverse
criterig. and bothquantitative ad qualitative datdahat span economic, social, engering and
environmental aspects of CCSherisk modets flexibility allows for a wide range of decisions

to be assessdaly working through a series of questions and stdplls can individualize the
model to suit their specific needs and preferenddserisk model is therefore not prescriptive in

its recommendationdut rather servedDMs to better understand the tradeoffs between

alternatives. The emphasi s on transparehnhaygk abdxavsprn dle

whereDMs do not understand the model and therefore do not trust the results.

To demonstrate the CCS risk model, three representative CCS projects were developed. The
projects were created using front end engimgerdesign (FEED) sdies, peereviewed
literature data, projeetpecific data and expert opinion. A survey of CCS experts in Alberta was
conducted teelicit their opinions of therelative importance o€CScriteria to project selection.

The CCSexperts were categorized byeir backgroundfocusarea of employment or research)

and expertise into governmental, environmental, research and industrgsg Both the
individual and categoryesponses were used as inputs into the model case study to represent
CCSDMsb o0 p i Mante @aslo simulations were performed using the uncertainties in criteria
values and expert opinion responses. oeway sensitivity analysis using the case studies
determined whether the uncertainties in criteria data and expert criteria weigtgktive

preferences of importance of criter@uld have a significant impact on the selection of projects.

'The MCDA CCS risk model developed for this thesis is
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A study of possible extreme negative evemés created using data from the literature to assess
the potentialcause®f CCS project cancellations widwide. The studyssessdthe uncertainty
in project selectiorand was compared with simple tools and assessment methizisg thee

risk model elements, BM is able to more comprehensively assess alteesti

1.1. 3 Chapter O utline s

The thesis includes seve&haptersand three appendicesChapters 4, 5 and 6 represduaty
findings and have beesulmitted for publication. Thes€hapters therefore are formatted
specifically for publication and contain their own abstracts, conclusindsreferencesA full

list of references is providddllowing Chapter 7.

Chapter 1 is an introduction 86CS anddecision analysiend outlines the objectives of the
thesis. It provides context to the need for C@S a climate change mitigation strateggcent
decision analysis methods for assessing CCS and outlines h@Z®esk model builds upon

other methods.

This thesis combines the field of decision analysis with the emerging techdlGES. There
are thereforetwo literature reviewchapters,with Chapter 2 providing a context for CCS and

Chapter 3 descrihg various methods that have been used to assess complex decisions that arise



from technologies such as CCSSubsequenthapters describeolw a risk model using an

MCDA approachmay beused taassist withCCS decisions.

Chapter2 reviews the scientific basis ofimate changewith a description othe anthropogenic
causes and sources of greenhouse gapesifically CQ. The need foCCSas a climate change
mitigation strategyis then explainednd how it cancontribute tocurrentemission reduction
strategies using exiag technology A descriptions givenof the differentstagesof CCS (CQ
capture, transport and geological storage)well asan outline ofthe differenttypes of CCS
technologiescurrently being used and those in developmenA history of CCSassessment
researchfollows with an explanation of thevide variety of CCS impacts includingtheir
associated risksvith anemphasis on C{leakage frongeologicalstorage reservoirsChapter2
concludes with a summary of exiggi and proposed CCS projects, dadal and regulatory

obstacleghat hindeithe widespread development of CCS

Chapter 3provides an overview ofledsion analysisas well asits evolution towards more
systematic and complex methods. The most common decision analysis magpiptidd to
related areaflife cycle assessmentsnergy modellingcost benefit analysis, decision treasg
described MCDA is presentedas a comprehensivalternativeto other common decision
analysisapplications Other aspects of decision analysis are described including utilitigal
event analysisthresholds and ongay sensitivity analysisThe benefitand drawbeks of each

decision analysismethod aredescribed, including howelements of each methocan be



incorporated into complex energy decision makirigastly, a case study is used ttustrate

some of the MCIB. methods used to address laggalecomplexenergy decisions.

Chapter4ent i t 1 ed AAn interdisciplinary perspecti vi
me t h oedievsthe current state of decision analysis for CQSliterature reviewdetermines

the criteria that weremost often included irrecent CCS assessmeraned reviewsarticles

spanning economic, environmentahgineeringand social analysesThe types of criteria used

for assessing CC&re examined, and theterdisciplinarity ofthe articles is dcussedas a key

driver behind theneedfor a holistic model The most commonly usediteria in each discipline

form the basis for the subsequenmprehensive CCS risk mod##signand case studiesThis

chapteracts as a bridgeising information fronChaptes 2 and 3 tdnfluenceboththe choice of
criteriaandthe methods useth the risk modeemployedin Chaptes 5 and 6 It was submitted

to the Journal of Industrial Ecolo@gy June2012and is currently undeeview.

Chapter 5describedn detail the development dhfe risk assessment modededin this thesis

based on MCDA approachA simple CCS examplis providedto demonstratéhe model The

model uses elements decision analyses that are employ#dnein other modelslsewhere.

The model incorporates theelements in a novel wag comprehensively address GGfecific

decisions. The modelis descriptive and informative rather than prescriptiaed therefore
providesno universal optimal choice. By incorporatibilsd pr ef er encmtstheand op
asessment model, the results are individualized to meeDlihe 6 s peci fi cArequir

Abl ack boxo approach is avoided by transparen



about alternatives and their possible outcomdsie methodologyincorporates uncertainty,
heterogeneous criteria, utility curves, decision tress)sitivity analysis andvonte Carlo
simulation into theisk modelin order to achieve the abovementioned outcon@sapter 5 was

submitted to the Journal of Risks&essnmat in October 2012.

Chapter 6presentghree CCScase studiedeveloped for the risk assessment modete CCS
case studies were developed using tfremd engineering reports, peaewviewed literature data,
projectspecific data and expert opinian order to demonstrate the modelCCS experts in
Albertafrom industry, government, environmental rgovernmental organizations and research
organizations were interviewed about the moaledi their opinions onthe CCS criteriaused
therein They were askedbtrate the relative importancef each criterionfor making CCS
decisiors using the riskassessmennodel Recommendations famprovementsn the model
for future assessments were also recardedhapter 6 was submitted to the Journal of

Greenhouse Gasogtrol inNovember2012.

Chapter 7 summarizes thmain resultsand makes recommendations for future research
Although theCCS case stués outlined in Chapter 6 includeonly a limited number of CCS
expert® o p | and wascenfined primarily to Alberta whasresidents already have a high
level of knowledge of CCS (IPACO,, 2011) the results nonethelegwovide valuable
perspectivesinto the subject Finally, the model has face validftyaccording toexpersd

feedback. l@wever it should be acknowledged thacCs is still a novel technology and there is

2 Face validity refers to the ability of a model to properly test or assess the property that it claims to test (Turner,
1979).



no long term historical basis by which to evaluate the effectiveness of CCS degiad@sising

the tool

Three appendices conclude the thedike first appendixlaboates on climate change science,
and CCS technologies, risks addvelopments. Appendix 2 expands upon decision analysis
methods and concepts discussed in prevahapters. Appendix Providesthe details ofthe
study design used i€haptes 5 and 6 and a detailed description of all the criteria used

throughout the thesis.
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CHAPTER 2
CARBON CAPTURE AND S TORAGE

2.1 CLMATE CHANGE

Climate change is considered by many to be the most serious threat facing the word §Patz

2005; DSF, 2009). Approximately 430Gt of carbon has been released into the atmosphere due to
human actionsover the past two centuries, increasing the atmospheric concentrations from
280ppm to 396ppm (Rackley, 2010). According to the Intergovernmeatal Pn Climate
Change (IPCC), CPand other natural and anthropogenic forces have increased the global
average surface temperature by 0.74 + @idver thetwentiethcentury (IPCC, 2007)Climate

change mdels show that the obsed global temperatureicreasecan only be explained by
anthropogenic causes (see Figure 1). Climate change is caused by many factors, of which the
greenhouse effect ithe most dominant (see Sectiorl.2). In recent years awareness of the
seriousness of anthropogenic climathange, as well as an understanding of the scale of the
problem, has led to increased research olbimate change mitigation optiondeiserowitz,

2007).
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Figure 1 Global mean surface temperature trends and anomalies in theétury. In both
graphs the black line represents the observed temperatures showing the upward trend
and comparing the charts showkat natural forcing alone cannot account for the
temperature changesThe vertical gray lines show major volcanic ewemthich
cause global temperatures to decrease temporaiilye upper graph shows the
modeled natural and anthropogenic forcing on global temperatures in red. The lower
graph shows only the effect that natural forcing would ltavglobal temperatures in
blue (IPCC, 2007)
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2.1.1 Greenhouse E ffect

The greenhouse effect is based on the principle that sunlight can pass through transparent
substances, but the heat given off by this light does not pass back through as easily (Le Treut,
2007). In 1861John Tyndall showed thaoth CO, and water absorb thermal radiation, which
could have been the cause of the variation in climate that geologistéréadyobserved in the
geologi@l record (e Treut, 2007). Through the twentiatantury and into thewventyirst, the
interdisciplinary field of carbon cycle science led to a greater understanding of the effect of

greenhouse gases oarclimate (Le Treut, 2007)

The global greenhouse effect is caused by molecules that absorb thermal radiation in the
atmosphere, of which anthropogenic sources of carbon dioxide),(@@thane (Ck), nitrous

oxide (NO), hydrochlorofluorocarbons (HCFCs), perfluorocarbons (PFCs), and sulphur
hexafluoride (SE) have the largest impact and are regulated under the Kyoto &lrotoc
(UNFCCC, 1998). These compounds ammllectively described as greenhouse gases (GHGS)
(see Appendix 1Aor more details on these GHGs with respect to their sources and ilngdacts
addition to these regulated gases, there are nigtourringGHGsincluding water vapour and
ozone The absorption of thermal radiatitly GHGsin the atmosphere creates an insulating
layer wherein heat is trappégdee Figure 2)similar to that observed on cloudy nights and in
greenhousesGHGs have modifiedhe enegy balanceof Earthby trapping more heat within the

atmosphere anttherebyraisingglobaltemperature
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have resulted in an increasethermal radiation towards Eayttausing global mean
temperatures to rise (Le Treut, 2007)

The IPCC was established in 1988 by the World Meteorological Organization and the United
Nations Environment Programme. The panel consists of hundreds ofssi@rdridwide with

the objectve of providingfidecisioamakers and others interested in climate change with an
objective source of informatio about c¢cl i mate changeo (I PCC, n

climate change and G@missions, the IPCC has statedheir latest report that:

Global atmospheric concentrations of carbon dioxide, methane and nitrous
oxide have increased markedly as a result of human activities since 1750
and now far exceed pirdustrial values determined from ice cores
spanning manyhousands of yearnsee Figure 3] The global increases in
carbon dioxide concentration are due primarily to fossil fuel use and land
use change Most of the observed increase in global avetageperatures
since the mieROth century isvery likely due tothe observed increase in
anthropogenigreenhouse gas concentratigfsCC, 2007 p36)

A significant and growing body of research has shown that climate change is occurring through
the release of anthropogenic greenhouse gases amongst other anthragpabjeataral causes

(IPCC, 2007).
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Figure3 Atmospheric CQconcentrations for the past 10,000 years taken from ice cores showing
a rapid increase over the past 200 years (Le Treut, 2007)

Global warming potential (GWP) is used as an index to compare different gases based on the
relative impacts of their emissiongn trappingradiatedheat in the atmospheréhusimpacting

climate systems (IPCC, 2001). The GWPs used by the IPCC are a function of radiativé forcing
and atmospheric lifespan, which vary by type of GHG (see Appemifod a description of

GHGs, their GWPs and atmospheric lifespangor a visual representation of the radiative
forcing of natural and anthropogenic chemicals see Figuni¢h identifiesCO, as the largest

single influencing factor

% Radiative forcing is a measure of the influence a factor has in gténam balance of incoming aralitgoing
energy in theearthatmosphere system and is an index of the importance éddter as gotental climate change
mechanism. Rdiativeforcing values represent changekative topre-industrial conditions sedtthe yearl75Q and
are expresed in watts per squaretre(W/m? (IPCC, 2007.
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Figure4 Radiative forcing (RF) estimates and ranges for different chemicals and mechanisms
(IPCC, 2007)

2.1.2 Carbon D ioxide (CO )

Carbon dioxidethe most important antbpogenic greenhouse gas, causetsveen 9% and 26%

of the overall greenhouse effect and approximately 75% of the anthropogenic portion (Kielh and
Trenberth, 1997). C£Ls by farthe most abundant anthropogenic GH@hich accounts for its

large impact on climate chang#espite its refavely low GWPof 1. Natural and anthropogenic
sources of C@have differentheavy isotope ratigenabling sciensits to roughly determinine

level of atmospheric concentrationshat are anthropogenic in origin (IPCC, 2007).
Approximately 5% of all theyeological carbon stored in the past several hundred million years
through natural processeBas been released by humans since 1750 (Rackley, 2010).
Anthropogenic emissions have increased the atmospheric concentration @fé€2@he past two

centuriego April 2012from 280ppm to 398pm (NOAA, 2012). The impact on climate change
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has increased commensurately. The radiative forcing of climate causedhogpogeniand

natural processes is discus$edherin Appendix JA.

CQO, is released into the rabsphere from a wide variety of sources, both natuead. (
geochemical weathering frorocks and animal respiratioafd anthropogenisuch asndustrial
processes, land use changes tiedcombustion of fossil fuels. The annual fluxes of natural and
anthropogenic C@betweenreservoirs are shown in Appendb&. Over the past 25 years the
amount of CQin the atmosphere has increased by between 3.2 and 4.1Gt of carbon par year
relatively modest amount compared with natural carbon floxethe orde of hundreds of Gts

but still sufficient to upset the balancé&pproximately 55% of the anthropogenic £émitted
does not add to atmospheric concentrations and is instead taken in by plants and aiisorbed
the oceans (IPCC, 2007). However, thstseage reserves are in a dynamic equilibrium with

the atmosphereesulting in a decreasing capacity to continue stafilg, So we cannot rely on

this phenomenomlone to solve climate change.

Fossitfuelled combustion for electricity production, petrashical refineries and cement
manufaturing causeover 75% ofanthropogenidCO, emissions, with most of the remaining
25% of emissions due téand use chares such as deforestation and associated biomass
burning (IPCC, 2007). The anthropogenic souroésCO, with emissions greater than
0.1 MtCOy/yr are shown in Table 1. These sources represent apprekms@so of worldwide

anthropogeni€O, emissions.
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Tablel Worldwide large C@sources emitting greater than ®tCO,/yr (adapted from IPCC,

2005)
Process Number of sources Cumulativeemissions (MtCQ/yr)
Fossil fuels
Power 4,943 10,539
Cement production 1,175 932
Refineries 638 798
Iron and steel industry 269 646
Petrochemical industry 470 379
Oil and gagrocessing Not available 50
Other sources 90 33
Biomass
Bioethanol and bioenergy 303 91
Total 7,887 13,466

Electricity production worldwides, on average composed otoaktfuelled power plantg38%),

followed by hydro (17.5%), naturagas (17.3%), nuclear (169), ol (9%) and renewable
sourcessuch as wind and solar power (1.6%) (IPCC, 2005). The type of foskchas an
energy source isectorspecific; steel production uses primarily coal, whereas refining and
chemical industries typatly use oil and gasNevertheless,ach country varies significantly in

their primary energy source due in part due to their indigenous supplies; the U.S. and China use
mostly coal while Mexico uses far more oil and gas (IPCC, 2005). The choices @y saerce
strongly affect C@ emissionsas coal has the highest carbon contagit KWh of electricity
produced followed by oil, then natural gasThe residential and transport sectors contribute
approximately 30% to worldwide GCemissions. A further description of @Q@ources is

provided in Appendix A.

Although CQ is harmless to humans in small concentrations (such as those found in the
atmosphere), higher concentrations can cause significant probdnd are discussed in

Section 2.3.6
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2.2 CARBON CAPTURE AND STORAGE

Carbon dioxide capture and storage (CCS) refers to the process of extractif{geGérdy

from theflue gas of a fossiluelled power plant), compressing the gas and transporting it to a site
for long-term gedogical storage thus not releasing it tahe atmospheréNatural Resources
Canada, 2006).CCS is an essential contributor to reducing GHG emissions and lessening the
effect of anthropogenic climate change (IPCC, 2005). Climate change mitigation models have
been used to show how CCS can significantly contribute to reducing anthropogenic climate
change. A further description of climate change mitigation models is providéuapter 3 and
Appendix B. CCS is an expensive technology and has feehe uses beyond mitigating
climate change.Nevertheless,hie IPCC considers CCS to be one of sdvepsions needed in

t he Aportf ol i optior® ffor stabilizatighadf i abmespheric greenhouse gas
concentrat i ons @sthel ePider@e foraftHhopoggnid glimate change increases,
research into CCS has increased commensurat€lyS refes to a process and not a single
technology as there are many different technologies thatajture, transport and store £0

(Meadowcroft and Langhelle, 2010).

The key targets forCCS are power plants that emit more thaMT of CO, annually (see
Tale 2) and other large point sources of £Qee Table 1) Moreover, heseother large point
sources also typically have relatively high £€ncentrations. Fossil fuel power plants and
refineries account for the largest point sourcésrge point source havesignificantly higher
CO, concentrations than diffuse sources such as automobile exhadshavea lower CQ
capture cost per undue to economies of scaleéOne possible way to mitigate emissions from
smaller sourcesuch as residential heatimg to shift to processes that use electricity, with the
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energy coming from a CCS fossil fuel plamta renewable energy sour@deadowcroft and

Langhelle, 2010).

Table2 CO, concentrations of large fossil fuel power plants (adapted from IPCC, 2005)

Source C% concentration
b volumedry

Power station flue gas:

Natural gas fired boilers 7-10

Gas turbines 34

Qil fired boilers 11-13

Coaltfired boilers 12-14

IGCC aftercombustion 12-14
Oil refinery and petrochemical plant fired heate 8

There are three commercistale CCS projectsperatingworldwide as of 2010 with more,
smaller demonstration and pilot plants beingaleped or proposed (see Figure 5The three
commercial projects are Sleipner in the North Sea near Norway, Welbdahe in
Saskatchewan, Canagdand In Salah in Algeria. Although commeressmiale, none of these
projects fully integrate CCS with power plants (IPCC, 2005). As more pilot projeets a
introduced, the experience gained could resukvantuallowering of both costs and risks of

CCS. Each of theeprojects is described in more depthAppendix B.
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Figure5 Location of majorCO, storage, Bhanced oil recovergnd researchsites worldwide
(CO2CRC, 2010b)

CCS allows for the continued use of affordable and available fossil fuels, without most of the
associated GHG emissions (Natural Resources, 2006), while retaining the existing energy
infrastructure. Canada has very large fossil fuel reserves and anisestbihfrastructure
committed to generating electricity with these reserves. Coal is at the center of many of the
Provincesd pstrategiesand is exgestedtta remain a significant part of the energy
mix for the foreseeable future (Naturald®arces, 2008). Canada ranks third in the world for
remaining conventional oil reserves behind only Saudi Arabia and Venezuela (CAPP, 2012) and
second when unconventional oil reserves are included (NEB, 2004). Cur8&3yof global
energy comes fromoksil fuels, which is not expected to change drastically in the near future
(Rackley, 2010). CCS thereforeould allow energy producers to continue witlusiness as

usual (BAU) practices while more sustainable and long term climate mitigation strategies a

devel oped. As Meadowcr oftéerm futord of fossinfuelb ie tldsely st a't

21



bound up with the devel opment a n dcentuey pPICG y me n t
emission reduction targets are to be achieved, virtually all figdied power plants would need

to have a CCS componemtegrated into their system. Opponents of CCS argue that
government investment in CCS may reduce funding to sustainable emgiggs related to
renewable energy sourceshich they view as more peanent solutions to climate change
They believe that CCS0s drawbacks outweigh
potentially more C@ emissions in the long term (AOSIS, 2011kovernments are trying to

achieve aalancebetweenthose for and agast CCS and prioritize based upon domestic needs

(EU, 2008 Doelle and Lukweski, 2012 A further discussion of worldwide reserves and

infrastructure can be found in Appendik.1

Certain aspects of CCS have been in use for decades to recover oilsaftdngageological
reservoirs.Enhanced oil recoverfeQOR), an increasingly popular option for implementing CCS,
was first developed in the U.S. in the 1970s as a way of using exces® €Qract more oil

from existing fields(IPCC, 2005, DOE, 2009). HDinvolves injecting C@into oil and gas

wells tore-pressurizee eser voi r s, reduce t ¢pmorewil dndgas (8ee s c 0 s i
Figure §. The process also loosens up residual oil by reducing the surface tension of oil within
the surroundingeservoir allowing for easier movement (Meadowcroft and Langhelle, 2010).
Approximately 30Mt of natural CQ is injected into oil fields annually (mostly in Texas) with
other small projects existing throughout the world. There are over 50 indi&fDialsites
worldwide, some of which have been in use since the 1970s (IPCC, 2005). The high number of
EOR sites is due to the changing economic conditions ¢tablthe process becoming viable

within the past four decades. Oil fields typically include aengbectrum of petroleum oils
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ranging from very heavy tdri ke substances (such as those
light hydrocarbons and gases such as @@ methane. In those cases where €Qasts, this

CO, is taken dectly from an oil fietl to re-pressurizethe same or nearby oil fields and thus
yield more extracted oil overall. In many cases, however, the fGOEOR is taken from
naturally occurring C@reservoirs elsewhere, combining the transport and injection aspects of

CCS which isexplored further below (Rackley, 2010).

Froduction well
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Figure6 Enhanced oil recovery using injected £X0 pressurize declining oil and gas reservoirs
and increase their production (IPCC, 2005)

EOR is usually the tertiary oil recovery methafter first using primary production and then
water flooding. Normal primary production removes between 5 and 40% of the oil, with water
flooding adding another 1P0% and finally CQinjection a further 23% (IPCC, 2005). As oil

and gas prices increa, EOR becomes increasingly economically viable (and by association so
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do some CCS projects). Although EOR has been in use for many decades, usifiy CO

enhanced natural gas recovery is relatively new and still in the pilot testing phase.

In order tomatch CCS projects and EQRCS projects (and pipelines) will need to be timed and
located to meet the needs of declining oil wells so that the wellbearsednost efficiently
(IPCC, 2005). It will be much less expensive to conduct EOR wehii@ction wells are still in

production since much of the equipment and personnel will already be available.

As mentioned above, EOR provides several benefits beyond producing more oil and gas; the
infrastructure used in oil and gas exploration and developoagnbe of great use in transporting

and injecting CQinto exclusively storage sites. Subsurface formations for use jstotage
without EOR can become well characterized in petroleum fields (IPCC, 2@ida collected

and infrastructure from EOR pagjts combined with computer modeling, can allow &curate

assessments of potential for £i@jection for EOR, as well as strict G&torage.

2.2.1 CO, Capture

A significant portion of the costs of pestmbustion CCS is due to the difficulty in sdting
relatively low concentrations of COfrom flue gas emission8n order to purifyit to the high
concentrations required for capture, transport and stpradee lower the concentration of GO

in the flue gas stream, the moreeegy and thus costis required in the capturprocess
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(IPCC, 2005). Thdow CO, concentrations for several typical g@mitting processes are

shown in Table 2. Most emissions from power generation and industrial processes have
relatively low CO, concentrations(although §ll much higher compared to atmospheric
concentrations and those from other processes) and thus engender high capture and compression
costs (IPCC, 2005). Despite the cost limitations,uorent technologycan captureup to
approximately 885% of the CO, produced in the flue gas fro fossitfuelled power plants
depending on the fuel input and the capture technoladych is explained below and in

Appendix B.

There are three major types of £€apture technologies used in CCS: pa®nbustion CQ
capure, precombustion C@ capture, and oxyfuel CQcapture. As postcombustion capture
technologies are the most maturedavidely used currently, they wenhosen as the capture
technology for the scenarios in this thesié. further description of the oén CQ capture
methods can be found in AppendixB1 As the CCS field develops, the other capture
technologies are expected to become more widespneagimmercialscale projects Thekey
differencesbetween the method®late to whenCO, is captured from the systeduring the
combustion process and whether the fossil fuel is combusted in the presence of atmospheric air
or pure Oxygen (,). A schematic ofthe different methods of combustion, separation and
compression of Cofor the thre capture types shown in Figuré. The main advantages and
disadvantages of each of the capture technologies are outlined in Tabtst8ombustion CQ
capture holds the most promise for nsEam deployment ancetrofit opportunities, while pre
combustion and wyfuel combustion may have significant advantages within specific

applicationsof CCS in the longermonce technological and economic hurdles caovsEcome
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Figure7 Schematic diagram of the differemajor CO, capture processes (IPCC, 2005)

Table3 Advantages and disadvantages of capture technologies (Rackley, 2010)

Capture option

Advantages

Disadvantages

Pre-combustion

9 Lower energy requirements for GO
capture and comprees

9 Temperature and efficiency
issues associated with hydrogel
rich gas turbine fuel

Postcombustion

9 Fully developed technology, commercial
deployed at the required scale in other
industrial sectors

1 Opportunities for retrofit to existing plén

9 High parasitic power requiremer|
for solvent regeneration

9 High capital and operating costg
for current absorption systems

Oxyfuel combustion

1 Mature airseparation technologies
available

1 Significant plant impact makes
retrofit less attractive

Postcombustioncapture technologies are the most developed €fpture method andre
alreadyin use in severglilot and demonstration planigridwide. This capturenethod has also
been in use for several decades in the natural gas processing industry (IPCCalgt@igh

there is much less experience in capturing, @@m power plants (Raet al., 2009) Post
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combustion refers to collecting G@as from the flue gas after the fuel has been burned. The
capturing therefore takes place in the flue gases and itassito other processes involving
Ascrubbingd pollutants out of tulplur ogide®fO@ st ac k

andnitrogen oxidesNOy).

The typical fluegases from a fossilielled power plantare shown in AppendixBLalong with
their respectiveconcentrations. These concentrations atiter parameters are important for
postcombustion capture because they determine how thewilDbe removed and purified
before transportation. Variations in these characteristics can greatly chanfgagibility and
economics of a CCS projector instancethe CQ must be transported in isolation from other
chemicals such as water and sulphwhich impact the capturesfficiency, thus high
concentrations of other chemicals can significantly irsethe capture costBy contrast, pre
combustion capture and oxyfuel CCS allow more control over the conditions under which CO
combusted or released, to make capturing, @G3s expensive. A description different
methods applied ta@wement plantswhich like fossiifuelled power plarst have high CQ

emissions and may be suitable &S, can be found in AppendiBl1

2.2.2 CO, Transportation

The main types ofCO, transportation include truck, boat and pipeline. For relatively small
guantities orthe order of hundreds of tonnes of 6@r yeay trucks may be the least expensive

option (IPCC, 2005 and IPCC, 2006). For distances that are up to 1,000 kilometres and those
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that involve larger quantities of GQOpipelines are the preferred option. Foverseas
transportation, ships can be the most economiedtitgctive option (see FiguB} (IPCC, 2005).
As CQ, transport via pipeline is currently the most widely used transportation method, it is used

as the primary method throughout this thesis.

CO, purity is important both for capture technologias well as in transport and storagace
impurities change the compressibility of the g&0, must be compressed for transportation to
enable large volumes of the material to be transported in sipalines to improve efficiency
and reduce costsComponents such as g0, andHydrogen sulphideH,S) may result in the
transported fluid being classified as hazardalepending on their concentrations, requiring
special handling and disposal methdB&rgmanet al., 1997). Pipelines also have limits on
impurities (including water)as they can affect the structural integrity of the walls mostly due to
corrosion CO, is therefore always dehydrated prior to transportatigileadowcroft and

Langhelle, 20@).

Power plants are typically not sited based on adjacency to suitable geological storage, for CO
but rather based on proximity to a fuel supply source or a centre of concentrated energy demand.
The distances between the £€burce andjeologicalstorage sitecanthusbe on the order of
several kilometres to hundie of kilometres away. d®earch into suitable storage reservoirs is

still very limited.
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Figure8 Costs of transporting GOy method and distance (IPCC, 2005)

Transport of CQby pipeline has been occurring for many years and operates in a mature market
with over6,500km of pipelinegomprising 36 separate pipelin@sthe United States alone (see
Figure 9) (IPCC, 2005 Interstate Oil and Gas Compact CommissibiRietro and Balash,
2012. There are C@pipelines in other countriealthough theindustryis far less developed.

On shorter pipelinesan upstream compressor pushes the, @Dereadonger pipelines require
periodic compressors along the route teuga adequate pressuiheoughout(IPCC, 2005) The
technologies, risks and costs associated with transportingf@ot expected to be a barrier to
CCS implementatignas theseare minimal andwell known. In comparisonCO, capture and
storagein geobgical formations is a novel research area that requires significant future research

to reduce uncertainties and risks associated with the injection of large quantities of CO
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Figure9 CO; pipelines in the United States (Parfomak and Folger, 2008)

2.2.3 CO, Storage

Research has shown that the sites with the most potenti@Costorage occur in depleted oil

and gas fields, codled methane reservoirs, deep saline aquifers and sathsdgee Figuré0)

(Natural Resources Canada, 2006).hese natural geological sites trap L£i@ reservoirs

surrounded by an impermeable layer, or cap rock, so that thel@® not migrate laterally or

vertically. After tens to hundreds of years, 86, may be chemically and physically bound to

the surrounding media in the reservoirhere may also be significant storage capacity offshore

in similar geological formations although this is less well studied. All tsésmge options

involve injectingCOi nt o dense rock for mat:i

Suitable storage sites have been identified in both onshore and offshore locations (IPCC, 2005).

All these storage sites represent ancient depressions that have fille@dwitiests and formed
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sedimentary rocks, however preliminary workbising undertaken tstudy storage in igneous
and metamorphic rocksvhich have much lower porositieDirect mineral fixatiorf is another
CO, storage option but would likely be prohibitlyeexpensive and environmentally damaging

(Natural Resources Canada, 2006).

Geological Storage Options for CO, ——— prodyced ol or gis
1 Depleted oil and gas reservoirs e Injected CO,
2 Use of CO. in enhanced il recovery BN stored CO,

3 Desp unused saline water-zaturated resenvoir rocks
4 Deep unmineable coal seams

4 Use of CO, in enhanced coal bed methane recovery
& Other suggested oplions (basalts, oil shales, cavities)

Figure10 Geological storage options for GECO2CRC, 2008a)

There has been a significant amount of experience gained insto@ge by the petroleum

industry through their wérin EOR (IPCC, 2005). Using this knowledge it is expected that

4 Mineral fixation is the reaction of GQwith minerals to create carbonates that are geologically stable. There are
many methods of injecting and promoting the reactions which are generally very slow, however research is being
conducted to improve the processes (Goldletia.,2000).
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injecting CQ into well-characterized and propeglected sites is will beery securgwith 99%

of the injected C@remaining undergrouhfor at least 1,000 years (IPCC, 2005).

The types of storage reservoirs vary considerably in location, storage capacity and the storage
mechanism usedwWhile initial estimates show that there is potentially moestenough storage

space to contaiall anthropogenic C@emissions in geological reservoirs, there still are many
other factors to assess when considering total practical storage capacity. In order to make
significant reductions to atmospheric £€Concentrations there will need to Ibendreds to
thousands of largecaleCO, storage sites (IPCC, 2005). Sowofethese storage sites will be in
locations too remote or too expensive to feasibly and efficiently storg ((RGC, 2005).
Fortunately, most population centres lie above or rsmtimentary deposits (as they are
generally nutrient rich and flat) so many storage sites are expected to be located near the CO
source. Associated rvironmental and health risks are described in Secfeh® and2.5. The

general distribution of difient basinsfor potential CQ storage worldwide is shown in

Figure 1L. The size of the sedimentary basins or the size of the storage site does not necessarily

indicate that the site is suitable for £€orage.
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Figurell Distribution of prospective sedimentary geoladibasins worldwide for CCE0O,
storaggIPCC, 2005)

Detailed studies of storage areas within countries are still in the early stages of analysis.
Preliminary results show that ma§O, storage sitesre situated neaemission sources. In
Canada, thorough studies have only been conducted in the Western Canadian Sedimentary Basin
(WCSB) with limited research elsewher&he WCSB is expected to haweany CQ emission

sources witrsuitable storage sites nbgiin southern Alberta and Saskatchewarhe oil sands

in northern Albertahowever are not near suitable sites and a@uld have to be transported
further distances (Bachu, 2003). Refineries are now being built near Edmonton in Northern
Alberta, whichwill much more closely link emission sources with storage sites. As discanssed
Appendix B, a proposed network of pipelinesthe WCSB to connect with tha@l sandsmay

solve this problem.
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2.2.3.1CQ Sorage Mechanisms

CO, is typically injected atlepths betweeB800mand 2kmbecause at these depttmmperatures
and pressures, it compresses into a very dense supercritical fluid that efficiently fits into the pore
space ofsedimentary rocks, witdensityvarying asa function of depth The diversetypes of
storage mechanisms (mineral, solubility, residual, structural and stratigraphic trapping) are
described further in AppendixBl These mechanisms often work in concegsulting in more
security of CQ storage over time as more mechanisms tr@p See Figure 2) (IPCC, 2005).
Although there are different methods of securely storing i@Q@he subsurface, all CQenters
the same way: through well injection into pore spaces between grains and minerals, and into
fractures. Injected CLlisplaceghein situfluids (IPCC, 2005)which isusefulfor enhanced oil
recovery. For EOR, notall CG, will remain underground as some isextracted with the oil to

be reused to extract further oil.
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Figurel2 Security of CQin geological storage as a function of time (CO2CRC, 2008b)

2.2.3.2 Monitoring and V erification

Monitoring provides many benefits such as verifying that, @Ostored properly and is not
leaking out of the reservojrand optimizing the efficiency of st@ge. It can alsaletermine
which methods of storage are theost effective (IPCC, 2005). Accurate measurement and
monitoring of stored C®is important for CCS as it wagecently approvedas a Clean
Development Mchanism (CDMjechnology The CDM is dlexibility mechanism of the Kyoto
Protocol thatenable developedountries to reduce or sequester GHGseveloping countries

in order to offset emissions fro domesticsources and avoidon-compliance with thie Kyoto
Protocol GHG reduction targets (C, 2007). Companies are able to buy GHG credits for
emissions that they produce and sell credits that are no longer emigedhe Durban
conference in 2011the member partieagreed that CCS could be consideredenrtie CDM

and will reviewunresolve regulations related to trat®undary transport and storage of G©
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subsequent conferenc@gNFCCCb, ng. CDM emission creditcould greatly improve the

economic viability ofCCSby creating a marketplace fgeologicallystored CQ.

Proper baselinstudies of storage basins are essential to determine what effedhj€€ion

may have on the surrounding environment (both surface and subsurface). The technology that
has been used to map and estimate petroleum deposits can be adapted towardsgraordtorin
verifying CQ, storage (IPCC, 2b). Nevertheless, even withis technologyte interactions

and movement of C£n the subsurface audfficult to determine prior to injection. Geological
storage formations are heterogeneous s@ @D not dispese uniformly, complicating the
storage characterizationprocess(Emberley et al., 2002). Once injected GOreaches a
production or monitoring wellthe CO, distribution can be more easily determined. The
WeyburrrMidale project (one of few CCS researctojects)injected CQ underground with an
isotopic composition different than the natural £8othatmonitoring and production wells that

come into contact with injected G@ndare able teshow the extent and timing of the migration
(Emberley et al.,, 2002). Other monitoring techniques that are used include gravity
measurements, land surface deformation, infrared imaging, soil gas sampling and seismic testing.
Although monitoring and production wells are the most effective methods of charactei@ing C
storage, they are also the most invasive (and expensive) and can result in more potential leakage
pathways (Emberlewet al., 2002). Tracers such as exotic gases and isotropically different
chemicals (than those naturally found in the formation) camjeeted along with the CO

Then, the formation fluid can be more easily analyzed to determine how the system is responding

to the injected C®
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2.2.4 Energy P enalty

The process of capturing, compressing and transporting fl@Bh a power plant reques a
significant amount of energy, thus resulting in what is referred to as an energy penalty.
Approximately 1640% additional energy is required to produce electricity from a power plant
with CO, capture as compared with a similar plant without CCS, niipg on the conditions

and the technology used. This widageis due in part to the stilmmature integration of CCS
capture technologies, as well as the different types of pléartsiatural gas combinedcycle

plants, the range is 122%, forpulverized coal plants, 2840% and for mtegratedgasificatian
combined cycle plants, 125% (IPCC, 2005). The energy penalty for a typical power plant with
and withouta CCS urtiattached is shown in Figur&.1 Although a CCS plant can capture up to
95% ofthe CQ emitted, due to the energy penalty more fuel is burned and thus there is more
generated COto be capturedrelative to a plant without CCS)esulting in a slightly lower
capture percentage overakor example,fia traditionalfossitfuelled plant emits 100kg of C§£)

a comparablgpower plant withCCS would generatep to 140kg of C@ emissionswhen
producing the same amount of electricity. Capturing 95% of these emissions results in 133kg of
CO, diverted and 7kg of Cgstill emitted for an ovexll maximum efficiency of 93% relative to

the original flows. Thus a CCS plant rated at between 85% and 95% capture is actually between
80% and 90% efficient at removing @OThe reduction in C®emitted with a traditional plant

relativetoa CCSplansi t er mad oin @edo.
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Figurel3 Energy penalty associated with power plants with CCS attached (IPCC, 2065)
energy penalty is the difference between@i@ emissiors of a plant with CCS and a
reference plant.

2.3 FACTORS IMPACTING CCS

There are many factors that need to be overcome before widespread CCS deployment can occur.
As described belowheseCCSfactors include economics, environmental, social perceptions,

government policies, and competition with altgime climate change mitigation strategies.

2.3.1 Economics of CCS

The estimates for the cost of CCS vary widely due to many factors including location, type of
capture technology, transportation distancegrage media, government regulations, tax
incentives and fuel and material cost3.he cost of capturing CQs by far the most expensive

portion of CCS. Generallythe incremental cost estimates of producing electricity with CCS
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power plants range from 1B4US$ct/kWR for pulverized coal CCSpower plants,
0.9-2.2US$ct/kWh for mtegrated gasification combinegcle CCS power plants, and
1.2-2.4US$ct/kWh for natural gas combinegcle CCS power plants. The costs of transporting
and storing C@vary between1.0 and 1.0US$ct/kWh. The possityilof negative storage costs
is due to the use afaptured C@for EOR or enhanced cehkd methane (ECBM)which
generates som@acomefrom the proces§lIPCC, 2005). TheseCCS costs can be compared
Canadian electricity prices thaurrently range fran approximately 747US$ct/kWh (NEB,

2012).

Once the leastostclimate change mitigation optisrare exhausteduch as energy efficiency

and conservatignCCS will become increasingly competitive against alternatives such as
increasinghuclearpowerand renewable energy technologies. The threshold when CCS becomes
competitive against alternativimate change mitigatioaptiors is expected to be when there is
acarbon emission reductiamedit for storing C@that is at least ZB0US$/1CQ (IPCC, 205),
though this mayhave tobe much highedepending on hov€CS andcompeting technologies
develop The carbon emission reduction credit works by paying a CCS installation a sum of

money for each tonne of G@hat is geologically stored and thus noeesled to the atmosphere.

One of the risks associated with storing JG© not finding a suitable storage sit@earby
Although the fundamentals of geological storage ot @@ fairly well known, there is still a

risk that money could be spent on a fresd search for storage sites, or that possiblgl€xRs

® Eledricity prices are usually referred to in US$ct/kWh which is United States cents per unit of energy used during
one hour (kilo watt hours, kWh).
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from storage reservoiould result in lost revenue from G&torage creditsemediation costs

as well as damage to people and the environif@&iobal CCS Institute, 2009). Even after £O
storagesites are found, there can be unexpected costs due to unforeseen reservoir characteristics
such as low C@injectivity, which can result in further wells needed for injection even

worse,abandonment of the project

2.3.2 Environmental C oncerns of CCS

Environmental and health risks associated specifically with |€&kagefrom geological storage

are discussed in Secti@b. Other avironmental effects of CCS adgéscussed here.

Although arrent CCS technologies can reduce,@issions fronfossitfuelled power plants

by approximately 85% (IPCC, 20Q5he CQ emissionsare only one of the environmental
impacts from these plantsnd usemining, acid rain, noise, water use and solid waste are some
of the other drawbacks of fossil fuel proction which can be increased by the developnant

CCS. Injecting CQ into the ground may cause mieseismc events, similar to those associated

with hydraulicfracturing (Suzuki, 2012). The greater fuel demarfdr CCS due to the energy
penalty increases most other environmental emissions per kWh such as mercury, solid wastes
and other environmental impacts from mining the fossil fuels (IPCC, 2005). Depending on the
type of captire technology employed there may alsartmeeased demand for charals such as
ammonia and limestone to control sulphur dioxide and nitrogen oxide that would otherwise not

be requiredvithout CCS as well as the materials used in the construction of the capture portion
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of CCS. Capture media are often volatile and ateased into the atmosphere through flue
gasesas they degrade and bredéwn Depenthg on the capture medippllutants other than

CO, are sometimes collected as wgiRCC, 2005) All the fuel input and constructiomaterials,
including cement produicin used in the construction of CCS faciliti@sll be increased due to

more power plants being required (or larger ones) to produce the same amount of electricity due
to the energy penalty. Improvements in CCS efficiency will help reduce these enwitahme

concerns buwill not completely eliminate them (IPCC, 2005).

2.3.3 Social Concerns/Public P erception of CCS

Public perception of CCS in general and acceptance of local CCS projects has varied widely
which has led to some projects being cancelled or postpgAsdworth et al., 2010;
Desbarat®t al.,2010; Andersoret al.,2012). Studies have shown that after the introduction of

an information campaign on GQtorage options, the opinions of the pablaried; in somg
tolerance increasedvhile in others the acceptance of geological and ocean storage actually
decreased (Palmgrest al., 2004). All studies so far have shown that if CCS is chosen as a
climate change mitigation optipthere is prefemece for subsurface geologicstorage onshore

and offshore rather than storage at the bottom of oceans above the sea bed.

There are many benefits and draeks of living near a CCS plant with local residents often
having NIMBY attitudes. Electricity pres are an issuthat affects the public eventifiey are

not situated near to a CCS projeclthough the costs of CCS are an economic issilly
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borre by the project ownerultimately the increased cost of electricity will affect all energy
users. Higher electricity prices will impact the publimevenly according to their dependence
electricity, andtheir capacity to afford cost increases may degrade views of @D8versely,
although there will be increased costs associated with G@8e type of air pollution near

power plants may be slightly lowered and new jobs will be created (IPCC, 2005).

Pipelines will necessarily have to span varying distances between power plants and storage
reservoirs. Some of these pipelines will inevitaliyerfere with human activities and
settlementsvith the possibility ofCO, leaks, habitat fragmentation, property value depreciation
and health concernsCO, pipeline risks ancconcerns are addressed in Sect®f, but are
expected to be of even less concern than existing natural gas or oil piEdit®3 is not
flammable or explosiveand will not require extensive cleanup measures. Althoingh t
probability of ppeline failure is very lowthe consequences of tHailure canstill be quite high

(IPCC, 2005).New oil and gas pipelirehave beepropo®d in more extreme locatiossich as

remote mountainous regions (which are difficult areas to remediate if a leak occuigvand

been met with strong oppositiomciuding public demonstration¥énderklippe 2012). CO;,

pipelines can expect similar opposition when not sited within industrial areas.

Non-Governmental Organizations (NGOs) have been very vocal in their support or opposition of
CCS. The Bellona Fountian, a Norwegian ampollution organizationhas supported CCS
under the justification that it is one of the few techgae that can make deepts to CQ

emissiondMeadowcroft and Langhelle, 2010). Greenpeaoehe other handhas consistently
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criticized CCS, epecially in their 2008 repoit Fal se Hope: Why Car bon Cz¢
wonodét Save hidhegiveghe followingdive reaso s : ACCS i s a danger
ACCS wondt tderdei vieao pmeventi CCEi mwats doe,®Q@GINEe q,
expensive and underminestumn ng f or sustamcabi eeso®| atéeé osabsgni
ri skso (Greenpeace, 2008) . Due to the <close
many people are sceptical about the technology alel/bet is a ploy by climate change deniers

to delay real actiorfi.e. weaning the world off of fossil fuelgRisbey, 2008). Someritical

studies angbress reports have ledtnegative image that CCS wolildve to overcome in order to

become widely aaptedand gain government support (Stigsdral.,2012)

CCS remains a divisive climate change mitigation strategy with its potential for significant
emission reductions but also high costs and potentially large negative impactevEélmment

of CCS will be strongly tied teublic perception of CC8vhich can delay, cancel or impact
government funding Early demonstration and pilot projects will provide insight into how this

may unfold.

