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Abstract

This thesis is concerned with Carbon Capture and Storage (CCS) technology and its viability
for large scale deplogent in Norway Despite the significant role attributed to CCS in many
climate mitigation scenarios, there is currently insufficient global uptake, with no European
CCS facilities currently in operation outside of Norway. Norway is often referred to as a
pioneer of CCS technology, thus viability in Norway can be seen as a crucial determinant in
the context of wider global development. A setgohnical framework, designed specifically

to assess CCS viability, is applied to the Norwegian context. This dibowise identification

of key uncertainties which inhibit its technological development and diffusion. This paper
should serve to contribute to the existing social science literature on CCS whilst also
providing a useful overview to support decision mgkimNorway. Key findings are that
uncertainty is diminished with regards to public acceptability, pathway variety and the safety
of geological storage. However, it is still prevalent in other aspects, most notably that of
economic and financial viabilityrhe interdependent nature of the uncertainties makes
resolution a complicated taskhe paper concludes that, whilst further research is required, a
targeted policy approach would seem to be the best method for diminis&ingpst

prevalentuncertainiesin order to bolster CCS viability.
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1. Introduction

Carbon capture and storage technol@yyeen by many as a crucial technology in meeting the
challenge of preventing global climate charg®jt has the potential to reduce the quantity of
carbon dioxide €O) that industrial processes release into the atmosphere. However,

currently the pace of development is not sufficient in order for the technology to make a
significant contribution to current mitigation targetghilst the technology itself is proven,
widespread development and diffusion has thus far encountered numerous obstacles, leading
to numerous setbacks, project cancellations and a lack of worldwide investment appetite.

to its earlydevelopmental stage, there are many uncertaititegsmpede té ability for

decision makers to make informed assessments, whilst simultaneously creating challenges for

actors whaupport its use.

This thesis willseekapply a socigechnical frameworkspecifically designed to assés€S
viability, in order to makaninterdisciplinary analysis of CCS viability in the case of

Norway. Bellemare (2017{as cited by Sovacool, Axsen, & Sorrell, 2018, p. dujinesthat
figood papers do one of three things: ask a question that hdsean asked before; ask a

ABi g Quest i onwelfarelofartany pdoflee ar ask a qudsten that has been asked
bef ore but can be arhesutigation tor thisnhesis tabe ambious way 0 .
andasksuch ai b i g q udeeddthe welfére of many people at stake if we fail to address
potentially the biggest threat human historgNorton & Leaman, 2004whilst CCScould

make a huge contribution to successfully facing this thiidas thesis sks to ask all three
guestions but, should it evaddressnerely one with some degree of success, then hopefully

some form of small contributiocanbe made.

1.1BackgroundWhat is CCS technology and why do we need it?

According to the Internationalrfergy Agency (IEA), Carbon Capture and Storage (CCS)
remains the only technology solution capable of delivering significant emissions reductions
from the use of fossil fuels in power generation and industrial proc@E#e<2016, p. 9)

The Intergovernmental Panel on Climate Change (IPCC) presents four pathuvays to
warming tol1.5°C (P1,P2,P3 and P4 as detailed kiigure 1 below) with only ongathway
P1)achievable without negative emissions technologies and requiring a rapid increase in

renewable uptake combined with reductions in global energy demand (the small amount of



negative emissions in this scenario to be achieved by afforestation). The tyasfilsitienario
P1 is therefore certainly questiongheth little indications global energy demand is set to
decrease. The IEA predicts energy demand to grow by more than 25% b{H3aD/IEA,
2018)The overall deployment of CCS varies across 1-.&6@sistent pathways with
cumulativeCOz stored through 2050 ranging from zero uglé® GOz (IPCC, 2018b, p. 9)
According to the IEA 2°C scenario, CCS delivers 94 gigatonnes (&Ppémissions
reductions in the period through 2050, which amounts to 12% of the cumulative emissions
reductions regired by the energy sectdEA, 2016, p. 10) Therefore, CCS is seen by many
to be avital technologyrequiringwidespread deployment if climate change targets are to be
adheed to(Chu, 2009; Gibbins & Chalmers, 2008; MacDowell et al., 20d8jlst the

current lack of large scale CCS projects threaten both 2030 targets and long term Paris

ambitions(Peters et al., 2017)

Breakdown of contributions to global net CO2 emissions in four illustrative model pathways
Fossil fuel and industry AFOLU BECCS

Billion tonnes CO, per year (GtCOz/yr) Billion tonnes CO, per year (GtCOz/yr) Billion tonnes CO, per year (GtCOz2/yr) Billion tonnes CO, per year (GtCOa/yr)
9 P1 40 P2 % P3 4 P4
20 -20 (

P1: Ascenario in which social, P2: Ascenario with a broad focus on P3: Amiddle-of-the-road scenario in P4: Aresource-and energy-intensive
business and technological innovations sustainability including energy which societal as well as technological scenario in which economic growth and
result in lower energy demand up to intensity, human development, development follows historical globalization lead to widespread
2050 while living standards rise, economic convergence and patterns. Emissions reductions are adoption of greenhouse-gas-intensive
especially in the global South. A international cooperation, as well as mainly achieved by changing the way in lifestyles, including high demand for
downsized energy system enables shifts towards sustainable and healthy which energy and products are transportation fuels and livestock
rapid decarbonization of energy supply. consumption patterns, low-carbon produced, and to a lesser degree by products. Emissions reductions are
Afforestation is the only CDR option technology innovation, and reductions in demand. mainly achieved through technological
considered; neither fossil fuels with CCS well-managed land systems with means, making strong use of CDR
nor BECCS are used. limited societal acceptability for BECCS. through the deployment of BECCS.