2.3.4 Government/Policies for CCS

Worldwide there are virtually no national regulations concerning &@age. CCS is a capial
intensiveindustry whee legislation and policies camgnificanty impact development but which
has lagged behind technological developments (especially in  tH&.S)

(Meadowcroft and Langhelle, 2010). There,drewever many regulations relating tthe
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geologicalstorage of water, gas, and oiatican be modifietb pertain to C@capture, transport
and storage (IPCC, 200%.g. the Australia®ffshorePetroleum and Greenhouse Gas Storage
Act 2006(Energy, Resources and Tourism, 2Q0@ndividual states andrpvinces have taken
the lead to develop some regulations such asQGhegon Capture and Storage Statutes

Amendment Act 2010 (Albeyt2010.

If CCS is to be effective as a climate change mitigation technologil| iteed tobe adoptean

a large scalevorldwide. Due to the high costs and large uncertainties, a coordinated approach
shouldbe made to research and develop CCS. International geveids will strongly affect

how CCS is perceived and developed in Cana@anadathe U.S., UK. and Australia are
leading CCS research and developmekxdescription of how CCS impacts, and is impacted by,

the international community is provided in Apoix 1B.

Energy and economic models of the costs of CCS indicate that without the implementation of
explicit policies promoting the technology, CCS will not be deployed at a large scale in the
foreseeable futurdPCC, 2005) Oil and gas companies dresitant to implement CCS projects
unless their competitors are also required to do the same. Currently only small niche
opportunitiesare being developed for CCSuch asfor emission sourcewith very high CQ

waste streams and those involviB®R and EBM. In order for CCS to be financially viable,
there will also need to be substariamore stringentlimits on greenhouse gas emsss.
Currently, CCS is not economically vialds there are leexpensive smaicaleclimate change

mitigation optiors available such ascreasedonservation and energy efficien@PCC, 2005).
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As taxes orcarbonemissiongise or CQ emission limits become stricter, increasing numbers of

CCS projects will become economically viable.

The extendedime horizon of CG, and its mismatch with that of institutions aimmpaniesis

an additional challenge for CCShe long term liability of storing C£and ensuring that it does
not leak is one of thiastmajor technical obstacles remaining for CCS (Dixon, 2009). In order
to be an effectivelimate change mitigation optipi€O, must be sequestered for thousands of
years, whichfar exceeds the lifgpan of any corporation or political system. Questionetbe
remain about who will be responsible for the long term storage ef @Gt can be shown that
CO, is highly unlikely to leakor if proper legislations developedor storagdiability, then CQ

leakagewill be less of dactor for implementatiodecisions

Another barrier to CCS development is the dearthregfulations andegislation for CCS
development.The IPCC has developed guidelines for storing and monitoring &Chave the
government of Albertaand Australia(Alberta 2010 Energy, Resarces and Tourism, 2006
There are also several international treaties that concern the storage,.of T&® London
Convention and Protoc¢1972)concern thelisposal of wates and other matters at sew does
prohibit sometypes of CCS projects. Thd.ondon Protocol Anendment(1996) directly
addresses CCS and provides restrictions on the types and methods of sequestannur&ih
environments (Dixon, 2009)The OSPAR Convention (1992) also addressessiidage in seas
near Europe with an emphagia protecting the marine environment (IEA, 2012). Although

there are no international treaties concerning §t@rage on land,saCCS is expected to become
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more widespread, more internatad treaties and conventions will addrespects of CCand

CO, storaggBaker and McKenzie, 2011).

The extent to which CCS may expand as a climate change mitigation strategy is very uncertain.
The two major unknowns facing CCS are how quickly and how much the costs of CCS will
decrease, and the degree of governnzmt public acceptance of CCS as a climate change
mitigation option. Given the cost and scale of CCS, there is no reason for implementing the
technology other than as a climate change mitigation option. The support of governments in
either monetary or lagjative terms is therefore essential for its development €Ral., 2009).

Past experience has shown that the public can turn against a technology if they do not believe
that proper regulation is ensuring that private interests are not trumping thdse ublic
(Meadowcroft and Langhelle, 2010). The establishment of international standards, rules on
responsibility for leakage, and safe operating procedures will be essential for widespread market
penetration. As CCS is &latively new technology,ignificant legislative developmentare

expectedn the near future. A description of how CCS may develop is shown in AppeBdix 1

2.3.5 Competition with A Iternative Climate C hange Mitigation
Strategies

CCS competes with other climate change gmatiion strategies for funding and supp@tizuki,
2012) Nuclear power for instance is oakernativeoption that can be deployed at a large scale

with existing technology. The major obstacles facing nuclear power are uncertainty about cost,
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public peception and government regulat®(IPCC, 2005)as well as grobability (albeit low)
of large negative impactsUncertainty can be defined as a state in which there is a lack of
information (partial or complete) related to the outcome of an event (ISO, 200Gi®se
uncertainties lé to long permitting delays, and in some countries even moraiorigpes of

powergeneratiorsuch as nuclear powgspiegel, 2011Reuters, 2011Terwelet al, 2012))

Many of the renewable energy options such as wind, solar, biomass, geothermal, hydro and tidal
power couldalso be effectiveclimate change mitigatiooptions. Reneawvb | e e mamr gi es 6
drawbacks include intermittency, specific geographic requirements, scalability, infrastructure
requirements and costs. The renewable energy options are however growing rapidly in scale due
to improvements in technology and decreassugts (IPCC, 2005).There is concern th&ome
governments are funding CCS projects at the expense of renewable energy solutions which could
more efficiently and economically reduce £@missions (Harvey 2012; Royal Society of
Chemists, 2010).A major stuly by Pacala and Socolow (2004) suggest that CCS could be a
major contributor to climate change mitigation by reducing global emissions b0, by

2060. Wind, nuclear and geothermal power generation all have been estimated to more cost
effectively reluce the same quantity of emissions but also to provide increasing revenue as their
technologies improve (Royal Society of Chemists, 2018)me energy scenarios suggest that
CCS may be economically comparablestone types ofenewable energy in the ndature and

reduce CQ@ emissiongnorethan if they had not been included (Viebahn, 2007; Vielsthal.,

2007). Others have found that CCS may integrate well with intermittent renewable energy

technologies and produce synergi®sproviding stable badead electricity from CCS power
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plants with low CQ emissions to balance intermittent renewable energies with n@@3sions

(Chalmers and Gibins, 2006).

The widespread use of renewable energy is problematic despite improvements in technology.
Current electricity grids are not optimized to incorporate large quantities of intermittent
electricity production. However, as renewable technologies improve and these problems
(intermittency and storage) are resolved, they will gradually replace fossil fuel poaduction.
Unfortunately, climate change mitigation models show that renewable and sustainable energy
development will not occur on a large scale until the later part of thee?ttury (IPCC, 2005).

CCS is thus welpositioned to take advantage thfe existing infrastructure and fossil fuel
supplies to nevertheless abate the,(fPoblem until more permanent solutions can be

developed.

Unlike the above alternativesprae niche mitigation options such asnergyconservatiorand
improved efficiencyprovide solutions that can reduce £é€missions by 15%using existing
technology and at a proffPCC, 2001a A further 15%reduction in CQ emissionscan be
achieved withmitigation options that are only marginally more than cost nestreth as better
collaboration and integration of electricity mark@8CC, 2001a). As with all options, costs
then increase as tbeniche optionsareexhausted and more challenging mitigation optionst
then be pursued A method for estimating the costs of implemmeg climate mitigation
strategies is called a Margin@arbon)Abatement Cost Curve (MACCEllerman and Decaux,

1998) MACCs evaluate the cumulative emission reductions of multiple mitigation options and
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recommend priorities for ensuring the loweserall cost to reach emission reduction targets.

An estimated MACC for Australia for the year 2020stsown in Figure 14 Although most

options are less expensive than GCES is the optiofust to the right of the brea&ven point
represented by a greemcle with the number 20if deep emissionseductiontargets are to be

met then increasinglgxpensive alternatives will beursued to the point where CCS becomes
competitve (Mckinsey & Company 2008). Howevehjs MACC may change significantly as
technologies improve and costs decrease, so that by 2050 CCS could be a much more attractive

option.
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Figure 14 Estimated Marginal Abatement curve for climatbange mitigation options in
Australia for the year 2020 (McKinsey &ompany, 2008)

49



2.3.6 CCS Risks

There are many potential risks associated with CCS that are of concern to the natural and built
environment, as well as social and economicsriskThis section will primarily address
biological, chemical and physical risk&xperts beéve that with proper care, these risks can be
managedand lowered sufficiently to warrant the widespread use of QPEEC, 2005)
However, nany of the studies on CCS riskse: outdatednot adequately modeledto not
account for different teclutogies or regional differencesind donot properly incorporate
sensitivity analysis (Global CCS Institute, 200930, leakage is the primary concern for CCS

from an engineering perspective and ¢t@ave wideranging im@cts. The main risks for GO
capture, transport and storage are described belilvan emphasis on potential €f@akage at

any of these stages.

The captue portion of CCS is fairly riskree from an environmental and health perspective. The
main environmental and healtboncerns involve the small concentrationscloémicalssuch as

H,S andcarbon monoxideGO) in the flue gasesf fossitfuelled power plants If these were to
escapeduring the CQ capture procesthey could potentially harm nearlpeople, flora and

fauna, although their concentrations are keili to be high enough to do significant damage
The concentrations of most of these chemicals would be comparable to power plants without
CCS, although when the energy penalty is included thay be slightly higher (IPCC, 2005).

The major CQ capture risks arenstead related to its effectiveness at capturing, Gt

potentially large costs and the effect of doesequent energy penalty.
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Research into COtransportation risks has looked atural gas transportation as a model to
emulate and improve upon.The majority of capturedCO, has, and will continue to be,
transported by pipelines for wiistringent regulations aronstruction and operation are already

in place. Furthermore, a safeplan and monitoring and emergency response measures are
usually requiredor each pipeline projediPCC, 2005). The incidents of pipeline failure are
very low and continue to decline; in 1972 the rate of failure was 0.001/km/year and in 2002 the
failure rate was 0.0002/km/year, both for small diameter and short distance pipelines in North
America and Europe (European Gas Pipeline Incident Data Group, 2002). The failure rate of
larger diameter and longer distance pipelines is even lower with an incident of
0.00005/km/yearMarine pipelires also have a very low incidenog failure (European Gas
Pipeline Incident Data Group, 2002)Deep injection wells, however, maave a higher

incidenceof failure (leakage) (Suzuki, 2012).

The environmental antiealth risks from a CQleak during transportation are likely to be
minimal. Although there is no risk that GQuill ignite (unlike natural gas)there is still the
possibility of fatalities due to asphyxiatidnom high concentrations of GCand ecologial
damage from resultingncreases invater acidity (IPCC, 2005) There is currently a knowledge
gap on all of the ecological impacts of £@leased underwater. There will be complex
interactions with atmospheric gases and, @the site of a pipeliner ship containment rupture

due to the density and low pressure of compressed€0C, 2005).
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While there are many natural analogues of-anthropogenic C®being stored throughout the
world, there are some important differences between natural ahpogenic CQ storage.
Natural sites have slowly accumulated GfWer thousands to millions of years so that,®@s
gradually displaced the fluida the reservoias CQ migrates upwards. Displacirigesefluids

is a slow process, thus it does nangiicantly increase the pressure on the surrounding area.
Natural analogues also show that some sites have appreciable leakage (atbtmpmyt and
carbon dating studies have shown s@nesites of over 65 million yearstill show no leakage),
indicaing that even if sites do accumulate £@ey may not be perfect at containing Q0
injected at too high a raf8tevenst al.,2001). Anthropogenic Cmust be injected on a much
shorter time span (and thus at a higher pressure) in order to be an effectiie cliaage
mitigation strategy.Care must be taken then to ensure that pressures do not increase to a high
enough degree that faults are createdulting in the release of GO A schematic of potential

leakag pathways is shown in Figure.15
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Figurel15 Sources of potential CQeakage from geological storage (Zhatal.,2004)

Groundwater is important both to humafos irrigation and drinking water, anbr mostplants

and animals. Elevated GOconcentrations from subsurface leakage can contaminate
groundwater, having lethal effects on plants and animals (IPCC, 2005). Soils and water can
become acidic due to ireaised C@ concentrations. The increased acidity can mobilize
chemicals such as arsenlead, sulphate and chloridehich will harmnearby biota. Oxygen

and saline waters can also be displaced by incoming (GXC, 2005). These brines can
contaminate @uifers thusrendering the water useless to plants aninals orevenharmful if

the sal concentrations are sufficiently higiMonitoring can also prevent major ledig quickly
identifying problems There are methods for extracting £@om an area Wwere there is a

subsurface leak if it is detected early enough, howeveetheethods tend to be expensive, thus
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adding to the economic risks of CC3mpacts can be determined by collecting groundwater
samples and analyzing them for major ions and pH levels. Tracers also allow for the flow and

volume of groundwater movement to be monitored (IPCC, 2005).

Experience in EOR has shown that if propeessiare chosen for GGstorage, groundwater
contamination is very unlikely to occur. The many wells (both production and test wells) used in
oil and EOR drilling do, however, pose a risk to LQ&frage as they increase the opportunity for

CO, to escape ithey are improperly sealed. Standards for plugging wells after drilling has
finished have changed drastically over the past 100 years so that recently plugged wells have a
very low chance of leakagalthough largescale disasters can still occlihe NewYork Times

2010) Older wells, however, were often only plugged with mud and would need to be resealed
in order to ensure CQaloes not migrate through them (IPCC, 2005). Over time, especially on
the timescale of thousands of years, well integrity se@ous issue for permanent £€orage,

with great uncertainty remaining.

CQO, is more buoyant thamost gases and liquids at depths of hundreds of metres below the
surface and will move upwards if there are pathways availaliee OO, reaches the vadose

zone (shallow subsurface soils)t is denser than aiand may remain there under certain
conditions If subsurfacdeakage occurs, GQwill eventually collect in the vadose zone until it

is dispersed by winds (if it reaches the swjaor slowly by diffusion (IPCC, 2005). If the
leakage rate is high or dispersing mechanisms are slow, potentially dangerous concentrations of

CO, can accumulate near the surfacdow-lying areas Concentrations of CQOgreater than -7
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10% by volumecompared with concentrations of appnmately 0.03% for normal groudeével

air, pose aseriousrisk to human healtdue to asphyxiatian Animals and plants that are closer

to the ground aralso more likely to beaffected by high C®@ concentrations, since wind and
turbulence increase with elevation which can dissipate the gas (IPCC, 2005). Situations with
minimal wind can be dangerous if @@oes lealas these dissipating factors will not be present,
and the C@ may linger long enougto cause serious health damage to plants, animals and

humans

In 1986, natural seepage of &ftom a volcano caused Lake Nyos in Cameroon to become fully
saturatedvith CO, and toabruptlyreleag over 2Mt of CO, overnight. This seepage occurred in
anarea of a natural depression, which allowwed CQ to accumulate around human habitation
killing over 1,700 people and thousands of livestock (Kial.,1987). Although a massive

CO;, leak is a possible concern from CCS operations, it is not likebgtur in properly sited and
monitored injection sites. A CG(build-up near an injection site would be detected well before
concentrations reached a lethal limit. Storage sites will need to be properly mapped and
characterized to ensure that all old iwelre plugged and G@ransport pathways do not lead to
lakes or near settlements in case leakage does odccataloguing, capping and monitoring
drilled wells is difficult due to the very high number of weliear potential C® storage
reservoirs In Alberta alone there are over 350,000 oil wells with more than 20,000 added each
year (Gasdat al., 2004) and some studies show that up to one in six deep wells show some
signs of leakage (Suzuki, 2012Neverthelessgcompaniexonsidering CC&re asessing many

storage locations for potential G&torage.
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CCS is a complex, largecale climate change mitigation strategy. It has the potential to
significantly reduce C@emissions from large point sources such as coal power plaaS. can
therefore at as a bridging solution tanthropogenicclimate change by enabling existing
technology and infrastructure to continue to be used until more sustainable solutions are
developed. CCS also has many potential drawbacks including high capital costs, public
opposition, risks of C&deakageand environmental and health concerns. Addressing these risks
is a difficult tak and will benefit from the effective us# decision analysis tools, which is

discussed ilChapter 3.
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CHAPTER 3
MULTI -CRITERIA DECISION ANALYSIS:
MAKING CCS DECISIONS

3.1 | NTRODUCTION TO DECISION ANALYSIS

Decision makers (D) are faced with many types of decisipnmany of which are
straightforward. In the CCS conteXxdMs must choose between the different technologies,
locations and implementation planswWith expensive projectdike CCS, that impact large
numbers of people, the potential consequenéesich decisions cape significant DMs will
therefore benefit fom assistance imakinginformed decisionsn complex problems. Theols

to assisDMs are referred to as decision support systems (DS®me DSSs provide a formal
method based on systematic reasoning for making these difficult dec{€lanallaro, 209),
whereas otharprovide less systematic amabread hoc assessment®ne set oDSSmethods
attempt to achieve an optifiagolution through maximizing the expected utility of a project

(Samson, 1988).

Early energy planning decisions were mostlyused on modeling energaconomy relationships

to achiewe the lowest costand predicting future energy demands (Pohekar and Ramachandran,
2004). Limitations in energy supply and a growing understanditigeafnvironmental impacts

of fossiHuel based engy eventuallyengendered moreesearch in renewable energy. The

inclusion of environmental and social impactsenergysupply decision analysis has ded

® An optimal solution occurs when there is no other option that will lead to a better outcome (DeGroot, 1970).
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further dimensiongo these decisionthat havenot beenwell addressed in the pasHowever,
recent decision analyses on energy production options are incorporating these varied and
complex lifecycle impacts to become more comprehensive and complete processes

(Ramanathan, 2004).

Traditional decision assessment methods such as cost benefit anaBais yhich use only
economic indicatotsare not adequate to assess complexlti-attribute energy decisions
(Tsoutsoset al.,2009). Due to the increasing complexity of decision makirthe energy field

a wide varietyof decision analysis methotiavebeen developed. Theicces®f a decision can

be measured using one or more critéridlowever, t has been argued that there cannot be a
truly optimal (perfect)solution unless only a single criterion is considetsakén, 200Y. With
more than oe criterion, there argpically tradeoffs that need to be made to achieve the optimal
solution (Phillips and Bana e Costa, 2005). For example, in a scenario in whbith ia
choosing between three cars, one car may be inexpensive, but another car tmapldé® s
favourite colour (see Tablefdr an example). Depending on how important each criterion is to
theDM,carAmay st i | | b e t hhetrul§i dpnsaltonidedl)tctoizauegem thaught

it is not the highest ranked option on each individugérion.

"This thesis wildl consider the term o6criteriad to also
requirement but also as an attribute by which a project can be assessed.
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Table 4 Decision analysis using car selection as an example. The be@tigiaest score)s
dependent on how important the cost criterion is relative to the colour criterion for the

DM
CarA |[CarB | CarC
Cost(score out of 10) 8 6 9
Colour (score out of 10) 5 6 2
Total score 13 12 11

When risks are added into the decision analysis, there is no guarantee that a decision will result
in an optimal outcome. The inability to achieve optimal outcomes occyarirbecause the

data used in making decisions is based on estimates and best available information. Estimates
inherently have a degree of uncertainty. For example, one project may have a higher mean
expected costhan another projediut also a higherlevel of uncertainty. The project with a
higher mearscoremay not be the preferred choice if &1 is concerned witlits uncertainty.

Even though only costs are being compared in ékample tradeoffs may be needed for an
optimal solutionto be achieed, such as amepting a lower expected scdreorder toobtain a
lesservariation in expected scores (and thus avoid the possibility of a very negative outcome).
Utility curves and preference functions are other methib@ds$ are incorporated into some

decision modelsywhichtherebyadd increasing complexitgs discussed below.

7

There are four basic sources of difficulty invalve i n d i fwickeddu problems r o]
complexity, uncertaint multiple objectives, andifferent DMs0 perspectives.DSSshelp with
all of thesetypesof difficulties (Clemen, 1996) Firstly, a high-level of complexity makes a

projectdecisiondifficult due to the myriadrariables and factors involved in making a decision.

8 Wicked problems refer to problems that are highly complexasidtant to resolution. They usually require
comprehensive solutions involving multiple people or organizations (Rittel and Webber, 1973).
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Secondly uncertain future outcomes are probleroats there is potenti&br detrimental events

to occur;however, the likelihood of these evemiscurring is often poorly knownHowever,

when thelikelihood of a negative event is knowih can beincorporatedusing risk assessments.
DMs may be risk arse and avoid conditions where a project cdaltl catastrophically.
Thirdly, multiple projectobjectives can also increase the difficulty of decision making as it is
rare that the objectives are in harmony with each other. Objectives are oftenedpexifi
maximize profits, or minimize costs (which could be economic, social, engineering or
environmental). Contrasting objectives may result in taffe that reach the most efficient
decision overall,but that sacrifice elements of each individual ciote (Clemen, 1996).
Fourthly, there can be multipl®Ms, each with a different view ofvhat constitutes an ideal
project and therefore each havidifferent objectives.For example,here could be five criteria

for comparing a set of mutually exclusive decisjolgt oneDM may consider only three of
them as important, whereas anotb# could weight them all as highly importantDMs will

also likely disagree on some of tbeterionvalues,andespeciallyabou the level of uncertainty

of the project (Clemen, 1996). Disagreement amoiydis occurs because people have
different perspectives, biases or inherent preferences. When presented with the same data,
people will use their past experiences and prefesetwenform theirdedasions. DSSs simplify
avickedd problems by providing a framework to determine preferences for the criteria, expose

uncertainties and clarify tradg#fs in objectives.
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3.2 TYPES OF DECISION SUP  PORT SYSTEMS

Just as there are manyffdrent types of decision problemd)ete arediverseapproaches to
evaluatingmultiple decisionoptions, each with their own strengths and drawbadksorder to
demonstrate the appropriatenessmiiti-criteria decision analysis (®DA) to complex energy
decisions such as CCHjet following major approachesvill be explored below economic
analyses, life cyclessessmenfLCA), energy modellinforecasting decision/event treeand

sensitivity analysis using thresholds

3.2.1 Economic Analyses

One of the moswidely usedeconomicmethals for decision analysis is cdsenefit analysis
(CBA). CBA is aimed at maximizing benefitsf a project or decisiowhile minimizing costs
(Pohekar and Ramachandran, 2004). It can include metthadscharacterizethe social,

environmental and economic consequencedeafsions basedxclusivelyon monetary values
(Munier, 2004). Normonetaryattributes of a pjectcan betranslated into monetamaluesand

compared on an economic scale (Cavall&009) It is an effective and widelysed method
due to its simplicity but it depends omhe (questionable ability to convert all values into

economic units

Oneof the majordrawbacksof CBA is that not all aspects of a study awesily translatedhto
monetary terms.Costanza et al (1997) for instance, estimated the value of ecosystem services
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and found that it was approximately twice the amount of the global amgnos$ domestic
product, i ndicating that 0 n eSocmlfandtehveonniemtad me a s
impacts are especially difficult to quantifgs there is often not a market for them and thus no
simple conversion factor into economic unit&thical issues also arise when trying to put a
monetaryvalue on biodiversity, humahealth and other basic human environmentaheeds

which have intrinsic but often not economic vali@avallaro, 2009) Economic benefits for
environmental and social services are usually determined theosigh a k e hawillingreess €os

payd and, convesely, costs are determined througls t a k e h avillimhressbies accepta
monetary compensation in lieu of something changed by a project (Munier, 2004). For example
a stakeholder might be asked how much they would accept in lieu of using the land where a new
power plant is destined. Likewisa stakeholder might be asked how much they would be
willing to pay to reduce COemissions. Due to the lack oh a&conomicmarket for these
services and goodsuchproxy values arsometimesused. However, wlingness to pay and
willingness to accept do not adequately address issues of ability to pay or take into account
peopl edbs under st aenvionmegtalsavices.t Authorsvhave arigicized {CBA
(Kelman, 1981), believing that it is not adequate to assesglex decisiors such as those
involving climate change Indeed,CBA is not used to assess many climate change problems
dueto ethical concerns with the nmeid relating to the use of discountinghich values the

future less than the present (Morgainal., 1999). The use of discounting is appropriate for
many industriesthat have probable growth trend®r the foreseeable fute. However,
discounting humarvalues or ecosystem servicesedaot properly fit into this method and can
result in discounting futurecosystenservices(which do not have unlimited growth potentjal)

or discounting futurdhuman livego negligible amounts and thtsnot value thenat all.
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One of tle majorissuesencountered in economic analyses of projecthat the costsisually
occur at different times(e.g. construction, operation, maintenance and replacement, and
decommissioning) Discount rates aralso often usedto translateall the costs that occur
throughout the project lifespan into a net present vddaeeverthere is debate regardinghat
discountrate is most appropriatd?rojects often have fierent lifespans which impacts decisions
regardingwhat assumptios to make whera project is finished (Munier, 2004)DMs can
assume that amlentical replacementnit (a power plant component for example) will be used
again one the current ongeades its economic lifespan. Replacing units with identical versions
can be overly simplisticas improvements icomponentefficiency and costgenerallyoccus
during largescale projectlifespans. Projects such as CCS, which relyrelatively new
techndogy, can expect significanéchnologicaladvances in new modelgsulting in largecost
uncertaintiesbut lower costs overall To reduce these uncertaintiespdels are needed to

forecasthow different technologies mailevelop.

Economic analyses provide valuable insight into decisions but are limited in theforuse
assessing complex problems thatolve significantenvironmental andr social factors. As will
be discussed below, MCDAs are able to overcamome ofthese problens by integrating

economic analyses into broader analysils additional criteria
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3.2.2 Life Cycle Assessment

LCA is a method for measuring all the inputs and outputs of a system or process over its entire
lifespan from conception to deconsrioning (and sometimes includingostdisposal
monitoring or remediation). This method is oftesed in environmental assessment projects and
was first comprehensively used 2007 for complex energy problems by Viebalsh al.,

(Pehnt and Henkel, 2009). LG#n be an important part of largeale energy assessments as its
detailed results can be wkas input dataalong withother datafor aigher-leveld anal ysi s
include additional decision criteriaLCAs can assist the development of CCS by identifying
environmental impactsat each stage of the procedbereby facilitating their reduction

(Sathreet al.,2011).

LCA methodologiedhave been formalized by the International Organization for Standardization
(ISO) in their 1404@nvironmental managemeseries of standard2009a),(Finkbeineret al.,
1998) LCA is meant to categorizifferent environmentaimpact crieria in order to compare
multiple options. The fourphasesf an LCA (goal and scope, life cycle inventory, life cycle
impact assessment, anatarpretation)Baumann and Tillman 2004will be discussed briefly

below.

The first stepof any LCA isto definethe goal and scope of the assessnfeahnt and Henkel,
2009) The project scopeneed to be outlined by defining the assessment boundasied

timeframe (Pehnt and Henkel, 2009)Although there may beagreeedupon criteria to assess
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standard or commoprojects, each assessment is uniq@iteria need to be clearly stated to
avoid compatibility problemswith dataandunits. It is much easier to assess the relevance of all
criteria at the start of a projectna identify accepted units, rather than at the end of an

assessment when data may no longer be available

The secondtepin aLCA is the life cycle inventory (LCI), which is strongly linked to tirapact
assessment stage step three. A the potental impacts(or parametersjvithin the system
boundaries ardirst collated thenassessedn these two stepsto determine their relative
importance to thédM in the analysis(Pehnt and Henkel, 20Q9)Table 5 show the impact
categories (criteria) in dypical energy problem with a focus on environmental issues
Conducting a LClinvolves cataloguingand organizing datanto impact categories The life
cycle inventory and impact assessm&tiatjes require planningecause thentire process from
conceptim and production tdisposal must be taken into accqualich, for a power plantvith

CCS may needd factor in several decades of operation

Table5 Impact Categories used in a LCA for enepgygjects(adapted from Pehnt and Henkel,

2009)
Impact category Relevant parameters Characterisation factor
Cumulative energy demand (CED Consumption of energetic resources CED (fossil and nuclear)
Global warming CO,, CH,, N,O Halocarbons GWP100, CQ-equivalent
Summer smog NOx, NMHC, CH, Etheneequivalent
Eutrophication NO,, NHs PO,>-equivalent
Acidification SO,, NO,, NH;, HCI, H,S SO,-equivalent
PM10, PM2.5, soot, SONO, CH,,
Health impacts formaldehyde, benzene, B(a)P, PAH, arsenic| Years of life lost (YOLL)
cadmium, dioxinfuran
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The fourth stepinvolves interpreting theLCl and impact assessmerds well as giving
recommendations. Since different impacts are natyeasmpared to each otherhen using
differing units of measurementhereoften cannot be a simple conclusion or score about what
the best options. The discussion in step four should outline the positive and negative
implicationsof each option and geva qualified recommendation fire best course of action.
LCAs are an effecti® tool for assessing decisions because it compares many diverse factors and
requires the DM to evaluathe impact of the impact of those factotsCAs can also be used to

feed into more broad studies as input data.

3.2.3 Energy Modeling/Forecasting

Anotherway of assessing differeehergyrelatedoptionsis to model several alternative projects
over asetperiod of time todetermine whichoption best meeta given criterion. Generally,
models are used to assess two or more alternative scenatlas;timesisthese alternatives refer
to multiple CCS projectsFor instancethe emission reduction potentiadé the CCS projects
could be assesséd determine which project reduces £€nissions with the lowest cosiThe

m x of ener gy smgets the spscifiedritedatwouli tbe chosen.Choosing the

0 b eesnérgy mix is higly subjectiveas there are many ways to evaluate energy mixes.
However, objectives and criteria that will be uséal compare the outcomeshould be set in
advance,lus reducinghe subjectivity of the analysis. One of the early and widely cited energy
mix modelling stugeswasconducted by Socolow and Pacé&04) who calculatedhe optimal
contribution of different options for reducing greenhouse gases in twdmerhieve a limit on

emissions Each CQ reduction option is referred to as @dimate stabilization wedge
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(seeFigure )6 Each wedge represent s 0)@mpactdneeduscim&cCdDogy 0 s
emissions below a forecasted amount (the uppermost line on Figure 16). Cumulatively, the

strategies can achieve significant emission reductions, of which CCS is expected to play a major

role.
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Figure 16 Potential for CCS to auribute to global carbon dioxide emission reductioftsese
energy models are used in the IPCC assessment reports and involve a more
sophisticated stabilization technique than those first proposed by Pacala and Socolow.
The differences between thevo mocels (MiniCAM and MESSAGE) show that the
uncertanty of the predictions is higilPCC 2005)

The initial energy modelling studiewere followed by more complex models assessingemor
optionsin greater detail. The calculations used in energy modaliagiten very complex and
rely on computer algorithms to combine sebeprojections of energy demand. Energy
modellingcan be difficult because many of the factosgd in the calculatioreweuncertain and
interdependentresulting in positive and negatiteedback loops thatre hard to estimate with a
high degre of accuracyparticularlyover a longime period. A tradeoff is made wheresually
only a few key or highlevel criteria are usedn analyses ignoring many otheminor

contributing factorslueto thar complexity andalack of data Using fewer input factors reduces
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the precisionof the forecasts but is much easier to modatergy modelling is an effective tool

for assessing higlevel, largescale energy problems

3.2.4 Decision T rees

Decision trees are used to visually display optionsCibts (see Figurel7). Decision trees
illustrate each of the choices that coblel madeat various points in time in a decisiproblem.
The different decisiomptionshaveestimatedvalues assignea tthemusing best aailable data
and expert opinianThey are referred to ayee swien displayed as a diagrameschdecision
follows a linear patland expandat each optionmesemblinghe branches on a tree. The values
of each decision are summselguentially along the branchas that each final branch node has a
total value assigned to itThe values at each decision node will repreiemtresults obnetime
decisions, whereas the final consequence or event node at the end of the branchpseseaiht
the cumulative values of each decision along the braficilhe b r anch wvetalh t he
cumulative endvalue is then the option to chooas it represents the optimal combination of
choices Similarly, MCDAs can evaluate many alternati\®sincorporating decision trees into

the analyses.
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Figurel7 Sample decision tre@he increasing number of decisions resembles the shape of a tree
as the decision tree expands

3.2.5 Multi -Criteria Decision Analysis

Multi-criteria decisionanalysis (MCDA) (or multi-criteria deision making) has become a
popularmethod for assessingpmplex problems and iscreasingly used foassessing energy
optionssuch as CC%Wanget al, 2009). The process is similar to thet LCAs in that italso

assesses many criterid flowchart is shown irFigure 18 for atypical MCDA processand the

general procedure is outlined in Section 3.5.1 beldWe individual steps used in this thesis are
described in more detaith Chapters5 and 6. The CCS MDCAsk modeldeveloped in this

thesis incorporates aspects &fCAs and builds upon the methday placing emphasi®n
amalgamating and wghting many heterogeneous criteria in order povovide DM-specific
recommendations MCDAs use da, such as ttse collected in LCAs, and applp Ms 0
weightings to deter mi ne whspecific prgfareagese cMCDAs € s t n

compare criteria on a common scale using-ugautted weights to show the relative importance
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of the criteria to theDMs. MCDAs can also use elements @BAs but differ in that they
evaluate decisionasingqualitative and quantitativeriteriathat are not nessarily expressed on

an economic basigCavallaro, 2009). MCDAs can easily incorporatesocially and
environmentallyfocused criteria, which may not be quantifiable due to their intrinsic vales
ethical concernsalongside strictly quantitative economic or engineering criteyiausing a
common unit of measurement such as utility ofgmences Therefore, MCDAS overcomsome

of the limitations of both LCAs and CBAs. There are severdlypes of MCDA methods
including: value measurement models, goal, aspiration and reference level models, and
outranking modelgLaken, 2007) all of which are describeth Appendix 2A. As MCDA is a
generaldecision analysis framework, it is able to incorpo@dpects of other methods such as
LCAs, CBAs, sensitivity analysis and risk (discussed below) into a comprehensive decision

assessmertb suit the eeds of the decisigoroblem

70



Problems [|<e—

= | Problems and opportunitie

Alternatives
Current statand forecast
Criteria Formulate options
Evaluation Evaluation

—» | Option @mparison

Decision matrij<—

Option lection

Weights

Synthesis

Decision

Figure 18 A planning process flowchafteft) combinedwith a multicriteria decision support
framework (right). This figure shows the relation between a planning process and a
multi-criteria decision support framewor&dapted fronCavallaro, 2009)

It is important to distinguish between a criterion and astamt as they are often
misunderstood Constraints are the requirements that must be met for a project to proceed
(Ramanathan, 2004), whereas criteria are parameters or attributes by which the success of a
project can be evaluated. Criteria can, howglvave thresholds or constraints beyond which the
project may be infeasible. Criteria can al
contribution of a project to meet the requi
considerthetermcr i t eri a6 t o al s oand facors assneastres py whiche c t

projects are assessed.
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3. 3 SENSITIVITY ANALYSIS AND THRESHOLDS

Sensitivity analysis is essential for any thorough decision analysis involving uncertainty.
Sensitivity analysis is the process of varying tadues ofdifferent inputs in a DSS by their
expected range of wuncert ai ntoyn affects thd @detiston,)|andn e h o
hence the viability of a project. Sensitivity analysis is not a precise science and will vary across
projects (Clemen, 1996). The possible degree of variation for each crieatimis set by the

DMs and assessment modedldrased on the variability of the expected values. There amg m

types of sensitivity analyseand software programs that help DMs manipulate the variables and
examine their impact on the consequences of a project (Clemen, 1989®itivity analyseare
performed as part of decision analysesorder to take uncertainty into accounthreshold
valuescan also beused to measure when and how often a score on a criterion exceeds a
prescribed limit (Munier, 2004). Thresholds oftetate tostandardswhich when exceeded,

may result instrong negative effectsuch as a project becoming unacceptabfen example

could be a concentration of a pollutant exceeding celdgislatedhealth limits or a minimum

CO, storage reservoir volume below which an ifiateon is not e€eonomically viable For
exampleathreshold o3 Mt of CO, could beset as the minimum CQtorage reservoir volume
required for a project to be acceptafdee Figure 9). In this examplea probability density
function isused to represent an uncert@i®, storage potential. fiere is a 1% probability that

this reservoir wilhave a storage volume below B& of CO,. A DM could then decidevhether

they can accept the ¥ possibility of the storage potential being less tas threshold.Other
thresholds may be harder to quantify and may not be possible to assess at early stages in an

assessment.
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Figure19 CO, storage potential for a projedh@ving a minimum threshold of 29t. In this
example there is 45% chance of the reservoir having a storage volume below this
threshold.

Oneway sensitivity analysis ithe most basic type of sensitivity analysishe analysisnvolves

varying a single variable at a time in order &aetmine how large an impact it has on the project
score (Clemen, 1996). Tornado diagraras be used tdisplay oneway sensitivity analyses for

many variables on one graph. The variables are plotted as bars on a graph in which the
horizontal axis repsents the degree of impact on the final score (value of each alterfativ

the entire model) for ahangen anyinput variable. Themountthat the variable is changégy

is usually a preset quantity such as 10% above and kblevnmeanor a certain nuioer of
standard deviations from the meanhe longer the horizontal bar, the larger the impact is on the
final score of the project (both positive and negative) (Clemen, 1996). The variables are plotted

so that those with the largest rangé impact areon top, yielding a tornaddike chart
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(see Figure 20 for an example of a tornado diagram). The diagram allows for a quick
comparison of the impacts of individughriables. In this figurewe see that public perception

has the largest influence on the project score. Public perception may have a large impact on a
projectos vi abtions oftrisk ofd0C8 projeats tpasre ofterpinfluenced by
analogous tehnologies such as nucteand gas power plantsven though these latter chot
engendethe same risksA DM could use the outputs of a tornado diagram to better understand
which criteria have the largest impact on the expected project outcome and then research the

underlying @auses.
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Figure20 Tornado graph of the different energy production options created using Precision Tree
Lower costproject outcomeare on the right of the graghe. higher scores)



3.4 RISk ANALYSIS

The term sk is often expressenh terms of the likelihood of eventsccurringcombined with

t heir associated consequences (1SS0, 2009b) .
uncertainty where some of the @.oRiskanhblysicisa i es |
method used taletermineand assess this combination of a negative consequence and its
probability of occurrence. Without suéhherent uncertaintyadecision analysis would be much

more straightforward, letting @M choose theveighted optimal alternative. The uncertainty of

an event is often expressed in standard deviations around the expected mean of a risk event
(Munier, 2004). The majorrelevant sourcesf risk, and tools used to assess riake described

below.

3.4.1 Types and S ources of CCS Risk

There are many types of risks relevant to energy decisions. There may be environmental risks,
which include, but are not limited to: emissions of matsiiat have a negative impact on
humans or the environmergnd naturbhazards such as earthquakes or flooding (International
Atomic Energy Agency, 1998). There are other types of risks, however, that awsibks

These include less tangible risks such as economic thsk risk that a project may fail, go over
budget, or take longer than expectedll these risks are a result of uncertainty; we cannot
accurately predict the future see must make choicelbasedon the option that is expected to

result in the bestolution. There are no accepted standard categufriesk impacts in part due
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to the wide array of possible risks any domain The steps involved in a sample health and
environmental risk assessment for nuclear energyslao®n in Figure 2 (see also Chapter 2

section 2.3.6)

Project planning
Formulate objectives
Selection of implementation committee
Create working groups 1

=}

Hazard identification and prioritizatioj
Area information
Hazard inventory

Hazard prioritization
A

Analyse and assess risks 0
continuous emissions from fixee
facilities

Analyse and assess risks frgm
transport activities

v

Analyse and assess risks fram
hazardous wastes

Analyse and assess risks frofn,
accidents at fixed facilities

\ Evaluate study and /
prepare remediate

action plans

A
v

Figure 21 Methods and procedures for health and risk assessie@aptéd frominternational
Atomic Energy Agency, 1998)

3.4.2 Group Decision A nalysis

Decision analysidor largescale difficult problemsrardy involves only one persohut more
commory includes several people whanalyse and makdecisions with the input of many
stakeholders (Ramanathan, 2004). Group decision analysis can be advantageous as it
incorporates experts from diffent fields, ioreasing overallcreativeness, knowledge and
understanding of a project (Mianabadi and Afshar, 2008¢st DSSsllow for the transparent

and systematimput from various stakeholdersThis can be done through weighted decisions,
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where $akeholders can input their preferencebiansparent and systematic decision analysis
allows DMs to show stakeholdelow theymace their decisions andow variousstakeholders
were included. A transparent decision analysis incre@¥ds 6 nfideace in nodels by
avoi ding mokelswhele thé proceds by whicliecision was made is not understood

or trusted and thus not used (Phillips and Bana e Costa, 2005).

Although it is ideal for allDMs to all agree on the best option, more often than not different
preferences will lead to disagreementMost DSSmethods provide special procedures to
determine which alternative is most preferred by the group as a whole (Ramanathan, 2004). The
methods can be doed into two groups: those that aggregate lids 6 choi ces t hr
mathematical equations and those that attempt to encobfdgeto modify their opinions to

achieve a consens(ilianabadi and Afshar, 2009Yheuseo f 6f uzzy | ogitad i s v
achieving group decision makiras it allows for different opinions to be grouped together into

similar preferencdntervals even if the values are not exactly the same (Sulesah, 2008).

Fuzzy logicincorporates the confidence of edaM in ther opinions into the decision analysis

by using a weighting systemin all aggregate group decision analyske relative standingr

authorityof eachDM or stakeholder must be determined. A hierarchical gstwgture is often

used in whictone persomsi n charge who decides how much ea:¢

to the final aggregated or consensus score.
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3.4.3 Uitility

Utility is used as a measure of the usefulness of an iteof,lamw much service it providds a
person. It catbemeasured bpreferences between different choices. When comparing different
alternatives, it is important to use the sameasl e f or al |l criteri a,
(Clemen, 1996). A criterion such e CO, emissions from a power plant can be\ented into

utility units by assessing where its value fits oBM6 s p r estade withnranges from the
worst case outcom@suallya zero scorefo a best case outconfgsuallya score of one) This
process provides conteixto t h e D M6 ard givese fre@ativénpact@smeasured by that
criterion, and where it falls on themWhere a criterio value lieson this utility scale is
subjective and is specific to the person who rates the criterion. This subjectivity is a drawback of
using utilites, as a utility score must be made for eBd (or in colleboration in a group
setting) which can take a lot of time However, he subjectivity of using utilities is also a
strength of the tool as it better reflects the individual preferences ddMwfor whom the
analysis is being conducted Another benefit of utility is that it can be used to compare

heterogeneous critengith different unitson comparable scales

The proceduref eliciting utility involves asking &M a set of questions about each criterion to
determinetheir preferences for the values aloagontinuum of best to worst possible cases.
Once a series of preference choices have been perfoamgdity curve can be generatéy
fitting a curve throughthe DM6 s pr ef er e n ctandard antathemgtedlinction A
repreenting the curve can then be calculat&ithis enables a decision analyst to interpolate and

extrapolate M6 s pr ef erences at any possible point
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A sample utility curve displaying increasing wealth as a fundafautility is shown in Figure 22

The curve il lustrates the di mi miadehturemgnanyet ur n s
criteria. In this graphwe can see that as wealth ireses the marginal gaifpreference) for

further wealth decreases. This phenomenon results idimear curves. For examplethe

marginal increase in preference between being given $180s/&200 is not the same as the
difference between $1,100 and,&10. An increase of $10 at the much higher wealth level

does not have the same benefdradually a point is reached where an increase in money only

minimally increasethe utility to a userwho isthusreferred to as riskverse

Utility Curve

(decreasing marginal utility)

0.5 /
T/
/
o[/

1 2 3 4 5 6 7 8
Wealth (in hundreds of thousands of dollars

Utility

Figure22 A utility curve as a function of increasing wealth showing decreasing marginal utility

The opposite situation to diminishing returns can also occur, which is shown in Egyamelis
termed riskseeking In this caseeach incremental increase in the value of the horizontal axis
would increase the utility by proportionally more than the previous increase. An example of a

nortlinear increase in utility is the difference between being offered one movie ticket and being
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offered two tickets. The two tickets may be worth more than twice the utility of one ticket as it
enables a friend to accompany you to see the mahech can result in more than double the
benefit of going alone Theliterature often refers to ndmear utility relationshipswith regard

to risk attitudes. An upward sloping, or convex curve, indicates that more wealth is preferred to
less wealth at an increasing rate of change implyingsegiking behaviour. A concave curve, or
one that opens downwds, implies that the person is riakerse (Clemen, 1996)By contrast

with risk aversionpeople would trade a gamble for a sure amount that is less than the expected
outcome of the gamble. The risk aversion concept was first explored by Daniel Beandud
expressed as the concept of diminishing marginal utilithis notion was formalized in the
1960s by Pratt (1964) and Arrow (1965) who used the elasticity of marginal utility as the
standard measure of risk as®n (Eisenhauer, 2006). Riskese people tend to avoid
situations where there is a positive expected outcome when thatsoia possibility of a
negative outcome. They therefglacemore emphasis on the negative possible outcomes rather

than the expected mean when making decisions.
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Utility Curve

(increasing marginal utility)
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Figure23 A utility curve as a function of increasing wealth showing increasing marginal utility

Utility curves are used in the risk model for CCS decisions to convert criteria into the same scale
(seeChapters 5 and 6). This is done by DMs who provide relative preferences for the criteria

values.

3.5 MCDA METHODS

The general goals @il MCDA methods are to helpMs with consistency antlansparency and

to increase decision analysis efficien@ecalli et al.,2003) There is, however, a wide variety

of different methodghat can beaused to achieve these goals. To further complicate decision
analysis, there can also be multiple objectives (sometimes competing objecs/esgll as
many critgia and alternatives. A singlBM may even have multiple objectives such as

maximizing profits while minimizing risks. Multipl®Ms may have competing interesis
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objectives such asminimizing environmental impacts versus maximizing job creatfion a

given endeavour

3.5.1 Multi -Criteria Decision Analysis P rocess

Although the processf decision analysis can bstraightforwardand linear, the addition of
further informationas conditions changehrough stakeholderfeedback andadditional data
collection,may involveseveral iterations Although MCDAs can refer to almost any decision
analysis that includes multiple criteridnet main steps in aaditional MCDA include problem
identification, objective formulation, selecting criteria and stakadrs, employing the decision
method and evaluating the resulldCDAs areflexible so thathe process can be adapted to any
decision. An iterative MCDA process is described below and a sample decision analysis

flowchart is shown irFigure 24
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Figure 24 Decision analysis flowchart (Pohekar and Ramachandran, 2004)

The first step in the MCDA process is properly identifying the problerfollowed by
understanding the objectives of the situatidformally determining objectiveis a step that is
often overlookedas the problem is assumed to be obsitmDMs. This can lead to treating the
wrong pr cebrlreom; odn trhe t hi rSegleckon of thedecision progessns,
the point at which the decision analysiethod is chosen (e.g. Analytical Hierarchy Process,

Tetra, ELECTRE PROMETHEE, and otherand described in AppendixA2. The decision

199

parameters are then determined and the process started. As new information is collected or

conditions change, the prosesiay berestartedresulting in an iterative decision loop until the

DMs are satisfied with the outcome.

83



Identifying who the stakeholders and DMs are in a project can be a very contentious issue,
requiring a lot of care to be taken when deciding who beaynpacted by a proposed project. A
stakeholder is typically anyone who can be either impacted by a project, or can impact a project.
Although that could result in thousands of people, usually only the stakeholders that have the
largest impact on the pject are included. Sometimes a lobby group or-gavernmental
organisation represents the interests of a particular segment of the public. Determivivag at
point to limit stakeholder involvemeid addressed in this stage. Another method to lingit th
number of stakeholders involved in a project involves creating a geographical zone of influence
around the projectEnergy DMs often include higlevel employees from utilities, politicians

and other people who control aspects of the proposed projechaffithan, 2004). A list of

potential stakeholders and DMs for a CCS project is provided in AppeBdix 2

After defining the decision problenthe next step in the MCDA decision analysis procedsire

the selection of criteria. DMsften do not includecriteria that theythink are unimportant.

However, t may turn out that there are other criteria that are importaanather stakeholder

thus o6uni mportant criteriad (to some DMs) ma
Criteria should beonsidered carefully before excluding them from the MCDA proc€sgeria
identification should therefore be exhaustive and include all relevant stakeholders and DMs.
Although not always possible, criteria should be mutually exclusovehat criteria i@ not
countedtwice within an analysjswhich is discussed in more depth in Appendik ®here

analysis offactors is described.Careful consideration must be taken ts@re that all impacts

are included in the decision analysis (see Appen@ixa2 a list of the variables included in a
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sample CCS decision analysis)A list of impacts and criteria for a sample environmental

decision analysis is shown in Table 6.

Table 6 Sampleenvironmentaimpact and criteria checklist. Thaecision analysis is used to
assess the impacts from a pollutant released into the atmosphere (adapted from
Munier, 2004)

Impact type Yes | Extent of impact Degree of mitigation
Positive There will be generation of employment
an industry with a highenultiplier effect
Adverse X | Produces air pollution with SONO, and | With the new electrostatic filters the
HS, contamination will be just below the
maximum thresholds, except for NO
Primary X | Affects human health
Secondary X | Produces acid rain
Tertiary X | Death of fishes in the river
Measurable X | Itis very easy to take samples and to
measure concentration
Indeterminate
Apparent
Cumulative X | On top of health hazard it will provoke
acid rain, especially SO
Able to be mitigated | X | Certain. Studies are conducted to
determine the best system
Residual impact
Spatially related X | Diffusion studies show a plume extendin
25km from the plant site
Temporal related
Reversible
Irreversible
Likelihood X | There is no doulaf the effects of this
emission
Unexpected impacts Unknown The construction of a higher stack
could decrease unexpected impacts
Risk effects X | There is some risk due to the nature of th Filters will be installed in the
gases released smokestack
Residual effects
Population impact
Interaction between | X | Emissions could interact with another
impacts industrial plant releases

There is no defined procedure for determining how many criteria should be included or where

the boundaries of the analysis are. These are determined by the designers of the analysis along
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with stakeholdersand are specific to each problem. Althoughehsrno prescribed method for
determining criteria, the different criteria or variables can be generally divided into the following
categories: technical, environmental, safety, social, economic, construction, spatial, political, and

temporal, among othe(Munier, 2004).

Baseline studies are needed any thorough project analysis (Munier, 20048Baseline studies
enableDMs to understand the relativehanges in different attributes, as they have an initial
dataset against which to compare any changesglthe study For example,itere may be a
large change in absolutmissions of a criteriofe.g. CQ), howeverif the concentrations are
already extremely higtthis may only be amallrelativechange. Baseline studies will also often

reveal other ¢teria that may be impacted by the projastwhich could influence itviability.

Alternative projects or scenariagge evaluated based on their relative scores on the chosen
criteria. as well as preletermined thresholds. The goal is to first deteertime norinferior
alternatives (Ramanathan, 2004). Noferior alternatives are also referred to as efficient- non
dominated or Paretoptimal alternatives. The criteria screening process removes the dbvious
inferior alternative options from a deaisi analysis so that a morigorous assessment can be
performed on theemaining alternatives. To further reduce the number of alternatives, DMs can
create thresholds or performance targets that the alternatives need to ardetto be retained

in thedecision analysis process (Ramanathan, 2004).
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Once criteria are determinaad baseline studies completed (or in progress), valuessigned
inaprocessterend Oscori ngo® Tkidvkogoneiseu I, d 20&fAl)ect t he DMC
how analternativeor option rates om criterion(e.g. Project A has a score of &5D, for CO,
transportation cost and a public perception of CCS score ofdhGb scale from-Q). Some

criteria will simply be quantitativesuch as the emissions ofparticdar chemical, and require

limited input fromDMs. Other criterianay be more complex such as public perceptnrch

could include input fronpublic discussion meetingsThe scoring process is intended to be as
unbiased as possible using best availaalia and outside information including expert opinion.

DMs are able to express their interests latethen process duringriteria weighting, discussed

below.

Criterion scoring has two stepsetmagnitude (value of a project option on a speciigérion)

and the importance of the criterion to the overall project score (Munier,.2004&) magnitde is

simply how large the criterion valus. This could bea pr o e cinegasured byhea c t
concentration of gollutant or thecost of aCO, capturecomponent. The importance is how
relevant the critedn isto the overall scoref a projectfor a DM. For example, if the cost of a

CO, capturecomponent is miniscule compdrt® ather criteria, then its importance mbg low.

DMs are usually asked tovg a relative weight to each criterion representing their opinion of
how important each criterion is to their project selection detisio Determining th
criterion valueis usually done by direct measurement, such as surveying local residents, or by
expert opinion and literature reviews. Many decisions are based on limited knowledge, so there
is always an inherent gartainty about how any projeutill actually score ora criterion. A

database is usually developed in this step to organize the data and compare options.
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Assigning weights to criteria is a vital step in the MCDA process because not all criteria are of
equal importance to the overall score of a project. igtance, the overall cost of a project may

be far more important to the DMs than the noise pollution edhisy construction activities
during the initial stages of the project. Criteria weighting allows DMs to indicate their
preferences for how importa@ criterion is relative to another criterion (Ramanathan, 2004).
The simplest weighting method is referred to as the simple -attiitbute rating technique
(SMART). The ranking of alternatives using tBBIART method is straightforward@Ms score
eachprojecton each criterion using a scale of @00. DMs tken assign values to the remaining

pr oj eriteiadredative to this initial value. The overall performance of the alternative is

simply a summation of the critenaluesmultiplied by their weghts (Ramanathan, 2004).

3.5.2 Benefits and Drawbacks of MCDA M ethods

The MCDA method used in the CCS risk model for this thesis is based upon aspects of several
common tools. The most common MCDA methods (AHP, PROMETHEE, ELECTRE GP,
TOPSIS, STEM, MAUTand MAVT) are discussed below and in Appendix. 2The field of

MCDA has not yet reached a maturatetand therefore there gpeoblems with the methods
currently usedBarzilai, 2008). Some problems are inherent to all methods whereas others are
unique to specific methods. The benefits and drawbacks of the most popular methods are

discussed below.
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Onre pitfall of many MCDAs is that avrong or inappropriatemethod carbe usedresulting in

precise information that isot accurateor that does noaddress the decision properlyhis is

more of a problem of identifying the proper method rather than a problem inherent to any of the
models. Care must be taken to ensunattthe appropriate meitl is used as not all methods can

be applieduniversaly to decision problemsIf an inappropriate method is adopté&dVs may

end up distrusting the end result or not understanding why certain optasranked higher

than otherqLgken, 2007). Identifying the appropriate decision method is difficult as every
decision is unique. An understanding of the benefits and drawbacks of the methods is therefore

very important.

For more complex problems it has become commonplace to asmlanationof methods to
provide a better decision analysis (Lagken, 2007). As discussed below, the KskDAodel
developedn this thesis draws upon elements of other models, but is developed independently so
as to best address C&Becific decisions.Using multiple decision analysis toatan build on
the strengths of multiplenodels and covefor the faults of individual methodsas well.
Conversely the drawbacks of the methodsuld combine to result in a poorer result overall.
Some of thepopular @irings used tdouild on the strengths of popular modéts energy
decision analysisre: AHP with PROMETHEE II, AHP with TORS and AHP with GP. The
AHP method isclearly very popular in combination with other ethods (Laken, 2007).
ELECTRE isalso very useful aa first step in the analysis in orderderive a reduced sebf
feasiblesolutions which couldbe shortlisted to undergam more thorough analysis performed

afterwards.
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Many of the MCDA methods involve assigning a relativeredor ae criterion over another.

Pairwise comparisons are the most common example of relative scoring, in evitesta are

valued based on their relative preference to each othdane improperly, elative scoring can

however, result in meaningless vadu(Barzilai, 2008). For instance, measuring without units

can create scales in which addition and multiplication are not applicable, such as when
comparing preference for coloutisat do not have a natural zeon autility scale Relative

scales can bproblematic as the concept of zero utility or zero preference is not well defined.
Nonsensicaltilityval ues can al so be maQ kow muscLisbomfoomfi On a
Amsterdam?0 (Barzil ai, 2008) . Tolothes eptiopsrse f er e n
that there is @hysicalscale or alternativevith which to compare Relative scales may work for

value judgements but do not work for all criteria. It is still unciletherpsychological

properties (preferences) can even be medserapirically as debate into the concept was
dropped by the British Association for the Advancement of Science in 1940 without resolution

andhasnotbeendiscussed at length since (Barzilai, 2008).

Thresholdshave been discusseth Section 3.3.5and provide a unique problem for MCDA.

Some MCDA programs allow for a criterionds di
of possible valueshat provides amore comprehensive representationf a cr i t eri onds
values. Usi ng a distributian rof potentiabscores would be similar to runnirg
simulationa number of times at each value between the minimum and maximum distribution
values (as is done with Monte Carlo simulations and sensitivity analysis which are explained in
more deph in Chapter 5). However, $ing the expected valuef a criterion or even a

distribution of expected valuedoes not necessarily make sense to decisiakers. People are
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oftenrisk-averse and even if thereasly a miniscule possibility of a negatiwvent occurring
they may refuse to accept it (Barzilai, 2010b). In these castseshold value can be used in

which an alternative is ekaed from analysis if itould exceedhat value.

3.5.3 Multi - Criteria Decision Analysis for Energy P roblems

Energy production can entalwide variety oenvironmental, social, and econonmtpacts and

risks There is a growing worldwide awareness of these issues. It is how recognized that the
identification, assessment and management of these riskssétial to project assessment
(International Atomic Energy Agency, 1998). Increasingly complex MCDAs attempt to address

these complex issues.

Energy decision analysis is an area that is often addressed with MCDA DSSs. MAUT and
MAVT for instance are commowl used in choosing sites to locate power plants
(Ramanathan, 2004). Bmesemanydecision problem, includingenergyrelated problemsare

now so complexwith many options and a large numioérstakeholders, the decis®madeare

more often satfactory, instead of idealdue to compromisethat must be made Although

energy decisions can lobecomposethto smallerportions such as determining the location of a
plant or transmission type, most problems are interrektedoenefit from holistic assessnts
(Ramanathan, 2004). Energy problems often have another dimension of complexity in that they
are highly dependent on supply and demfamncklectricity and materialsDMs therefore have to

model and forecast these trends as well (Beetali.,2003).
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Even when comparing distically different options, p r o0 js a@es On the criteri@esult in a
mix of high and low raked criteria, and rarely produa dominant solution. With many
different alternatives and many criteriawould be rare ifone alternative performed best in all
categories. This has led to moreomplex decision analysi®ols to aid in decisions which
tradeoffs are required Challenging facets of energy planning decisions inckitke selection,
pollution controloptions and the input of multiple objectives from many different stakeholders

(Clemen, 1996)

In part due to the complexity of these problemswvide range of decision analystols have

been developed. Guitouni and Mart€lLl998) argue that the is no oneMCDA that is
consistentlybetter than another. They have found that in praEilMe are unable to justify why

they choose one method over another gthad that this decision is often related solelya
familiarity with certain methods. A lack of undestanding of decision toolkeads toDMs
attempting to fit decision scenarios to preferred MCDAs instead of the other way around

(Guitouni and Martel, 1998)

MCDA methodsare ideally suitedor energy decisions due to theany sources of uncertainty,
wide-ranging impactsjong time frames andhigh capital costs resulting in many traofé
decisions(Huanget al., 1995; Lgken, 200). An energy decision case study from the peer

reviewed literaturéhatfurther describgaspects oMCDA is providedin Appendix D.
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As discussed above, thereeamany benefits and drawbacks MCDA methods. More
specifically, there are also gaps in the application of MCDA mettoeisergy decision making.

Barzilai (2010a) argues that the mathematical models thaymoally used in MCDA methods

are unsuitable for representative decision analysis. The preferences behind these models are
based on psychological attributésat cannot be measured accurately, or potentiallyalhat
Preferences are also relativetsansitay and often change over time, making rtheoor
representations forloager m pr obl ems; a project 0sDMtheor e ca
same questions on a different date or by giving them further information. Although proposing a
whole new MCDA méhod is unrealistic, it may be more appropriate to use less complex and

open models suchasempl e deci si on t r eapproaches whera the ioner 6 b | ¢
workings of a program are unknown or at least not well understood HyMseusing the tool
(Figueiraet al., 2005) Decision analysis could then remain more of a guide instead of a

solution, wherd®dMs are aware of the limitations of the models and take them into account.

Decision analysis is a complex and varied field with many different methods aimed at improving
decisions. There are drawbacks and benefits tof @lle methodsincluding MCDA MCDA,
however, is better able to address the myriad of variables needaumhex energy decisions by
incorporatingaspects ofmany decision analysis tools used in other metlhodseet to needs of

specific decision problems
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CHAPTER 4
AN INTERDISCIPLINARY PERSPECTIVE ON CARBO N CAPTURE AND

STORAGE ASSESSMENT M  ETHODS

The prevwous twochapters outlined the different aspects of CCS and decision analysis methods.
This chapter provides an assessment of recent decision analysis methods used for assessing CCS.
It reviews the interdisciplinarity of researafito CCSin economic, scial, environmental and
engineering fields. It also provides recommenatetifor future studies to help avoid delays and
cancelations in CCS projects. The paper has been submitted for publication to the Journal of

Industrial Ecology.Dr. Ronald Pelotrad Dr. Kate Sherren are-@uthors on this article.
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4.1 ABSTRACT

Climate change is one of the most serious threats facing humankind. Mitigating climate change
will require a suite of actions to reduce greenhouse gas emissions. Carbon Cap&toragel

(CCS) is a new technology aimed at mitigating climate change by capturing and storing carbon
dioxide in deep geological reservoirs. CCS has risks characteristic of new technalegied

as risks unique to this technolp@nd its application. Largescale CCS decision making is
complex, encompassing environmental, social and economic considetatidrrequiring the

risks to be taken into considerationCCS projects have been cancelled due to inadequate
assessments of risks. To date, studiesesmng CCS ha& been limited mostly to environmental,
social and economidields in isolation from each other predominantly using life cycle
assessments (LCAs), cost benefit analyses (CBAsjuoreys of public perception LCAS,

CBAs, and surveys of plib perceptionall have limitations for assessing difficult meféiceted
problems. Incompatibilities across CCS assessment methods have hindered the comparison of
the resultsacross these singtliscipline sudies and limited the possibility of drawgrbroader
conclusions abou€CS development More standardization acroassessment methodsudy
assumptions functional units, and assessment criteria @C€S could be beneficialo the
integration ofmultiple study results We propose aet of criteriawhich decision analysts could

use to develogCCS-projectspecific criteria listsin order to comprehensively assess a CCS
pr oj ect 0 Fhisksiwadbcrehtedtbydetermining tirequency of use of eadriterionin

recent studieswith a focus ortheir use acrosdisciplines

Keywords: Carbon capture and storage (CCS); life cycle assessment (LCA); cost benefit analysis

(CBA), multi-criteria decision analysis (MCDA); gap analysis
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4.2 | NTRODUCTION

Climate change is considered by many to be the m@sbus threat facing the wortdday

(Rackley 2010; Patet al.2005). Climate change is caused largely by anthropogenic emissions

of greenhouse gases (GHGs). GHGs comprise many types of molecules of which carbon dioxide
(CO,) has the largestmpact on anthropogenicclimate chang (Lashof and Ahuja 1990;

IPCC 200%. GHGs accumulate in the atmosphere where they trapléaditag to a warming of
Earthdos sur f aoctee clanatd (IP€EG 2009.e &imiting GHG emissions to a
sufficiently low atmospheric concentration to prevent catastrophic climate change is an
extremely complexand muttiacet ed problem (Ludwig 2001) . N

or action will prevat climate change; many measures will need to be pursued.

Carbon Capture and Storage (CCS) is a relatively new suite of technologies and methods aimed
at mitigating climate change by capturing and storing @Qleep geological reservoinsstead

of releasing it into the atmosphereThe IntergovernmentalPanel onClimate Change(IPCC)
considers CCS to be one of sever al options n
stabilization of atmosphearigreenhouse gas concentratioffl®CC 2005). CCS refers to a
process and not a single technolpogy there are many different technologies that can achieve
these actiongMeadowcroft and Langhelle 2009)In general termsCCS isthe process of
extracting CQ (typically from the flue-gas stream of a fes fuel-fired power plant),
compressing the gasto a supercritical statand transporting it t@ geologicalstorage site
(Natural Resources Canada 2006)fhe compressed GQs then injected into geological
formations such adepleted oil and gas fieddor subsurfacesaline formations. Typically, the
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CO, remainsin a supercritical fluid phase, though over timtemay form solid carbonates
through geochemal reactions. The injected GOughtto remain stored under pressure in the
geological formationalthough there is a small possibility of leakage out of the reservoir. Over
the last few decades the individual components of CCS @@ture transport, and storage)
have been successfully implemented in many commercial projects whose primary psirpuse i
CCS (Havercroftet al. 2011). CCS combines these individual components on a large scale,
which creates new challengssch as economic viability and storage of large volumes of CO
underground Several pilot and demonstratioteqts exist, butfew largescale commercial

projects incorporatingll three stages have been developed to date (MIT nd; IPCC 2005).

Decisions aboutwhether to,or how best to, implement CCS artemplex and should take into
consideration environmental, social and economgpacts due to its long lfeycle, broad
impacts and diverse stakeholderS§takeholders include, but are not limited to: government
agencies,power plant operatordpcal community groups and businessnd environmental
organizations. Some of the impsiof CCS can inlude increases pfocal pollution andwater
use,electricity pricesand decreases fwoperty valuesgroundwaterguality, and healthdue to
CO, leakage. CCSdevelopmentaces large riskss a reglt of its novelty, itsuncertainsafety,
technologial and storage reliabilityand the complexitiesthat mayarise during its application.
Consequently, ecision makers (D) such as government policyakers and large energy
companies have encountered difficulties implementing commercial COfecis When
developing CCS project§Ms must chooséhe CO, capture technology, transport method and

storage implementation optigriacluding the location, scale and timion§ CO, storage as well
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as the level of safety precautions gneblic engagemernhat should be adopted, among athe

considerations

As CCS is a new methodology with fe@aching consequences, there are many hurdles that it
must overcome in order for it to become widely accepted and adopted. For example, public
opposition to perived or actual risk and high and uncertain costsn sideline or postpone
CCS projects such asas occurredat Longannet in ScotlandJaenschwalden Germany
Barendrecht in the Netherlands (Carbon tGepJournal 2010; Reuters 20Tkerwelet al 2012)

or the WeyburrMidale CCSEOR researctproject in Saskatchewan, Canada where there is
some local public opposition (Vanderklippe 201X)ther obstacles itede uncertain revenue
streams, changingegulatory regimes, andomplex valuechains (Rai etl. 2009). There are
parallels between the technologies usednd obstacles facin@CS and thoseassociated with

the oil extraction, S@scrubbing, LNGandthe power generation industry (Ramanathan 2004
Rai et al.2009. As with these other larggzale technological projects, CCS decision analyses
are becornmg increasingly broad in scope due to tleginsideation ofenvironmental and social
factors alongside economic onggnternational AtomicEnergy Agency, 1998; Ramanathan
2004; Wanget al 2009. This broadening of scope has rendered CCS energy decisions even

more complex.

Decision support systems (DS&)e tools thaprovide a formal frameworko assess difficult
problems in many fields including energy development and projects witle-daale

environmentabnd sociaimplications (Cavallar@009). A wide variety of DSSs»ast for both
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detailed andigh-level assessments. lngh-level assessment® be of use to decision makers,
DSSs need to be able tansparentlyncorporate ecormic and noreconomic factors, risk and
uncertainty(Phillips and Bana e Costa 2005)or@prehensive and muitiisciplinary approaches
are needed to fully assess higliel, complex problemsHartel and Pearman 2010)Current
studies assessing CClowever focus mainly on detailed, single disciplines usether life
cycle assessmés (LCAS), cost benefit analyses social perceptiosurveysin isolation. This
large and growing body of singtbBscipline research on specific aspects of CCS prothde
foundation forbroad studies. Howevesuch multi-disciplinary CCSstudies which combine
elements from manfyields, have so far been limitesh use in partdue to the incompatible
methodologies and parameter assumptionsof the singlediscipline source reports

(Allinson et al. 2006)

This paper examirsscommonmethods currently used avaluaé CCS options through a review

of the scholarly literature in the fieldSpecifically, wecompare the riteria used within the
variousmethods of assessment, adeéntify complementaryindicators across disciplinesVe

then analysavhich aspects of CCS are predominantly studied and which areas lmnait

from further research. Finallywe outlinea holistic multidisciplinary approachusing multi-
criteria decsion analysis ICDA) which isrecommendedor future high-level CCS decision
making, including a initial proposed set of assessment criteria that encompasses social,
economic, environmental and engineering aspettss study builds upon work conductelly
Allinson et al (2006)the IEAGHG (2010), and Markusson et al (2Q1#)o have reviewed CCS
assessments from aconomicenvironmental (LCA focus), and social perspectrespectively

by linking the three focus areas into a more hold#cisionframework.
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4.3 METHOD FOR COMPARING  ARTICLES

We conducted a literature review of articles that asseS€&8l in the social (e.gsurveysof

public perceptions environmental (e.g. LCAs), and econorfields (e.g. CBA and economic
comparisons). Since the publication of thelPCC special ngort on CCS (2005)interest in
climate changemitigation strategiekias continuedo increaseand many moreCCS pilot and
demonstration projectsave beerbuilt. Subsequentlysignificantly more assessments of CCS
have eenconducted (CO2CRC, 2010; Meadowcroft and Langhelle 2009; Khesghi et al. 2012).
Due to the rapidly changing field of CG#d technologies in generdhis studyonly includes
articles that were published between 2006 and June @il@n et al. 2004Rodemyer et al.
2005 Rubin et al. 200}/ Forty one articles were included in this assessment, selected from the
following publications: International Journal of Greenhouse Gas Contiaternational Journal

of Environmental Research and Public Healflournal of Power and EnergyEnvironmental
Progress Renewable and Sustainable Energy Revielsergy Policy Energy; Chemical
Engineering & Technology; Journal of Industrial Ecoloddetroleum Science and Technolpgy
Environmental Science and Technolpdyisk Analysis Biomass and BioenergyEnergy
Procedig and Climatic Change To complementarticles found duringa broa@r research
project searchesvithin the above journaleere made using the following words: carbon capture
and storage, CC3nd carba sequestrationindividually as well as ircombination with: life

cycle assessment, environmental assessment, economic assessment, cost benefit analysis, public
perception, survey, interviews, life cycle impact assessment, price, cost, energy assessment,
energy modeling, risk assessmemtylti-criteria decision analysisscenario analysis, energy
integration, energy comparisorhe analysis included only comprehensive studies, defined as

studies that assessed CCS using multiple crit&tadies that catucted an irdepth analysis of
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CCS using only one criterion, ancere thus not intended to inforbroad, higHevel decision
making were not included in this analysidrticles with a legalor engineeringocus were not
included in this analysis akeir scope was limited to thesende discipline. In practice, we
have foundthat legal, regulatory and engineerindgactorsfunction as minimum thresholds

barriers for CCS projecend not agriteriawhich projects are evaluated.

We grouped articles into thrdeoadcategories (environmental, social and economic) based on
which categoryencompassethe majority of their criteria While these three categorieppear

to cover thassues studied in the articles, we includ¥d, leakageasa separate fourth category.
Although CO; leakage is not an assessment typeadegoryon the same levesenvironmental,
social or economic studies, it is included daets importance to CCBerformanceand lack of
consistent inclusion inhe studies reviewed A CO; leak is of significant concern for CCS
implementation as it can impact adtherthreecategories. Articles were also categorized by the
type of assessment used area of focuseconomic assessmen{which usedCBA as the
predominant assessment tqol)CA, risk assessent, surveys of public perceptioscenario
analysis, andreergy integration/comparison. We noted thember of criteria included in each

study and how many tegories were spanned

The next step in our analgsinvolved calculating the number of criteria used in the studies.
study mentioned a criterion, but did not explicitly state that it formed part of their analysis, then
we did not ascribe that criterion to that article. For example, many studi¢i®meeinssues such

as CQ leakage and capital cost but did not include them in their analy¥es filtered out the
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important criteria byfrequency of use across the publications. Criteria that were only used in

one or two studies were nofcinded, suclas 6 e x t e r n aekternalecoge h keeping and 6
with our highlevel, multi-disciplinary perspectivevery similarcriteria were aggregated. For
example, for the economicalfpcused studieshe studycriteria preseted were reduced from 13

to 9, acknowledging that some similar terms were referred to by different naittesugh they

brodl y assessed the sarherefdfre@eotmbi nedd Wot andocapt 6
similarly, 6 Oper at i ng wasmmbined(wihe/&ixb)e ®peratig ® s t Dde to the

wide variety of criteria and their overlapping nature in environmentatysed assessments,

several of the environmental criteria were also combir@dteria in sudies focusing on social

aspects of CCS were much more diffidaltcategorize and compare thi#wosein the economic

and environmental studies. This difficulty was largely due to the wide variety of questions posed

in surveys, interviews and focus groups, as they could be phstigatly differently while

attemping to assess the same criterionThe social studiesypically asked sveral dozen
guestionf respondentsbutthesewere grouped intdhe 9 categories shown in Tabldor this

review.
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Table7 Sample of questions and statememsfisocial assessment studies of CCS

Question topic Criteria category

Perceived likeliness of risk for the environment

- , , Perceived impact on climate chan
Perceived impact on climate change

Perceived likeliness of risk for personal safety

Perceivechealth impact
Perceived likeliness of risk for offspring v 'mp

Cost of CCS relative to other technologies .
Perceived cost

Impact of CCS on electricity prices

Relative preferences between climate mitigation technologies Impact on other technologies

Perceived risk of C@eakage Perceived leakage

Perceived likeliness of risk of being inconvenienced Public perception/acceptance of
Opinion of CCS CCs

Knowledge of CCS Knowledge of CCS

Perceived economic benefit for local communities . .
Perceivedenefit

Perceived pollution reduction

Trust in industry on CCS issues

Trust in environmental negovernmental organizations on CCS | Trust in experts

Trust in government on CCS issues

4.4 ASSESSMENT OF CCS ARTICLES

Of the fortyone articlegeviewed 11 had an economic focus, 12 were about social implications
and 18 assessed environmental impdsee Table 8) Five of these articleslso explicitly
included CQ leakage, displayed in the fourth last column from the righhe articles were
assessed from a quantitative perspective, from an interdisciplinary research perspective and

within each category type.

Table8 Criteria used in studiesEach row represents an individual study. Each column lists a
criterion thatrecurs throughout thé1l articles. An area cell is highlighted when a
study included the criterion listed in that column. Criteria are grouped and coded by
colour: geen represents environmentdibcused criteria, blue represents social
oriented criteia, and red represents econofbased criteria. The number of criteria
assessed in each study is tallied in a column towards the right of the table. The
studies are also coded in yellow in the last set of columnshoev the type of
methods used
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Journal articles reviewed.ahowski et al. 2002 McCoy and Rubin 2008 Azar et al2006.
4 Viebahn et al. 2007. 5 Rubin et al. 2007. 6 Giovanni and Richards 20&0. der
Zwaan and Gerlagh009 8 Rhodes and Keith005 9 Hardistyet al 2011 10 Rubin
et al. 2012. 11 Finkenrath 20122 HaDuong and LoiseP011.13 Lampreia et al.
2011. 14 Terwel et al. 2009%5 Itaokaet al.2009. B Fleishmaret al.2010.17 Oltra
et al. 2010. 18 Ashworth et al. 2009. 19 Anderson et al. 2009. 20 Huijts2&041.
21van Alphenet al. 2007. 25hackleyet al. 200923 Terwel et al. 2009b. 24 Terwel
et al. 2012. 25 Nagashima et al. 2026 .Modahl et al. 2011. 27 Marx et al. 2011. 28
Khoo and Tan 2006a. 29 Khoo and Tan 2006b. 30 Keatet al. 2008. 31 Koz et
al. 2010.32 Nieet al. 2011. 33 Odeh and Cocke#D08.34 Gusca and Blumberga
2011. 3 Pehnt and Henke2009.36 Singhet al.2011a.37 Singh et al. 2011b. 38
Singh et al. 2011c. 39. Sathre et al. 208DP. Zappet al.2012. 41. Schreiber et al.
2012.

The large variety of criteria used in the CCS studies reviewed makes it difficult to discern which
criteria are most important for CCS analyses overall. The number of times each criterion was
used in the 41 reviewed articles calculated on the bottom row of Table 8. Global warming
potential (GWP) was the most commonly assessed criterion (26 of the 41 sifdars)makes

sense as the purpose of CCS is to reduce GHG emissidhshe other criteria we far less
commonly hcluded acrosshe studieswith none of the other criteria usedore than 20 times

and most from six to nine times. The six most commonly used criteria, inglGWVP were all
environmentallyfocused. Social and economic criteria were quite equally septed (7.4 and

7.9 times per criterion, on averagespectively), butdss than environmentalfpcused criteria
(11.7). Many studies did not: explicitly specify the functional unit of the assessment, indicate the
life-span of the CCS project, outlinbBet units for the indicators, nor state what the project
boundaries were, which sometimes made comparisons between studies difficult. The functional
unit 1 s especially important as it decl ares

tonneofCO6) , which clarifies the output and faci
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4.4 .1 Assessment of | nterdisciplinarity

Across the 41 studies examined, the number of criteria included per study ranged from two to 13
with the majority including betweefour and eight criterigandthe medianwas seven (see th

column in Table &ntitledé # of cri teri ad) . -diBciplondryt ire reatore, s t u d i
including criteria from two or more of the environmental, social and economic categories (see
Figure 25). One study, (Lampreia et al. 2011) included criteria from all three areas, although it
did not include CQ@leakage. Two articles each covered two categories as well ak&kage.

The majority of articles focused on criteria within a specdiea with only one or two criteria
outside its main area of focus. The most common examples were economic analyses that also
include GWP, and environmentallgcused analyses that also include an overall economic
criterion such as capit cost or costfoelectricity. These results show that comprehensive multi
disciplinary studies on CCS are rar@hisis hindering thainderstanding of the implicatiomns

CCS which, as a complex technolggequires input from all fields of research to effectively

develop
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Engineering

Figure25 Number of reviewed articles parsed by the combination of disciplines assessed

Articles were further categorized based upon the predominant assessment method used. The
assessment types were categorized as economic assessments (which @BWdedthe most
common assessment methddJ,As, surveys of public perception, scenariolgsia and energy
integration. LCAs were used almost twice as often as the next most used methods, appearing in
19 of the 41 articles, followed by surveys of public perception and economic assessainiehts

were used in eleven articles each. The artigle®st always used only one method of analysis
(seethe column inTable 8entitled6 # of categoriesd) widnthonlg3 of
three articles using three or more methods. The studies that involved multiple assessment

methods included nme criteria than average. Using multiple assessment methods also meant
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that criteria were included from at least two areas (environmental and economic, or social and

economic).

4.4 .2 Economic A ssessments

Amongst the 11 studies that had a predominaetgnomic focus, capital cost and cost of
electricity were the most commonly used criteria. When environmentally oriented and socially
focused studies involved economic critettzese weranost oftenalso capital cost and cost of
electricity. Thismade tlesecriteriathe most common economic criteria overall, appearing in 13
and 12 of the 41 studies respectively. The remaining economic criteria appeared in between five

and nine economicaHlfocused studies each.

4.4.3 Environmental A ssessments

All eighteen environmentalipcused studieand one economicaHfpocused studysed a LCA
approach Three of these studies were crasciplinary in nature, including risk assessments,
scenario analyses and energy integrateanwell as reviewing economatiteria. Almost every
LCA article included global warming potential (GWP) or criteria such agébssions or C®
intensity, which were considered to be comparable measures foothgarativeanalysis. Each

of these criteria was aimed at describimoyv CCS impacts climate change through,@@ission
reductions. Many studies looked at individual pollutants such aERO; emissions. Others
used more general measures of environmental impact such as eutrophamatification and

land-use each ofwhich compriseseveral individual factors.
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Based on the results of a previously undertaken and broader reBéddctinesisstudy, LCA
studieshave been shown tbe by far the most common assessment method for CCS in the
literature. The eavironmentally-focusedarticles included irthat broader studgompared many
variations of CCS, and also compared CCS to other climate change mitigation strategies, such as
solar power or fuel switching (e.g. Viebaéhal 2007) still the majority used an LCApproach

The broader CCS decision analysis research study strengthens the results of this interdisciplinary

assessment study by providing more context.

4.4 .4 Social A ssessments

Almost all the social studies looked at public perception of CCS in $omme The otheright

social criteria (Tabl&) were each included in approximately half of the social study artities.

was found thatacial science studies on CCS tend to focus on only one or two areas such as
public perception or perceived cost oCE (Markusson et al. 2012)Social studies were
generally not combined with environmental and economic assessments, with only two articles
considering both economic and social aspects of CCS and one article spanning all three
categories. Conversely, Bvironmentaland economic assessments algb not usuallyinclude

any social criteria.This may bepartly due to the different approachesed in these fieldsocial
assessments conduct primary research by surveying public perceptions of CCS, whereas
econanic and environmental studies tend to integrate measured and estimated data collected in

other studies.
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The questions posed in thecsd studies were often projeabr regionspecific, considered a
sinde type of CCS technology, and sought to eligublic awareness of the technology.
Extraplating to other CCS projects maiierefore be problematic, given theproject and
geographiespecifiaty. Broaderstudies such as the Eurobarometer report do, however, provide a
more general picture of public actepce of CCS and can help indicate levels of support in
different regions (Eurobarometer 2011). IP®O, (2011) also released a study on broad
awareness and public perception of CCS for each of the Canadian provinces, providing

comparable data to the Ebbarometer study.

4.4.5 Engineering F actors

Beyond the decisions on what capture technology and transportation methods to zse, CO
leakage from geological storage age of the mostmportant aspestof CCS. Most studies
across all ategories did notocus on the engineering and technifzdtors althoughhey often
discussed thepacknowledging that they mdave a large impact on environmental, economic
and social indicators.Indeed, here are studies focused specifically on assessingléz®age
from geological reservoirs and itapacts (e.gvan der Zwaan and Gerlagf09 van der Zwaan
and Smekens 2009; Hhaiong et al. 200%and Little and Jackson 2010). In the broader
assessment studies, €l@akage was generally not explicitly included in thelgsis, either due

to the lack of data, or because it was outside the scope of those stDthes.major technical
factorsassesseth the reviewed articles are: plant efficiency, reservoir storage capacity tor CO
power plant type, fuel type and elecal generation capacitamong othersbutthesewere not
included in the analysis due to the low frequency of inclusibime energy penalty froradding

CCS to a traditional power plant was alsdrequently included in environmental and
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economially-focused studies.When adding CCSo a power plantthe energy penalty is the
increase in fuel input (coal or gas) requitedoroduce the same net energy output that would

occur without CCS.

4.5 DIscuUsSsION

There are several factors that have limited ifterdisciplinary nature of CCS studies and
hindered the compi&on between CCS studies. These hawded the holistic assessments of
CCS which are needed due to its complexity and wide ranging impacts. In particular, the
research conducted for thistiale has highlighted four main improvements that will enable
interdisciplinary and holistic assessments of CCS: starmdioin of units and assumptions; in

lieu of thig greater transparency in assumptions and units; bseader stuigs across multiple
disciplines;and development of more commercial scale CCS projects which will allomdo
up-to-dateassessmentsThe remainder of this article will discuss these factors and recommend

improvements.

Some patterns became apparent that madiffidult to compare the results from diverse studies
These included: a lack of transparency of methods and criteria used, unstated CCS project life
spans and boundaries, incompatible assumptions made between similar studies, and lack of a

clear functional unit.lt was therefore unclear exactly what was included in many studies.
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Another challenge when comparing articles in this field is the rapidly chaagohgitespecific
nature of CCS, wibh renders itifficult to obtain accuratandcurrent economic, environmental
and social data. Fundamental shifts in climate change scaulué perception and mitigation
technologies means that older studies quickly become incompatible with neweanshasw
areas of researodmerge The cost belectricity, for instance, depends largely emgineering
factors,external impacts suctuel prices the local fuel and power generation capaaeitylthe
sociopolitical situation in aregion. Other factors such as the location of a proposed CCS
projed, andits size and technologies proposed.(@et00MW integrated combined cycle power
plant or a 250MW postombustion plverized coal power plant, are likely tengender
significantly different impacts, costsand social perceptions for the project The rapid
development of this field also means thatts assumptions are thimportant toconsiderwhen
comparing projects and drawing broader conclusions because there are very fagdlr§eCS
projects (and even these are mostly research or pilgept® from which to gather information
(Zappet al.2012). Therefore, no generally acceptset ofassumptions exist As more projects
move tavardscommercialization, a databaseauftualCCS costs andocial andenvironmental
impacts could be develogen an overarching study similar to the IPCC Special Report on CCS
(2005), summarizing impacts, and recognizing the significant changes in the past seven years
since the first IPCC reportKheshgi et al. 2012) This may also lead to industwyide

assumpbns being establiske

The reviewed papersomprise a wide variety of assessments of CCS in many geographic
locations and taking different approaches. While each assessment provides a gaisl @naly

specific situations, théack of consistency makes difficult to compare and extrapolate the
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wider implications of CCS, such as expected general costs of integrating CCS into power plants
(Gabbrielli and Singh 2005; Di Lorenzo et al. 2012). Not only do assumptions and criteria vary
across studies usinggaven method (e.g. LCA), but also assessments tend to exclude the factors
or criteria used in other methods, especially social criteria. Maral (2011) provide an
analysis of LCAs used for CCS, and categorize some of the criteria used in those Stelie
International Energy Agency Greenhouse Gas Program (IEAGHG) provides a summary of LCA
studies showing 14 commonly used indicators (see Table 9) (2010). Much of the IEAGHG
analysis focuses on the differing assumptions made and the data that ane tirgedtudies.

They also note that, although many studies on CCS have been performed, there is still a lack of
sufficient data using comparable assumptions and criteria. Another IEAGHG (2009) report
outlines 18 recommended criteria for selecting arsessmng CCS storage sites. Our review
builds upon the findings of the IEAGHG (2010), Markusson et al (2012), Marx et al (2011) and
Allinson et al (2006) studies by looking more broadly at environmental, economic and social
studies on CCS together as wagl providing an analysacrosshe differentdecisionassessment

categories.

Table 9 Commonly used environmental indicators for CCS focused LCAs (Adapted from
IEAGHG 2010)

Global warming potential

Acidification potential

Eutrophication potential

Photochemical oxidation potential

Ozone depletion potential

Human toxicity potential

Marine and fresh water aquatic ecotoxicity potenti

Terrestrial ecotoxicity potential

Cumulative energy demand

Abiotic depletion potential

Particulate matter equivalent

Land use

Water use

Waste
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Social and environmental studies can be assessed witleéertence tofully functional
commercial CCS projects; social criteria can be assessed using scenario predictions, and
environmental critga can be assessed using data from components of CCS projects used in
isolation. Economic studies, however, were found to be more generally tailored to specific
circumstances (Allinson et al. 2006). As additional tiliegrated CCS projects are realiz it

is expected that economic analyses will beconwe prevalent and also more accurate. In
addition, the public is likely to become moaware of CCS and have bettermed opinions,

which would providean impetus for administering periodic publicimpn and knowledge

surveys.

The fact that GWP is overwhelmingly the most common coitemcluded in studies partly

due to the objective of CCS, which is to reduce the @@issions of fossiluelled power plants.
The uwcertainty surrounding the enwonmental impacts of CGSand concern over its
effectiveness as a climate change mitigation optdso likely influencethe disproportionately
large number of environmentalfgcused studies found in the articles reviewed. Perhaps fewer
studies assessocial criteria partly de to the difficulty in quantifyinghe social impacts and
public perceptions of CCS, the rapidly changing field of Clgfifed research fundingand a

lack of awareness of CCS in general. The most common criterion assessedheitocidly-
focusedstudies was the overarching gtien of public perception d€CS, which was included

in eleven studies.
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4.5.1 Gaps in the Criteria Used in the A ssessments of CCS

We looked at the environmental, economic and social categories to highlight gaps and
inconsistencies between studieBnvironmentally oriented studies focused primarily on GWP
and CQ emission criteria, since CCS is aimed at mitigating climate change.theDfL8
environmentallyfocused articles, 14 assessed GWP, while two articles use@r@iSsions as a
gauge for GWP. Sixteen environmentdibgcused articles considered acidification whereas 14
articles looked at eutrophication potential, 15 at photootemizone creation potential and
eight at terrestrial ecotoxicity potential. Although this is not an exhaustive list of studies that
assess the environmental aspects of CCS, it does othtéisegnificart differences between the
scopeof the articles. e addition of noftlimatechange related criteria reflects the uncertainty

of this climate change mitigation option, exacerbated by the limited number of commercial scale
CCS projectsand concern about potential impacts from CCS on other aspects of the
environment. For example, the energy penalty for adding CCS to a power plant can increase the
impact of the power plarty increasing fuel use, physical waste amercury emissions amosig

other side effectsEven when data on fyroducts are available, the risk implications are unclear
when there is no contextual information against which to gauge the relative importance of each
criterion. For instance, the relative increase in caggn@ substances prodectwhen opening

a CCS plant may be significant, however if the original levels were verytlmm, the new

increase mape negligible.