Figure 1: Taken from(IPCC, 2018ahttps://report.ipcc.ch/sr15/pdf/sr15 spny3b.pdf

Mac Dowell, Fennell, Shah, and Maitland (2017, p. Ztd)e thaCCSisfie x pect ed t o
account for the mitigation of approximately-20% of total anthropogeniCOz emissions, in
2050 the industry will need to be larger by a factoR-df in volume terms than the current
gl obal o ilflthisiexpahsiosot scalegyoveseven remotely accuratthena dramatic

global uptake of CCS technology is requirgdieed, a significant role for and recognition of

L AFOLU stands for agriculture, forestry and other land use, whilst BECCS stands-éardsigy with carbon

capture andtorage


https://report.ipcc.ch/sr15/pdf/sr15_spm_fig3b.pdf

CCS has been highlightedseveral reports by the IEA and IPQGpponen et al., 2017)

CCS covers a diverse range of technologies and perhaps a broad portfolio is necessary to
realise its long term potentiélRackley, 2017)The underlying principle is to abate the release
of wasteCOzresulting from combustion of fossil fuels (and other industrial processes) by
capturing the emissions at source. There are threediapg: capture of CQransport to a

suitable disposal site and long term stor@ydR. Meadowcroft & Langhelle, 2009)

The three main approachesG@: capture are described Rackley (2017, p. 23}s follows:

1) Pure omearpureCOzstream from existing industrial process or by reengineering a
process to generate steam (e.g., oxyfueling or chemical looping-geweration
plant, precombustion fuel gasification)

2) Concentration of the discharge from an industrial procgegure or neapureCOz
stream (e.g., postombustion separation from power plant or cement plant flue gases)

3) Direct air capture into a pure G&tream or into a chemically stable end product

(mineralisation of steel slag)

For this paper the viability of larggcale CCS facilities is the primary focus, therefore it is
necessary to determine what precisely can be viewedhagesscalefacility to distinguish
them from smaller project¥he GCCSI defines larggcale CCS fatities asthosewith an
annualCO; capture capacity of 400,000 tonnes or m@#mwbal CCS Institute, 2019)
Therefore, this paper shaltimarily focus onassessingiability for thedevelopment of

facilities with acapturecapacityequalto 400,00 tonnesf CO. or more

The IEA describes CCS as slowly moving forward, stating that the number cbzatge

CCS projects in operation has expanded to 15, with 6 more to come online in the next two
years(IEA, 2016) However, thideing a 2016 figurewve can therlook atthisin light of the

latest project developmeniBhe Global CCS Institute (GCCSI) lists 43 large scale projects

with 18 currently icommerciabperationat presen{16 of which are industrialGlobal CCS

Institute, 2018a, p. 44However, seeing as the IEA in their findings used data sourced from

the GCCSI as of the end of August 2016, we can determine that out of the 6 to come online,
only 3 look to have evidently come to fruition within the projected times¢ale lEA goes
further to statethdtt he current pace of CCS depl oyment

and that the pace of CCS deployment has fallen short of initial expectations and is not



consistent with a 2°C pathway, let alone one well below 2°C. The pipelwavdargescale

CCS projects is shrinking rather than growing, from 77 in 2010 to around 38 today, and no
projects have progressed to construction since 2014. Even if all projects under consideration
today were to proceed to operation, the entire CCS ptgertfolio would collectively

capture less than orgixth of theCO: capture requirements in the 2DS in 203TEA, 2016,

p. 11)

Fossil fuels accounted for 81% of total energy demand in 2017, whilst overall global energy
demand increased by 2.10&A, 2018a, p. 2)As previously mentioned, in the IEA 2°C
scenario, CCS delivers 94 gigatonnes (GTE Gk emissions reductions to 205EA, 2016,

p. 10) In 20 years of operation Sleipndnetfirstproject b have permanent, dedicat€é®:

storage and monitoring, has captured and stored 17million t¢iE®s2016, p. 9)Industrial

COz emissions also represent a significant proportion of total anthropog€niemissions,

thus CCS can prove a crucial technology for industrial processes with little alternatives for
manufacture an@ O, mitigation(Roddy, 2012)In its 3" Assessment Report the IPCC states
that emissions from industry constituted 30% of total globegighouse gas emissions in
2010(Fischedick et al., 2014, p. 743)dustries such as cement, steel, refining fendlisers
entail substantiaCO. emissions that are inherent to their operations and can otherwise not be
abated without CC8Roussanaly, 2019)