A concerted effort to determine which key CCS impact factors or criteria should be studied in

general could benefit CCS project analyses. Many criteria were only included in a handful of
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studies, making their relative importance difficult to disce@n the other hand, one CCS
evaluationswill facilitate the assessment and comparison of critéhi@ are infrequently
assessedAs the risks and impacts of CCS become better understaodpartant criteria will

eventually be filtered out of CCS studies to place more emphasis on key CCS issues.

Examination of the economic assessments of CCS mevaalsimilar pattern to the
environmentallyfocused assessments. Within the eleven economic articles reviewed, there were
nine different criteria, with eacérticle includng from two to nine criteria Although there were

fewer economic criteria used iatal compared to LCA studies, the economic criteria were more
varied in th& assumptions andh the units that were used;omplicatingcomparisons and
conclusions. It is not clear why this may be the case although Allinson et al (2006) provide a
summaryof economic CCS studies with respect to assessment assumptions and incompatibilities
between studiewhich showed that the variation in assumptions led to significantly different cost
estimates As the CCSesearcHield matures, these assumptionswgt becomemore uniform

so that multiple studies can be compared on a consistent bA#istnatively, factors for

convertingcriteria units into common formateuld be developed.

The saeial assessmentmnalysed in this studywere more difficult to comparas tley comprised
many questions that wevery specific to local conditionsvhich can change dramatically across
sites and over time. Most people are unaware of CC®&amthose that are often do not have a
strong understanding of the process (Eurotveater 2011). Since public opposition has been a

major contributor to CCS project cancellatiq@sderson et al. 2012p detailed assessment of
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local economic and social conditions is important and should be coupled with public engagement
(Carbon Capturdournal 2010Reuters 201)1 Several articles noted low levels of awareness

and limited knowledge of CCS, although the awareness and knowledge levels varied
geographically (e.gHuijts et al.2007; Ashworthet al 2009; Oltra et al.2010; Fleishmaret al.

2010; Iltaokaet al. 2009). Providing more contextual informatidior the studiesand gauging

public opinionacrossmore regions will allow fobetter assessmendf the socialfactars that

affect project viability As onlyafew regions have been seyed, there are many opportunities

for further assessment of CCS perceptions, especially as CCS becomes more common and

correspondingly more prevalent in the media.

4 5.2 Recommendations

The types of CCS impacts, their severdpd uncertaintyare stil largely unknown and require
further study. For higtevel, comprehasive decisions, such as those involvibGS projects,
environmental, socialand economic factors should be considetedlistically, based on
standardized or transparent assumptiavsre highlevel research nesdo be conducted using
this interdisciplinary approach. This will enable individual CCS projects to be compared with

each other as well as CCS in general relative to other climate change mitigation options.

Such a broadbasel approactshouldcomplementather than subsuntbe detailed research into
individual aspects of CCS. The evolving nature and uncertainty of CCS will continue to create

new challenges and issues which should continue to be studied from multiple peespettie
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recommendationgrom this studyare not meant taletract fromresearchinto criteria beyond

those most commonly included. On the contrary, detasd&uglediscipline studies are essential

as they are the building blocks upon which broad interdisciplinary studies areHmaever,

more singlediscipline studies use benchmarked input data, standard assumptions, and common
criteria in their assessments, it wouwaltbw for easier comparisons between studi€sresight
should be used when designing studies to botnesd the aims of the studg well as enabling

the findings to be integratedto the broader literature.

Key aspects that coulcebaddressed in ordér allow projectsto be evaluatedn a comparable

basis are standardization and transparency, specifically regarding the length of CCS projects and
boundary definitions, and use of consistent functional units. Critical event scenarios, where
events outsle the normal operation of a CCS project occur, such aseaknge or strong public
opposition, can also to be included in future research. Each ofitisess will be discussed

turn below:.

Although some studies explicitly discuss the limits and nidlawies of their assessments,
especially within LCAs, many do not, leavirlge reader uncertain as to whiaksumptions

apply. A consistent evaluation method, which is explicit about which impacts are included and
the length of project, is essential whemmparing studies. Due to the letegm nature of C®
storage and liabilities associated with it, there is uncertainty surrounding the length of time after
decommissioning that impacts should continue to be studied, and therefore how long a study

should &st. Due to these uncertainties and the need fortemng storage of C§ CCS projects
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could be considered to ldseétweerseveral decades to many hundreds of years. Over such long
timeframes, small differences can have significant effects on thestesliteCanada Carbon
Capture and Storage Statutes Amendment Act 2010 (Allpdsjdes some guidance on the
reservoir conditions required before liability passes from the CCS operator to the government,

although no firm length of time is given (GovernrmehAlberta 2010).

The lack of a consistent functional unit or benchmarked input data hinders tltye tabdraw
broader conclusions betwed&iCA studies (IEAGHG 2010). Tamelioratethis situation, a
thorough investigatioshould be undertakento the assumptions made in various studiben
applyinga conversion of the results intocammonfunctional unit based on kWh produced or
tonnes of C@stored. Although some studies do make many of their assumptions known, the
functional unitsor units of the indicatorsare often not consistent with other studies. For
example, Khoo and Tan (2006a) express eutrophication in terms of grams efjiN@lent per

kWh of electricity generated, whereas Kamef et al. (2008) and others express eutrophication

as grams of B equivalent per kWh. For economic studies, costs are expressed usually in USD
or Euros, however the reference dates are not usually stated, thus inflation effects and currency
conversions cannot be accurately appliedhis reflects a difficulty inherent to any new
technology: a lack of standardized reporting methods and units and diversity of currencies used
(Di Lorenzo et al. 2012). As mentioned previously, broader and moreranggng studies, such

as the IPCC spedlireport on CCS may help to set standards. Q@6 becomes commonplace

transparency is important.
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4.5.2.1 Critical Event Analysis

Critical event analysis for CCS is another area that could benefit from more research. Ciritical
event analysis refet® the assessment of the impact of significant negative events, such as the
possibility of a CQleak from the geological storage area, strong public opposition to the project,
or significant pertinent regulation changes, amongst others. Ad&a® couldhave significant
negative impacts on the majority of criteria assessed, ranging from bé&alttsand GWR to

public perception and the economic costs of remediation. Only five studies explicitly included
CO, leakage in their analysisThe limited numier of studies including CQOeakage may be
partially due to uncertainty over the probability and consequences ot é&e&or researcher

and funding biasesWhen the potential for a GQeak is not mentioned in a study, it can be
assumed that it has nleéen implicitly included in the analysis. Such modelling assumptions are
not inherently problematic, howevahey should be clearly stated in future studies to aid in

comparisons.

4.5.2.2 Sensitivity Analysis and MCDA Aproach

Sensitivity analysis igeneral is lacking within CCS decision analysB$acing an emphasis on
reducing uncertainty bynderstanding both the pokk range in values gfarameters as well as
their probability distributions, will hel[DMs better assess options (Markusson ef@12). A
multi-criteria decision analysis (MCDA) approach is being adopted more commonly for energy
decision analysigWang et al 2009). MCDA methods can incorporate quantitative and

gualitative data from environmentasocial and economic fields. They can also include
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sensitivity analyses to reflect thencertainty in CCS estimates. A MCDépproach may be
suitable for analysing higlevel CCS decisions as it can include the insights gained from using

multiple methods such &€ As, economic assessments and opinion surveys.

4.5.3 Proposed C riteria

Markusson et al (2012) provide a starting point for assessments of CCS suggesting the following
sociatechnical areas of uncertaintyor further research variety of pathways; safstorage;
scaling up and speed of adgpment and deployment; integration of CCS systestsnomic

and financial viability;policy, politcal and regulatory uncertaintgnd public acceptancelhe
proposedist of criteria in TablelO created for this stydbuildsu pon Mar k unsoslern 6 s | i
to assess CC8olistically using a MCDA approach. For higéavel comprehensive studies of

CCS decisions, criteria should be included from each of the environmental, social and economic
categories and also includeskiassessments of critical events, especially [@@kage. They

could also include legal and regulatory criteria in specific circumstancBsis table is
constructedrom the most frequently used criteamongst the sample articles reviewed. In the
absgnce of a better measure of the relative importance of criteeattentionthat has beepaid

by researchers to each one can serve as a viable surrogate me&asulist is subjective in that

some criteria (e.g. trust in experts) were frequently Usegithe authors thought that this would

not be a useful universal indicator and thus only used when warranted. ConverselgalCO

was not included in many studjdsut should beetaineddue to its potentially large impacts on

CCS.
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Table10Proposed CCS assessment criteria

Environmental | Social Economic CO; leakage
GWP Public perception/ acceptance Capital cost CO, leak
Air quality’ Knowledge/ awareness of CCS Capture cost
Eutrophication Perceived benefit Transportation cost
Acidification Perceived impact on other technologiey Storage cost
Toxicity Perceived impact on health Operating cost
Perceived impact on climate change | Cost of electricity

Also the proposed assessment criteria would provide a sufficient evaluation of CCS projects to
allow decisions to be made without tBh& becoming overwhelmed with too many criteria that

do not have a significant impact on the overall objectives. The list sheuttbnsidered as a
minimum number ofkey criteria required for largecale, higHevel CCS decision analyses.
With a limited number of LCA studies on CCS, there is still some uncertainty over which criteria
are necessary (IEAGHG 2010) and the proposstddiexpected to change as the field matures.
This winnowing down of CCS options should occur alongside developments in the science of
CCS with respect to capture technologies, trartafion methods and storage mechanismke
selection of technologitamethodological and storagwinner will focus the CCS field and
reduce the uncertainties in their impacts (Markusson et al. 2048)circumstances warrant,
there may be benefits from incorporating mamefewer CCS criteria in any given study.
Broader CCS studiesnclude many of the most common criteria. One of the criteria that should
be included more often is thisk of, and impact froma CO, leak as it can have significant
effects on other criteria. A consistent and systematic methaee@d to incorporate CQ

leakage into analyses (IEAGHG 2010).

® This criterion could include indicators such as PM 2.5 and PM 10. There is a need for research into both air
qudity and toxicity to determine which indicators should be included.
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Putting assessment standards in place either through the Canadian Standards Association (CSA),
which is developing the first set of standards for geological storage pinCGllaboration with
IPAC-CO,, or the European Committee for Standardization (CEBD) the International
Association for Standardization (ISO), will provide the necessary consistency and guidelines for
future assessments (CSA 201EAGHG 2010). Such groups can provide industige

standardsind guidelinesor assessing CCS.

4.6 CONCLUSION

There are a wide variety of methods currently used to assess CCS. This reflects the evolving
nature of CCS research in this emerging fieldurrently, most studies are conducted within
specific disciplinespredominantly environmental, economic or sociéll three categories of

study could benefit from using a more consistent set of units and clearer assumptions
particularthe environmetal and sociakvaluations Consequently, higlevel, interdisciplinary

studies would be better able to compare the detailed environmental, social and economic studies
in their broad assessments. As more studies are conducted, methods for assessident shou
converge towards systematic approaches with more universal and transparent assumptions. This
could be achieved through an adaptation of the current ISO 14000 series of environmental
management standards or by a Gp8cific organization. This shouldduce the uncertainty

and variability in the results between studies and provide more general guidance for CCS
decisions. As CCS is a rapidly changing field, more studies of all kinds, especially those related
to pilot and demonstration plants, are gneateeded to better understand how CCS can

contribute to mitigating climate change by reducing @@issions.Interdisciplinary studies fill

123



the gaps of singtdiscipline studies by providing a broader and more comprehensive assessment

of the CCS field.
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CHAPTER 5
A MULTI -CRITERIA DECISION AN ALYSIS MODEL AND RIS K

ASSESSMENT FRAMEWORK FOR CARBON CAPTURE A ND STORAGE

This chapter outlines in a stepise approach the risk assessment model for CCS using a multi
criteria decision analysis approach. Tdmapter uses simple CCS example to demonstrate the
elements of the model and provide a realistic decision analysis scenario as a potential use of the
model. Thechapter wa submitted to the Journal of Risk Assessmé&nt. Ronald Pelot is a eo

author on this article.
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5.1 ABSTRACT

Decision making modelasing simple toolsand includingfew alternativeshave evolvednto
methods that assess decisiomsre comprehensilye Decisionanalysisnow often utilizesmore
complex tools such die cycle assessments, cost benefit analyses andleighh methods such

as multicriteria decision analysis (MCDA). MCDAs applied to energy decisions compare a
variety of qualitative and quantitative criteria, usually spanning environmental, social,
engineering ath economic fields. These methods can also include risk anatysasldress
uncertainties ircriteria estimates Onetechnology now being assessech&p mitigateclimate
change is Carbon Capture and Storage (CCS). CCS is a new process that captures CO
emissions from fossiiuelled power plants and injects it into geological reservoirstimage. It
presents a uniquehallenge tadecision makers (D) due to itstechnicalcomplexity, range of
environmental, social, and econonmapacts, variety of sikeholders and long timgpans. The
authors have developedrisk assessmemhodelusing a MCDA approach for CCS decisions
such aselectingbetweenCO, storage locatiomandchoosing amondifferentmitigation actiors

for reducing risks. The model incldes uncertainty measures for several factors, utlitye
representations of all variabledjonte Carlo simulation and s&tivity analysis. This article

uses aCCS scenario example to demonstrate dbgelopment and application of timeodel
based ordata derivedfrom publishedarticles and publicly available sourceBhe modelallows
high-level DMs to better understand projersks and the tradeffs inherent in modern, complex

energy decisions
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5.2 | NTRODUCTION

Climate change is one of tlhergest threats facing humankind (Rackley, 2010). Carbon Capture
and Storage (CCS) is a new methodology aimed at mitigating climate change by captuyting CO
predominantlyfrom fossitfuelled fired power plants, and permanently storing the greenhouse
gas h deep geological reservoirs (Natural Resources Canada, 2006). With the goal of reducing
the magnitude of climate changbagetintergovernmentalPanel onClimate Change (IPCChas
identified CCS to beone o§ ev er al opt i opodfolinoé mitigatidn actions forh e 06
stabilization of atmospherigreenhouse gas concentratid$>CC, 2005). The individual
components of CCS (Capture transport, angtorage) hee been implemented separately in
many commerciascale projects. CCS as a whole, however, incorporates all three components
and has not been integrated with a power plant on a commercial scale as of 2012 (MIT, nd;

IPCC, 2005; CO2CRC, 2010).

CCS refers to a process and not a single technoisglyere are many different technologies that
canbe used to sequester €¢Meadowcroft and Langhelle, 2010Yhecaptured and transported

CQO; is injected into geological formationsuch asdepleted oil and gas reservoirssubsurface

saline formations. The compressed CQOremains as a supercritical fluid until a geochemical
reaction gradually causes it to form solid carbonatikdtakes CCShundreds to thousands of
years to permanently store g@nd effectively reduce climate changBuring this time,CO,

can potentially migrate hundreds of kilometersderground affecting large geographic areas.
These large timescales and geographic ranges can potentially impact many different

environments, people, and incur significant cos®CS has risks and unceriy inherent to
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many new technologieas well as risks unique to this technology and its applicatidciding
how best to implement CAS complex andvould benefit fromtaking environmental, social and
economic impactito considerationn order to beutilised asan effective strategy for climate
mitigation. Theeimplementation decisions can be aided by the use of -cnikria decision

analysis (MCDA) toolgHuanget al.,1995;Lgken, 2007.

Traditional decision analysis methods such as cost benefit analysis (CBA) which use only
economic indicators are not adequate to assess complex energy plans (Tetoats@909).
Singlediscipline decision analysis methods canpobperly assess compteenergy projects
becausehe projects often have multifaceteapacts. Life cycle analysis (LCA)which assesses

i mpacts (usually environmental) fromanptheoj ect s
common method used to address energyst®w but it also has limitations Often, when
decisions require an analysis of more than one critettiene are tradeoffs thaeed to be made

to achieve aifoptimabsolutiort’. Even withdoptimab s o |, wheni riska and uncertainty are

adced to the analysisthere is no guarantee that the resultilegision will result in an optimal
outcome. This occurs in part because the data used in making decisions is based on estimates
which have a degree of uncertainty. For example, one project may haweramiean expected

cost but a highelevel of uncertainty than another projeciThe preferred optiorcould be
choosing thalternative with a lower expected mean outcqemg. CQ capture cogtwith small

variation in score rather thdhe alternative wih a high expected mean but greater uncertamty
orderto avoidpotentiallysignificantnegative outcomesDecision support systerften attempt

to achieve an optimal solution through maximizing the expected utility of a project

12 An optimal solution occurs when there is no other option that will lead to a better outcome (DeGroot, 1970).
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(Samson, 1988). Incorporating utility functionswhich reflect DMs preferences on criteria

values,canalso help enhance decision making by assessing multiple criteria on the same scale.

MCDA refers to a broad category of methods used to assesnargtary decisiond@ng with,

or separate from, monetary decisions. All MCDA techniques share a basic framework which
enables the scoring ofecisionalternatives baseon a set of criteria with useissigned weights
representing the relative importance of each criteriontheo DM (Dodgsonet al., 2001;
Gough and Shackley, 2006 MCDA puts an emphasis on weighting of heterogeneous criteria
and including alternatives for ®M to choose from based on a common utility scale
(Cavallaro, 2009). These methods are increasindjging used in complex energy modeling
which incorporate environmental and social aspects into energy dedisadit®nally relying

solelyon economic analysg§Vanget al, 2009)

PreviousCCS studies have attempted to reduce the uncertaintyt@ndderstand the risks of
CCS projects by assessing £€borage sites from a health, safety and environmental perspective
(Oldenberg, 2008), environmental (Koornneefal., 2008). Others have reviewed CCS as an
integrated process from an environmental pecsve (Pehnt and Henkel, 2009;
Hollman and Huber, 2010; Bouvadt al., 2011; Sathreet al., 2012), a socidgechnical
perspective (Markussoet al., 2012),an economic perspective (Dahowsit al., 2009), and in
comparison to alternativelimate changemitigation actios such as renewable energy
(Viebahnet al., 2012). Gough and Shackley (2006) and others (von Stecébwal., 2011,

Llamas and Cienfuegos, 2012) have used roulieria assessments to address CCS decisions.
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The risk model developed hetmiilds upontheseother methods that have assessed energy
decisions by incorporating more tools, including raslalysis and assessing the decision in a

holistic manner.

The authorsoé resear ch harsk assedsmentrmadeleodporatimgy t h e
MCDA to address CCS decisions. This application of the model is ainbkigjhlevel DMs
from governments or largéntegrated energy companies. Tiigk model includes sufficient
elements and criteria taccommodatecomprehensivedecisionmaking but it is not overly
complicatedso aso be cumbersome tol2M. It uses elements of LCA, CBAMCDA, decision
trees and additive model theory, amtludes uncertainty measures, utility repentations
Monte Carlo simulation and setigity analyss to help compare alternativesThe model is
demonstratedhereinusing a realistic€CSscenarian which twomutually exclusivealternatives
are beingcomparedand wasdeveloped withdatataken from journal articles armtherpublicly
available sourceso provide reasonable estimates of criteria valu&se focus on highevel
decision making allows users to better understand the tradeoffs between,dmived as the

risks associated with the different criteria.

5.3 MODELING PROCEDURE

The modelprocedurehas four stages decision model development, decision analysis, risk

analysis, and project selectiomheseare mae up of 13 steps (see Figure).26Each step is
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described in detail in the remainder of this article ushmyexample CCS decisn scenario.

Two realistic CCS projects (A and B) were developed to demonstrate the model.

1 Determine objectives

2 Determine alternatives (Projects)
o Manually input into Excel
Decision
Model 3 Define the scope of the project (boundary definition)
Development

4 Determine criteria
Manually input into Excel
5 Determine threshold values for criteria (if applicable)

Using @Risk input into Excel ASSESS

Using @Risk input inte Excel

Manually input ASSESS results into Excel

@RISK

Manually input into Excel

Automatically calculated by @Risk within Excel

10 Perform sensitivity analysis on criteria (one-way sensitivity
analysis and Monte Carlo simulation).
Performed by @Risk and input automatically into Excel

Risk
Analysis

11 Incorpaorate critical event scenarios including CO2 leakage

Develop using Precision tree and input into Excel Precision

12 Develop mitigation scenarios Tree
Inputinta Precision tree with critical event scenarios

—
_ { 13 Evaluate mitigation options to help inform final decision

Figure 26 Procedure for MCDA CCS risk assessment model. The model must be performed in
order but itcan be an iterative process. The model uses four software programs
(Excel, ASSESS, @Risk and Precision Tree). The software involved with each step
is shown to the right of the grapExcel is the primary user interface with @Risk and
Precision Tree inggated directly, while ASSESS®utputs haveto be manually
inputted into the system.
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For the examplein this study we assume that the decision to pursue a new CCS project has
already been made. The decision that the ehasl being used to evaluate inved/selecting
between two alternative CCS project®oth of the CCS projects use pasimbustion CQ
capture technology on a coal power plaiithe two projects are fully integrated CCS projects
including CQ capture, transport and storage and each is to be considered holisfid¢alywo
CCS projects were developdumhsed ondata colleted in a literature review of 4CCS
assessment studjgbus yieldingestimates of possible values fch ofthe criteria(Choptiany

et al.,in review). The 4XCCS studies provideufficient data (between 6 and 2ata points per
criterion) to produce probability density functions for each criterior instance, 22 articles
provided data about the estimatgibbal warmimg potential GWP) (climate change impact
factor) of power plants before and after CCS is addadging from a 36% reduction to a 91%
reductionwith a mean of 78% Triangular probability distributions were created using the
minimum, mean, and maximum vatfrom the literature for each criteriorExpert opinion was
used to remove rare outlier criteria dathhe datasetlso relied orexpers to formulatetwo
comparable but sufficiently differel@CS projects in order to demonstrate the model. For the
sccial criteria, Project A usepublic opinion survey data collectad Alberta whereas Project B
used data from Saskatchewan (IRE&0O2, 2011). The specifications for the two devised

projects are shown in Table 11.

Tablell1 De<ription of Projectparameters

Project parameter Project A Project B

Capture technology Post combustion technology 4 Post combustion technology
Power plant output (MW) | 500 500

CO, Transportation distancg 50km 100km

Storage type Depleted oil field A Depleted oil field B
Geographic setting Rural (Alberta) Rural (Saskatchewan)
Project lifespan 40 years 40 years
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A simplified schematic of the dataset for Project A is shown in TahleThe table showsne
realizationof the data used to assess Project A. These include criteria units and values, weights,
thresholds, scores, and utility functions. Each column represents a different step in the decision
analysis procedureEach row rperesents a different criterion contributing to the final decision.
The criteria selected for this example are based upon a simplified list of criteria that are
frequently used in CCS assessment studies (Choptiaaly,2012). The social and engineering
thresholdsvere chosen teepresent lower bounds while the environmental and economic criteria
thresholds refer to uppdrounds (see column 7 in Table)12 Since he model is based on
probability density function$or each criterion, iis thereforeprobabilisticand the static data
displayedin Table 12represent just one possible outcomehe simulation (see Figures 29, 30

and 3! which represent probability distributions). The step in the decision analysis procedure

that corresponds to each colummliso displayed above the table.
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Table12 MCDA model database showing the order of the stByasa is taken from Project A however the structure is the same for

Project B.
Step: 4 6 7 8 5 9
Area Criteria Criteria Value Units Utility | Weights | Thresholds | Criteria score Utility function
Global Warming % reduction in : . i
potential(GWP) 0.159 4CO-equ/kWh 0.429| 20 <0.5 8.58 (-)0.711+1.044*expx-1.82)
. Eutrophication ) % reduction in . . :
Environmental potential (EP) 0.127 gPQZequ/kwh 0.473 5 <0 2.36 (-)2.307+2.879*expx/-3.61)
Human Toxicity % reduction in : " i
potential(HTP) 0.018 years of life los| 0.362 5 <0 1.81 (-)1.696+2.042*expx/-2.16)
Ef”g'c'fspercep“o' 0.520 0-1 0.763| 25 >0.02 19.07  |2.0822.322%exg(-x/0.92)
Social | mreaed0e of 0.314 01 0.409| 4 >0.10 164  |(-)1.599+1.299%xpx/-0.72)
Frfg;i't"ed health 4 453 0-1 0.773| 5 >0.05 3.86 1.4332.606*ex[{-x/0.33)
Capture cost $85.54 $HCO, 0.342| 15 <110 5.14 1.7736.77*expx/-10.79)
Economic | Transport cost $4.50 $1CO, 0.393| 3 <7 1.18 2.4261.195*ex(-x/-8.47)
Storagecost $8.15 $1CO, 0.243| 3 <9 0.73 1.6280.293*ex(-x/-5.25)
Storage potentia 29 Mt 0.816| 22 >20,000 8.16 11.88412.715*ex§-x/295.81)
Engineering Enhanced oil
recovery (OR) $32.57 $HCO, 0.446 5 >5 2.23 1.7094.644*exd-x/25.01)
revenue
100 Total 52.53




5.3.1 Decision Model D evelopment

The first phase in the decision analysis procedute developthe model frameworkDMs must

set out the fundamental objective for their assessimeStep 1 which in this example is to
assessind select the best CCS projectvieen two options (see Figure)27The most important
aspect of this step is to ensure that in projects with multiple DMs, agreement is explicitly reached
bet ween i ndi vtialydisphrateDpkéfer@nces fot teerfundamental objective. Once
agreement is reacheDMs mayoutline the subobjectivesrequiredto achieve the fundamental
objective (Clemen, 1996). The sabjectives of this example are to achieve the lowest costs,
lowest environmental impacts, highest public suppgargest CQ storage volumeand revenue

from EOR operations.Reducing risks using mitigatn actiors is also a subbjective of the
model. Determining the objectived the assessment guidedat critera and alternatives are

included in the assessment.
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Select optimal

project
1
i - I I |
Minimize Maximize o Maximize
expected expected publid Minimize expected
environmental support expected cost engineering
Impacts benefits
Global warming Public CO stor
otential < perception of | HHcq capture cosp || CQ storage
P CCS potential
Human toxicity| Knowledge of cQ Enhanced oil
potential B ccs - transportation | 4 recovery
cost revenue
| | Eutrophication] [ JPerceived health
potential impact of ccq —]CQ storage cos

Figure27 Main dbjectives and subbjectives of the MCDA risk model example

Step 2 whichinvolvesdetermining alternativegan be a mulipart stepdepending on the depth

of analysis. The first part involvegtng out theavailableoptions In this examplethe two

options or alternatives are tR&CS projects A DM may want to analyse the situation further and
include severaancillay optionsin the analysis.Determining which alternatives to anagymay

involve choices relating to specific elements such as changing technological components, when
and how best to implement aspects of the project or how to prevent negative critical events from
occurring. These options may reduttee uncertainty associated with some of the criteria by
which the project is assessed, oftergendering tradeffs such aseduced emissionat the

expense of increased cost
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The geographical and temporal limds boundariedor the projectassessmersre establisheth

the third step A consistent, suitablemeframe must be use¢d analyze the alternativegor this
examplethe imeframe is40 yearsthe estimated lifespan of tgpical CCSinstallationon a

power plant. Moreover, # aspects of the projestwill be assessed, from project planning to
project decommissioning including the possibility of a,d€ak from the geological storage
reservoir. As discussed below, only a select number of impoptargct aspectswill be
considered for the analysis, since including every aspect of the project would be too complex and

time consuming fobMs, with limited added value.

Next, the criteria need to be chosen in consultation with th®©kéyn Step 4. Thee are criteria
that theDM deems important to the viability of a projestich as capital cost awvailableCO,
storage volume and shoutldus be considered whewgomparingalternativeprojects(seeFigure
28 for Projects A and B The criteria selected must provide sufficieletail to assess each
projectagainstthe overall objectives or stdibjectives. This step in theMCDA CCS riskmodel
developments where the framework for the two projects is laid fmstcomparison(seeFigure
28). Subsequent steps build upon this framework to complete the assesswebtief

description of each criterion and its relevance to CCS is provided in Appendix 3A.
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Project A
Category Criteria

Global \Warming potential
Environmental |Eutrophication potential
Human Togicity potential
Fublic perception of CCS

Social Enowledge of CCS
Ferceived health impact
Capture cost
Economic Transport cost
Storage cost
Engineering Storage potential

EQR revenus

Project B
Cateqgory Criteria

Global Warming potential
Environmental | Eutrophication potential
Human Togicity potential
Fublic perception of CCS

Social Knowledge of CCS
Ferceived health impact
Capture cost
Economic Transport cost
Storage cost
Engineering Starage potential

EOR revenus

Figure 28 The two alternatives (projects) are emtkiinto Excelto start the decision analysis
framework The criteriaby which the projects will be compared are identical and
categorized into Environmental, Social, Economic and Engineering for easy
reference.Furtherelements of the modare added isubsequent stages.

Following the selection of criteria, the units of measurement need to be established and agreed
uponto avoid confusion in later stepg-or instancethe GWP criterion could be referring either

to total GWP of the project, absolute reduction in GWP, or a percent reduction in GWP relative
to a similarpower planfproject without CCSthus specificity isessential.lt is important that the

criteria are also consistent between alternas; For example, although eronmental and
economic DMsmay have different values with respect to various aspects of CCS, they can
express those differences through their criteria weightings, but if these distinct glouppt

assess the same criteria, then the assessment®itaé comparable.
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Although theoverarchinggoal of CCS is to reduce G@missions, therare many other impacts

that should be taken into consideratiowhen assessing complex decisiong&ach of these
secondarympacts ¢€riteria) must be defined beforgata is collected for each alternativéhe

risk that a project will score poorly on any given criteria can also be included in the model. For
instance, there is uncertainty regarding whatabtial capital cost of a project will be due to
inherent variability in costs of materials and labods another example, a poor score on the
public perception criterionauld result ingovernment cancelling funding or revoking a license

for the projectand thus would negatively impact the viability of the option.

Setting thresholds (Step 5) is optional, whereby a DM can choose to add limits to criteria values.
These are specified upper or lowsvundaries beyond which the criteriors deemed to be
unaceptable. Thresholds add another component to assessments, providing a DM with
information about the probability of arternative being unacceptable accordingataiven
criterion. Examples could includsetting thresholds fothe maximum capital costhat a
company can afford, minimum public suppoequiredfor a social license to operater a
minimum storage capacity for G@o make the project worthwhile. Some thresholds such as
health impacts omaximum cost can be strict, beyond which a projgcoposal may be
abandoned. Other bounds, such as a minimum level of public support, may be used more as
guidelines that could lead to extra measures being taken to improve the score of the project on
that criterion. A DM may still choose an alternativeen if it sometimes exceeds a threshold on

a criterion, or if the probability of exceeding a threshold is very loor example, e
probability distribution of CQ storage capacity for Project A is shown in Figure 28.this

example, stting a minimumthreshold of 23Mt for any potential CCS implementain site
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signifies that there is a ¥ chance of this location not having sufficient £%forage capacity.
Conversely, there is a 5% chance that this location can accommodate at leddit &80, as

shown by the righband tail in the Figure.
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Mt of CO, storage availability

Figure29 Probability distribution of C@reservoir storage potential with a minimum
requirement for 284t of CO, storage

5.3.2 Decision Analysis

The decision analysstageof the procedure involves collecting data and populating the model so
that the model can be assesgakFigure 2§. The model framework is more fully developed in

these step through 9using Excel, ASSESS, @Risk, and Rsem Tree software.
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The data collectiorstep (§ canbe iterated throughout the assessment process as new information
becomes availablehowever criteria weighting and utility curves may need updating if this is
donet o refl ect the new dat.aFost endrepgmeeting and desigM 6 s
(FEED) studies, #house calculations, manufacturing data, expert opjmahlic opinion, LCAs

and peefreviewed papergan used to develop a database from whielevant CCS project
values can be assigned to each criteriomterpreting the data and including uncertainty
parameters can be contentious aspetthe assessmemts there is often some subjectivity in
developing probability distributions due to differelggrees ofjuality of input data Projections

into the future (in thi#xampleapproxmately 40 years) are needed to foestimates of how the
technologies andther uncertain factorwill evolve. Future technology projections are highly
subjective asa@ne applicabletechnologies are stitjuite new and there are also many external
factors impacting the projects. This model demonstration assumes a siagésdecision
between Projects A and B basad theavailabledatg howeverit should be noted thats new

information becomes available or conditions change, aspects of the model can be rerun

Best available data and expert opinion are needed to detetmomveto use uncertainty
information most effectivelywhen developing theriteria database.As data is input into the
decision analysis framework, the modgbws and the datehanges from representing a single
number to representing a distribution of possible numfseee Figure 30). For example, a
representative probabilityistribution on the range of G@apture costs is illustrated the right
side of Figure 30. Triangular probability distributions were used for each criterion in this

exampleas it is a good approximation when givenited data (Decision Sciences, 2000)
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Project A

Category Criteria Criteria ¥alue |Units Al @RISK - Simulated Input: D39 == =
Global 'Warming potential 0.583| % reduction in g CO2-equikwh
Environmental |Eutrophication potential 0.280/ 3 reduction in g PO 3-aquikiwh
Human Towicity potential 0.245| % reduction in s'ears of life last Capture COSt
Fublic perception of CCS 065101 Probability density function
Social Knowledge of CCS 0.265[0-1 §100.25
Perceived health impact 044401
Capture cost k3 d262 | $TCOZ 0.040
Economic Transport cost k3 2580 | $/TCO2
Storage cost 3 568 | $TCO2 0.035
Engineering Storage potential 42 [ ma 0.030 . Capture cost / Criteria Vzhoe
EOR revenus k3 4090 | $TCO2 g 0.025 _—
E Minim um 360.24
i g 0.020 Maximum $109.87
el — — - g Mezn 80,67
Category Criteria i : Criteria Yalue [Units _ & 0.015 Zud Dev 1066
Global 'Warming potential -0.16E| 3 reduction in g CO2-equik'wh 0.010 Vahies 10000
Environmental |Eutrophication potential -0.483) * reduction in g PO43-equikiwh
Human Togicity potential 0,212 3 reduction in Years of life los 0.005
Fublic perception of CCS 0.356)0-1 0.000
Social Knowledge of CCS 0.309|0-1 [ T B = N S = N T S = N T BN = N T S =
Perceived health impact 0.325(0-1 2 8 5 5 B B & a a z
Capture cost k3 2336 sl .
Economic Transport cost ¥ 244 | $ITCOZ Cost of capturlng coz
Storage cost ¥ 583 | $ITCOZ — _
Engineering Storage potential 23 [ M ﬂﬂﬂ mﬂ F:a ﬂ MEEJ ﬂ,@ ﬂ Close
EOR revenue ¥ 3446 | $ITCOZ

Figure 30 The criteria values andnits for each project arentered into Excel. Each criterion

value shown as a static number in the Excel table on the left repressmiglea

instanced sampled frompaobability density funtion shown on the graph on the right

side.

Once the information, including uncertainty estimates, has been collected and collated into a

database, a utility curve of th¥Mo s

pref er aevelaped fomaach tritebodlhis step

(7) fulfills two major functions: to enable all criteria to be compared on the same scale of O

and to assess theéMod s

Utility is used as a measure of the usefulness of an item to a perdonr@present their

preferences for cri

teri a

v al

ues

preferences for incremental increases or decreasdbeiwvalue of an item. To compare

heterogeneous alternativ@sith heterogeneous unitgj is essential taisethe same scale for all

crit er i a; in this

utility functions are often used. Once utility curves are generated for all criteria, each criterion

can be expressed in terms of utility and compared with the other criteria using the same scale

149

a

s d3lemeny 1996). intorger to do thés,witility turvésyandu n i t



Decomposing large decisions into their component questions can often result in decisions that
more accurately reflect preferences. Utility functions (an equation representing a utility curve)
are therefore elicited using questions about specificmistances to determine preferences on
individual criteria. Utility elicitation involves measuring ®M06s r el ati ve prefere
different values on a single criterion. There are several methodiditing preferences. One is
asking aDM to ratehow much better or worse two values of a criterion are, such as;a CO
capture cost of $80/tCQrelative to a cost of $90 on a scale ef.0 Another method involves
presenting a series of reference gambles or lotteries based on two options in ordethe find
point at which both options ameemedequal and thédM is indifferent between the options
(Holloway, 1979). The latter m#hod is employed for this articleOnce a series of questions are
asked to determine indifference points, a curve can be dedemad a mathematical function

fitted to it. The general procedure is described in TaBIg his process would then be repeated

for each criterion. This is an important step because utility/preferences are generdiiheaon

as peoplecan be categorized as ritkkers or riskaverse(Eisenhauer, 2006) Since a criterion

value for a particular option can vary when performing a sensitivity analysis or due to uncertainty
in its estimates, the preferenamsistalso change commensuratelinstead of asking thBM

their preferences for all possible values, an equation is devedopechaticallyto represent their
changing preferencedUtility typically exhibits diminishing returns for most criteria as its values
increases. In Figure 31 vaan see that as the criterion £€pture cost decreases, the rate of
utility decline increases, indicating that each subsequent increase in cost is worse than the
previous increase. He sample data for curve fitting is also shown, which derive from the

responses to the lottebased questions.
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Tablel13 Procedure for creating utility curvg®dapted from Holloway1979)

1. Establish the range of possible values for the decision problem. The minimum and maximun
possible for tk criterion should be used as the bounds of the decision. Utility is genera
between 0 and 1 with O representing no utility and 1 representing maximum utility.

2. A DM is told that they have a fixed percentage chance of winning a gamble. They can cho
gamble based athis percentage chance or alternatively aceefpted value (safe bet). For examf
they could choose to pay $28 gamble with a 50% chance péying $0 or 50% of paying $5
Each time thédDM makes a choice, (based on new fixed values and outcome percentages) h
preferences vary for the criterion will become clearer until the two options are considered equ
point where theDM believes both options are equal represents an indifference point. The ex
outcome of the gamble is the utility equivalent to the ©dte value chosen as the point
indifference This process is repeated until a sufficient number of points are cteatedelop a trent
line to represent the data poitsually a minimum of 5).

3. Record the indifference points (criterion vadue®n a graph with utility on the vertical axis a
criterion value onhe horizontal axis (see Figure)31

4. Once enough choicemre madegand indifference points created),curve can be fit to these da
points and an equation developed.

0.2 g
0.1 \%
0-0 T T T T T T T T T T T 0

60 65 70 75 80 85 90 95 100 105 110 115
CQ capture cost ($/tCQ

Figure31 Utility curve as a function of C£rapture cost

The preferences used to generthe utility curve inFigure 32were elicitedwith a software
program (ASSESS), using probabilityteries (Delquie, 2008)The utility function representing
the utility curve(created using ASSES®) displayed in Equation 1. ASSESS fits a curve to this

data and producesédtfunction for the curve. Utility curves are also usedhmMonte Carlo
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simulation described below itep 10. The utility function can be used to estima@eMo s

preference at any value within its upper and lower bounds.

O e 8 8 8 Equationl
Thus u(x=115) = 0 and U(x=60) = 1.

The range of values used in a utility assessment is important and should be based upon the
expected best and worst values using the criteria database. Using bounds based on the minimum
and maximum values of the criteria enalbéalistic differences betwee alternatives to be
highlighted. Howeverutility curves needd be recreated if a subsequent opimadded to the
decision analysis that has criteria values outside the original assessment bounds. Following the
proposed methodologyutlined in Figure26 sequentiallyand thoroughly at each stepthus very

importantin order to avoid repeating steps

The methods and values used for developing utility curves are important thesochoring
phenomenoriTversky and Kahneman, 1974). The reasorthris thattheinitial values that
probability lottery stars with to elicit utility will be taken bythe layperson as normalFor
instancejf a DM wereasked to rate their preferenoetween transport costs of $40@, versus
$45tCO,, they may bebéve that those costs are representative of typical transportrathets
than costs closer to $BYtCO, (ZEP, 2011) Thus, starting values providedbuld influence a
layperson DM, which will skew their answafghe values are not within a reasonable range of
the real data (Holloway, 1979)This is less likely if DMs have prexisting knowledge of what

constitutes reasonablalues. Providing contextual informatioto the DMs about the criterion
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being assessl can also help if they are not experts in that field. knowledgeable DM with

contextual information about each criterion will therefore provide more robust utility curves.

Criteria weightirg (Step 8 serves to determine tHeMé s pr ef er e nmitere.s Thb et we e |
relative importance of each criterion td®dé s over al | decision dictat
each criterion in the model (see column 6 in Tdlléor the weights used in the exampld)he

initial selection of criterion weightingequires contextial information (similar to utility

elicitation) to be provided tothe DM andthis information should be determined with an
understanding of the actual projetising studiedo providerealistic reference values for the

criteria. For example, wén assigning weights to capture cost and storage cost, the relative
weights would be different knowing that the transportation costs were $4f&ker than

$40/tCQ, whencompamg with a capture cost of $80/tGOA DM may weigh the 80tCO, as

20 timesmore important than $4/tCQather than twice as importaas$40tCO,. Moreover the

criteria need to be assessed holistically and relative to each other instead of in isolation. The
weights however are specific to the criteriand notto the projecs, so thefinal set of weightsre

the same for each projecthe criterion weights will stay consistent throughout the analysis as
theyare basedanh e cr i t er i o nThese qgorcepts wilh e explaired in racse detail

below as further steps the model are described.

This samplemodel is meant to be simple and transparent yet incorporatbeatiecessary
elements for a comprehensive decision assessment. In this exarDpewould allocate 100
points across all criteria based on how bié ratesthe importance of each criterion. The only

requirement would be that each criterion must be weighttween 0 and 100 and that &l
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criterion weights sum to 100 pus. Becauseeachm j ect 6s cri teria can ha
score of 1 andhey are multiplied by the weights which sum to 100, each project can have a
maximum possible score of 1QCe. if the project scored perfectly on all criteridlhe model is

a comparative analysis, theref orustbeaxomparedjoect 0s

another projectising theirrelative scors

Scoring is a relatively simple step (9) involving multiplying the utility score of an alternative on
one <criterion by its assigned weight. to Score
create an overall score for egmioject (see column 9 in Teblland Figure 32 Running the

model numerous times using Monte Carlo analysis to sample each time from the uncertain
variables. A mean expected score for each project can then be dred&bterther methods of

assessing project viability are described in Step 10.
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Project B
Category Criteria Criteria Value |Units Utility |Weights | Thresholds | Criteria imggzj Utility function
Glohal Warming patential 0.066)% reduction in g COZ-equ/kWh | 0.372 20| <50 : ?.44:(-]D.ZBTH}I.11'&xp(-x;’-.3?]
Environmental |Eutrophication potential -0.491)% reduction in g PO43-equ/kWh | 0.206 50 I 1.0311.2219-0.5485* exp(-1/0.25)
Human Toxicity potential 0.453(% reduction in Years of life lost | 0.822 5|0 : 4.11:[-]0.454+1.0304'exp[-x_!-.??]
Public perception of CCS 0.314/0-1 0.431 B0 | 10.7811.6565-1.6566° expl-+/L.08]
Social Knowledge of CCS 0.407/0-1 I 2,75 1.6566-L6566*expl-1/L08)
Perceived health impact 0.532|0-1 0.914 5(>0.05 I 4.57116565-1.6566° expl-+/L.08]
Capture cost §  86.74] $§mcon 0572 15l 8.58)2.6671-0.9984°EXP-/-117.04)
Economic  |Transport cost § 4,78 | §/1C02 0.326 3| 7 I 0.9811.7736-77* expl-1/-10.79)
Storage cost § 5664102 0.767 s 2,307 4725-6.3314"expl1/-63.34)
Engineering  |Storage potential 28 | Mt 0.305 10/ »30000 | 3.0513.9774-4.4659* exp| -4/ 172666.91)
EOR revenue 34 | §/1C02 0.502 5| 55 I_____2.21‘2.3311-2.SEﬂS'exp(-xfBlﬂ]
Formula a ufa)| b ufa)*h
100| Total 45,59

Figure32Compl et ed database for Project B. The 1|

the relationship between the columrGriteria value is the Projespecific data for each
criterion. Utility (shown in the last columiis a function otthe criteria value established
using the ASSESS softwaraVeights are a DMissigned value based on the importance
to the overall projet selection. Criteria score is a function of utility multiplied by the
weightand is outlined with dash linesThe total project score is the sum of all criteria
scores.

5.3.3 Risk A nalysis

Step 10 involves performing a sensitivity analysis on the data, treating the variables (criteria)
independently. Sensitivity analysis is used to explaitee inherentuncertaintysurrounding such
largescale CCS projectand has been usedgonilarly addess energy problesr{Abu-Zahra et

al., 2007; Di Lorenzeet al.,2012). Oneway sensitivity analysis is a method wheyeriteria

can be explicitly varied by a set amount (usually by a percentage change around the expected
mean, or specific to a criteria its uncertainty distribution is known), to see the impact of
changes t@nindividual criterion on the overall project scd@emen, 1996) The range othe

i mpact on a fhusa jurctioh @ Bow smpastanea ciitexion is tdd as wel as

how much the data varies. For instance varying a cnitevioich has a large uncertaintyut a

low DM weightmay not have a substanti al i mpact on
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Using the data from a orngay sensitivity analysjsa Tornado diagram can be created to show

the variation in expected valuen the final project score as a function of a predetermined
variation of each criterion value. The criteria that have the largest impact on the fingi.ecore

the largest rangegyre shown on top, with less influential criteria below. This results in a diagram

that resembles a tornado (Figu®. This process can identify large uncertainties in the project

scores and highlight eas where betteinformation about criteria valuesould significantly

i mprove the reliability of a proj eacdetérsiinescor e.
how much acriterionvaluemust change before tlwerallrankings of projecs change Finally,

this type of analysishows theDM how nsitive the results are to external factors.

In this exampleve varied each criterion y10% of its mean which resulted in public perception
havingthe largestimact on t he pr oj e.cThénseansscores fer th¢ mogeets Fi g u
are only 66 different (see Table 14 and Figure.3&ince the potential impact of each criterion

that isvaried in the sensitivity analysis can increase or decrease the project score by more than
6%, changes ineach criterion hae the potential to influence the Isetion of projects. This

shows us that the decision to select between the projects is very seasitaéations in the

criteria scoresaand would not be well described by only using the mean scdrasying each

criterion by+10% of its mean was dorte simplify the exampléy not taking into account the

expected variation in criterion score®©ften the criteria are varied lay prescribed number of

standard deviations in order to account for the difference in uncertainty between the criteria.
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Figure33 Tornado graph for CCS decision using a-@ra&y sensitivity analysigzhere each N
criterionds mean value is varied by N10%

Monte Carlo simulation can be used to exploredfiect of theprobabilty distribution of the
criteria valueson the overall viability ofthe alternativs. This method iscommonly used to
assess largscale projects (Ho and Pike, 1998)d has been used to address G@&ific
problems (Ro and Rubin, 2002) This provides ma informationto the decision makehan
simply theestimatedne an and standard devi atwhighharefoften e ach
very uncertain(Di Lorenzoet al., 2012) Monte Carlo simulation is a methdkat involves
sampling repeatedly from poability distributions (Clemen, 1996) Since a probability
distribution was developed fagach criterionin this examplethere is uncertainty about what
their actual scores will b@Di Lorenzoet al.,2012) Monte Carlo simulation samples multiple
timesfrom probability distributionso determine the possible outcomes using all combinations of
input dataalready collectedSamson 1988) As we have already developed utility curve
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functions and probability dtributions for the criteria, we can run Monte Carlo simulation
automatically for thousands of iterations in combination with the uncertain criteria data and
utility curves. Unlike onevay sensitivity analysis, Monte Carlo simulation varies all inpu& dat
simultaneously to examine the overall variation in outcofm@sed on DM preference and

uncertainty in criteria valug®i Lorenzoet al.,2012)

The outcome of the Monte Carlo simulation skdiat Project Awould likely be chosen ake
preferred projet with its probability distribution of scores significantly highkatn  Pr oj e ct
scores (Figure 34 Project A has a mean score of 58.17 whicbnly moderatelyhigher than
Project B at 52.62 (sealile within Figure 34. Thepossible project scoresverlap therefore

during the Monte Carlo simulatiathere is a 19.56% chance tHject Bhas ascore that is
higher than Project ADetermining the likelihood od project achieving a higher expected score
was dondyy summing the instances on the N Carlo simulation where the score of Project B
was higher than Project A. For instance, when project scores are substantially different further
analysis is usually not required, however when they are quite similar, Monte Carlo analysis can
enable a DMo delve deeper into the projects and provide more information to DMs to better
understand the conditions under whiahy projectis superior in order to improve decision
making. The large range in potential scores, between 23.89 and 78.49, illushatémdge
uncertainty in project scores and that simply choosing a project solely using expected mean score

does not adequately describe the two projects.
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Mean % preferred choice| Minimum | Maximum
Project A 58.17 80.44 34.37 78.49
Project B 52.62 19.56 23.89 72.43

Figure 34 Probability density functions for the aes of Project A and Project .B
Project A has the higher scofer 80.44% of the 10,000 Monte Carlo simulations.
The mean, minimum and maximum scores for the two projects is showe iakie
at the bottom of the figure.

CCS has many risks that can be addressed in a risk assessment. For ekanmepseetmany
uncertainties involved with the cost of CCS and what the exact impacts will be on public
perception and environmentafiteria However a greater risk surrounds the potential &r
major eventto derail a projectsuch asa CG leak anywhere along the capture, transport,
injection and especially storage pathway. Le Guenanal.,(2011) for instance describe eleven

storage isks for CC$S all dealing with CQ leakage. Although there are many differement
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scenarios that could lead tdC&, leak, they all represent varying degreesisif to a CCSDM.
Estimatingthe probabilities of these events, their magnitudes and effects artbas criteria
values is very difficult due to limited datdt requires the input of expert opinion aravailable
data from realvorld pilot injection sitessuch aghose being aoducted at the \@yburrMidale
project in SaskatchewdRPTRC, 2004) As with criteria value uncertaintieshese critical events

can be input into Monte Carlo simulations to evaluate many possible scenarios.

Step 11 involves incorporating critical evemto the analysis and determining what mitigation
actions could be introduced to lessen their impacts. The analysis so far only includes
uncertainties surrounding the establishment and normal operations of a CCS project. Critical
event analysis looks giossible events that could occur that would change the values of the
criteria beyond normal contins. In this example weonsider three critical events: a £l@ak

from a storage reservoir, strong public oppositora CCS projectand a storage reseiv that

does not allow for C@to be injected at a high enough rate to be economically viable. Three
mitigation options were also developed to reduce the severity and/or likelihood ottitiesé
events. These includesing more C® monitoring wells,a public outreach campaigand

drilling extra injection wellsrespectively. Estimates of the probability and severity for each
critical event wereestablishedusing the literature data collected for this demonstratisee
Figure 35for an example whepublic opposition does occur but the other two events do Aot)

utility scale is set for each type of critical evemh. the case where no critical event occurs, the
utility is 0, and for the worst case of that event, the utilitylis The DM must @ablish a weight

for the relative importance of each critical event, based on how important they believe it is to the

viability of the project. The critical event weights do not need to be equal and should be set in
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relation to the other criteria beingradered, but in this example they have all been set at 5.0.
Therefore, the maximum possible score for each event is 0, whereas the most negative score (i.e.
penalty) for each critical event in this example would be 5, which is subtracted from thedproject
score.

The project score would be reduced proportionally less based on the severity of the

critical event if it occurs.

' 5
: o Al @RISK - Qutput: B12 =aREy X
Without mitigation
Prob.of  |{Occurred Impact pre Critical 0.0 EL
Critical event Impact if occurs |occurrence [this iteration? |mitigation |Utility |Weight |event score s
C02 Leak ] 2114834 15 0 |No § - 0.000] 500 0.0004 7
Public opposition | § 655341 § 0 [Ves T A%,341|-0782) 500 3910 5
Injection rate too low | § 3802741 | 3 0 [No § 0.000] 500 B.BB&I %cﬁi
With mitigation Total aaf| £,
Cost of Netimpact  |Cost Mitigation & i 1
Mitigating action mitigation action |Mitigated % |post mitigation |savings | Utility |WWeight |Score . ;
1 Monitoring wells | § B0000[ S o30S T D 0,16 o N " - N M
2Publiccampaign | § 000005 050]5 5281715 128171 |-0328 sm0 -164] E : F B F E
3Drill second well | § EIIEEEEIE 5 150,000 [-0.118] 5.0 058 Vahes in Milins 5]
Total -2.380 :
| | 2 [ ¥ a[; <] »]
——————————————————————

Figure 35 Critical event analysishowing one instance of the Monte Carlo simulation where
public opposition occurs but where there is no,0€ak or problems with CO
injectivity. The @Risk output to the right of the figure displays the probability of a
CO;, leak occurring (which does hoccur in this instance) and its estimated cdste
impact to the critical event score withitigation (bottom)and withoutmitigation
(top) is also shown in the last coluran the right of the table. The mitigation options
are used to assess tradeafisurring between additional costs and reducing the
severity or likelihood of critical events.

Mitigation actions come at a cost and thus their default score is slightly less than the 0 associated
with the neevent situation. For the example above, ttivee mitigation actions are meant to
reduce the severity or likelihood of the critical event. Extra monitoring wells are employed in the

first instance to map the injection of g@nd detect any leakage. This is designed to detect any
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CO, leakage out ofhe storage reservoir before it reaches the surface and to aid in stopping a leak
from spreading but understanding its areal extent in the subsurface. For the public opposition
critical event, the mitigation action would be to pursue more public engagehsn usual to

help prevent any strong opposition that may occur. The third critical event involves difficulties
in injecting CQ into the storage reservoir at a sufficient speed. Drilling multiple wells may
alleviate this problem. DMs can analyse mamnitigation actions in response to critical event
scenarios to determine both which actions should be taken and how much of that action (e.g. two

injection wells or three injection wells).

In the example above, the critical event of strong public opposieduces therojectscoreby

-3.91. If a public outreach campaign had been conducted, then the severity of the event would
have been reduced and tkeore would have only dropped b%.64. In this scenario in
hindsight it would have beemestto conduct the public outreach campaign but not to install
extra monitoring wells or to drill a second welHowever, his represents just one possible
outcomeand there is no way of knowing advancewhich critical event may occur or which
mitigation optionto pursue. Therefore we use Monte Carlo simulationassess all possible
outcomes. Monte Carlo simulation canse the utility functions anlikelihoods and severity of

the critical event analysis to simulate the impacts of the critical events omprogeict selection

and also whether to pursue mitigation options. It can help infornDi¥eabout both the

expected outcomes of each mitigation option as well asgithgpectrum of possible outcomes.
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Inclusion of critical events in the model introducekationships between the criteria, which may
no longer be treated as independent in the assessment. For example, a mkgak Cah affect
environmental, ecomoic and social criteria Further esearch is needefdr full-scale CCS
project analysesto determine what these relationships are and how they impacdifteeent
criteria values.Such criticalevents can introduce positive and negative feedback effects into the
initially independent criteriand allowfor a more realistic assessmembwe\er, this adjustment

can require substantially more data. For tleigsonno interdependence was includedthis

example

Step 12 involves assessing scenarios to determine how best to implement mitigationt@ctions
reduce the likelihood or severity of possible critical evelitach mitigation actiohas an impact

on some or all of the criterimalues but alsoincur a cost Scenarios involving implementing
some, or all, of these options to varying degrees cbaldleveloped to determine the optimal
mitigation strategy to improve the criteria scores, reduce uncertamtyeduce the probability

of critical evens such as C@leakage. This is an optional step wdt risk-takersmay not choose

to pursue, while risaverse DMs may.

For this example, choosing mitigation options 1 and 2 resulted in the higipestted mean
score (see Table 14 Since we have converted the impact of the critical events and mitigation
options into utility scores in order to be in coamable units, the calculations are completed
within the program and only the scores are shown. Choosingationh option 1 alone however
producedthe highest rated score for 67% of the Monte Carlo iterations. This option did not

correspond with the higest expected mean option because the iterations when it was not ranked
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first had very low score@.e. high penalty) This is the resulbf an absencef mitigation actios

to reducethe impact of critical events 2 or 3. The option with ¥herst potental score was
mitigation option 2 combined with option $ieldinga combinedscore of8.01. The option with
the highest potential score svdo do no mitigation, which corresponds ro critical event
happeningand no mitigation costsicurred The varation in possible outcomes between the
choices highlights the difficulty imaking decisions based only on thean expected outcome,

especially when the mean scores are very similar, as is the case here.

Table 14 Results of mitigation actian showing their mean expected scores, minimum and
maximum scores, andthat percent of the timéhey wereranked onthe preferred
choice These values represent the results of Monte Carlo simulations of the critical
event and ntigation options to evaluate the preferred optiod$e simulations are

based on uncertain criteria, critical event and mitigation data in order to assess all
possible scenarios.

Mitigation | Mitigation | Mitigation | Mitigation | Mitigation | Mitigation | Mitigation No
1 2 3 1&2 1&3 2&3 1&2 &3 | Mitigation
Mean scor¢ -0.73 -0.96 -1.14 -0.65 -0.83 -1.06 -0.75 -1.04
Rank 67.1 2.4 0.7 11.9 3.5 0.6 2.8 13.7
Minimum -7.21 -7.86 -7.91 -5.62 -5.56 -8.01 -3.89 -7.95
Maximum -0.03 -0.16 -0.15 -0.19 -0.18 -0.31 -0.33 0

The biases of a DM can impact the decisions made as a result of this mitigation aastysy
may be riskaverse and want to choose the option with the highest minimum s8@®)(which

is to undertake all three mitigation options to ava@gtreme negative events and their
consequences. A risdeeking DM may however choogertot use any mitigation actispas that

option could achieve the hight possible maximum score (Dho critical eventsccur.
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Decision tree analysis is one todlat can be used to model the sequence of decisions and
uncertain events, and establish the best option for mitigation actions to limit the impact of
potential critical events. The options available ©®M, with each branch representiagchoice,

are show in Figure 36 Selecting betweeRroject A and Project Bre the first two options
along the tree. From there, the next step is to choose between the mitigation options (if any).
The branches include the assessed probability distributions developedfeareach criterion

as well asthe uncertainty and impact of the critical events. The score for each mitigation
scenario is shown on the right side brancheagh the full cumulative project and mitigation
score shown on the far right of the treeheToptimal choices with the highest scores in this
example are identified with gray shading.DM can choose mitigation option 1, 2,r®ne, or a
combination of the three mitigation options. In this instance of the example Project B has a
higher scorettan Projet A and the mitigation strategyith the highest score is a combination of
both mitigation options 1 and 2. Once the Monte Carlo simulation is run on the model for
several thousand iterations, the options having the highest expected cumutatieeare
determined. The risk model is developed so that eaaltulatedstep in the procedure is linked

so that theMionte Carlo simulation performed in the last step will incorporate all uncertainties in

criteria values, critial events and mitigatiorcaons set up at earlier stages of the model
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Project selection Mitigation action selection Cumulative score

-4.10 4 46.81

48.08

Decision

50,30

-2.95 47.96

-4.80 46.10

Mitigation 1+2

-2.83 45.08

Mitigation 1+3

-4 65 46.22

Mitigation 1+2+3

-3.4

jury

A A A A A AA

47.50

Mitigation 2+3

-3.53 47.38

-4.22 46.63

Decizion

54,33

A

-4.10 531
Decizion

Sd. 33

5721

-Z.95 5427

Mitization 3

-4.80 924

Mitigation 1+2

-Z.83 54339

Mitigation 1+3

-4 B8 52.53

Mitigation 1+2+3

-3.41 53.80

Mitigation 2+3

-353 53.68

Mo Mitigation

A A A A A AA

-4.22 52.93

Figure36 Decision tree showing all possible choices f@M in the CCS example. The gray
shadectells represent the options with the highest outcome in this instance.

Step 13 isthe final phase of the risk assessment procedunere the overall evaluatioand
selectionof the alternativegProjects A or B)s made by thé©M. Once theDM examineghe
final probability distributions of scores fdhe alternativedased on the util curves, sensitivity
analysis, criteria values and critical event analyisy may choose to change some of their
weightings to bedr reflect their preferences. [BM can also choose mwnductmore studie®n

specific aspects of the projedtsorde to reduce uncertainty their data estimates or even to
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include further criteriaand then rerun the model. The model can also beitenatively

throughout the lifetime of a project as new data becomes available and conditions change.

5.4 CONCLUSION

This model is aimed at higlevel CCS decisions, to incorporateny criteria without being so
detailedas to be cumbersome, hwith sufficient quantitative data to provide meaningful results.
CCS decisions are rarely simple and could benefit from neystematic and comprehensive
decision analysisuch as the proposed MCDA risk assessment moble¢ model is extremely
flexible and can be used as a framework that can be adapted to any cotopigarative
decision problem. The criteria chosen may btedint depending on the specific objectives of
thedecision maker.CCS is unique because of its complexity, rapidly evolving technology, long
time horizons, varied impacts and different stakeholders, and the criteria chosen should reflect
this. This aricle proposes certainriteria that do take importargharacteristics of CCS into

account; however, these criteria can be adapted and substituted as desired.

This model does nqgtrescribe a particular decision foiDaM. Instead, it should be utilised
transparently and comprehensively assess a complex decision. As the model is bd3btbon a
preferences, there is no right or wrong choi€ach of the stegzrovides more information in a
meaningful way so that ®M can better understand the benefited adrawbacks of each
alternative. The model produces much the same statistical information found ather

assessments, but doesis@ visual manner and incorporates a serigmpbrtantelementsuch
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as critical event analysisvhich help theDM understand how the projects respond under many

different possible scenarios.

As more CCS projects are being considered, it is increasingly important to have a transparent and
guantitative MCDA to aid &M and avoid future roadblocks. As many peoplerdstCCS, the
opennesand simplicity of the modelemonstrte the benefits of CCS and alldte technology

to be comparedvith other climate change mitigation options. The MCDA framework proposed
above allows for flexibility in the criteriassessed, wWiei recommending a sef frequently used

criteria that are foundn many CCS assessment studiathough not necessarily together
(Choptianyet al., in review) It includes sensitivity analysis and Monte Carlodation,

recognizingand addressintine hgh-level of uncertainty associated with CCS projects.

The MCDA risk model can be used for any hitgvel comparative studgnd will benefit from

further case studig® expand and refine.itThe model can easilgccommodatenultiple DMs,

thus allowng for a more interactive engagement process with stakehalaersling the public.

For largescale competitions for government support, the model can also be used to provide a
transparentassessment method by which to chodstweencompeting projects. Within
companies and utilities, detailed assessments such as site selection, or even wipeiiseieto
CCS or not, can be achieved using this methodology with minor modifications to the structure
andalwaysselecting decisioispecific criteria. Finally, consistency, flexibilityfransparency and

the ability to compare between projects will allow for a better understanding of CCS projects
worldwide including why some arbaltedwhile others are moving forwafdEAGHG, 2010).

Ultimately, this model provigls sound backing for any CCS decision.
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CHAPTER 6
A RISK FRAMEWORK FOR CARBON CAPTURE AND S TORAGE USING A
MULTI -CRITERIA DECISION AN ALYSIS APPROACH: CAN  ADIAN CASE
STUDY

This chapter builds upon i@apter 5 by more fully developingnd demonstratinghe decision
analysismodel for CCS decisionsThe authors developedpilot studyusingdatacollected in
Chapter 4to createthree realistic CCRase studies Representative criterizvere also used to
address environmental, social, economic and engineering factors. Thatyadiptas well as the
risk model, vas presented to CCS experts in Albefta commen and expert opinian The
experts were asked to review the case studind provide their opinions dahe relative
importance ofthe criteria to a project selection decisiorJsing responses from the experts,
Monte Carlo simulations were rua simulateCCS decision scenadgo The responses from the
experts were categorised into different groups to run the simulations, with sensitivity analysis
being conductetb address uncertainty.The results of this pilot study demonstréie benefits

of the CCSisk model The paper awssubmitted to the Journal of Greenhouse Gas Conial.
Ronald Pelots a ceauthor on this articleln this chapter, references to appendices are replaced

by references to the thesis in the version that is submitted to timaljour
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6.1 ABSTRACT

Carbon capture and sage (CCS) is a technologyged to mitigate anthropogerdltmate change
throughtheremoval of CO, emissions fronfossilfuelled power plants. CCS igelativelynew,

large scale technology with potentially large geographical and temporal impacts. There are large
uncertainties surrounding CCS with respect to costs, impautsrisks as well as mamyptions

and factors to considerDue to this complexityand uncertaity, CCS decision makergould
benefit from aholistic framework with which to compare projects omany heterogeneous
criteria. The authors developedisk assessment and decision analysis framework using- multi
criteria decision analysisnethodsto bette understand CCSisks and select betwegirgect
alternatives Criteria were chosen from environmental, social, economic and engineering fields
to incorporatethe important factors of CCS. The model incorporates utility, preferences,
thresholds, decisiotrees, Monte Carlo simulation, critical eveahd sensitivity analysis. Two
case studies and one rafece case were developed for a péiatdy to demonstrate the modles
utility for making complex choices between alternativé@$e pilot studyincluded the input of

CCS experts from industry, research groups, emrimental NGOsand governmentwho
provided weights for the criterir e pr e s e nt i nrgativie mportane to €GS dacisians
The e xwpights werédused taun Monte Carlosimulatiors as part othe model in order to
comparepreferencebetweenexpertgroups. The authors found that there was a widgeram
opinion and confidence abotite criteriaacrossthe CCS expertswhich resulted in experts
choosingdifferent case sidies, further demonstrating the need for comprehensive decision

assessments

174



6.2 | NTRODUCTION

Climate change is one of the masrious threats facing humankind (Rackley, 2010). Carbon
Capture and Storage (CCS) is a new suite of technologies with the goal of mitigating climate
change by capturing and storing £ geological reservoirs. hE IntergovernmentaPanel on
Climate Change(IPCC) states thaCCSisone of sever al options neec¢
mitigation actions for stabilization of atmospliegreenhouse gas concentratin(i®CC, 2005).

CCS isthe praess of separatingO, (usually from the fluegas stream of #ossil-fuelled power

plant), compressing the gas and transporting, imal injecting it intoa geological reservoir for
storage (Natural Resources Canada, 2008he injected C@ gas is intended to remain
permanently stored under pressure in the ggodd formation although there is a small
possibility of leakage out of the reservol€CS refers to a process and not a single technplogy
as there are many different technologies that can achieve these dMiesmdowcroft and

Langhelle, 2009)

The eficacy of individual stages of the CCS process {C@apture and separation, trangpand
geological storage) hdseen proven with many commercial projects over the last few decades
(Havercroftet al.,2011). CCS incorporates these individa&lgesnto one process on a large

scale which creates new challengeSeveral pilot and demonstration plaetsst however few
commercial scale projects using all three stages have been developed to date (MIT, nd; IPCC,
2005, CO2CRC, 2010). The lack of fsltale integrated CCS projects is in part doeconcerns
abouthigh costs, uncertain regulatory regimes, and public opposi@arbpn Capturealirnal,

2010; Reuters, 2011Andersonet al., 2012. There are many complex aspects of CCS that
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require decigins on how best to develop CCS projects. CCS decision analysis could benefit
from a holisticconsideation ofenvironmental, social, engineeg and economic factgns order
to better understand the relative risks associated with CCS and increaseetbprdent of CCS

(Choptianyet al.,in review)

Multi-criteria decisionanalysis(MCDA) is a method for making decisions that incorperat
multiple aspects of decision makirigto one analysis. MCDA methods usecriteria with
different unitsto assess oubtes that can be both quantitative and qualitative (Cavallero, 2009).
MCDAs amalgamate criteria and udee c i si 0 n  m)aneights sobreprederithe relative
importance of criteria ttheir decisions. This process placggeriaon the same scalef(otility

or usefulness) which DMs cacompare. MCDAs havéecomea populartool for assessing
complex problems and are increasiniggng used to assesarge scaleenergy options\(iebahn

et al., 2007;Pehnt and Henkel, 200®%/anget al, 2009).

The authorspreviouslydeveloped aisk assessment modesing aMCDA approach to evaluate
largescale CCS project risks and compare alternatf@wptiany and Pelot, in review)The
modelframeworkincludesa procedte for assessinthesecomplex, largescale problemsDMs
can modify the individual aspects of the procedure to suit their specific decision prolem.
order to demonstrate the utility of the model in making-Bécific, complex decisions,mlot
study was conducted in whictvé CCS casetudies were developd@rojects A and B)based
upon a combinatiorof projectspecific data, peeeviewed literature and expert opinion. A

further referene case was developed using pesniewed data only, in order to provide context

176



to the two case stlies. The reference case was developed to represent a typical CCS project
using the mean of all the criteria data collected, whisb serves tbighlight the differences in
Projects A and B which are more s#ipecific. CCS experts were then intervied to obtain

their preferences and simulate a decision scenario. The detltadallowed the experts

consulted taonsidereal world options, but are not representativarofspecific CCS projects.

Experts in CCSvere choserfrom governmentgenciesresearch groups, environmental non
governmental organisations (ENGOs) and indudtryelicit their opinions ofthe relative
importance CCS decision criterfar this pilot study Details about thease study projects and

the MCDA model were preented tahe experts to explore. The authors did not interview lay
persons with respect to CCS, as experts were needed to understand the wide variety of impacts
specific to CCS; however, participants were not necessarily experts in each criteriorhariea, w

was reflected in theself-assessedonfidence scores for each criterion.

Usingcriterion weightscollectedfrom the CCS experts, the three case studies were conipared
the MCDA modelto determine whicltase study projeatas preferred. Monte @a simulation
was employedto take into account uncertaintf the data and the expert opiniofts each
project using a probabilistic assessment. A-wag sensitivity analysis was also performed for
each criterion Potential critical negative eventadasubsequent mitigation options were also
explored to supplement the sensitivity analysis and introduce interdeperateong some of
the factors. The pilot studydemonstratethe utility of this uniqgue CCSspecific risk modeby

exploring the factors #t influence decision makingThe authors used the pilot stutbyassess
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the need foma holistic and comprehensive assessment of CCS decaion#hetheintricacies
within complex decision processean significantly impact project selectionfThe studyalso
exploreswhich aspects of CC@rojectshave thdargest risksexplores how projet risk could be
reduced, andemonstratesow different groups consider risks and rank the case study projects.
The level of uderstandingf CCS criterieandconfidence amon@CS expertsor their opinions

was also exploredsing scenarios in the model

The resits of thepilot study will be demonstrated in this article in the following manther first
section(6.3) outlines the theory and procedure for periing the risk model. The next section
(6.4) outlines thesteps in theilot projectand the results of the expert opinion simulatiombe
pilot study results are also describadd analysediere with a focus on the relevance and
importance of each nael element CCS expert comments the modetiesign ancpplicability

of the modefor other CCS decisiorse discussed in section 6.5.

6.3 RISK MODEL PROCEDURE AND M ETHODS

The pilot studyai med t o v al i rklaassessmentenodaMnithiuges asMCDA

approach for assessing CCS decisi@isoptiany and Pelot, in review)lhree case studiegere
developedand expert CCS opinienwerec ol | ect ed i n a pr ohewodédeci si
uses aspects of MCDA methods, but is not based upomxastyng models. The full general

procedure for the CCS modisl shown in Figure ¥ and described in more detail in Choptiany

and Pelot (in review) TheCCS expert survey portion of tipdot studydescribedoelowin this
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article corresponds witlstep 7in this procedure. The other steps in this assessment were
conducted prior to, and after, CCS expert weights were collected milthestudy and reflect
Steps 69. Each of the model procedurtejss are described below using @€Scase studies for

the decision problem.

1 Determine chjectives

2 Determine alternatives (Projects)
o Manually input into Excel
Decision
Model 3 Define the scope of the project (boundary definition)
Development
i 4 Determine criteria
Manually input into Excel

5 Determine threshold values for criteria (if applicable)

Using @Risk input into Excel ASSESS

Using @Risk input into Excel

Manually input ASSESS results into Excel

@RISK

Manually input into Excel

Automatically calculated by @Risk within Excel

10 Perferm sensitivity analysis en criteria (one-way sensitivity
analysis and Monte Carlo simulation).
Performed by @Risk and input automatically into Excel

Risk
Analysis

11 Incorporate critical event scenarios including CO2 leakage
Develop using Precision tree and input into Excel Precision

12 Develop mitigation scenarios Tree
Inputinto Precision tree with critical event scenarios

—
_ { 13 Evaluate mitigation options to help inform final decision

Figure 37 Procedure for MCDA CCS risk assessment matiewing the 135teps divided into
four main areas (decision model development, decision analysis, risk analysis, and
project selection) The model mushe performed in order but it can be an iterative
process. The model uses four software programs (Excel, ASSESS, @Risk and
Precision Tree). The software involved with each step is shown to the right of the
graph. Excel is the primary user interface wi@Risk and Precision Tree intaged
directly, while ASSESS outputs hawe be manually inputted into the system
(Choptiany and Pelot, in review)
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6.3.1 Decision Model D evelopment

The objective of thepilot study (Step 1)was tochoosebetween three CCS case studies using
input from CCS expertas proxies for CCS decision maker§hethreealternativecase studies
(CCSprojectg developedn Step 2each represented a new posmbustion coalfuelled CCS

power plant to be built in theear future on a Greenfield site in a rural settiige boundaries of

the assessmemnprpjectscope) are shown in Table (&ep 3). The CCSplants were assumed to

all last for 30 years anib transport and store 4 MT of GQer year Due to the largquantity of

CO, to be stored and relatively small storage reservoirs, each project required several reservoirs
at each geological storage sitectntainthe total CQ injected over 30 years (~120 MT @O

No carbon tax or credit was applied to the ;GS®red, however revenue from enhanced oil
recovery (EOR) was considered due to its current inclusion in many CCS projects, which helps

to offset costs.

Table 15 CCS project parametederived from a literature review, project specific datad
expert opinion

Parameter Project A Project B Reference case
Fuel source Coal Coal Coal
Capture technology Postcombustion | Postcombustion | Postcombustion
technology 1 technology 2 technology 3
Power plant output (MW) 500 500 500
CO, produced at power plant| 4 million tonnes | 4 million tonnes | 4 million tonnes
Transportation distance 100km 150km 50km
Storage type Depleted oil fieldl | Depleted oil field? | Depleted oil field3
Storage reservorapacity 30 million tonnes| 20 million tonnes| 25 million tonnes
Storage reservoirgquired 4 7 5
Project lifespan 30 years 30 years 30 years
Location* Alberta Saskatchewan Europe

' The social criteria data were extracted from surveys conducted in AlBaskatchewan and Europe.
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The model uses a sef CCSspecific critera (or attributes) by whichihe decisiors (project
optiors) arecompared (see Tabl&)l The criteria were chosen Step 4 based on availability
and completeness of datmd frequency of use in other studies, amdeadapted from a criteria

list in Choptianyet al., (in review). As the model demonstration is considering the three case
studies holistically and at a higlevel, the criteria werehosen to reflect this breadth, and as a
consequence may exhibit some interdependenétash criterion can have risks associated with

it, arisingfrom potential deviations (positivax negative) from ite@xpected value.

Table 16 Criteria used in the MCDA and risk assessment framework (adapted from Chattiany

al., in review
Environmental Social Economic Engineering
Global Warming Potential GWP): Public Perception Incremental Capital Cost| CO, Capture
% reduction in (9COe/kWh) (0-1) Higher is better [ ($) in millions Efficiency (%)

Photochemical Ozone Creation Potentil Knowledge of CCS StorageReservoir

Capture Cost ($/tCZQ)

(POCP): % reduction i(gCZHAe/kWh) (0-1) Higher is better (MtCOz)
Eutrophication Potential (EP): Perclekived Impact on | trangportation Cost EOR Revenue
L 3 Healt
/tCO /tCO
% reduction in (gPQ e/kwh) (0-1) Higher is better ($1CO) ($/tCO)
T ; . Perceived Impact on
Acidification Potential (AP): -
% reduction in (gSQe/kWh) Climate Change Storage Cost ($1CQ

(0-1) Higher is better

Perceived Impact on
Other Technologies
(0-1) Higher is better

Human Toxicity Potential (HTP):
% reduction in (Years of life lost/kwWh)

IncrementalOperaing
Cost ($/year) millions

Incremental Cost of
Electricity ($/kWh)

Thresholds can be used where participants are alsket&oceptabilitylimits for a criterion (see
column 7 in Table 7 for thresholds used in this studyJhresholds can either be setfiposed
(often due toeconomic constraintsor imposed externally through regulations on emissions or
project requirementsBeyond athresholdvalue,a criterionis considered unacceptal{lunier,

2004) This adds another tool by which to assess the decisibram thedecsion analysis
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outputs DMs are able to sethe likelihood thatthe CCS projects exceeded the thresholds on a
given criterion. In this example, thresholds were determinedconsultation with industry
expertsprior to administeringhe surveyin the pilotstudy. Thus thresholdsvere only set onge
hencenot individualized for eachurveyedexpert and were just used to provide more contextual

information on each criterion

6.3.2 Decision A nalysis

The CCS model incorporates components of MCDA methods including utility curves,
preferences, decision trees, Monte Carlo simulatand sensitivity analysis Each will be

discussed in turrcorresponihg to Steps 6 through 8f the model procedure

For Step 6, éta werecollected from published journal articlgsublic opinion surveys (IPAC

CO,, 2011 for the Canadian case studies; Eurobarometer, 2010 for the Eureipeance case)

and from projecspecific data from two CCS projedsscribed in Chptianyet al, (in review)

The breadth of data enablgarobability density functiondo be created o r each <crite
possible values Expert opinion was relied upon to ensure that the selectedveatainternally

consistent andealisticallyrepreserdgdthe threeCCS case studies

For Step 7of this study utility curves were developed with ASSESS, a software program that

uses a series of questions in the fornpafbability lotteries to elicitD M s gieferences and to
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find indifference paits (Delquie, 200&nd described in more detail in Choptiaaryd Pelatin

review). Using the collected criteria data, the minimum and maximum values for each criterion
are determined with the best value being assigned a 1 and the worst a 0. The nanginum
maximum value for each criterion represent the best and worst possible scores that a project
could have on a criterion and also sets the boundary of the asses3megiicit utility curves

DMs were given a choice between a known criterion value apdobability of either a low or

high value(e.g. the choice between 200% chance o&ncountering20 Mt of CO, storage

potential versus é80% chance of 3Mt of CO, storage potential and 70% chance dWI6CO;

storage potential) After each choice, thecenario conditions are vari¢either the likelihood or

the values) Eventually, the scenario conditions will represent a choice where the DM is
indifferent between the choiceshe point at which th®M is indifferent between the choices
becomes a poiron the graph (see Figud8 for a sample utility curvéor CO, storage potential

and col umn ¢ wt Dnce suffictient data polnts bré elledted, they are plotted and
curve fitted. From the data, an equation of the cuitveutility function) is createdsee6é ut i | i t vy
funct i on &7). The equiation lofethe turve can be used to estiddMdes 6 pr ef er enc

anywhere along a criterionés feasible range o
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O
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CQ storage potential (Mt)

Utility =1.4551-5.8702*EXP(x/12.9)

Figure38 Utility curve for CQ storage reservoir potentishowing a higher utility for more GO

storage potential
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Table17 Risk model database for Project All numerical datgin normal font)is specific to Project Awhereas all columns, rows,
headings, criterigcriteriaunits, andutility functionsare common to all projectgsd shown in bold.

Criteria Criteria
Area Criteria Value Units Utility Weights | Thresholds Score Normalised Utility function
. % reduction in -
Environmental GWP 0.529 gCO,-e/kWh 0.172 12.55 .10 2.16 2.16 (-)0.2872+0.11*exp/-0.37)
% reduction in . .
POCP -0.017 GC,H-e/kWh 0.180 2.94 .05 0.53 0.53 (-)0.9808+1.2398*expk/-0.26)
% reduction in -
EP -0.123 POe/kWh 0.325 2.63 .00 0.85 0.85 1.22190.5485*expfx/0.25)
) % reduction in 2 2 " :
AP 1.105 9SOr-e/kWh 0.224 3.22 00.10 0.72 0.72 (-)0.4323+0.914*expf/-3.34)
% reduction in . .
HTP -0.04 vears of life lost 0.495 3.99 00.05 1.98 1.98 (-)0.484+1.0304*exp/-0.77)
Social Public perception 0.300 0-1 0.402 6.34 .30 2.55 2.55 1.65661.6566*expfx/1.08)
Knowledge of CCS 0.201 0-1 0.136 3.34 .30 0.45 0.45 (-)0.6793+0.6793*expk/-1.1)
Percier:]"pegcrea“h 0.093 01 0.060 | 3.89 .30 0.23 023 | (10.6793+0.6793*expk/-1.1)
Climate change 0.452 0-1 0.345 3.11 @0.30 1.07 1.07 (-)0.6793+0.6793*expk/-1.1)
Impact on other 0.341 0-1 0.247 2.05 .30 0.50 0.50 (-)0.6793+0.6793*expk/-1.1)
technologies
. . . (-)2.3531+3.3774*
Economic Capital cost $1,602 $/1tCO, 0.834 8.75 0 $,600 7.30 7.30 exp(x/27672)
. (-)1.8589+3.1837*
Capture cost $54.4 $/tCO, 0.296 11.68 aB60 3.45 3.45 exp(x/139.39)
Transport cost $1.1 $/tCO, 0.921 4.20 b4 3.87 3.87 1.77360.77*exp(x/-10.79)
Storage cost $2.2 $/tCO, 0.921 4.61 0$ 4.25 4.25 7.47296.3314*exp(x/-63.34)
Operating cost | $109.0 $/kWhly 0588 | 6.00 O $30 3.53 3.52 (-)1.7261+2.9014*exp(
x/481.38)
Cost of electricity $0.06 $/ kWh 0.915 6.11 0 $.06 5.59 5.59 (-)4.1615+5.3887*expk/0.93)
o CO, Capture % CO, o (-)1.7494+0.3139*
Engineering effectiveness 88.21 captured 0.556 4.20 O70% 2.34 2.34 exp(x/-44.24)
Storage potential 29 Mt 0.858 4.07 @0 3.49 3.49 1.45515.8702*exp(x/12.9)
EOR revenue $54 $ 0.968 6.36 $20.00 6.16 6.15 1.14297.4264*exp(x/14.43)
100 Total 51.03 51.01




Monte Carlo simulation wsaused to assess all possible combinations of values for the criteria
based on the probability distributions of the daseng he software @Risk by Palisade this

pilot study (Palisade2012) Monte Carlo simulation is a method of simulation in which the
probability distributios of criteria valuesarerandomly sampled to generatata(von Neumann,

1944 Kalos and Whitlock, 2008) This produces a holistic picture of the possible outof
complex multiinput problemsvhich areused in the model duringeps 9, 10 and 13Using the

utility functions for each criteriondeveloped in the previous steplonte Carlo simulations
produce probability distributions oDMs 6 pr e f e r epossil@es outdomes fora ¢ath
projecb s cr i t e Theariterion acbresear® then summed to give an overall project score
(see the criteria score loonn in Table ¥). The database for each projeatise the same utility
curves, weights, criteria, uniesd possibly thresholds (which could be different depending on
local conditions such as environmental limits in different locations); the only part that is different
betweentheseproject databases is thanput datawhich is characteristic of the inddual
projects Thus, the different criteria values for each project result in different scores, which

reflect the individual DMs 6 preferences.

As Monte Carlo simulations are run 8tep 8, each iteration generates a value for each criterion
drawnfromthe cri teri onds probability distribution
is needed for every generated criterion value to create a criterion score. Since we have a utility
curve for each criterion, the utilitipr any criterion value can bealculatedand the simulation

can proceed with the simulation without further user input. Utility curves reflect how DMs value
each criterion under all possible scenarios from best to worst céiéy curves can either

represent one DMpreferencesr can be the amalgamation of several DMs. For this study, one
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utility curve is used for all DMs.Utility curves alsoenable criteria with different unit®ften
comprisingboth quantitative and qualitative data be compared on the same sq@é&men,
1996) . Uutility curves may reveal a -Bwetées r i sk

preference pattern and a convex curve impliessedking behaviour (Samson, 1988).

For Step 8,CCS experts werasked to give a relative weighting to eaafhthe criteria based

upon how importanthey feelthe criterionis to a CCS projecselection decision (see column

0 we i nrabk &). Each criterion therefore has both a utility funct{®wep 7)andunique
DM-specific (or DM amalgamatedyeight. For each iteration of the Monte Carlo simulation, a
project 6s cr thuskave acspecific atilityy erhewtility Yalue is multiplied by the
weight of that <criterion to give a criterion
project scor e. Once a number of iterations are

is created, which can be compareith otherprojecsdcriteria(see Figure 9).
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The criteria have maximum utility values of Xdspectivelyand are multiplied by the weights to

produce a criteria score (which cumulatively sum to 100), so that each project can have a
maximum score of @ 0 . The projectsd scores in each de
criteria chosen, utility curves, amdllectvewe i ght s assigned by the DMs
therefore relative only to the other projects used within the same decision afralyssvork

and do not represent an absolute score. A wide variety of projects can be compared using this
CCS model, however the decision analysis design would need to be tailored to each situation to

ensure that each project is adequately assessed.

In addition, aoneway nsitivity analysis was conducted Step 10by varying thecriteria
valuesto see whiclcriteriahave the largest influence on the decisions. The criteslaeswere

varied in a stepwise fashion both positively and negativelthtee five, seven and tepercent
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aroundeachcriteriond meanvaluefor each of the three project&\nother common method is to

vary the criteria values by one or two standard deviations from their means, which takes into
account the varying levels of uncarity between the criteria. For exampdateria values that

are expected toary by +200% on a projectwould not be wellrepresented by aensitivity
analysisthatadjusedthe criteria values by+10% It would be bettem this instance to vary the

criterion byoneortwos andar d devi at i ons meamalyetofeffectivelyt he cr
demonstrate the potentially large impact this criterion could have on a prdpging the

sensitivity analysis wascertainedhe degree of change in criterion valueguiredbeforeCCS

project selectionwvas changed

The last stepin the risk analysis portionof this MCDA model procedureare to develop
scenarios for possibleritical evens (Step 11)and mitigation measureglStep 12)to address
them Based on discussions with CCS experts prior to and separately fropilahstudy,
possiblenegative critical events and mitigation scenarios were developed. majeenegative
events were considered as possible threats teubeess of the CCS projedatsthe pilot study
These are specific eventseyond the normal operating conditions expected at a CCS project
t hat could have a significant I mpacgleak,thea a pr
storage location(shot accommodating expected ¢€@jection rates, and public perception
drastically worsening due to a @@ak at aCCS projectelsewhereg(see Table 8). For the
instanceshown in Table 19no critical event occued and thus their impacts were zer&ach
scenariowas developedwith simpletriangularprobability distributions(due to limited datapf
thelikelihood of critical events occurrings well as their severity in terms of codditigation

costs and impactshown to the right of the tahlare explained below.
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Table 18 Critical event analysis table.

critical event does occur in Takl®

In this iteration no critical event occumesleas

Critical Mitigation Event Score without Score with Event cost $ saved
event option occurred mitigation mitigation (thousands) (thousands)
Monitoring
CO,leak No 0 -0.03 $0 -$ 700
wells
Public Public No 0 0.16 $0 $20
opposition | campaign
Injection | Drill second No 0 015 $0 $ 500
rate too low well

For this studyeach possible critical eventaw given a weighof 5, which ismultiplied by the

utility curve to produce a critical event score whichkid ded t o each prThg ect 6s
utility curves range from 0 for the best scoreltdor the worst eventThe critical event weights

were chosen using expert opinion and can be adjusted by the ettt their possible impact

on the viability of the projedisee Choptiany and ReJ in review, for a further explanation of the
process) The events(which had both a probability of occurrence afideverity if it did occuy,

were converted from impacts (in terms of cost) into utility values. The ewents then reduce

theproject score by an amount determined by a sdpartlity function specific tdhe event type

and the severity of the event for this specific scen@mithis example the worst penalgy-5.0).

The probability distribution of severity is used to simuldite possibility of varying degrees of

events such as a small or large d€ak.

In conjunction with the critical events, three mitigation options were developed that could be put

in place prior to the projetts ¢ o mme (see eChoptiarty and Pelot, in rew). The
mitigation actions incur an added cost but reduce the severity of the event if it does occur (see

Table19). The final columns in Tablekl and22 display the cost of the critical event as well as
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the potential savings as a result of lempentng the mitigation actionf an event does occur.
These values will vary depending on the sayesf the crtical event. Mitigation actiagican be
thought of as insurance policies where, if no critical event octheyg would not be needed, but
if it does, they would limit the impact of theritical event. Thereforethere is a tradeff
between limiting the potential event by incurring a cost, and foregoing the mitigation cost at the
risk of a more severe event if an event does occur. Although omg tritical events were

considered in this study, many more could be included in future studies if the situation warranted

them. Competing mitigation actiencan also be compared.

Table19 Critical event table. In this case agaéive event did occuséverepublic opposition to
the project)

Mitigation Event Score wthout Score with Event cost $ saved
action occurred mitigation mitigation (thousands) (thousands)
CO,Leak | Monitoring No 0 0.03 $0 $ 700
wells
Public Public Yes 4.38 -1.93 $675 $ 463
opposition campaign
Injection | Drill second No 0 015 $0 -$ 500
rate too low well

Prior to including critical event analysis, the assessment method assumes that the criteria are
independent. Once a critical eventrizoduced into the assessment, it could potentially impact
multiple criteria. For instance, a G@eak could impact GWP, HTP, all social criteria and
increase the cost of storing subsequent @@s linking these criteria together. Critical event
analyss is more speculative than other aspects of the assessment and can be considered as an
extreme sensitivity analysis, based on possible severe consequencese-&uwalysis, a method

used to understand the causes and consequences of hazards and esgasveccurring (and
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so naned for its shape which is comged of many causes culminating in one event which then
can cause many different effects) (IEA GHG, 2009), can also be used to develop possible critical

events estimates of their likelihood arsg\erity, and to identify ways to prevent them.

6.4 CCS PILOT STUDY

Once the objectives and project alternatives were determined, scope defined, criteria selected,
data collected, and utility elicitedteps 1 through 6), expespecific weights for theriteria

were determined. To populate the model with realistic criteria weights, CCS experts were
enlistedfor the pilot study Researchers dgklberta Innovates: Technology Futuré8ITF)
identified 40 CCS experts from industry, research organizatioh&G@s and provincial
governmental departments. Those CCS experts who agreed to participate in the study were
provided with a summary sheet to provide context to the project and outline their tasks (see
Appendices B, 3C and ). The summary sheet descidbthe study, each of the criteria used in

the model, and provided representative values for the three projectstmnaiteria (see Tables

18 and 19 After reading the summary sheet, participants were asked to watch a short video
demonstrating a sintiied version of the model, showing the model methodology and how
DMs 6 weights would be iCrda alinktotha videa) The wvdeo App e
helped participants understand prebabilisticnature of the model; although all the data appear

to be static when shown on papey are associated wigrobability density functions and thus

each iteration of the simulation produces different results.
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Between May 28 and July 19 2012,as part of the pilostudyto demonstrate the modé4
CCSexperts from different fields were interviewed aasked tdil | out a survey while 16 other

CCS experts were interviewed and provided feedback but did not complete the(sae/&gble

20 for the number of experts within each graudhterviews lasted gproximately 1 hour and

began by addressing any participant questions regarding the datéhaheets provided to give
contextual information to the survedgee Appendix B), the model or how to complete the

survey. Participants were also asked aboetdverall usefulness of the model, whether any

criteria were extraneous or whether any further criteria should have been included. All responses
were kept anonymous. The participantsd respo
experts came from indtrg, ENGGs, government, or research groups. Participants chose to fill

out the survey either prior to the interview, during the interview or afterwards. Interviews were
conducted either in person or via telephone. Interviews were conducted-am-one settings

or in groups depending on participantso prefe
on-one inperson interviews whenever possible. Group interviews were designed to still ensure
anonymous surveyesponsesof individual expert weightigs, however participants were
permitted to ask each other questions and to learn from questions that others asked of the study
designers. Participants were not permitted to change their responses after submitting their

weights and confidence levels.

Table 20 Number of CCS experts within each group

Group Industry | Research] Environment| Government Total

# of experts 7 5 5 7 24
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Participants were given a hypothetical situationvhich they were the primaryDM for a large
energy company and were required dooose a CCS project from the three case studies
(Project A, Project B and Reference case). Using the data sheet as context, the experts were
asked to assign weights to each criterion based on their perceptibe importance of the

criteria to their projecsdection decision (see Table 2dr the economicriteria used by the

experts to input their criteria weights and confidence levels). Participanésgiven 100 points

to allocatebetween the criteriaThe only requirements were that each criterion weight must be
between zero and 100 and all 19 criteria weights must sum to 100. Participants were also asked
to assign a confidence value to each criterion weighting based upon their expertise in each area
The coffidence rankings ranged from 1 to With a higher number representing greater
confidence. This enabled participants to complete the survey despite not being an expert in each
criterion area.

Having participants input relative weightings for dhteria allowed for a

personalized decision analysis by representin

Table21 Sample expert weights and confideheeel for economic criteria and reference criteria
values for each projectWeights and confidence levdty the social, environmental
and engineering criteria were also recorded.

Economic Project
Criteria Project A | Project B Reference Weight Confidence
case (1-5)

Incremental Capital Cost ($) in millions 1,500 1,650 1,350 15 5
Capture Cost ($/tCE 49 54 44 7 4
Transportation Cost ($/tGD 1.06 1.33 .78 4 4
Storage Cost ($/tC 2.16 3.42 2.58 3 3
Incremental Operating Cost ($/year) millio 104 115 93 4 4
Incremental Cost of Electricity ($/kwWh) 0.0486 0.050 0.0498 6 3
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Due to the small sample size and the use of representative case studies, implications derived
from the results should not be extrapolated to assume that one prajecessarily superior to

another.

6.4 .1 CCS Expert s 0 riteia Weights

Once the survey portion of the pilot study was comp|dtesl data wereompled and analyzed.

The data wererganized by the expertise of the CCS participants as well as by the level of
confidence in their responses and by type of criterion. The data was then entered into the MCDA
risk model to simulate DMs performing the decision analysis to select a CGS8tdrom the

three available options.

The minimum, maximumandmean for each crit®on weight is shown in Figure 4for all 24
experts. Over all of the CCS experts, the criterion with the highest weigltaptase cost with

an assigned weight of 40,lkmved by GWP (39), capital cost (25) thewst of electricity (22).
Almost every criterion had at least once CCS expert assign it a weight of zero, therefore their
ranges were often the same as their maximum value. The criteria with the mglhesiveyhts

were GWP (12.55),apture cost (11.68)xapital cost (8.75), while the lowe mean weighted
criteria were prceived impacbn other technologies (2.05)¢idification poential (2.63) and

eutrophication potential (2.94).
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Figure 40 Aggregated CCS expert criteria weight®rganized into environmental, social,
economic ad engineering categories

The criteria were organised into environmental, social, economic and engineering categories.
This categorization provided a visualisation of the criteria to make weighing them easier but did
not impact the project rankings askariterion was considered independentlyhe minimum,
maximum, and mean of criteria weights, separated into the four CE&# gxpups are shown in
Table 22 Each group shows the same general pattern with high criteria weights for GWP,
Capture cost, rad Capital cost, however there are strong differences in the relative weights for

the criteria between the groyjsdicating substantial differences between expert preferences
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Table22 CCS expert responses for criteria weights. Bolded data represenaiximumweight
for each criterion.The minimum criteria weights are shown in light grey.

CCS expertgroup

1 olo|l1]3]|]1|10|5|5|5|5|5 |4]|5|5|3|2|2]1]2

- 2 15| 3 | 3 | 3| 6 |125| 5 |25(25(25| 15| 15 [15|15| 9 [15| 3 | 75| 45

§ 3 2 1| 1]1]1]|5]2 3 10 | 10 (10| 10| 10| 10| 5 | 7 | 10

§ 4 21 1 | 1| 1| 1| 2|4 12|55 10| 7| 6 |12

5 111|523 |5|10[1]1|5]|3]|5|10/5[5|2]5]3

Mean | 7.8 | 12| 1.4 | 26| 22| 65 |4.2|39[2.7|21| 51 |21.4|53|6.3[6.2|57|3.8|53]6.3

1 0|5 |3 |33 |10|a|9|5|a]| 7 |10|3|5]3|10]2]2]2

2 18| 5| 4| 4|5 |7 |2|3|5|5|10|3|[3|3[3|[7]|3|5]5

. 3 1510|210 10|10]|20]|2|2|2]2|5|1a|2|2[1|1]|2]0]0

& 4 12| 8| 4| 4 |12 4 |4|6|4|2| 3|9 |6|6|3|3|4]3]3

5 14| 7 | 5| 5| 8|8 |3|5[4[3|6|9|4|a|3|5]|3]2]2

Mean |138|70|52(52|76|78| 3| 5| 4 |32|62| 9 |36| 4 [26|52|28]24]|24

1 11 | 3 10/4|6|(8|6|4|2|2]2|7|5|6]|6]6

2 2 182|042 2822|222 1|18

= 3 39| 0 2 |2|0|3|1|18| 1 |1]1]18]| 1 119

£ 4 15 |8.75/8.75/8.75/875| 2 [ 3 |2 | 2| 1 5 | 5|5|5|5|35] 3|35

2 5 20 2 (2|2]4]|2 5 | 5|/5(3[3|8|5]|5

o 6 20 6 (10/2|5|2|10| 8 |1|3[2|1]|5]2]3
7 4 4 |15/ 3| 1]05/25|10|5|5|5]|5 4

Mean |15.9| 3.4 |33 |4.1|53|6.3|35|36[3.9/1.9/104| 56 |3.0(3.3/6.0/6.0|48|3.1|6.9

On;’:;?]” 125 31| 27| 32|40 6.4[33|39(3.1/21|88(11.6/4.2|46|6.0/6.1|4.2|4.0|6.3
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On average,and as expectecenvironmentally grouped experts rated environmental criteria
highest followed by economic, social then engineering critefféne weights of the categorised
criteria, compared by expertrayp, are presented in Figure 4howing the criteria means,
minimums, maximums and rangeResearch experts ranked economic criteria highakiwed

by engineering, social then environmental criteria. Government experts rated environmental
criteria highestfollowed by economic, enigeering then social criteria. Industry experts rated
economic criteria highestollowed by engineering, environmental then social criteria. Overall,
economic criteria were the highest weighted on average, followed by environreagtatering
andthensocial criteria. As CCS is a largscale technology, and thus engenders high costs, a

focus on economic considerations is expected.
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Figure 41 Group CCS expert criteria weight by category showing mean, minimum and
maximum vales
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6.4 .2 CCS Expert Self -Assessed C onfidence

There were large variations in expert criteria confidence levels as almost all criteria had a
minimum of one (lowest possible) and a mamm of four or five (see Figure 32 By
interviewing experts witkknowledge in each of the criteria area® were able to improve the
reliability of our results as at least one expert (and usually many more) gave a confidence of four

or five for every criterion. If criteria are included in an assessment in whidbMisehave very

poor knowledge, thethe results would have a higHewel of uncertainty. Including experts

who cumulatively have expertise in all criteria, even if not individually, limits this problem.
Providing contextual information about all critereych as health or environmental regulatory

i mits, values for comparable projects and a
assets and liabilities will also increase the level of confidence of DMswide range in expert
criteriaconfidenced vel s exposes the high | evel of wuncer
CCS is a complex technology with broad risks and consequences, the DMs must include experts

from at least the four major areas, environmental, social, economic, and engineering.
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Figure 42 Criteria confidence levels for CCS experts using all participant responses
showing the minimmm, maximum and range

CCS industry experts were the most confident about economic criteria, followed by engineering,
social amd then environmental teria categorie (see Figure 43 suggesting a better
understanding of economic issues in generdhe research experts had the same pattern as
industry experts, however they were less pronounced than industry experts in theiermmnfi
levels. Environmental experts expressed the most confidence in their weighting for social
criteria followed by economic, environmental and then engineering criteria. Government experts
were most confident about their social weights, followed byineeging, economic and then
environmental criteria. The highest level of confidence over all four groups was for economic
criteria with environmental criteria eliciting the least amount of confider@ely the industry
experts rated economic criteria kvih mearconfidence levebf over 80%. Thepther criteria

responses received onbonfidence levels between 34% and 76% indicating a low level of
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confidence overall. As there were no expert groups igh confidence levels for atiriterion
area, including multiple DMs from each expert group will increase overall confidence and

reduce uncertainty.

5.0
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Environment Social Economic Engineering ™ Governmen

Figure43 Expert confidence for criteria categories®gSexpert group

6.4 .3 Model Simulation R esults

The criteria weightdor each CCS expert group were inpub the model to determine how

different DM viewpoints could impact the scoring and ranking of the projedidhie expert s
weights were used as a proxy to DMs from the different group backgrodmds model was

then runfor 100,000 iterations using Monte Carlo simulatiorsimulate the possible outcomes

of the criteria val ues. Themode was rumfoun sepatate mep r o €
using the mean criteria weights for each of the expert groups, folloywddur runs using a

sampling of each groups w e (seehTabte 3). The model was then run again twice using a
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mean of all expertsod6d weights and a sampling o

confidence values of three, four or five, tm®del was run twice more for a total of 12 runs.
Using the mean scores for the projects, the projects were ranked, where a higher score is

preferred. Mul ti pl e Monte Carl o simulations were

understand how changes in @dence and expertise influence the resulkssgraph showing the

three projectso prharlseredidshowyin Eigure #44mg ébsaniplingef f or

criterion weights wusing al/l CCS expertsod resp

Table23 CCSexpert weight groups used to run the Monte Carlo simulations

Weight type | Expert Expert All All All experts high | All experts high
used for each| groups groups experts experts confidence confidence
simulation means sampling mean sampling means sampling
Numbe of
funs 4 4 1 1 1 1
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Figure 44 Probability distributions of the scores for Project A, B and Referenceusasg the
aggregated criterion weights from all CCS experts

The results of the model simulation, including project rankings, using mean weights for each of
environmental, research, government and industry gratgshown in Tabl@4. The authors

found that despite the differences in CCS expertise and prefergmncesteria weights, the
experts tended to prefer Project A over Projects BherReference cadgased on an average
project score There were however, significant differences in how often (how many of the
Monte Carlo simulations) resulted in the prdgeteing the preferred choias well as the
ranking between projects B atite Reference caseRelying solely on the mean project score

obscures these differences which may be important to, @Sfgecially if there is significant
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uncertainty in the critéat values. Using the full distribution of possible project scores DMs are
able to tailor their decisions to avoid potentially low scores (even if the project has a high mean

score).

Table24 Average and distribution scores for ghjects following the Monte Carlo simulation.
The mean expected project score using weights from the four expert groups are
shown followed by the project ranking for that group and % of iterations that the
project was ranked as the preferred projedhe Tower section of the table displays
the same information while using probabilistic sampling of the full distribution of
expert criterion weights for the Monte Carlo simulation

Average | Environmental % ranked] Research % ranked] Government % Industry % ranked
weights mean score |Rank 1 mean score| Rank 1 mean score |[Rank| ranked 1 | mean score] Rank 1
Project A 48.38 1 34 53.74 1 35 54.23 1 47 62.12 1 35
Project B 46.88 2 33 50.19 3 32 52.87 2 37 56.97 3 32
Reference
case 46.82 3 33 51.72 2 33 48.97 3 16 57.09 2 32
Distribution | Environmental % ranked| Research % Government % Industry %
weights mean score |Rank 1 mean score|Rank| ranked 1] mean score |Rank| ranked 1 | mean scorel Rank ranked 1
Project A 49.15 1 34 43.06 1 34 54.73 1 35 53.74 1 35
Project B 47.08 2 33 41.99 3 33 52.51 2 34 49.93 3 32
Reference
case 46.85 3 33 42.48 2 33 48.78 3 31 50.88 2 33
Using both this sampling of al |l expertsoé wei

criterion, the model was run again amsults are shown ithe lower half ofTable 2. For all

the CCS expert sampled weights, the values were normalized to émsuesach project was
compared on an equal basis where the weights summed to 100 for each iteration of the
simulation. Because each criterion was considered independently, the weights were sampled
independently as well. Since there was variation int6eSC ex pert sé wei ght s,

weights meant that the total weights for each project in general would not sum to 100. A project
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that had higher weights in total than another project would therefore have an unfair advantage.
The sampling was used &ssess the relative difference in weights between criteria. Normalizing

the weights kept the relative weights of the criteria the same within each project and enabled the

projects to be compared on an equivalent basis.

The model wasun again accountig

f

or

t

he

conf i

dence

v al

ues

expert weights were not divided into expert groupindgastead, thoseriteria that only had

confidence levels of 2 or less were excluded for this analyg8lsen an expert was not confident

abou their weight onone criterion, it was excludediowever the rest of their weightings

remained. This left 65% of the expert weightings with confidences either of three, four or five.

The weights were multiplied by the confidence value and then nogdali€riteria with high

levels of confidence we emphasised by this procesBoth a mean of all experts confidence

weights, as well as a sampling of all weights, were used to run the mduetedults are shown

in Table 25

Table25 Average and distribution scores for the projects showing mean expected score and % of
iterations ranked as the preferred project using weights for all CCS experts with

confidence levels of three or more

Distribution Average Confident Confident
weights % weights % average % distribution %
score Rank | ranked 1 score Rank | ranked 1 score Rank | ranked 1 score Rank | ranked 1
Project A 54.57 1 56 5451 1 58 54.48 1 35 54.40 1 35
Project B 51.54 2 25 51.53 2 25 51.18 2 33 51.53 2 33
Reference]
Case 50.28 3 20 50.35 3 16 49.80 3 32 49.82 3 32
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Project A was the preferred option for all variations of the armal@sed on expected mean
score When only weights with confidences of three, four or five were used for the simulation,
the three projects ranked almost identicalith Project A only being ranked as the preferred
option 35% of the time. There was no diffiece in project ranking when using a mean of expert
criteria weights or a sampling of expert criteria weights. There h@sever a much wider
distribution in project scores. As compared with an analysis that selected projects solely on the
expected oicome of the projectsiean scorethis more indepth analysiprovided substantially
different results. Since the projects were considered as very similar by the confident experts, a
comprehensive assessment of the differences provided by the modelelpillDMs fully

understand the tradeoffs between the projects.

6.4 .4 One-Way Sensitivity A nalysis

A oneway sensitiity analysis was conducted dhe criteria to better understand how the
uncertainty in criteria values impacted project ranking thus selectionThe impact on Project

Abs score when each cr i tl®% isdisplayg in Figueedbvithal ue 1 s
Tornado éagram Tornado diagrams for Project B and the Reference case showed similar
results to Project AFor Progct A, changes in th€0, capture efficiencycriterion valueshave

t he | argest | mp acAlthooagh C® dagurepefficepcy dict nét sisualychave a .

high weight assigned to it by the CCS expartsaning that it was not considered very arignt

to their decisionpecause it had a relatively narrow distribution of values, a 10% deviation from

its mean represented a substantial change in its utility value and thus Stemefore, under

expected conditions, CGQrapture efficiency was not major contributor to project selection,
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however if the CQ@capture efficiencyvasunexpectely poor, it would have a strong bearing on

the project selection. Understanding how much the criteria values can change is thus important
towards understanding Wworobust the decisions are under many conditiods the three
projects had distributions of expected means that were usually within only a few points, a
deviation of 10% in any of the criteria values would be sufficient to alter the rankings of the
projects. The projects in this case study therefore are very sensitive to the criteriawatires

may not be the case if the criteria have large ranges in potential.values

Oneway sensitivity analysis

Capture efficiency
EOR

Impact on other technolog
Impact on health
Storage cost
Transport

CO2 storage potentia
Knowledge of CC:
Impact on CC¢
Capital cost

COE

Operating cost
Public Perception
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Figure 45 Oneway sensitivity analysis of criteria dhe overall score of R®ject A indicating
that capture efficiency has the highest sensitivity while capture cost has the lowest
sensitivity. As the diagram is predominantly uniform, instead of tapered in a tornado
shape, the criteria all have similar impaatsthe overall score of Project A.
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6.4 .5 Critical Event A nalysis

The mitigation actionsvere also compared to determine which option would be preferred. We
used a decision tree to compare the three projects withbioations of mitigation actions
Selectingthe preferred mitigation actiofike selecting the preferrgoroject, is not necessarily a
straightforward process. Mitigation selection can be impactedNdy 6 r i s kvhicheref i | e s
created during the utility elicitation processStep 7 In theiteration of the simulatioteading

to the graph belowthe optimal choice is to select Reof A and both mitigation actisrnl and 2

as this yelds the highest score (sshaded greyareason Figure 46to see the ideal selection

path) which was Bo the option with the highest mean score ov&00,000 thousanderations

The highest possible score sv@ choose no mitigation acti¢gince choosing a mitigation action

has a small cost even if no critical event occurshodsing all threenitigation actios was the

safest optionas it limited the most extreme impacts from the critical everiddds would
therefore need to make tradeoffs between choosing the options that provide the highest expected
score, to avoid options with potentiallg\verely negative outcomes, and ones which have the
highest potential outcome but not necessarily the highest mean expected outcome. Each of the
model steps comprehensively and transparently provide DMs with an added level of information

to help DMs makehte choice that best reflects their preferences.
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Figure 46 Critical event analysis using a decision tree with a sample outcorhe optimal
decision path is outlined in shaded gray as it corresponds with the highest project
score
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6.5 Discuss ION OF MODELAND CCS EXPERT COMMENTS

Subsequent to providing expert criteria weights and confidences, many experts provided
comments on the modelThe comments were organised into three general recommendations
model methodology, criteria and data selection, and application of the model to different

scenarios.Theserecommendationare outlined below with discussion.

6.5.1 Model M ethodology

One common recommendation from experts for this model was that it should be used to assess
project criteria in a stepwise manner. Criteria could be categorized into essential and non
essential groups, or by the different stages dutieglecisiommakingprocess wherthey should

be assessed. Projects could then be filtered by values of criteria such as a minipstoradg®

size, maximum cost, or minimum G@duction, after which the projedtsat met the thresholds

would be assessed by subsequeitéria until the projects are assessed in.fulheir scores from

each stage would still be summed to give an overall project score. This study did involve a
stepwise assessment, however the survey portion focused on just one step of the analysis. To
simplify the pilot study, each project was considered to have reached an acceptable value on each
of the criteria chosen so that all critecauld be compared duringne stage. It was also
suggested by few experts that the real decisions boil dowretmnomic considerations and all

the other criteria represent roadblocks, unless they reach a certain minimum threshpld level

although the results indicate that environmental, social and engineering criteria are very
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important to the decision and cannovays be expressed in economic terms (Kelman, 1981 and
Cavallaro, 2009 The model dicalsoincorporate minimum and maximum thresholds, however,

they were not explored in depth in the participant supaation of the pilot study

Utility curves were use to represent the ndmearity in preferences as values for criteria
change. Through discussion with participants, it was found that most participants would prefer
to develop preference curves representing their expert opinion of how each criterthasaa

in reality and directly develop the curves using graphs so that they could visualize their choices.
This was in contrast to choosing between lottery t@ftie which the experts considered too
abstract. Participants could also express their opiof the suitability of criteria which would
occasionally have discontinuities where the
specific point after which it would increase dramatically and then potentially flatten, creating a
stairlike pattern (see Figuré7). Such utility preferencesould not be converted into traditional
utility curves and had to be expressed as conditional equations eupgoditabases for the
Monte Carlo simulations. This is an area of research focus for thersuthorder to provide

this functionality to the model
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Figure47 Sample utility curve showing discontinuities in utility as the criterion value increases

6.5 .2 Criteriaand Data S election

The experts that participated in this survey were from many varied fields involving CCS. Their
comments on the modand which criteria should be includeeflecied this variation. This

range in experts led to many further suggested criteria to be @tcindthe modefor future
studiesthat fit their individual need¢see Table @ for other CCS criteria thahe model can
accommodafe The criteria areas receiving the most comments were related Ast@@ge
conditions, groundwater impacts (perceiaedl real) and economic indicators such as measuring
total costs in terms of C{avoided, and whether to include carbon credits or carbon taes.

the model is developed as a framework, DMs are able to include the criteria that best reflect their

needs fo each decision analysis.
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Table26 Criteria recommended for future applications of the model

o Number of
Criteria )
times suggested
Impact on groundwater quality 4

Cost per tonne of C{avoided

Number of well penetrations in area

CGO, carbon credits (carbon market/carbon tax)

Reservoir integrity

Long term permanence of GO

Perceived impact on land values

Reservoir injectivity capacity/ injection rate

Long term liability (local regulatory conditions)

Age orstatus of existing wells

GHG removal (or reduction)

Annual CQ emission reductions

Total CG emission reduction potential

Local attitudes to specific proposed project

Reservoir pressure

Monitoring potential

Local seismicity

Local faults

Hydrogeology conditions

Storage depth

Temperature

Porosity

Permeability

Caprock thickness

Volume of groundwater removed

Existing usable infrastructure

Diagenesis conditions

Natural gas prices (external competprgjects)

Public perception of specific project

Public perception of company developing proje

Reputational CCS experience of developer

Land footprint from facility

Potential impacts from surface development

Perceived impact on potable groundwater

Impact on flora

Impact on fauna

Impact on endangered animals

Length of time required for permitting

Original oil in place (OOIP) (Important for EOR

RiRRrRRRR R RPRRRRRRRRRR R R R IR R|R|R|R|R|RP PR N NN NN W] W w|w

Government funding/ subsidies

There were also criterthatexperts believed could be excluded from similar CCS analyses. The
economic criteria chosen for this study are interrelated and could be condensed into one indicator

such as $/tonne of GQ@voided. As this study was exploratory, we were interested in how CCS
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experts would weigh the economic criteria and whether the weights would be proportional to the
relative costs of the economic criteria. This was the reason that economic critersepamaged

into project cost components instead of using one aggregate indicator such as net present value.
We found that experts did not weigh the economic criteria priopaitto their relative costs.

This may indicate that dividing criteria into thewnstituent parts (e.glividing total project cost

into capture, transportation, storagedoperatingcosts,among others) will help DMs to better
assess projects. Providing an even more detailed assessment may be benBiMgsince it

may revealopportunities for improvement and outline when the costs (or impacts) may occur

potentially resulting in different project preferences

Because the c¢tent model application is higlevel, many of the criteria are interrelated and each
criterion depend®n several moréetailed criteria. C@storage volume for instance could be
characterized by porosity, permeability, specific gravity, reservoir depithconfining layer
thickness among many other factors. When assessing projects, it can be diffiquibperly
assess options using mudtimensional and complex criteria suak CO, storage. There is a
tradeoff between including many detailed criteria which can become overwhelming in their
complexity aad quantity, and using few highvel criteria hat are manageable but may reduce
the clarity and confidence ®Ms 6 j udgement s. One way to addr
hierarchical criteria weighting.DMs could weigh detailed criteriahich are combined into
higherlevel criteria, which in ttn ale compared with other higlevel criteria (seéigure 48for

a CCS example).DMs would therefore weight criteria on two or more levels. This would

require more time but could be beneficial when assessing large complex projects.
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Figure48 Sample hierarchical criteria weighting for a simplified CCS project

Other critiques of the model include the requirement for extensive and good quality data, which

is hard to obtain.

As the model explicitly incorporates datd DM uncertainty through

sensitivity analysis and critical event analysis, and is meant to help inform DMs rather than be

prescriptive,
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Although not explicitly stated by theCS experts during the survey, many of the environmental

and social criteria were considered unnecessary as they were given very low weights, and

occasionally values of zero. Since these same criteria often had very low confidence values it is

unknown whéher these weightings were due to unfamiliarity with those criteria or a true belief

in their unimportance. Whether there is a lack of familiarity with criteria will be important to

determine with future CCS assessments in the early stages of decidi@isanaorder to avoid

uncertain weightings by including experts in that are&urthermore, experts suggested

presenting the data in more common terms (e.g. social data using a scale between 0 and 100

instead of 61 and excluding decimal points) so tlaé differences between criteria are more

easily compared.
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6.5 .3 Application of the  Model to D iffere nt S cenarios

As the model is able to assess a broad set of diverse projects, using a wide variety of criteria, and
it is also very adaptable, it was Wweéceived by CCS experts who believed that it could be
adapted to fit many CCS decision problems. The most commonly suggested uses of the model
were for benchmarking projects either for governmental funding competitions or within large
energy companiesln both cases, it was suggested that the model should focus either on higher
level aspects of CCS decisions or on more detailed components of CCS rather than the
combination used here. For hitgvel assessments, the model could be used to eliminate
inferior projects using a screening approach in which only a few critical criteria are assessed
initially followed by amoreid e pt h anal ysi s of the o6topdé pr o]
model could be used to assess environmental and social critergside net present value for

project selection. For more detailed studies it was suggested that decisions about issues such as
CO, storage location could be assessed using criteria based on detailedjudlighdata, in

which case more focus woul@ lgiven to the interplay and interdependence of the criteria.

The results shown in the graphs and tables are based upon a small sample size and may be
masking detailed patterns, due to the use of criterion means which can be easily skewed by a few
expert opinion outliers. Environmental criteria for instance had both very highly weighted
criteria as well as very low weighted criteria. If some criteria had not been included, the mean
weights may have been significantly different. This was also reflectdeiwideranging level

of confidence between the criteria by the experts.
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The model currently only assesses a few critical events for the project. This is in part due to
extremely limited data and the need for projgeecific conditions and experfer many
criteri abs .darexamplegtterebhave hesnend nedorded lasgpale anthropogenic

CO, leaks (the most significant critical event)ndeed, nany of the possible negative events
have not been thoroughly researched and the infawmahiat does exist lies with experts, thus
thorough critical event analysis is difficulNevertheless hie number and type of critical events

that could be assessed using this model is only limited by the imagination and need¥\o$ the

The critical events chosen for this initial assessment and used in the survey demonstration
represent negatv events. The mitigation strategiesosen are actions mostly focused on
remediating an event or detecting a leak prior to significant surface leiaktiggnegative event

of a CQ leak occurring This is in contrast to possiblefocus on preventative measures, a
suggestion made by participantThe model could be expanded to include detailed assessments
using bowtie risk assessments of possible hazarBsarticipants also suggested that positive
critical events could be assessed in future studies, including events such as the development of a
carbon market, government subsidies, competing technologies becoming unfavorable (e.g.
nuclear energy) and more tan governmentregulations. In addition, citical event analysis
doesnotneessarily need t assucheandacansbe gsed torgpresest exdemnal s 6
factors such fuel costs, costs of borrowing or other factors that could impact a project.
Uncertainties in external factors (such as fuel prices) could be correlated with criteria data to

supplement the uncertainty distributions of the criteria.
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The case study chosen is not necessarily a realistic example of how a CCS project would be
chosen byenergy companiesnd the model can be modified to address various scenarios
Governments could make decisionstloe energy comparsuch as in a competition for funding
which requires many criteria and stakeholders and needs to be transparent. Wiogindeae
project however, energy companies are usually only responsible for one part of the CCS
development chain. Projects oftanclude partnerships between a combination of utilities
(power plant operators), pipeline operators, oil and gas compdoiesg]l injection and EOR
operations), financial supporters, €8uppliers, researchers and reservoir owners. Each group
may have different prioritieGnd risk attitudesand thuswvould use the model in different ways
(Raiet al.,2009. However, the model can accommodate this set of multiple stakeholtees.
model could be used in a detailed assessment of storage optiops;aftOre technology
choices, or transportation methamong other choicesade by all or a select number of the
above mentioned groupsA higherlevel assessment could be conducted afterward using the
detailed studies as input data so that the overall project could be compared with competing

similar projects.

6.6 CONCLUSION

Dependi ng on wh iweidghts wexepused to rug the mqual, &he ranking of the
projects differed. Project A was consistently the preferred chbased on its mean expected

project score. The percentage of time that it was the preferred choiwever did change

substantiaf bet ween the simulations using different
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The pilot study validated the risk model both in terms of demonstrating its functionality and its
benefits over other decision models, as well as receiving positive responses from CE&S expe
The main strength of this model lies with its flexibility, enabling it to assess a wide range of
projects and criteria and its ability to be adapted to any comparative assessment piididem.

pilot study also demonstrates the many aspects of thelmod how they could be applied to

CCS and other largscale energy decisiong:or instance, only portions of the model need to be
used if only mitigation actionare being compared.The results of thispilot study provide

insights into how groups of C&experts differ in their consideration of CCS risks and values of
projects. It also shows how different CCS stakeholders have different preferences, which can
substantially impact the project selectiohe results of the survey should not necessarly b
taken as representative of the population at large in part due to the low sample size, hypothetical
case study, and geographical differences between participants preferences. Nevertheless, the
transparency of the model allows a DM to see the breadthctdrs that influence a decision
(criteria, preferences, uncertainty, and impact of different stakeholdeisis a3pect of the

model could be particularly attractive togovernmerg for funding competitionsin which

di fferent g r o u pbe takempintd accountTheetranspareneydof theomodel can

also provide insights into the tradéfs between the relative merits of projects with different

strengths and weaknesses.

Future work could focus on other applications of the model, such assmgsenore detailed
decision problems such dgciding between alterna0O, storage locations. The model could
also be adapted to address higleel decision problems where CCS is compared with other

climate change mitigation actisn All studies wou benefit significantly from more accurate
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data and more expert opinion. Working with a specific CCS project would allow for the model
elements to be more thoroughly testés more data is collected database of expert opinion,
criteria values, critéa weights and utilitycurves could be developed. Whelata is lacking

DMs could use this database as a proxy for real world data and to estimate how different groups

may react to a project.
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CHAPTER 7
CONCLUSION

The following summary statements are designed to complement thevearconclusions

embedded in thel@pters that were structured in publication format (4, 56and

Climate change is a dynamic problem that requires a wide range of actioitggde Decision
analyses are becoming more complex and taking into account environmental and social factors
into what were traditionally on economic and engineering fact6CS is a complex and multi
faceted climate change mitigation technology with wide ranging impacts. CCS development has
many risks and uncertainties that could benefit from more thorough decision analyses. These
uncertainties include large costs, palperception, ownership and liability, reliability and scale

of CO, storage and the integration of CCS into broader climate mitigation strategies.

A small but rapidly growing field of CCS research is being conducted to address these issues. A
literature review of recent CCS assessment methods exposed a lack of interdisciplinary research.
Studies tended to focus on one assessment method and incorporate criteria from within either
environmental, social, economic or engineering fields in isolation frdmerdiactors. An
interdisciplinary list of criteria that were most often included in tleegearateCCS assessment
studies was proposed for usehwlistically assessing future high level CCS decisions. There are
advantages to interdisciplinary researshsame problems represent more than the sum of their

parts. Through discussions with experts, &S found to be such a cadee to its scale, large
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uncertainties and wide impacts. Interdisciplinary research can complement detailed, single
discipline stidies to provide holistic assessments of decisions. Detailed studies can feed into
broader interdisciplinary studies by providing high quality dataDists to interpretand make
broader conclusionsA balance is needed between detailed studies and agryelel studies
however in order to avoid owsimplifying decisions by ignoring the interactions between

detailed aspects of CCS.

There are decision analysis models that use risk to assess CCS decisions as well as models that
use MCDA methods. Thereeshoweverfew that do both and explicitly address uncertainty and

risk. A risk assessment model using a MCDA approach was developed to@SSedscisions

which incorporatesocial, economic, engineering and environmental criteria. The model
integratesmany analysis elements including utility curves, criteria weighting, uncertainty,
decision trees, thresholds, Monte Carlo simulation and sensitivity analysis in a novel way to

address CCSpecific decisions.

This transparent risk model easily displaysributions of possible project scores and sensitivity
analysis to aidMs in comprehensively assessing the options that best refieatpteferences

(see Figures 47 and %8 The visual nature of the assessment outcomes, alongside statistical
informaton, provides clarity to th®M. By involving theDM in the major assessment steps and

using a transparent approacheth mo d e | avoi ddacktbtwdee mdddlad | wh eorfe
distrust the results due tolack of understanding the model proced€3Ms are able to easily

modify their inputs, vary the criteria values and perform sensitivity analyses with thel. mod
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0 Wh a scenarfo®are included in critical event analysis where extreme events specific to CCS

are considered with respect to theirimpaat t he projectsod scores. P
are assessed for their effectiveness at reducing the probability and severity of critical events. The
model aims to be transparent, reflect individia\10 s preferences and to
understandig of complex decisions. The model aims to be informative rather than prescriptive

in that there is no one right answer. Allowing for a high degree of model flexibility and the

ability to test decisions enables a more interactive relationship betwed&Mhend the risk

model which results in a better understanding of the robustness of the model results and the

DM6s deci si ons.

Using data collected from the literature review as well as FEED studies, expert opinion and
projed-specific information, a database of criterion values was created. From the database,
probability distributions were created for the criteria representing their expected values. A case
study was conducted to demonstrate the benefits of the model andtap@yrealistic scenario.

CCS experts from research, government, industry and ENGO groups in Alberta were provided
with a scenario where they are acting as sedidis who must choose between three realistic
CCS projects. They then reviewed a summadrges outlining the projects, criteria and the
decision model. Experts provided their preferences (in the form of criteria weights) for their
opinion of the relative importance of the criteria for selecting between CCS projects. Experts
were also asked fdaheir confidences for each criterion weighting. The case study projects were
assessed using the model under several scenarios using Monte Carlos simulation. The projects
were first assessed wusing a distribuTheon of

assessment was conducted again using only ex|
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levels. Project A had the highest mean score in all cases however the ranking of Project B and
Reference case depended on \wépropett scgresovarg glsd we i ¢
compared using sensitivity analysis and critical event analysis. The case study demonstrated the
benefits of using this more complesk model rather than relying on expected outcomes by
showing that there are many other fastto consider when selecting compléx<S projects.

The assessment reveal ed that smal | variation
could change the ranking of the projects. By moddliMp s pr ef erences and in
value thresblds an individualized assessment is ¢eeathat explores the nuances rofilti-

faceted problems that cannot be understood with models that use expected outcomes as a

measure of project success and ek capacity to takencertaintyinto account

Although the responses were very positive from CCS experts, there were comments on how to
improve the model to meet specific CCS decision needs. The CCS experts came from a wide
range ofbackgroundsind as such their comments and sutgges reflected theraas with which

they were most familiar. Industry experts tended to place more emphasis in their weights on
economic factors, while government and environmental groups on average wanted more
emphasis placed on environmental and social considerationearBeggroups had comments

that were in between those of industry, government and environmental groups. Although the
experts were from different CCS fields, economic criteria were the highest weighted overall,
indicating that CCS costs still dominate demis despite project cancelations due to public
opposition and environmental concer(dnderson et al.,, 2012) Experts also suggested
including specific criteria that they use in their work such as groundwater pollution, land use and

water removal. A lisof factors was created with the highest weighted criteria thaDke
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considered to be the major CCS risk factors. These are criteria that have the largest impact on

CCS decisions and could benefit from further research to improve the implement&iG6 of

There are several limitatis tothe case study conducted in Albeatad the CCS risk model in
general The case study involved interviews with 40 CCS experts and elicited responses from 24
of these experts. This was due in part to requiringgiaatts be experts in at least one aspect of
CCS, the small field of CCS experts and the time requirements for the experts to participate in
the study. The small number of participants limits the applicability and broader implications of
the results spefit to the case study. The model has face validity based on simulation runs and
expert feedback, however CCS is still a new technology and therefore there is no long term
historical basis with which to evaluate the effectiveness of this model on real @Q$

decisions.

Future work could focus on implementing the model in real world situations where CCS is being
considered for development or projects are vying for government funding. There has been
interest in using the model to address both more-kegél questions such as how CCS broadly

fits into climate change mitigation strategies suckerargy conservation, solar amthd power
generationor on more detailed assessments that look at a particular question such as selecting a
capture technology o€O, storage site. Because the model is more of a methodology or
framework rather than a specific assessment tool, there do not need to be fundamental changes to
the model structure in order to adapt it to different applications. With appropriate data an

expert opinion, the model is able to address any comprehensive decision.
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The model currently is not very user friendly as it requires four different software programs to
operate the Monte Carlo simulations and to provide the statistical informationthbgurojects.

If the model continues tdemonstrate utilityit may be beneficial to develop the model into a
more complete package with instructions and tutorials. This is currently being explored. As
more primary data and expert opinions are cadiéca database could be developed where users
could select typical criteria and datéth whichto simulate the model with. For exampeDM

could select a range of environmental opinions from the database as a proxy for local

environmental groups if reaorld data is unavailable to see how their projects may be received.

A further use for the model that was frequently suggested by CCS experts is for benchmarking
projects. Regulatory agencies or large energy companies could evaluate projects that they
currently approve. Using the same model, they could assess future projects by how they
compare with the benchmarked projects. The model would give a holistic assessment of the
strengths and weaknesses of the new project relative to previously approyectspr A
company or regulatory agency could use agugaeh utility curves and criteria weights. As
conditions change either internally or through external forces, the curves and criteria weights
could be updated. This could be an iterative processewgrejects are periodically assessed to
ensure that they are still viable. Widely different projects could still be compared as long as the
list of criteria is sufficiently comprehensive to accommodate the relevant criteria for all projects.
If a criteion does not apply to a certain project, then it would simply receive a score of zero.
Since the criteria arenly compared relatively to each other, the overall scores of the projects

will still reflect the viability of projects relative to each other.
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The risk model has demonstrated that a more comprehensive, versatile roethddbe
beneficial forassessing CCS decisions. As CCS is an expensivedeatge technology and
climate change is considered as a major global concern, proper decision amalysis are
needed to ensure thBXMs are provided with comprehensive, transparent and adaptable tools

with which to make their decisions.
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Appendix 1 A Climate C hange

This appendix elaborates on the genexarview provided irChapter 2o provide more details
onthe concepts describdéigerein The informatiorprovidedbelowgives more context to the

decision analysis presentedtime thesis.

1A.1 GREENHOUSE GASES

CQO; is the main contributor to anthropogenic climate chategpite its low GWPdue to its
very high total emissions The global carbon cycle ipresentedn Figure 49 The global
warming potentials of CQandother GHGs are shown in Table &% comparison Each of the

major GHGs is described in turn.
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Figure49 Global carbon cycle for the the years 1990 to 2000.rm&i@ annual fluxes in Gt of
Carbon (GtC) per year show the natural fluxes of carbon in black with the
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Table27 Global warming potentials (UNFCCC, nda)

Species Chemical Lifetime Global warming potential
formula (years)*” (time horizon)

20 years 100 years | 500 years
Carbon : 3
Dioxide CcO, Variable (5200) 1 1 1
Methane CH, 12+3 56 21 6.5
Nitrous Oxide N,O 120 280 310 170
Sulphur
Hexafluoride Sk 3200 16,300 23,900 34,900

Methane has thsecondhighest radhtive forcing (RF) of the londjved greenhouse gases, after
CO,. Atmospheric concentrations of ¢Have fluctuated between 400ppb and 700ppb over the

past 650,000 years. The concentrations of @R2005 were approxinely 1,774ppb based on a

12| ifetime refers to the length of time that a species remains in the atmosphere and contributes to global warming
(UNFCCC, nda)

13 Inman, 2008
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worldwide average indicating a large increase in concentrations over natural variations (IPCC,
2007). Atmospheric concentrations of Cate quite low compared with GOhowever due to

the much higher GWP of CHestimates (rangingpetween 6.5 and 51 times that of £@s
contribution to climate change is still significant. Although not fully understood, the increase in
atmospheric Ckihas been slowing over the past decade. The sources.agh@ttontribute to
atmospheric concemttions include wetlands, rice agriculture, biomass burning and ruminant
animals (IPCC, 2007). Cieventually reactn the atmospherwith OH to produce Chland

water which fallgo thegroundwhere it is stored for long periods of time.

N>O has thdourth highest radiative forcing after GaCH, and CFC12. Preindustrial levels of

N>O were in the range of 270ppb and are now approximately 319ppb (IPCC, 2007). Over the
past few decadesoncentrations of pO have risen steadily by approximately ®@%r. The
atmospheric lifetime of pO is 114 years and also impacts Ozone depletion. Major sources are
not well known, but are thought to be from coastal waters and from soils due to human induced

land-use changes (IPCC, 2007).

HCFCs are a series ainthropogenicchemicals used in refrigeration, foam, and fire fighting
solvents to replace chlorofluorocarbons (CFCs) which contributed significantly to the
atmospheric ozone hole (UNEP, 2007). HCFCs vary considerably in composition and
characteristics, andhave atmospheric lifetimes that range from 1.4 to 270 years. Their
concentrations show a continuous increase over time. HCFCs are to be phased out between 2013

and 2040 as new pdacts replace them (UNEP, 2007HCFCs are very effective infrared
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absorbes; however their concentrations are very snthllis contributing approximately 2% to

the total radiative forcing of anthropogenic gases.

Similar to HCFCs, PFCs were introduced as a replacement to tradib@aoak depleting
refrigerants PFCs are estiated to contribute only 0.2% of the radiative forcing from
greenhouse gases (IPCC/TEAP, 2005), howeler atmospheric lifetimes range between 1,000

and 50,000 years. A variety of organic solvents have been developed to replace PFCs which

have much lowmeGWPs (IPCC/TEAP, 2005).

Sulphur hexafluoride is predominantly anthropogenic in origin and is used in small quantities in
the electricity sector fonsulatingswitchgears and circuit breakeaad in die castingOlivier

and Bakker, 2002). Sfas an tmospheric lifetime of approximately 3,200 years (Environment
Canada, 2010). ghas a very high GWP (23,900 at 100 years) but due to low concentrations

has a relatively small impact on climate change.

The major source of Crom fossil fuels comes frorthe oxidation of carbon whefuels are
combusted In biomass production, the fermentation process releasesvBén the sugar is
converted to alcohol.Typically when drilling for natural gas, there maturallyoccurring CQ
associated with the gas whienust be removed prior to transport in pipelines. In the past this
extra CQ was simply vented to the atmosphere, but is sometimes collected to be used in

enhanced ibrecovery(EOR)projects
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In cement production, the source of £€émissions is from calcinationsvhich is the thermal
decomposition of limestone and dolomite (IPCC, 20068ement production involves heating
calcium carbonate (CaGpalong with small amounts of aluminum, iron and silicon to produce
slaked lime. Thisa&uses a chemical process called calcination to occur. Coal, oil or natural gas
is used to provide the high temperatures necessary for this process. Worldwide, there are
approximately 1,200 poinsources large enough to be effective withstcombustion €S
process. The cement production progaesslucesCO, concentratioa of between 14 and 33%

andworks most effectively with postombustion capture (Rackley, 2010).
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Appendix 1 B Details on the Use and A pplication of CCS

18.1 CAPTURE TECHNOLOGIES

1B.1.1 Pre-Combustion CO , Capture

Precombustion C@capture technologies habeen in use in some form for many years, mostly
in fertilizer manufacturing and hydrogen production (IPCC, 2005). The process of capturing
CQO, prior to combustion is currently more complex and expensive tharcpogiustion CQ

capture.

The precombustion process involves partially oxidizing fossil $uehichthenreactwith steam
to form CQ and H. Hydrogen is then used directly as a fuel combustion source fliehgas
concentrations o€Q, in precombustion capturare much higher than those in positbustion
capture and are typically in the range of@®%6 (Rackley, 2010). The different separati

technologies for preombusiton capture are shown in Table.28

Table 28 Current separation technologies and future technologies under development- for pre
combustion C@capture (Rackley, 2010)

Technology Currently developed Example technologies under
technologies development
Absorptionbased separation| § Physical solvents such as 1 Novel solvents to improve
Selexol, Fluor processes, and performance; improved desig
chemical solvents of processes and equipment
Adsorptionbasedseparation 1 Zeolite, activated carbon,
carbonates, hydrotalcites and
silicates
Membrane separation 1 Metal membrane watagas
shift (WGS) reactors; ion
transport membranes
Cryogenic separation 1 CO liquefaction 1 Hybrid cryogenic plus
membrane processes
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1B.1.2 Oxyfuel CO , Capture

Oxyfuel capture is a less mature technology than either pogtrecombustion capture and
involves injecting a high purity oxygen stream into the fossil fuel combustion phase of CCS.
The major cost$or oxyfuel CO, capturearise from separating oxygen from air, but again, like
pre-combustion, this process results in a very pure G& stream (almost 100%dwering

costs in the separation phase.

The flue gas concentratiofiom a fossiltfuelled power plant can greatly pact the costs, and
methods used for CQrapture. The impurities also need to be removed by separate processes
which incursadditional costs. The typical fos$ilelled flue gas concentrations for coal and

natural gadired power phnts areshown in Tble 19

Table 29 Typical fossitfuelled flue gas concentrations and parameters (Adapted from Rackley,

2010)

Parameter Typical ranges of values
Pressure Approximately atmospheric pressure
Temperature | 30-80°C
CO, 1 CoakHired,14%

1 Natural gadired, 4%
0O, 1 Coalfired, 5%

1 Natural gadired, 15%
N, Approximately 81%
SQ, 1 Coalfired, 5065,000ppm

1 Natural gadired, less than 1ppm
NO, 1 Coalkfired, 1001,000ppm

1 Natural gadired, 106500ppm
Particulates | Coalkfired, 1,00010,000mg/m

f Natural gadired, 10mg/ni
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1B.2 STORAGE TYPES

There are many potential storage reservoirs fos. GD2 most efficiently fits into pore spaces
at a depth of 2kmer more(see Figure 50 Below is a description of the most promising storage

types as welas the mechanisms for preventing the release efdD€of the reservoirs
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Figure 50 Density of CQ as a function of depth underground. After approximately 2km, the
density of CQ does not significantly decrease (IPCC, 2005)

1B.2.1 Oil and G as Reservoirs

Depletd oil and gas reservoirs amatural site for storing CQ because they once contained oll
and gas (usually with small quantities of §@r millions of years.Research suggedtsat they

couldcontinue to store C{or the foreseeable future as long as all wells are properly sealed and
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there is not a significant geological disturbanpoeatinga transportation path to the surface. The

estimated wddwide storage &pacity of such reservaitis 675900GtCGO, (IPCC, 205).

Because C@is significantly less viscous than water and oil, it has a high mobility which results

in it bypassing many pore spaces. Average saturation is thus only between 30 and 60% (IPCC,
2005). This mobility is important in enhanced oil reagvdEOR) as not all the oil is displaced

and then released. In oil formations, there is a slight buoyancy effect drivingg@@rds. In

natural gas formations however the opposite is true asi<C@enser and migrates downwards,
helping to further secarthe CQ (IPCC, 2005). Detailed studies will need to be conducted to
determine how the CQwill react inthese reservoirs. Althoughil and gas have been stored
undergroundor millions of years, the introduction ofGO, and any injection fluids will lsange

the reservoir characteristicsnjection pressures will have to be carefully monitored to ensure

that fractures are nateated or r@pened.

1B.2.2 Deep Saline F ormations

Deep saline aquifers do not provide any direct economic bdrafit CO; injection unlike oll

and gas reservoirhowever they are much more commamd areestimated to have storage
capacities roughly twice as large (Rackley, 2010). These aquifers have high salt concentrations
and are not suitable for human or agriculturaé.usThey may however be of some use in
geothermal energy, so care must be taken to identify potential competing uses before

developmentas CQ sinks These aquifers are far less studied than oil and gas reservoirs and
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thus CO, storage capacity estimates ange from anywhere between 1,600000 GtCO;

worldwide (IPCC, 2005).

CQO; in saline formations is between 30 and 50% tesssethan the formation fluidresulting in
strong upward buoyancy. This upward buoyancy means that there must be a caprocheabove t
formation to ensure that the @@ contained. This creates a cavity below where €4 be
safely stored. The Sfmer project in the North Saa the most welktudied example of saline

formation CQ storagg(Rackley, 201Q)

1B.2.3 Unmineable Coal-Beds

Coalbeds that are too difficult to mine are another potential storage site for EXfimates of

CO, storagein these coabeds range fromi200Gt(IPCC, 2005). Potential siteselocated in
sedimentary basins and are expected to be neay mamf t he wor | d&Bhisemi ssi
option is in the demonstration stage and may eventually lead to enhancing methane production

from suchcoalbeds.

As CO flows from an injection well into coal formations, adsorption and desorption occurs.
Swelling of the coal occurs and methane is then released, possibly for recapture and use as a fuel
source (IPCC, 2005). Coal often adsorbs methanet bas a higher affinity for C§€ so when

CO, is presentthe coalwill release methan (and other gaseghd trapCO,. This process is
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called enhanced ettbed methane (ECBM) Injecting CQ can increase the recovery of
methanefrom 50% to upwards of 90% (Steveeisal., 1996). Because increased pressure and
stress reduce the permeability of coal (and these would be less methane adsorbed onto coal
at increasing depth), most ECBM projects are within 1,000m of the surface. Althoygls CO
expected to be stored permanently on the-bedsk, longerm studies have not been conducted
and there is a possiity that a disturbance or introduction of other fluids could cause their

release (IPCC, 2005).

1B.2.4 Ocean S torage

CO;, is negativéy buoyantin seawater at approximately 3,000 meters below the ocean surface
anddeeper This negative buoyancy meatiat CQ could be stored as a lake of supercritical
fluid in depressions on the ocean floor withceturningto the surface (Rackley, 2010). Natural
pools have beeobservednear hydrothermal vents. These sites would be reached either by
pipeline from &ore or from platforms (IPCC, 2005However, here is strong oppositidinom

the public and environmental organizati@gminst using oceans as a direct storage mechanism
as CQ increases the acidity of ocean water and can cause calcium shells toed{aatkley,

2010).

Injecting CQ into geological storage below the ocdkor is another optionhatwould beless
of a direct threato humans as the distance is further from human habitation. The most suitable

ocean sites would be nesinore on the continental shelves as the abyssal plain has sediments that
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are too thin and impermeable (IPCC, 2005). The cost of pipingr@@asesubstantially with
distance undrwater. Limited researchas been conducted on storage in caverns, basalt and

organicrich shale.

1B.2.5 Trapping B elow an Impermeable ConfiningL  ayer

The physical blockage of GQs one of the most effective trapping mechanismse fMost
commonphysical mechanisms for trapping €@re shown irFigure51. The most appropriate

sites are those that have both an impermeable layer above and on the sides of the injection site as
CO, will naturally migrate upwards due to its buoyancy. These layers should be thick and
impermeable, ohavevery low permeability, without fractures and faults (IPCC, 2005). These
layers are most commonly formed from shale and salt beds. Salt plumeteeatigedharriers

since over thousands to millions of yeasalt slowly migrates upwardshus deforming the
surroundingstratigraphy and creating an effective cap on both the sides and above the injected
CO,. It is important toensure that pressures &ept low enough that faults are not crelate

retriggered resulting in migratiggathway for CO, (IPCC, 2005).
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Figure51 Schematic of physical trapping under an impermeable cap rock. Clockwise from the
top left: fault trappg, anticline trapping, facies change trapping, and unconformity
trapping (CO2CRC, 2010a)

1B.2.6 Retention as an  Immobile Phase Trapped in Pore S paces

As CQ, travels through pore spaces along with formation fluids, a portion of the gas is retained
by capillary forcesn the pore spacesde Figure 52 This occurs as the concentration of O
falls below certain threshold levels. Over time this,@@l dissdve into the formation fluids.

This is also referred to as residual O@apping and can immobilize significant quantities of
CO,. Residual trapping may trap between 15 and 25% of i@Q@ypical storage formations

(IPCC, 2005).
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Figure52 Capillary pressure traps G@ rock pore spaces as g@igrates through formation
fluids (CO2CRC, 2010a)

1B.2.7 Dissolution into Formation F luids

CO, dissolution occurs over many years so is not well understood in natural field conditions.
Numerical simulabns show that up to 30% of slawoving CQ will dissolve into famation

fluids within several decadesOver hundreds of year€0, is expected to dissolveompletely

into formation fluids (IPCC, 2005). Once in a formation fluid,@®much less likely to escape

and be released to the surface as it becomes less buoyanvilld@wever flow with the fluids
which, depending on the situatipould result in eventual release to the surface in artesian
wells, or remain in aquifers fahousands or even millions of years. These leakage pathways
highlight the importance of choosing the proper locations and reservoir conditions for storing
CO,. In deep sedimentary basins the typical migration rates of formation fluids rmoges
millimetres to centimetres per year (IPCC, 2005). These rates are far slower thanvgré@

a separate phase before dissolving. Dissolution is dependent on pressure, temperature and

salinity, with CQ dissolvinginto a concentratiobetween 20 and 60kg pént (IPCC, 2005).
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1B.2.8 Reaction wi th Minerals to Produce Carbonate M inerals

Mineral trapping is both the slowest of the trapping meidmas (taking up to thousands of
years)and also the most securdlineral trapping can occur due toettiollowing reaction (or
variations): 3KFeldspar + 26D +2CQZ2z Muscovi t e ++28CDw (PCE, 2005% 2 K
where the C@reacts to form a solid carbonate mineral. The processes that occur depend
strongly on the formation minerals, the acidity and pressuresne Snineralization will occur
within days of CQ being injected, while some reactions will take thousands of years. In the
WeyburrrMidale project in Canada, it is expected that within 5,000 years, all thewilObe

either dissolved into the formationuitl or be converted to carbonate minerals effectively

preventing the release of the gas to the atmosphere (Petkihg2005).

18.3 STATEOF CCS WORLDWIDE

There are three larggcale CCS projects worldwide. These include Sleipner, Weyltdidale,
andIn Salah. Along with these larggeale projects, there is significant research into developing
CCSin other situations as well dow CCS can fit into broader climate change mitigation

strategies
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1B.3.1 Sleipner

The Sleipnemproject, located approxiately 250km offshore of Norway in the North Sea is the
first largescaleCCS projectppeningin 1996 (ge Figure 5B(IPCC, 2005). The original ppexct
involved collecting oil fromthe Sleipner West Gas Field. The producing reservoir has
approximately 9% CQO, mixed in with the natural gas. A carbon tax in Way made it less
expensiveto reinject the CQ into geological storage rather than ventingib the atmosphere
and paying the tax. The projdadjects CO; into a saline formation approximately 800m below
the ocean floonear the natural gas reservoifhe program is operatdxy Statoil and the IEA
Greenhouse Gas R&D Programmeiethmonitors and oversees the injection of approximately
1 Mt CO; into the sahe formation each year (IPCC, 2005). A total of\20CQO; is expected to

be injected over the lifetime of the project. THapse seismic surveys and other reservoir
studies show that the G@lume extends over an area of more than %kifhe caprock isn
effective seal and models predict that the,@@ eventually dissolve into the formation water

and sink, minimizing the risk of leakage (Lindeberg and Bergmo, 2003).
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Figure53 Simplified diagram of the Sleipner gas prodantand CQ storage project (IPCC,
2005)

1B.3.2 Weyburn -Midale

The WeyburAMidale CO,-EOR Project is located in sowihstern Saskatchewan, Canésiee

Figure 54. The project began in 2000 and involves dehydrating and compressing a highly pure
CO, gas stream from a synthetic gas project located 325km south in Beulah, North Dakota. The
CO, is a waste product of the procedsconverting natural gas infaure methane. The project
injects between 3,000 and 5,000t/dafyCQO, into an old oil field forenhanced oil recovery
(Moberget al.,2003). As oil is producedt Weyburn CO; also comes up the wells. This €@

then recompressed and injected back into the reservbire project is expected to store

20 MtCO; over its 2025 year lifespan (White, 2005)n early 2011 a local homeowner claimed

that a CQ leak from the WeyburMidale project was damaging the environment and killing
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flora and fauna. After an extensive investigation it was found that thew2® naturally

occurring and there was no leak from the CCS project (HE&g, 2012).

Geoscience Framework
Study Area
100,000 km?

Figure54 WeyburnMidale CCSEOR study area (PTRC, 2012)

1B.3.3 In Salah

The third commercial scale CCS plant is located in the central Satesyian of Algeria. The
project involves producing natural gas which contains 10% @@ stripping theCO, for
reinjection before transporting the natural gas to Europe (IPCC, 2005).infe€tion began in

2004 with an estimated total storage of apprataty 17MtCO,. The CQ is injected using
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three wells into a sandstone reservoir containing mostly water at a depth of approximately
1,800m (se Figire 55. Extensive monitoring at In Salah involveeble gas tracers, pressure
surveys, tomography, grayibaseline studies, microbiological studies, m#tsandgeochemical
surveys which is starting toprovide a very detailed view of the processes occurring in the

sandstone formation (IPCC, 2005 and In Salah Gas, 2010)
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Figure55 Schematic of the In Salah CCS gas project in Algeria (IPCC, 2005)

1B.3.4 Oil Reserves and | nfrastructure

Worldwide there is an estimated 4,000 to 6,000 gigatonnesilodnd gasin geologia@l
reservoirs, representing the accumulation of hundreds of millions of years of biological and
geological processes (Rackley, 2010). Although only a small fraction of bssevescan be

extracted economically, there are still enough reserves to meetneogy demands for the
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foreseeable future, especially with the introduction of more efficient technologies,

unconventional sources, energynservation and renewable energy in niche markets.

There is a largembedded infrastructure in the developedlavarvolving billions of dollars of

power plants, power lines and distributisny st e ms . This is al-snod6term
wherdoy once we have decided on a type of technology, it becomes difficult and expensive to
change even if the alternative is less expensive; the costs of changing can be prohibitive
(Meadowcroft and Langhelle, 2010). Weaning our energy economy off of fossil fuels will be a

slow process.Minimal changes to the current eneligjrastructure make CCS wseful option

for the shortérm until more sustainable (ndossil fuel based) options become feasible.

1B.3.5 Stabilization W edges

It is predicted that there will be large increases in global energy demand this century, mostly in
primary energyrequirementsrom developing regions in Asia and Latin America. The energy
demandin 2004 is expected teesult inCO, emissions of approximately 7 billion tons per year

by 2050(see Figure 5art A) (Pacala and Socolow, 2004). The IPCC believes that no single
technology will provide the reductions in greenhouse gas emissions needed to achieve a
stabilization of atmospheric conceations (IPCC, 2005). Mostenarios predict that fossil feel

will be the major sourcef@nergy until at least the mil* century.
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Developing climate stabilization wedges is a useful method for determining what global GHG
emissions atmospheric concentrations could be with the introductiomtigition actiors to

curb emissions. This method was proposed by Pacala and Socolow in 2004 where they showed
that using existing technologies, our energy needs could be met while dimitmgreenhouse

gases to less thalouble prendustrial levels (se Figureb6 partB) (Pacala and Socolow, 2004).
Pacala and Socolow argue that thesggation actiois can, with investment and development

work in concertto significantly reduce5GHGs. These stabilization scenarios all show that CCS

will need to play an integral paot the solution with estimates of its ggble share ranging from
15%-28% betweer2009 and 2050,with estimates increasing to 55% of climate mitigation

actions by 2100 (Dixon, 2009).

269



s
s
b=

iy
[y¥]

10

Fossil fuel emissions (GtCly)

2000 2010 2020 2030 2040 2050 2060

Year

§ 16 4 B
= 144
e
w 124
c
S 10
g g Stabilization
E 7 triangle

6
° :
2 4 Continued
—_- fossil fuel emissions
0 2
3

2000 2010 2020 2030 2040 2050 2060

Year

Figure 56 Projected emission scenarios basedBusiness as Usual (BAUA and stabilization
wedges as proposed by Wigley, Richels, and Edmonds (WRE), B (\aglal,,
1996; Pacala and Socolow, 2004)

There are many research groups worldwide conducting research on CCS and the number
continues to increase. Most of the work is being conducted in either the capture or the storage
portion of CCS. The methods and risks of transporting CCS are well knalvis ant a major
roadblock to implementing CCS. The capture costs of CCS however are very high and will need
to be reduced in order for CCS to be widely implemented (Riahl.,2003). The other major

area of researatoncernghe geological storing ad€0,. The mechanics of storing G@re fairly

well known, but the extent of storag®lume worldwideis na well mapped, and there is

uncertainty regarding the risk of kege that needs to be better understood
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As CCS is a relatively new technolggcoromies of scale and learning from early projects are
expected to substantially reduce costs and riskar time (IPCC, 2005). If the rate of
technological learning for CCS follows the same patithasof sulphur removal technology

then the efficiency o€CS(and thus cost reductionsjll i mproveby a factor of 4 between 2000

and 2100(Riahi et al., 2003 Rubinet al.,2004). The costs of capture are also expected to
decline by between 20 and 30% over the period 22085 (IPCC, 2005) although estimates

vary widely (Lohwasser and Madlener, 2012) and actual costs are hard to determine since few
commercial scale CCS projects have been developed. All the stabilization wedge models assume
certain rates of learning which significantly affect the proportibat teach technology

contributes to climate mitigation.

18.4 CANADIANAND | NTERNATIONAL PERSPECTIVE S

CCS hadbeen considerenh the 1970s but did not gain any siggant attention until the mid

1980s as aealistic climate migation action when concern regarding anthropogenic climate
change incresed and the technology matur@deadowcroft and Langhelle, 2010). In the 1990s

the International Energy Agency (IEA) developed a Greenhouse Gas Research and Development
Programme tostudy climate mitigtion actios. In 1992 the first major international CCS
conference was hosted by the IEA. Significant fundangvided and research conducted by
governments and fossil fuel producers led to the first laogdée project at Sleipner in Norway
(Meadowcrof and Langhelle, 2010). Research institutions and governments however still
remained cautious, with the IPCC not even including the technology in its 1995 report on

mitigation actios. The technology remained on the periphery with very limited publicsexeo
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and collaboration. It was not until 2005 that the IPCC recognized the potential®=a€@
climate mitigation actiorwith its special report on CCS after several conferences and the
recommendation of the UNFCCC. This was the first time that CCSdwmthed the greater

public conscious (Meadowcroft and Langhelle, 2010).

Environmental problems such as acid rain, mercury emissions and other polloteets
historically beeraddressed by treating flue gases with chemicals to remove the pollutarftss. CC
works on similar principles and would on first glance be expected to be the made ¢bioi
climate mitigation action Part of the reason that CCS was initially avbids a climate
mitigation actionin lieu of other optionssuch as energy switching@ conservatiormay be due

to two reasons: firstly, many people believed that fossil fuels were the main cause of
anthropogenic climate change and thus the solution must lie elsewhere; secondly, many of the
industries and countries that were moshnectd to fossil fuels spent their time denying that
climate change was a problem instead of promoting costly technological solutions (Meadowcroft
and Langhelle, 2010). These detractors are now some of the biggest proponents and funders of
CCS as they see itsaa way for their industry to continue without large volumes of, CO

emissions

Since the publication of the IPCC Special Report on CCS in 2005 there has been an increasing
push towards research and the construction of demonstration planésncreasedesearch has
paralleledthe increamg evidence for climate changeMore international groups have been

established, including the Carbon Sequestration Leadership Forum (CSLF), the International
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Performance Assessment Centre for Geological Storage of(IBAC-CO?2), the Global CCS
Institute (GCCSI)and more demonstration projestartedsuch as the Weybwidale project

and In Salah project both discussed above. The European Union (EU) has also adopted a draft
directive on CCS in 2008 to help seteits climate mitigation acti® and international

negotiations (Meadowcroft and Langhelle, 2010).

Non-governmental organisationslGO)s can have a strong impact on public perception and by
proxy, government action on environmental issues. The three |&@3t stakeholders that
influence CCS advancement are the fossil fuel industry, the environmental community and the

scientific community.

The fossil fuel industry has been one of the largest obstacles to mandating and achieving climate
change action. Ashe science behind climate change strengthened and public opinion moved
towards being in favour of action, the fossil fuel industry slowly changed as well. This change
occurred first in European countries but was eventually followed by multinational c@span
based in the U.S. (Levy and Newell, 2000). As CCS provides a way tothienitmpact on
climate change while continuing to use fossil fuels, the fossil fuel industry saw the technology as
a way to move forward in collaboration with the environmemtal scientific community (Levy

and Newell, 2000). It allowed for a compromise while still protecting their interests. Countries
like Australia that have large indigenous coal resenee® followed a similar path that of the

fossil fuel industry in thait had initially attacked climate change science. Now, Australia sees

CCS not only as a way to use its coal with low,@missions, but also as a way to secure its
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exports of coal and natural gas tttosewho have mandated GGmission cuts (Levy and

Newell, 2000).

Environmental groups have a large impact on public opinion as their views are generally more
trusted than those by industry and governments (Levy and Newell, 2000). Environmental groups
tend to be divided between those that believe thatder to achieve useful reductions in £0
emissions CCS will be required, and those that believe that it is a fundamentally flawed
technology that perpetuates our current use of fossil fuels and that a whole new system of
renewable energy is needed. Thetfgroup of NGOs also believe that CCS may be the only
way to engage the fossil fuel industry in a meaningful way (Meadowcroft and Langhelle, 2010).
Some NGOs have become more positive about the prospects of CCS as an interim solution as
long as it doesnot detract from more lonatgrm solutions such as renewable energy
(Meadowcroft and Langhelle, 2010). A transitional strategy where fossil fuel use with CCS is
gradually replaced over the next centwigh less carbon intensive optioesuld benefit both

groups.

Since the release of the IPCC Special Report on CCS (2005), the scientific community has
focused more strongly on CCS as a climate change mitigation strategy. CCS has been identified
as a major option in @ortfolio of mitigation actios need toaddress anthropogenic climate

change. The scientific community has also provided strongly needed information about the risks

and challenges facing CCS. Marmgpllaborations between the scientific and fossil fuel
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community have been developed, allowing fmore practical research (Meadowcroft and

Langhelle, 2010).

The path of CCS development within countries has been varied, often in response to vested
interests in fossil fuels and their approach to addressing climate chdahgee has been little
movemeat on GHG emission reductions in Canada since the early 2000s. GHG emissions have
risen significantly to be approximately 30% above the committed Kyoto targets ofNd%b8aAd

are @ 692 MT as of 2010 (see Figure b7 As Canada already uses a substamtiabunt of
hydropower, it was, and continues to be, much more difficult to reduge@@sions than those

in the EU who had already been making the transition from coal to natural gas in the 1990s.
These factors combined with increasing energy demantbdaigove average population growth

and per capita GDP growth compared with the EU during the period 198@06 made
achieving the Kyoto targets a very difficult task (Meadowcroft and Langhelle, 2010).
NonethelessCanada has a history of breaking climatitigation agreements (as do many other
countries); it did not meet its 1988 G7 targets, the World Conference on the Changing
Atmosphere, the 1992 agreement at the Rio Conference, or the Kyoto Protocol in 1997
(Meadowcroft and Langhelle, 2010). Althougimsuccessful, Canada initiated six different

policies on curbing C@emissions to meet these targets.
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Figure57 Canadian greenhouse gas emissions between 1990 and 2010 (Environment Canada,
2010)

There is renewed interest @missions reductions with th€openhagen conferenbeld in 2009

wherein Canada indicatd that it will replicate any scheme implemented by the U.S. (Global

CCS Institute, 2009). The aim of harmonizing climate strategies with the U.S. is to avoid
protectonist measures as the two countries are so economically connected. NHnisier

Stephen Harpereiteratedtrs by commenti ng t hat wetoolenael a fc
change (Harper, 2010). After investing substantially in CCS research iraFeBf10 the U.S.

created an Interagency Task Force on Carbon Capture and Storage. The goal of this Task Force
was to develop a plan within 6 months to brinrggGcommercial demonstration projects online

by 2016 (The White House, 2010). Canada would neddllow suit proportionatelyjn order

to keep pace with the U.S.
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Canada currently has one provincial @aptrade system in Alberta. It came into force in 2007

and applies to all entities that emit more than 100,000 tonnes phQ@ally. The progm

allows emitters to reduce their emissions by purchasing ct€dlits from an Alberta emissions
reduction project. They also have the option of paying into an Alberta technology fund at a cost

of 15$CAN/tonne. This fund effectively limits the pricetdding and buying credits to below
15$CAN/tonne of CQ (Global CCS Institute, 2009). Currently the emissions standards are
based on intensity targetsi t h t he ai m o for noringensidyibasegd capm theé® har d 6
years leading up to 2050. Thdwve (along with Quebec, Manitoba and Ontario) passed
framework legislation that would allow for integration within a regional, national or international

capandtrade program (Global CCS Institute, 2009).

British Columbia and Quebec have chosen a diffepath with their carbon tax. B.C. has

imposed a tax on almost all fossil fuels with an initial cost of 106CAN per tonne £HQD08,

which has increased by 53CAN for each year to now reach $30CAN in 2012 (B.C. Ministry of
Finance, 2012). Quebeciotd uced what it cl aims i s North Am
only transportation fuels. The tax adds 0.8c/litre onto the price gasoline and 0.9c/litre on diesel

fuel (Global CCS Institute, 2009).

Canada does not mandate CCS in any of its prosiocderritories nor is there any systematic
program for developing and implementing CCS. There are many prewideestrategies
promoting emission reductions, mostly in the form of renewable energy. None of these however,

touch upon CCS (Global CCS titate, 2009). There is also no federal law or policy regarding
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the liability of CQ leakage from geological storage. The Canadian Environmental Protection act

has been amended however to designate GHGs as toxic substances. This amendment allows

Envirorment Canada to establish limits on these gas emissions without further legislation
(Global CCS Institute, 2009). The Alberta Ministry of Energy passed the Carbon Capture and
Storage Statutes Amendment Act, 2010 to set out the rules and regulations igfnge@CS
projects and to addresbability of storage (2010). This Act amends many previous Acts to
allow for the permitting of CCS projects and sets out the requirements for operation and for

closure permits where the government will then assuméityabi

Despite the lack of policy supporting CCS in Canada there has been significant research
conducted. The most notable project is the Weyidale project in Saskatchewan started in
2000. The objective of this project is to determine whether €&2@safely be stored for at least
5,000 years (Global CCS Institute, 2009). The Province of Nova Scotia has also been given
funding with the gal of researching CCS technologiasad its possible application to the
province (Natural Resources Canada, 2008k (e Carbon Capture and Storage Research

Consortium of Nova Scotia for more informatignww.ccsnovascotia.ca/index.php

In July 2009, the Alberta CCS Development Council released a repontaedmmendations for
developing CCS within the province. As a result of this study 770$CAN million was awarded
from the Alberta government for proposed CCS projects (Carbon Capture Journal, 2010).
Several projects were initiated including one involvingngAlta Corporation and Alstom who

signed an agreemeto retrofit a TransAlta codl i r ed power pl ant wi t h
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capture technology. This project, dubbd&dneerwas to be located west of Edmonton and was
expected to reduce G@missions by Inillion tonnes per year at 3 different cdamed power
plants. (Global CCS Institute, 2009). Other projeictsluding the Pioneer projedhave been
cancelled or postponed due in large part to high costs ofaD@ Sincertaity aroundregulations

Three largescale CCS projects in Alberta (Shells Quest project, Enhance Energy, and Swan
Hills Synfuels) are still proceeding but have nollyf committed to full implementatiofTait,

2012).

In addition to these pilot and demonstration plants, the Cané&elieenal government and the
Alberta government have pledgedpmvide fundgor deploying CCS technologies. In 2008 the
Alberta government announced a 2$CAN billion fund to encourage the construction of early
CCS projects within the province. More redgntthrough the 2009 Canadian Economic
Stimulus Plan, 650$CAN million was proposed towards laagge CCS projects (Government

of Canada, 2009).

The responsibility of regulating the transport of £®Within a province resides within the
jurisdiction of tre provinces. To date there is no regulatory scheme in place for transporting
CO.. When pipelines cross provincial or federal borders, however, they become under the
jurisdiction of the Federal government through the National Energy Board, EnvironmeaaCan

and the Department of Natural Resources (Global CCS Institute, 2009)is Classified as a
dangerous good under the Federal Transportation of Dangerous Goods Act and thus has specific

safety compliance obligations.
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The public does have direct saytime transport of Cg beyond public hearings through the
National Energy Board Act. This allows the public to attend a certificate hearing where they
may challenge the approval of a pipeline by requesting a further review of the approval. If that
fails, a formal appeal may be filed with the Federal Court of Appeal (Global CCS Institute,

2009).

In early 2010 the Institute for Sustainable Energy, Environment and Economy (ISEEE) at the
University of Calgary released a report the opportunities for larggcale storage in central
Alberta. The study found that more detailed drilling and mapping is requéfede largescale
injection can beommercialized. It was however concluded that there is likely enough storage
capacity to ensure that there will be physical constraint to scaling up CCS in Alberta (Lavoie
and Keith, 2010). Major outstanding issues include a lack of reservoir data on the extent of
storage in Canada, and more detailed knowlesigeeededo manage reservoir fluid pressures
during andafter injection of CQ. The costs of injecting and storing €@ Western Canada are

expected to be in the range of $3/tCO

As the second largest country in the world, Canada possesses a wide range of energy sources and
potential storage locations. @hWestern Canadian Sedimentary Basin, located mostly in Alberta

and Saskatchewan is widely acknowledged as an ideal site for storings€eOFigure 5&nd

Table 3Q) (Meadowcroft and Langhelle, 2010). Many of the large stationary emitters of CO
(coakired plants) are located in this basin as it is alsh in fossil fuels, thus mostf the CCS

development in Canada is focused in this area. Fossil fuel development in Alberta is expected to
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greatly expand, especially in the oil sands. Emissions fnisrdevelopment may grow to equal

Canadabs

extmsi ve

current total emi ssions by the

net wor k COfb ap k ) elirendpors the( GD(Meadowcroft and

year

Langhelle, 2010). The Integrated £€Retwork (ICO2N) has proposed a plan to fund, design

and build this network of pipelines in western Canada.
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Table30ORankingofG@ nadadés sedi mentary basins based on

Rank | Basin(s) Characteristics Score

Foredeep, giant, deep, mature, coals and salts, good infrastructure,

1 Alberta . o 3 0.96
temperate, large point G@ources, large CGemissions

2 Williston Intracratpnic, large, deep, mature, coals, good infrastructure, tempera 0.88
large point C@sources

3 BeaufortMackenzie | Foredeep, large, deep, exploring, subtic, large hydrocarbon potential | 0.60

4 SW Ontario ?gi?c sgallow, small, ovemature, good infrastructure, temperate ,CO 052

5 Atlantic shelf Offshore, developing, oil and gas, coals, large §€int sources 0.35

6 St. Lawrence River | Foredeep, small, temperate, £$urces, no hydrocarbons and coals 0.31

7 Gulf of St. Lawrence | Offshore, small, no COsources 0.26

8 Arctic islands Onl/offshore, arctic, coals, no G8ources and infrastructure 0.24

9 Intramontane Convergent, small, coals, no €&burces and infrastructure 0.20

10 | Hudson Bay Mostly offshore,ntracratonic, sufArctic, no potential, no CO 0.18

11 Eastern Arctic Offshore, arctic no potential, no G&ources 0.13

12 | Pacific Convergent trench, offshore, unexplored, no, 8@urces, no infrastructur; 0.09

Canada has eelatively weak federation in which the provinces control much of the natural
resources that lie within their borders. There are strong tensions between the western provinces
that own large reserves of fossil fuels, and the provinces in the easblthatuch of he power

in the country. With the oil shocks in the 1970s this came to the fore with the National Energy
Program(NEP) which took some control and money away from the oil producing provinces and

gave it to the federal government (Meadowcroft and Langh20i£0). The NEPallows Canada

to reduce its C@emissions while allowing Alberta and Saskatchewan to develop their fossil fuel
resources. This dual purpose is why Al bertabdo
upon CCS, and the National Raltable on the Environment and the Economy strongly support

CCS (Meadowcroft and Langhelle, 2010).

One of the possible future uses of CCS is through direct air capture,of T technology is
in the very early stages of research and will not be dlaiffor many years. This technology
would in effect decouple the source of emissions with the capture technology allowing for these
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projects to be built at the site of storage thus negating transportation costsefkaitt2006).

Direct air CCS could also allow for net negative emissions, resulting in atmospheric
concentrations of COto not only slow down but to actually decrease (Meadowcroft and
Langhelle, 2010). The main obstacle is that atmospheric concentrations, @r€€@00 times

lower than tlese from flue gases and are thus much more expensive to treat. These techniques

may also be used in remediation actions from slow geological leaks.
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Appendix 2 A Decision A nalysis

This appendix provides a further description of decision analysis tteatisvere considered, but
not used within the thesis. It provides a context of other methods with which to compare the
proposed methodology. Many of the methods rely on similar theories and use some tools in

common but are not designed to address CCidas specifically.

There are many methods to measure the criteria on scales that can be compared andthe weight
relative importance of each criterion (which we call preferences). The attributes and factors by
which alternative CCS projects are camgd are referred to as criteria. Throughout this thesis,

alternative CCS projects are also referred to as options.

2A.1 DECISION ANALYSIS MET HODS

2A.1.1 Value Measurement Models

Value measurement model is a numerical metthad covers several types methodsand is
used to provide structure to incorporating the views of decision makers)(DM these
methods DMs provide criteriadatg after which apreference or ranking of thaiteriacan then
be made.DMs then assigweights tothe criterione pr e s e nt i n gcortribwgiondorthet er i o
final score. Thecriteria weights should indicate how much tB is willing to accept when

comparing two alternative choices (Belton and Stewart, 2008yally the weights are assigned
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on a percentage dea Expert opinion and best available data are usually uspegially ina
variant of this method called Analytical Hierarch Proc@sdP) (described in Section 2a.}.2

(Munier, 2004).

The most populavalue measurementodel is an additive value fumah or multi-attribute value
theory (MAVT). The popularity of MAVT is in part due to its simplicity and limited time
requirements. The method is ordir@hdthuscan only be used to rank the order of preference
between alternatives, not the relatpreferences between alternatives (Ramanathan, 2004). This

method uses the following generic equation

V@=B 00 ® Equation 2

Where V is a numerical value assigned to each alternati(@, i8 a partial value function
representig the alternativep r o j scerds enccriterioni. w; is the assigned weight of each
alternativeandrepresents itsontributon to the total score. A normalized scale such-48@is

needed l(gken,2007). The option with the highest scox4d)) woud then be the preferred

choice.

Keeney and Raiffa proposed a modification of the MAVT approach, calldatattribute utility
theory (MAUT) (1974. The MAUT appoach adds a risk element to MAMiinctions. In this
method, the risk preferences of tB¥ (how risk averse they arejust be established instead of

the value functions.The MAUT approach is more complicated and time consuming than the
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MAVT method and involves attempting to model k16 attitude to risk (Ramanathan, 2004).
MAUT is cardinadin that the alternatives can be measured not just by rank but also by how much

preferred one alternative is relative to another alternative.

2A.1. 2 Analytical Hierarchy Process

Analytical Hierarchy Process (AHR$ one of the most popular mutiriteria methods in use
(Ramanathan, 2004). AHB a method very similar to MAUT and results in a value function
AHP however was developed independently of MAJT mathematician Thomas Saatyd is

based on different assyptions aboutvalue measurementd.gken, 2007). Due to these
differencessome argue that AHP is notraie value function methodNevertheless,isce both
methods produce a score in which a higher value is more desirable, the results from the two
method can be directly compardtlgken, 2007). AHP does not produce a unique solution;

rather it produces a prioritized set of projects or alternatives.

The theory used in AHP is thatldVl can reduce a complex problem into a hierarchy with an
objective at the top of the hierarchy followed by criteria andcsubria at subsequent levels. At

the bottom of the hierarchy lighe decision alternatives (Pohekar and Ramachandran, 2004).
The pocess involves a series of pairse @mparisons in which criteriare rated on aemantic
scaleusing a system of preferences suchhasedisplayed in Tabl1. The ratings are based
ontheDM6s r el ati ve pr efteereemants atweekttighedevelp €he t t o

outputs from these rankings aréormed into matrices where an overall ranking of each
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alternative on each criterion is madAs the math is compke computer programs aresed to
perform the calculationd.agken, 2007).The valuedrom the pairwise comparisons are affected
by the criteria weightshat are decided beforehand. After these values are compiled in the

matrices, a ranking called the Global Priority is represented in a column vector (Munier, 2004).

Table 31 Fundamental scale for the Analytical Hierarchy Process comparisons of alternatives
(Leken, 2007)

Equally preferred

Weak preference

Strong preference

Very strong or demonstrated preferen
Extreme importance

,4,6,8 | Intermediatevalues

NIO|IN|PR W

Some of the benefittha make AHP analyses so popular are its simplicity, flexibility and
intuitive procedure. AHP is also able to handle heterogeneous units and quantitative and
gualitative datdLaken, 2007and Ramanathan and Ganesh, 1999)e process does not require
complicated modeling or computer algorithms, so no particular expertise is needed to perform

the methods.

One of the major drawbacke AHP is that it can be time consumimden there are many

criteria or alternativeswhich is often the case witlargescaleenergy decisions.The lengthy

anal ysis is due to the number of DMbés judgeme
evaluate eight criteria, 28 judgements are required (Ramanathan, 20 is some debate

over whetherthe ranking preference table (see Table 31) also tends teeowehasizehe true

differences between preferenc@duizingh and Vrolijk, 1997) The verbal scale ofiD® is
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arbitrary and therefore has no scientific foundation. There anatytical reason why a 9 should

be used for a given preference instead of 7, 11 or another number. (Barzilai, 2008)

Another problem with AHP occurs when using expert opinion; experts need to be knowledgeable
in many areas in order to properly assign Wwesg Experts disagree about the importance of
criteria and have different values due to their different backgrounds and biases. The need for
expert DMs is especially problematic with large complex problems that span many disciplines
and specifically in e social sciences. One way to help solve this problem is to compare all
alternatives and give the alternatives an importance on a scale suth &elative weights can

then be added to these values as they are all on the sanseale (Munier, 2004).Another

major problem is that the preference ranking order of the alternatives can be changed or even
reversed if another alternative is added during an AHP analysis. One way to avoid criteria rank
reversal is to ensure that all alternatives are indudethe initial assessment; however in

practice this is not always possible (Ramanathan, 2004).

2A.1.3 Goal, Aspiration and Reference Level M odels

Goal programmingaspiration leveland reference level models are often grouped together and
abbreviatedas goal programming (GP). These methods tend to be usduntoatethe least
favourable options before a more rigorous method is emplflyeklen, 2007). The earliest

multi-criteria method developed was the goal programming model, developed in thead @0s
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extension oflinear programming (Ramanathan, 2004). The two most common methods are

STEMand TORSIS.

The stepmethod (STEM),allows for a direct comparison between alternatiwelsich helps
highlight the impact of the DM & preferences on the decisions. Directly comparing alternatives
can help reduce unintentional skewing by B (Lgken, 2007). The TOPSISmethod is also
quite simple however it requires theDM to be involved in each step to precisely define their

goals which can be inconvenieand time consuming

These methods are straightforward and less subjective than MAUT and MAVT tHesn@se
they ae conducted directly using ofiiy-one comparisonsf the options There is a significant
amount of criticism however regardintpe process ofassigning weights and normalizing
variables(Lagken, 2007). GP methods are generally only able to handle quantitdtte so it

must be combined with other methods when ca@h data is used.

2A.1.4 Outranking M odels

Outranking models are similar to MAUT models in that each alternative is rankedigair
based on each criterion. The model determines by how much each alternative outranks another.
There are twa@wommonversionsof outranking models (also referred to as the French sdiool

MCDA): ELECTRE and PROMETHER.gken, 2007).
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The elimination and choice translating reality methBHECTRB), like most modelshas been
modified over time and nothe third versionELECTRE lll) is the most populanethodusedin

energy planningfter AHP (Pohekar and Ramachandran, 2004), although there are even newer
models now ELECTRE is able to assess both qualitative and quantitative critéqdaces an
emphasis on avoiding mepoor scoredy removingindividual criterioneven if that alternative

has a high overall score. The emphasis on evaluating and removing criteria with poor scores
allows for the use of thresholds beyomdich the option is unacceptalegken, 2007). For
example, one project comprising many criteria may have an unacceptably high risk of health
problems resulting in a low score on that criterion. Regardless of how well the alternative scored
overall, it would be excluded due to its unacceptable lowesmohealth. From these thresholds,
concordance and discordantelices (degrees of agreement between criteria scacan) be
calculated. Concordance and discordance indeabsto strong and weak relationshipgween

the criteriaand then to a rankingf the alternative¢Tsoukiaset al.,2002) Similar to the GP
methods ELECTRE is not always thorougbut is often used to determine a short list of the
most favourable alternativet® be analysed further with another decision analysis method

(Loken, D0O7).

The preference ranking organizational method for enrichment evaluation (PROMETHEE)
method also uses pairwise ranking of alternative® determine a preference function for each
criterion. The six generalized critem functions most often used are: usual criterion, guasi
criterion, criterion with linear preference, level criterion, criterion with linear preference and
indifference area, and Gaussian criterion (Pohekar and Ramachandran, 2004). The method

involves a preerence function where the function represents the difference in preference
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between two alternatives for any criterioA. preference index is then developed from which a

value outrankig relation is made. A value outranking relation prodweesverall anking for

each alternativdLaken, 2007). The first step in the process is to develop the preference
functi on. A preference function is an adj ust
change with time and increased information. Once thewiae comparisons are completed

they are tabulated into a matrix and then thresholds are determined. The PROMETHEE software

is then employed to rank each other alternative (see Fs@ui@ soutsost al.,2009).

I SCENARID DATA |
CALCULATION OF VALUES Vija), Vi(H)
1CRITERION, A E ALTERNATIVES
DETERMINATION OF THRESHOLDS

PREFERENCE pi[Vi(A)]
INDIFFERENCE gilVi(A)]

’

CALCULATION
PREFERENCE FUNCTION

/

FROMETHEE I (partial ranking)

CALCULATION OF —
LEAVING FLOW &4) \ PROMETHEE I (complete ranking)
ENTEPING FLOW @A) “a| sl CULATION OF

HET FLOW ®(&) = &74) - Bia)

Figure59 Flowchart for a decision analysis using PROMETHEE (Tsoutsas,2009)

Huang and Yoon developed the Technique for Order Preference by Similarity toitdetbfs
(TOPSIS in response to deficiencies in the ELECTRE met(i@8B1). The technique is bad
on the principle that the selected alternat:i

negative ideal solution in geometric sense. The preference orders are compared based on their
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Eucli dean distances to t he Roldkekaadnd Ramachadran, ne g a
2004). This method aims at choosing the least bad option. TOPSIS allows for group decision

making as well as the use of thresholds (Mojtale¢di.,2008).

2A.15 Preference Function M odels

Preference function modetam to developan easy way of extracting preference information
from DMs. Utility-basedoreferences are typically measured on interval scales and do not have a
natural origin and are thus arbitrary and subjective. In preference function modelling, a different
interval scale is used in which the best criterion (mostepred by thédM) is assigned a value

of 100 and the worst a value of 0. The intermediate alternatives are then assigned values in
between. The interval scale is then determined through a sdriesear system equations
(Tamuraet al., 1999). A two dimensional prefence curve is shown in Figure.6@ach axis
represats a different criterion with eaaot representing onalternativé score on the criterion.

The preference function is exgsed as an indifference curve between the two axes going
through the alternatideslot. The theory suggests thatDaM would be indifferent if the

alternative werdocated anywhere on the indifference curve.
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Figure60 Two dimensional indifference curve for alternatives and two criteria (Taetwla,
1999)

Preference function modeling resolves the problerhavingno natural zerdor most decision
criteriaby usinga ratio formula for preference of {xx2)/(X3-X4) instead of x/x, as is the case

with manyMCDA methods. For instance, although one criterion may have a very low score or
preference, th®M is unlikely to give the criterion a score dbsmlute zero; however, if that
werethe casethen it cannot be conaped to any other alternative in a meaningful way since
multiplying it by any number or weight will not change its value. Using ratios and the logarithm
scale, which does not allow for zero®solves this problem. Subsequently a series of
calculations e made including taking the logarithm in which the goal is to minimiZeaxn(rra

et al.,1999). Weights are determined using a marginal rate of substitution.
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Factor Analysis i@ methodused to minimize the number of criteria needed in a study without
sacrificingthe quality of theresults Factor analysiss a statistical technique used to determine

the underlying structure of a set of data (Munier, 2004). The process attempts to determine the
interactions and correlations between criteria to ensure that criteria are not counted twice under
slightly different processes When there are two factors that result in the same event (for
example vehicle speed and driver attentiveness which can both impact vehicle accident rates) it
can be determined that there is an underlying reason, in this case driverssrsdneolved in

both processes whiads not immediately apparent (Munier, 2004). In this example, a decision
analyst would try to gauge driver tiredness and use that as a criterion instead of using both

vehicle speed and driver attentiveness, redutiagtount of data needed to be collected.
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Appendix 2 B Stakeholders and Potential CCS | ssues

As the risk model has been designed to accommodate a wide range of decision makers, it is
instructive to consider potential userghis appendix outlines theajor stakeholder groups that

could be involved in a CCS project. Each stakeholder group has some power to help or hinder
the development of CCS through direct legislation or through lobbying. Each group also has

specific CCS issues that they are concgmih. These aspects are outlined below.

Stakeholder Decision Power Issues
Federal government -Emission/ transportation/ storag -Liability
legislation -Public pressure
-Liability -Economic competitiveness/ job
-Investment -Environmental protection
-Mandate/ ban CCS
Provincial government | -Emission legislation -Liability
-Liability -Public pressure
-Investment -Economic competitiveness
-Environmental protection
Municipal government | -Zoning -NIMBY
-Funding -Environmental protection
Concerned citizens -Public opposition/support -NIMBY
-Leakage
-Environmental protection
Utilities -Where to implement CCS -Cost
-When to implement CCS -Fuel supply
-Integration into grid
Environmental groups | -Lobbying -Environmentablamage (acid
-Media rain, mining, leakage, future
-Advocacy impacts)
NGOs -Lobbying -Ethics
-Environmental impacts
Employment seekers -Jobs
Private companies -Lobbying -Business opportunities
-Funding projects
Universities -Funding research -Research opportunities
Petroleum companies | -Research technologies -Enhanced oil recovery
-Implement projects -Enhanced coabed methane
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Appendix 2 C Criteria that can Impact the D evelopment of CCS

CCS is a large and varied technology with many potential impatiste Bre also a substantial
number of factors that can affect CCS. These can be divided into business/technical and
exogenous risks. Understanding the risks, the best and worst cases, who is impacted and what
can be done to mitigate risks is importantieweloping CCS. These risks are outlined below

and were preparedif the September"™8010 conference on risk management held in Calgary by

Carbon Management Canada
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Business/Technical Risks

Type of risk Variable Best case Worst case Other issues Who/what is Mitigation
impacted
Offshore CQ -Large potential| -Limited -see Section 2.3 | -Utilities, CCS -Push for more
storage potential potential developers CCS research ang
pilot projects
Distance to C@ | -Thereare many| -Few sites far -Utilities, CCS -Push for more
Physical storage sites sites near power from developers CCS research anc
plants generation pilot projects
sources
Environmental | -Are limited due| -Are -Environmental | -Utilities, CCS -Increase
externalities of | to improvementq significant legislation developers efficiency of CCS
CO, (increased | in CCS
fuel use, SOx
emissions)
CO, leakage -Is not -Is significant -Utilities, CCS -Push for more
(reservoir or significant developers CCS research ang
pipeline) pilot projects
Storage -Is significant -Is not -Injection rates -Utilities, CCS -Push for more
availability and accessible | significant -Risk of needing | developers CCS research ang
(pore space) to abandon pilot projects
storage site
Coal reserves | -Are large -Are smaller -Utilities, CCS
than expected developers
Environmental | -Is positive -Rallies -Climate change | -Public, -Increase

Environmental protection towards CCS against CCS | becomes more environment awareness of CCS

pressure well understood benefits

and certain

Conservation -Decreases or i -Increases -Public,

trends slow substantially environment

Rates of -Is fast -Is slow -Utilities, CCS -Increase CCS
Engineering technological developers research

learning for

CCS
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Infrastructure -Ability to -Inability or -Scale is very -Increase researc
integrate into limited ability | important into smart grids
current grid and | to integrate
infrastructure

Economic Coal/Natural -Are stable or -Fluctuate or | -Alternative fuel | -Utilities, CCS -Invest in

gas prices low increase sources developers improved CCS

efficiency

Alternative -Are not -Improve -Energy trends, | -Utilities, CCS -IncreaseCCS

energy competitive with| dramatically | new technology | developers research

production CCS

sources

Exogenous Risks
Type of risk Variable Best case Worst case Other issues Who/what is Mitigation
impacted

Oil prices -High oil price | -Low oil price | -Alteredail -Utilities, CCS -Use a variety of

but low mal will encourage | demand developers fuels, sign long
pricewill push | oil -Uncertain term contracts
CCs consumption | demand
development -High oil and -Difficulty

coal prices will | planning

encourage

conservation

Economic and renewables
Natural gas prices| -High oil price | -High natural | -Effects will -Utilities, CCS -Use a variety of

but low natural | gas will vary devdopers fuels, sign long
gas will promote| promote -High prices term contracts
natural gaCCS | conservation | will encourage
and slow coal coal CCS but

CCS

-High natural
gas prices will
promote coal
CCS

discourage Nat
Gas CCS as we
as conservation
and vice versa
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Peak oll -Encourage -More impetus | -All materials -Utilities, CCS -Use a variety of
abundant coal | to conserve ang become more | developers fuels, sign long
CCSs move to expensive termcontracts
renewables
Cost of CCS -Improve -Do not -Materials cost, | -Utilities, CCS -Increase researc
technology dramatically improve technological developers into lowering the
improvements, cost or improving
legal and efficiency
regulatory costs
Carbon tax -CCSis -Not included | -Cap and trade | -Utilities, CCS -Lobby for action
included as an | or uncertain developers
option for
reducing CQ
International -Require CCS | -Prohibit CCS, | -Increase public| -Public, -Lobby for action
agreements -Set emission | especially knowledge government,
targets that will | ocean storage utilities, CCS
Political in effect require developers
CCS
Carbon markets | -Help promote | -Could promote| -Depends on -Public, -Lobby for action
options other options, | whether CCS is | government,
including CCS | reducing the included as a | utilities, CCS
-Carbon offset | need for CCS | valid option developers
options
National/provincial| -Goals are -Goals are not | -Other -Transboundary | -Lobby for action
legislation extended and | extended or nof governmental | pipelines, legal
enforced adequately precedent teams
enforced
Legal Post injection -Leakage turns | -Leakage is -Who owns the | -Costs -Lobby for action
liability issues out not to be a | significant (6{0)¥
significant issue
Porespace -Is clear -Not addressed -Lobby for action
ownership
Developments in | -Slower than -Faster than -Rate of -Public, -Push for more
wind technology | expected expected technological government, CCSresearch
Alternative change, costs | utilities, CCS
energy source developers
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development Development in -Slower than -Faster than -Rate of -Pubilic, -Push for more
solar technology | expected expected technological government, CCS research
change, costs | utilities, CCS
developers
Developments in | -Slower than -Faster than -Rate of -Pubilic, -Push for more
tidal technology | expected expected technological government, CCS research
change, costs | utilities, CCS
developers
Developments in | -Slower than -Faster than -Rate of -Pulic, -Push for more
nuclear technology| expected expected technological government, CCS research
change, costs | utilities, CCS
developers
Hydro energy -Already at max| Opportunities | -Rate of -Public, -Pushfor more
capacity or to expand technological government, CCS research
declines change, costs | utilities, CCS
requiring more developers
CCS
Geothermal energy -Develops -Is able to -Rate of -Public, -Push for more
slowly contribute technological government, CCSresearch
significantly to | change, costs | utilities, CCS
energy supply developers
Enhanced oll -Many -Limited -Altered oll -Public, -Push for more
recovery opportunities potential reserves government, CCSresearch
utilities, CCS
developers
Enhanced coabed | -Many -Limited -Altered -Public, -Push for more
methane opportunities potential methane government, CCSresearch
reserves utilities, CCS
developers
Public Perception | -Is positive -Is negative -Cost of energy | -Public, utilities, | -Increase
Social government, awareness of CC{
CCS developers
NIMBY -Minimal -Significant -Cost of energy | -Public, utilities, | -Increase
NIMBY NIMBY government, awareness of CC{
CCS developers
Energy demand | -Increases -Decreases
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Appendix 2D MCDA Case S tudy

A case study is present below order to illustrate somef the theory useth MCDA methods
A study titled ASust ai n a bcliteria analysis applicagooh im the i n g
i sland of C reteat.,, @009) Wwab <lmwsen due $0 itsndarity to the problem of

assessin@CS decisionsA summary of the study is shown below.

2D.1 B ACKGROUND

Creteis one of largest iahds in the Mediterranean. It sh&xperiened a period ofrapid
economic and population growth in part due to increased tourism. The rapid growth has resulted
in increasing energy demandisat arecoupled with the need to reduce its environmental
footprint (Giatrakost al.,2009). In order to accommodate thereasing energy needs and limit

the impact on the environment, several different renewable energy sources (RES) have been
proposed. It has been determined that 30% of the total energy required by Crete could come

from RES (Tsoutsost al.,2009).

The authors use a multictor, multiinterest (multistakeholder), mulcriteria decision analysis
framework for their energy problem. They chose this method as it allows the input of
guantitative and qualitative data, it allows for multiple actors (stdéets) and it is a well

accepted method that is inclusive and objective (Sigrid, 2004). The weaknesses with respect to
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subjectivity of weighing the criteria and translating qualitative data are noted. The
PROMETHEE | and Il methods for ranking criterigene used for the studyde Appendix

2A1.4).

2D.2 MCDA PROCESS

Since the relevant criterwere already chosen by the authdng first step of their analysis to

calculate the preference function for every criterion. From the preference functiateon a
preference index is created. The alternatives are then compared in pairs. The outcomes are
displayed in an evaluation matrix. Indifference and preference thresholds are then used to
express theD M 6 wreference for each criterion. The thr@shprocess involves assessing at
which point aDM would be indifferent or would prefer an alternative through the use of
weightings. The PROMETHEE | and Il methods are then useantothe alternative Figure

61 outlines the full procedure for the M@0On this study (Tsoutsost al.,2009).
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Identification of actors

v
Identification of
performance criteria

4
Formulation of proposed energy Ranking of performance criteria
policy altematives by every actor

:

Assignment of weights to
performance criteria

v v

Initial Assessment of proposed energy policy altematives

¥
PROMETHEE I: Partial Ranking —» PROMETHEE II: Complete Ranking

Y

Assessment of proposed energy policy alternatives

¥
Presentation of results
(Evaluation Matrix)

h J

Evaluation of resutls

L 4
Formulation of energy
policy strategies

Figure 61 Applied procedure for the MCDA sustainable energy planning study in Crete
(Tsoutsoset al.,2009)
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2D.2. 1 Stakeholders

In order to evaluate the alternativdse tauthorshose a variety of stakeholders including: local
authorities (LA), potential investors (PI), local communities (LC), academic institutions (Al),
environmental groups (EG) and government and European Union (EU). Industrial partners were
not included dued their lower influencén the developmerdirectionsof Crete (Tsoutsost al.,

2009).

2D.2.2 Evaluation C riteria

The authors chose seven criterad which four are techneeconomic and three are socio
environmental. The criteria are: investmageration and maintenance gastnventional fuel
savingsmaturity of technology, safefigecurity)of supply, CQ emissions avoided, contribution
to local development and welfar@nd social acceptance and viability of the remaining
environmental effect§Tsoutsoset al., 2009). Each of the criteriéCi) is described briefly

below.

2D.2.2.1 C1, Investment, Operation and Maintenance Qost (U )

The investment, operation and maintenance cost criterion includes all the investment costs,
physical construction as well as all the salaries and maintenance costs. Although the cost is

expressed ifcuros it is not clear how this is estimated and cal@da Usually all the costs are
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converted to a net present value, although again the method used is not shown and the discount

rate can have a significant impact on the outcome if alternatives have different project timelines.

2D.2.2.2 C2, Conventiond Fuel Savings (kg/yr)

Conventional fuel savings is the amount of fuel (in kg/yr) that would otherwise be used in power

generation plants if the RES were not developed.

2D.2.2.3 C3, Maturity of Technology

This criterion refers to the reliability of each posed technology as well as its saturation level
(pervasiveness) in the domestic and European market. In this case it is assumed that a higher
reliability and saturation is better than a lower one. Although a low maturity rate will likely
result in grear improvements over time, only some of those improvements can be incorporated

into a technology installed now. The categories and their rankings are shown iBXable

Table 32 Values of the different levels of maturity used lststudy &dapted fronTsoutsoset
al., 2009)

Condition of technological artefact Value of C3

Technologies in laboratory and research stage

Technologies of pilot programs

Technologies that require further improvements in order to increase their efficiency

Commercially mature technologies with solid place in the wide domestic market

QR |WIN|F

Commercially mature technologies with solid place in the supranational and Europdah
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2D.2.2.4 C4, Safety (Security) of Spply

Safety of supply is used to determine how well an energy technology can fit into the existing
electricity grid. Many RES are intermitteng.g§. photovoltaic cells only produce electricity

during the day; wind turbines only produce electricity when the wind blows at a specific speed).
The higher the level of intermittency, the less well that technology can be integrated into the

grid. The scalesed in this analysis for safety of supply is shown in TaBle

Table 33 Qualitative safety (security) of supply scale for renewable energy sowdeptéd
from Tsoutsoset al.,2009)

Frequency of interruptions Value of C4

Activity of high discontinuity

Activity of mediocre discontinuity

Activity of retained discontinuity

Activity of low discontinuity

QB WIN|F

Continuous and stabilised activity

2D.2.2.5 C5, CQEmissions Avoided (kg/yr)

CO, emissions avoided represent the amount of @0issions avoided due to the introduction

of renewable energy sources. This is expressed in GO, avoided.

2D.2.2.6 C6, Contribution to Local Development and Welfare

Contribution to local developmemind welfare is another qualitative criterion representing the

total social and economic impact of the alternatives on the regions surrounding the RES. The

306



expected impacts are: creation/offer of workplaces, new chains of enterprises for energy supply,
emerging enterprises in the energy sector, new industrial regaons others (Tsoutsost al.,
2009). The scale used to measure the contribution to local developnaewelfaras shown in

Table 34

Table 34 Qualitative scale usetb measure the contribution to local development and welfare
(adapted fronTsoutso<t al.,2009)

Level of impact on local community Value of C6

Null impact on the local community

Feeble impact on the local community

Mediocre impact on the locatonomy

Medium to high impact on the local econon

QB IWIN|F

Very high impact on the local economy

2D.2.2.7 C7, Social Acceptance and Viability of the Remaining Ewvironmental
effects

This criterion indicates t hpeopoped hlterhnatvessichasp i ni on
storage site location optionsThis criterion includes issues such as noise, visual drs@End

odours. Tabl&5shows the scale used to evaluate the social acceptance (T siualsd009).

Table 35 Qualitative scale used to evaluate the social acceptance of the alternative energy
scenarios in Creteaflaptedrom Tsoutsost al.,2009)

Societal context Value of C7
The majority of residents are against any installations 1

The opinion of theopulation is divided 2

The majority accepts the installations, since they are located away 3
residential areas and at the same time there is no visual harm

The majority accepts the installations, since they are located away 4
residential areasio matter if there is optical contact or not

The majority is in favour of the installations 5
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2D.

2.3 Criteria W eighting

Each of the stakeholder groups were asked to rank the chse on their subjective relative

importance Numerical weights were determined usindghé calclations shown in Table 36

below.

Table 36 Calculations used in determining the weighting for each criterion for each stakeholder

(adapted fronTsoutsoset al.,2009)

Level of| r-levelcriteria Number of rlevel criteria | Weight | Means weight | Relative weight
preference

1 C4, C5 2 6-7 6.5 23.2

2 C7 1 5 5 17.9

3 C1,C2,C3 3 2-3-4 3 10.7

4 C6 1 1 1 3.6
Total sum 100

From these calculations a matrix was created showing all the weights for each criterion by the

stakeholders. The matrix of stakedhed weights is shown in Tabl&.3 The criteria correspond

to the columns, whereas tkix stakeholders arksted down the left hand sidelhe scores are

all relative and add up to 100r each stakeholder

Table37 Weights matrix for all te stakeholderBYMs (reproducedrom Tsoutsost al.,2009)

Stakeholder | C1 c2 C3 C4 C5 C6 c7
1A 3.6 10.7 7.1 14.3 23.2 17.9 23.2
Pl 25 7.1 21.4 17.9 10.7 3.6 14.3
PO 14.3 7.1 3.6 17.9 10.7 23.2 23.2
Al 10.7 10.7 10.7 23.2 23.2 3.6 17.9
EG 3.6 21.4 7.1 10.7 25 16.1 16.1
EU 19.6 19.6 54 54 19.6 19.6 10.8
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2D.2.4 Energy Policy A lternatives

The authorspresentedour energy policy alternatives for the stakeholders to choose from and
evaluate. Each energy alternative was made up of RES in order to meet a predetermined amount
of energy (and renewable energy). The fpalicies were: install only wind farms; install md

farms and photovoltaic cellsstall wind farms, photovoltaic cells and four olive kernel units;

and install wind farms, photovoltaic cells and use oilstone biomass. Each alternative relies
heavily onwind turbines to produce the majority of the renewable energy in part due to its low
price and its ability to easily scale up supply. Each of the alternatives will be briefly discussed

below.

2D.2.4.1 Installing only Wind T urbines

This policy alternatie involves using only wind turbines in the form of wind farms to produce
the required renewable energy supply. This policy would involve installing\8®/2urbines in
high velocity wind regions. The turbinesllectivelywould produce an estimated 37&8V/yr

(Tsoutsost al.,2009).

2D.2.4.2 Installing Wind Turbines and Photovoltaic P anels

This energy policy alternative involves producing 95% of the renewable energy from wind
turbines. The remaining 5% would come from photovoltaic panels. Sirty twrbines would

be used and a minimum of 103 of surface would be covered by solar panels.
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2D.2.2.5 Installing W ind Turbines, Photovoltaic Panels and 4 Olive Kernel Units

In this energy policy alternatiye86.2% of the energy is derived from wind turbines.
Photovoltaic panels provide 5% of the energy needs. Four olive keooel units capable of
producing 10MW at a time for an annual energy supply of 55GW would provide the remaining
8.8% of the renewablenergy supply.During olive processing, olive kernel wood is produced

and is used for heat generation.

2D.2.2.6 Installing Wind Turbines, P hotovoltaic Panels and Oilstone Biomass

The final energy policy alternative involves producing 75% of the eneespds through
installing wind turbines. The remaining demand would come from photovoltaic panels (14%)
and oilstone biomaggs a substitute for lignite codl}1%). The dstone biomass portion would

comprisefive units producing 10MW at a time for aabannual energy production of 55GW.

The discrepancy between the 55GW/yr in this alternative contributingof 1B total,whereas

in the previous alternatiihie 55GW/yr from the olive kernel unitgly contributed 8.8%f the

total is due to the diffeent overall energy production. Although each alternative has a similar
overall energy production, there are small differences in the amount of energy provided by each
technology that would likely impact their scores and overall energy production.ndt dear

why the authors did not scale up some of the energy technologies so that each altematyv

produce the identical amount of energy
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2D.2.2.7 Alternative Rankings

To evaluate the quantitative and qualitative data, the authors relied onugretualies (which
they omitted). Once all the data aentered into PROMETHEE and combined with the
stakeholdemweightings, a series ofankings are produced. Figure @lisplays the results from
the perspective obne of the stakeholder group#c@demic Institutiong. PROMETHEE
involves two steps in this study (although there can be mbréROMETHEE | and
PROMETHEE Il. The process does not produce an mhesiall solution. It simply provides the
optimal solution for each stakeholder. A further stepld be taken in which the rankings of

each stakeholder are weighted and addguidduce combined ranking.

Rankings
PROMETHEE & Complete Ranking | PROME THEE 1 Padial R arking I_

1 3 |
P15%Biom wind100%
+ 019 ﬂ‘# 0{3

x

z_| 4|
PV5kBoma ndSAPVE]
® 007 ® 017

0.2 0.00 021

Figure62 Rankings for the four alternatives from the academic institutions perspective (Tsoutsos
et al.,2009)
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Appendix 3A: Description of Criteria U sed in CCS Decision Analysis

Example

A description of the criteria used in the CCS decision analysis example in Chapter 5 is outlined
below.

There are 11 criteria associated with CCS implementationathdecision mier is asked to
prioritize. The criteria below have units based on what is commonly used in the literature. Most
environmentallyfocused criteria are stated in relation tosiagle chemical such as GO
equivalents (since many chemicals contribute to eaithrion) per unit of energy produced
(kWh) with an assumption of 500 MW produced at the CCS plant. Social studies were based
upon public opinion surveys. Responses were ranked between 0 and 1 where 1 is a more
positive response. Economic criteria atated on aper tonne of Cgd ( I Bais unless
otherwise noted. Engineering criteria have a variety of units.

1. EnvironmentalCriteria

Each of the environmental criteria shown below reflects the percentage change (decrease or
increase) in emissionsud to adding CCS to a traditional coal power plant. They are shown on a
per kWh basis.

la. Air

la. 1 Global Warming Potential (GWP) (% reduction in gCO 2-e/kWh):
Although CCS reduces the quantity of £€nitted into the atmosphere, the percentage of CO
reduced varies. The variation is largely due to the type of capture technology used and its impact
on the efficiency of the power plamthich results in an energy penatfy.

4 The process of capturing, compressing and transportingff6@ a power plant requires significant amount of
energy and is referred to as an energy penalty. Approximate® P8 additional energy is required to produce
electricity from a power plant as compared with a similar plant without CCS, depending on th&esradid the
techndogy used (IPCC, 2005)
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1la.2 Human Toxicity Potential (HTP) (% reduction in years of life lost/kWh):
Human toxicity is mostly a function of flue gas emissions comprising Hydrogen Flouride, NO
SO, HCI and particulate matter (Koareef et al., 2008). These chemicals are released from
power plantsandtheir levelsare affected by adding CCS to a project.

1b. Water and Land

1b.1 Eutrophication Potential (EP) (% reduction in PO 43--e/kWh):
Eutrophication is a function of chemicals such as,N&, NH; andPO,> and refers to the
excessive supply of nutrients to soil and water (Pehnt and Henkel, 2009).is Nhe main
contributor, caused by the degradation of the Monoethanolamine (MEA) which is currently the
most common capture medium used in CCS.

2. SocialCriteria

The scales used in surveys tend to be quespecific. The data on each sodgdue has been
condensed into a constructed scale so that multiple studies can be compared. The best possible
response was given a value of 1, while the worst response was given a value of 0.

2.1 Public Perception (Constructed Scale 0-1):

Overall opinian of the CCS project by the public.

2.2 Knowledge of CCS (Constructed &le 0-1):

Awareness and understanding of CCS by the public.

2.3 Perceived Health Impact (Constructed Sale 0-1):

Perception of the positive or negative impact of CCS on humarhhealt
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3. EconomicCriteria

3.1 Capture Cost ($/tCQ Captured):

Capture cost refers strictly to the capture technology costs for capturingrdGeparating the
gas from the flue gases. This would be the cost of a CCS project if transportationragd st
were excluded.

3.2 Transport Cost ($/t CQ Transported):

Transport cost includes the costs of compressing &M@ piping the supercritical fluid to the
storage site. The CQs considered to travel a distance of 50 and 100knthiatwoprojecs A
and B respectively.

3.3 Storage Cost ($tCQ Sored):

Storage cost includes all aspects of injecting and monitoringr@®a geological reservoir.

4. EngineeringCriteria

4.1 Storage Potential (t of Sored CQO):

The storage potential isé total quantity of pore space available in a geological reservoir for
CO, storage. This does not take into account other aspects of siacgéingtherateat which

CO, can be injected into the reservoir. The L@pacity is considered to be 30 andr2illion
tonnes for project A and B respectively.

4.2 Enhanced Oil Recovery ($/t CQ):

When CQ is injected into depleted oil and gas reservoirs, it dissolves in the oil resulting in
swelling arml reduction in viscosity and 4@ressurize the reservoir. This can help produgeto
15% additionabil from oil reservoirs.
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Appendix 3 B Survey P rocedure

The procedure used to condtltoe CCSpilot study in Alberta(and part of the submission

for an ethics approvaljlescribed irChapter Gs outlined below.

Introduction and explanation of study
0 Explain study and introduce researcherthe participants
Readng summary sheet
o Participantseviewed thesummary data sheethich servedo providethe
necessargontextto elicit the stakeholderd pencedbrehe various decision
criteria It is meant to provide information on the criteria as well as give an idea
of normal ranges of values for each criterion.
Reviewing model and assigning f@eences to criteria
o Participants werprovided wth an Excel sheet with the outlined criteria and
summary sheetParticipants wergiven 100 points to assign to the criteria based
on how important they believe eactiterionis to the viability of a CCS projé&c
A higher number represerashigher impaance.
0 As participants were n@xperts in fields covering all criteria, we ashkhat
participants then assign a confidence level to their andatreesich criterion.
This allowed participants to give an estimate of their knowledge about each
criteria and their confidence in their scorinbheir confidence scales were
multiplied by the scoring to give an overall scoring. The following scake w
used:
A 5 Very confident
4 Confident
3 Moderately confident
2 Slightly confident
1 Very unconfident
Running simulations of the model
0 Using @Rsk and Precision Tresoftwarea Monte Caxd simulation wasunon
the MCDA modeto provideprobabilisticresults and suggeaprefered CCS
option.
Assessing results of study and allowing for partietpdo adjust their preferences
o Participants werable to review their results and make changes if desired.
Questions and discussion

> > > > >
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Appendix 3  C Introduction to S tudy

The email and légr used as an introduction the studyto CCS experts in Alberta is shown

below.

Dear Sir/Madam: May 17, 2012

Dalhousie University is building a risk assessment model for Carbon Capture and Storage (CCS). In
collaboration with Alber Innovates Technology Futures (AITF), the data input for the model is being
evaluated and adjusted. We are seeking participants that are experts in the CCS field from academia,
industry and government to give their opinions about the relative importémcdiverse set of risks for

CCS projects. You have been identified as an expert and we are sending you this invitation tatparticip

in the study. Your participation in th&tudy will consist of a 1 to 1.5 hour intervieand will help

complete the resezh for a PhD thesis.
Accompanying this letter is provided:

1 asummary sheet explaining the project;
T alnktoaBmi nute video demonstrating how the proj

applied.

The data included in the summary sheet will be updated as part of the study and will be discussed with
you in person as wellA summary of the studyds findherfigge wi | |
model will beavailable taall the participants ithe project for their use. Please reply to John Choptiany

to let us know your availability for the study. John will be interviewing in person in the period between
May 31 and June 15. If you decide to participate in the study, John will arrange artiragieat for you

and him within that period. If you have any questions you can contact any of us
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Sincerely

John Choptiany BSc, MREM
Interdisciplinary PhD candidate Dalhousie University

John.Choptiany@dal.cdchoptiany@gmail.com

902-440-6741

cc: Dr. James Brydie or Dr. William D. Gunter
Alberta Innovates Technology Futures

James.Brydie@albertainnovates.ca

Bill. Gunter@albertainnovates.ca

cc: Dr. Ronald Pelot
Dalhousie University

Ronald.Pelot@dal.ca

9024946113
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Appendix 3 D Summary Sheet for P articipants A Multi - Criteria
Decision Analysis and Risk Assessment Framework for CCS: Data
Sheet
This appendix is a copy of the summary sheet provided to participants in the CCS case study
described irChapter 6.

John Choptiany, PhD. Candidate, Dalhousie Univerddhoptiany@gmail.com

| hope that you will agree to participate in this research. Your participation as an expert will help

in completing a PhD in decision analysis for Carbon Capture and Storage (€@®reciation

of your participation,a summary © the findings in the Pb thesiswill be provided to
participants.The final model will be available to all the participants in the project for their use
Please note that although, the model focuses on CCS, the decision criteria can easily be changed
to address subsets of CCStorcompare CCS to competing forms of energy. The uniqueness of

the model consists of the integration of a variety of risk analysis tools to aid in decisions around
CCS projects. A description of the complete model and its use is available in a presemtatio
Vimeo which is similar to YoutubeThe link ishttps://vimeo.com/42160434CTRL+click to

follow the link). Thepasswords s i mpl y t he tahdrisscase keasititedifr ysu, 6CC
encounter problems witlthe Vimeo link, let me know)Figure 63 represents the major
components of a CCS project.

=== (2 pipeline

= Natural gas pipeline

= (il pipeline

Copyright Alberta Research Council, 2005

Figure63 Schematic of Carbon Capture and Storage (CCS)
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This model is being used to assesmplex CCS decisions at a hitgvel. For this example you

are acting as high-level decision maker in an energy companfaced with choosing between

three CCS projects and how best to implement them. The decision to proceed with CCS has
already been made. The case studies shownvlka® based in part on actual CCS projects but
have been significantly altered by manipulating data to allow for the projects to be compared on
the same scale and by adding literatswerced data where projespecific information was
unavailable.

The stidy process will involve

1 Reading the data sheet below

1 Assign weights to each criterion based on your opinion of their relative importance to the
viability to a CCS project. The total weights assigned to the criteria should add up to
100.

1 Assign a valudout of 5) to each criterion on how confident you are on your weighting
based on your expertise in that area.

A simulation using the risk/decision model will then be run to see how your weights and
preferences influence which project is chosen. Becdwsenbdel is based on hypothetical,
although realistic dafand uses weights assigned by experts, there is no right or wrong decision;
only a decision that reflects which aspects of a CCS project you believe to be the most important
to the viability of a poject.

This sheet is designed to provide information for each of the criteria shown below and to provide
context for anormabrange of values associated with CCS projects. Data eollecied from
interviews, peereviewed literature, engineering refsoand expert opinionln your assessment,

the weighting factors you assign should be independent of the values contained in the table for
each criterion. These values are representative values only and are subject to revision. The
weighting factors ana@onfidence number is based on your opinion of the importance of each
criterion to the decision making process. The last page of this document contains the criteria
tables for you to assign your weightings and confidence numbers. You can either complete it
now and email me back the tables ghoptiany@gmail.conor,i f you dondtouhave
can completeitem duringour 90 minute interview in June.

3D .1 OVERVIEW OF CONCEPTS

Carbon capture and storagemprises three separate technologies for capturing, transporting and
storing CQ.
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3D.1.1 Capture and S eparation of CO

Although CQ is produced from many diffuse sources, it is only economically feasible to capture
CO, from large point sources such as gas processing plants, fertilizer manufacturing plants and
thermal power plants (IEA, 2004). Current technology captures approximaté?8sf CQ

produced in fossil fuel power plants depending on the fuel input anchfture technology. The
capturing and separation portion of CCS has been in use for several decades in the natural gas
processing industry (IPCC, 2005).

Postcombustion CCS technology is the most developed capture technology and is already in use
in several locations worldwide. Pesdtmbustion capture refers to the collection of,@&s from

the flue gas after the fuel has been burned to produce electricity. The capturing therefore takes
place in the flue gases and is simiia other processes invov i n g 0 Pdalutantb fuchrag 6
those for SQand NQ.

3D.1.2 Compression and T ransport

Typically power plants are not sited based on suitable geological storage f@n@Ghus the
distances between the generation and storage locations are expected to be on the order of tens to
hundreds of kilometres. For distances that are up to 1,000 kilometres, and those that involve
large quantities of C&transport, pipelines atbe preferred and least expensive option.

Transport of CQby pipeline has been occurring for many years and operates in a mature market
with over 2,500 km of pipelines in the United States alone (IPCC, 2005). On shorter pipelines an
upstream compressq@ushes the C£ while longer pipelines require periodic compressors to
ensure adequate pressure throughout. The technologies, risks and costs associated with
transporting C@are not expected to be a barrier to CCS, as they are well known and leaks are
very rare.

3D.1.3 Storage

Research has shown that the sites with the most potential for storage occur in depleted oil and
gas fields, coabed methane reservoirs, deep saline aquifers and salt caverns (Natural Resources
Canada, 2006). There may also Ignsicant storage capacity offshore in similar geological
formations although this is less well studied and more costly. All these methods involve
injectingCQi nt o porous rock formations up to sever:
impermeal® layer above to prevent the upward migration of @Qhe surface.
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3D .2 ASSESSMENT CRITERIA

There are 19 criteria associated with CCS implementation that you will be asked to prioritize.
The criteria below have units based on what is commonly usetheinliterature. Most
environmentallyfocused criteria are stated in relation to a chemical such ase@@valents

(since many chemicals contribute to each criterion) per unit of energy produced (kWh) with an
assumption of 500 MW produced at the CCS plaBocial studies were based upon public
opinion surveys. Responses were ranked between 0 and 1 where 1 is a more positive response.
Economic criteria are stated on a per tonne o 8&is unless otherwise noted. Engineering
criteria have a variety afnits.

3D.2.1 Environmental

The three main categories of environmental impacts are potential adverse effects to the air, water
and land i¢e. aquifers, soils and associated ecosystems). Due to a lack of data relating to water

and land, air impacts were predominantly used in this assessment. Each of the environmental
criteria shown below reflects the percentage change (decrease or increaseysions due to

adding CCS to a traditional coal power plant. They are shown on /kWh basis.

3D.2.1.1 Global Warming Potential (GWP) (% Reduction in gCO»-
e/kwh):

Although CCS reduces the quantity of £€nitted into the atmospheride percentage of GO
reduced varies. The variation is largely due to the type of capture technology used and its impact
on the efficiency of the power plant which results in an energy penalty.

5 The process of capturing, compressing and transportingff6@® a power plant requires a significant amount of
energy and is referred to as an energy penalty. Approximate® P8 additional energy is required to produce
electridty from a power plant as compared with a similar plant without CCS, depending on thgocsnaind the
technology used (IPCC, 2005)
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3D.2.1.2 Photochemical Ozone Creation Potential (POCP)(% Reduction in gCyHa-
e/kwh):

Al so referred t,dhis argeriold seflectartieer creation wfgn@ar ground ozone
through the combination of sunlight, nitrogen and volatile organic compounds (VOCs). VOCs
and nitrogen oxides are producedtire combustion of fossil fuels including power plants.
POCP negatively impacts breathing and inhibits plant functions. POCP generally increases due
to the inclusion of CCS on power plants.

3D.2.1.3 Acidification Potential (AP) (% R eduction in gSO;-e/kWh):

Acidification is the process of reducing the pH of a substance, in this case through the release of
SO, emissions from burning fossil fuels (Penht and Herk@09.

3D.2.1.4 Human Toxicity Potential (HTP)(% Reduction in Y ears of Life Lost/kWh):

Human toxicity is mostly a function of flue gas emisssocomprising Hydrogen Flourid&lOy,
SO, HCI and particulate matter (Koameef et al., 2008). These chemicals are released from
power plants and are affected by adding CCS to a project.

3D.2.15 Eutrop hication Potential (EP) (% R eduction in PO43--e/kWh):

Eutrophication is a function of chemicals such as,N&, NH; andPO,* and refers to the
excessive supply of nutrients to soil and evafPehnt and Henkel, 2009NH3; is the main
contributor caused by the degradation of thle®noethanolamindMEA) which is currently the
most commortapture mediunased in CCS

3D.2.2 Social

The scales used in surveys tend to be quespecific. The data on each social issue has been
condensed into eonstructed scale so that multiple studies can be compared. The best possible
response was given a value of 1, while the worst response was given a value of 0.
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3D.2.2.1 Public Perception (Constructed Scale 0-1):

Overall opinion of the CCS project by thablic.

3D.2.2.2 Knowledge of CCS (Constructed &le 0-1):

Awareness and understanding of CCS by the public.

3D.2.2.3 Perceived Health Impact (Constructed Scale 0-1):

Perception of the positive or negative impact of CCS on human health.

3D.2.2.4 Perceived Impact on Climate Change (Constructed Sale 0-1):

Perceived impact of CCS on climate change relative to otimeate change mitigation actisn

3D.2.2.5 Perceived Impact on Other Technologies (Constructed Scale 0-1):

Perceived impact of CC8n the development of other climate change mitigation technologies.
One common concern regarding CCS is that pursuing the technology will reduce the effort and
funding to mee sustainable mitigation acti®isuch as renewable energy projects.

3D.2.3 Econo mic

3D.2.3.1 Capital Cost ($ in Millions):

This includes all thencrementakosts involved in developing the project and constructing all the
necessary components of the CCS plant including capture, transport, injection, and monitoring.
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3D.2.3.2 Capture Cost ($/tCQ Captured):

Capture cost refers strictly to the capture technology costs for capturingrdQeparating the
gas from the flue gases. This would be the cost of a CCS project if transportation and storage
were excluded.

3D.2.3.3 Transport Cost ($/ tCQ Transported):

Transport cost includes the costs of compressing & piping the supercritical fluid to the
storage site. The CQs considered to travel a distance of 50, 100 and 150km for project A, B
and reference case respeely.

3D.2.34 Storage Cost ($/tCQ Sored):

Storage cost includes all aspects of injecting and monitoringr@®a geologial reservoir.

3D.2.3.5 Overall Operating Cost ($/ Year, in Millions):

As with any construction project, there will berementaloperating costéor CCS.These may
be different depending on the type of technology and how dependable CCS components are.

3D.2.3.6 Cost of Electricity ($/kWh):

Cost of electricity is the incremental cost of producing each kWh, including tsidses and
extra costs of CCS relative to a project without CCS.

3D.2.4 Engineering
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3D.2.4.1 CQ Capture Efficiency (% CQ in the Flue Gas @ptured):

CO, capture efficiency refers to the percentage of the g3 that is captured from the flue gas.
Whatever is not captured is released into the atmosphere. A higher efficiency is thus preferred.

3D.2.4.2 Storage Potential (T of Stored CQ,):

The total quantity of pore space available in a geodbgeservoi for CO, storage. This does
not take into account other aspects of storage including what ratea@@e injected into the
reservoir.The CQ capacity is considered to be 30, 20, and 25 million tofmeproject A, B
and reference case respectively.

3D.2.4.3 Enhanced Oil Recovery ($/tCQ):

When CQ is injected into depleted oil and gas reservoirs, it dissolves in the oil resulting in
swelling am reduction in viscosity and H@ressurize the reservoir. This can help produce up to
15% extra oil fromil reservoirs.

3D .3 CASE STUDIES

This research considers three projects; two based on real case studies and one based strictly on a
literaturederived scenario. Basic information about the three cdadies can be seen in
Table38. Each project is gauring the CQfor 30 years from a 500 MW coéited power plant

which emits 4Mt CO, annually. At the end of each project, approximately 120 Mi @il be

stored. As most depleted oil and gas reservoirs do not have such large capacities, a number of
reervoirs have to be used to store the tota} C&ptured for each case.

3D.3.1 Project A

Project A is based on a hypothetical project in Alberta using a combination of {mgedic
data and data from peszviewed literature.
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3D.3.2 Project B

Project B is based in Saskatchewan using a combination of pspgfic data and data from
peerreviewed literature.

3D.3.3 Reference C ase

A third example is based exclusively on literature and is used to provide a baseline for estimates
of CCSprojects in general. This project is set in Europe.

Table38 Case study information

Case study Project A Project B Reference case
Fuel Source Coal Coal Coal
Capture type Post combustion Post combustion Post combustion
Power output (MW) 500 500 500
Transportation distance 100km 150km 50km

Storage type

Depleted oil field

Depleted oil field

Depleted oil field

Storage reservoir capacity

30 million tonnes

20 million tonnes

25 million tonnes

Storage reservoirs needed 4 7 5
Project lifespan 30 years 30 years 30 years
Location Alberta Saskatchewan Europe

3D .4 CRITERIA DATA

In this scenario we are assuming that the decision to develop a CCS project has already been
made and the decision makers are comparing the projects on the criteria below.

In the context of the data provided below, please assign weights to the crtseih dn your
opinion of their relative importance to the overall viability of a CCS proj&tease distribute
100 points between all criteria.

Based on your knowledge and confidence in your weighting values for each criterion, please
assign a value Iq) 1 5(high) confidence level for each criterion weight assessed.

Return this last page when completed tgchoptiany@gmail.com
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3D.4.1 Environmental

Project
Criteria Project | Project Reference | Weight | Confidence
A B case (1-5)
Global Warming Potential (GWP) o 0 0
% reduction in (GC@e/kWh) 79% | 85% | 80%
Photochemical Ozone Creation Poten| , 0 0
(POCP) % reduction in (ggH.e/lkwh) | 0% | 1% | 20%
Eutrophication Potential (EP) o 0 0
% reduction in (gPgFe/kWh) 25% | 25% | 15%
Acidification Potential (AP) o 0 0
% reduction in (gS©e/kWh) 15% 20% 20%
Human Toxicity Potential (HTP) o 0 0
% reduction in (Years of life lost/kWh) 30% 15% 20%
3D .4.2 Social
Project
Criteria Project | Project Reference | Weight | Confidence
A B case (1-5)
Public Perception
(0-1) Higher is better 0.223 0.327 0.182
Knowledge of CCS
(0-1) Higher is better 0.307 0.387 0.127
Perceived Impact on Health
(0-1) Higher is better 0.172 0.162 0.142
Perceived Impact on Climate Change
(0-1) Higher is better 0.309 0.267 0.295
Perceived Impact on Other Technolog
(0-1) Higher is better 0.281 0.281 0.281
3D .4.3 Economic
Project
Criteria Project | Project Reference | Weight | Confidence
A B case (1-5)
Incremental Capital Cost ($) in milliong 1,500 1,650 1,350
Capture Cost ($/tC 49 54 44
Transportation Cost ($/tGD 1.06 1.33 .78
Storage Cost ($/tCH 2.16 3.42 2.58
Incremental Operating Cost ($/yeq 104 115 93
millions
Incremental Cost of Electricity ($/kWh) 0.0486 | 0.050 0.0498
3D.4.4 Engineering
Project
Criteria Project | Project | Reference | Weight | Confidence
A B case (1-5)
CO, Capture Efficiency (%) 87 90 85
Storage Potential/Reservo{Mill. tCO,) | 30 20 25
EOR revenue ($/tC5 51 45 30
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