The question remains of haw gauge the progress of CG3ne example of how this is done

is through a comparison of the amount of fossil fuels that can be consumed both with and
wi t h o u tn mGdeled endigy system transition pathways that gtoltal warming to
lesstha2. AC, scenarios without CCS result in
2050, against 37% being consumed when CCS is availéBlelinis, Krevor, Dowell,

Brandon, & Hawkes, 28, p. 61) However, thigrovidesno indication as to exactly how

CCS technology will achieve such a reducti®he authors conclude that no CCS barriers are
extensively technical, with cost being the most significant hurdle in thesieatium term,
although long term it is cost effective when compared to other mitigation offBaitknis et

al., 2018)

26
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First some context must be providétbrway has a longstanding interest in C@&&hnology.

The country is Eurangtbedsr |l ddgeshindl|l| exgpest ee
gas, whilst itgpetroleuns e ct or i s Norwayds | argest when me
revenues, investments and export vdMeistry of Petroleum and Energy & the Norwegian

Petroleum Directorate, 2019)s domestic energy supply is predominariygropower, with

a 92.7% share in electiig productionas ofMarch 2019 "Electricity," 2019) With regards

to CCS,Norway can viewed aa pioneerthetechnology(Lipponen et al., 2017Herzog
(2017)presentsvhat are said to bthew o r Ifadir@pisneer CCS projectaith two out of the

four beingbased in Norway (Sleipner and Snghuiteven beermargued that Norway’s wider

innovation system is specifically formedand CCYEspen Moe, 2012)

Norway does not stand out as one of the strongest scorers according to the Global Carbon
Capture and Storage Institutes InhereterestCCS indicator, with a score of 48 out of 100
as of 2018The indicator gives an indication of potential interest countries may have in
implementing policies that contribute to CCS deploymieat.comparative purposes, the UK
scores 70, Germany 88 wheré¢las USA, Russia and China all achieve scores of(Gdbal
CCS Institute, 2018bPn the face of it then, Norway would seemingly hassinotivation

in comparison to its contemporari@gich can be explained by tivedicator usng an index
thatbase its findingsuponglobal shares of fossil fuel production and consumpfinre to an
abundance of hydropower in its domestic energy supply, Norway thelef®@n almost
emissions free power suppWith CCS often viewed asraeans to mitigat€O. due tofossil
fuel intensive power generation processes, the question could then be asked as to why

Norway has a significant interest in CCS development.

The answer is lies in a combination of contributing motivatidactors Tjernshaugen and
Langhelle (2009, pp.989)out | i ne f our reasons for Norway®o:
Confliction of energy and climate policy targets due to a high environmental ambitions

combined with a heavy economic dependence on the oil and gas industry, 2) CCS having

been used as a stin to a political conflict over gas fired power plants, 3) Norwegian

industry launching early and ambitious CCS initiatives and additionally 4) CCS having been

promoted by environmental activis&omewould alsosuggesthat due to Norway being a



largeexporter of fossil fueldt therefore has a special obligation to develop &missions
solutions(Skriung, 2013a, p. 10 CS has al so become a signific
approach tanternational climate poligybeing a mitigation strategy that can also serve in

preserving its national energy intereGle-Kristian Straete Rgttereng, 2016;Kaostian S.

Rattereng, 2018)

The history ofCCStechnology in Norway has its origins as far back as 1986, when SINTEF
Petroleum research proposed a combined CCS concept to thevetate energy company

Statoif. Motivated by theCOz contentof natural gasit the Sleipner West fielgheing too

high for sale without treatmenth combination with the introduction of the Norweg{a®:

tax, the CCS facility at Sleipner was conceiwved990andcommenceaperation from 1996
(Tjernshaugen & Langhelle, 2009, pp. 1086) CCShasgained suclprominencan Norway

sinceits first conceptiorthat itwasevenh ai | ed as Norwayos equival el
projecto by for mer Pr.Heaferesdiitmoibstheamajor NewegianSt o | t
contribution t o t h¢toleaberd, d007% Tieecnshaugent& €anghell®, b | e m

2009, p. 116)
2007
Halten CCS project
cancelled
1999 007 2018
1996 Aker Maritime lounches CCS Decis build Yarawithdraws from
1990 CCS operationdl at proposal (Hydrokraftés ecision to build large- Full-scale project
CCSfor Sleipner West Sleipner project prosponed) scale plant at Mongstad 2.0.13
concieved Il)ems'l(on Sttors 2020/2021
close K
Naturk ;9194 lans f 1998 2005 Full-scale project
1986 urkrafts plans for Hydrokraftds CCS project . 2008 Subject to parliamentary
i Votein favour of
SINTEF CCS proposal gesfired power plant proposed (Naturkraft netural gas-power St CCS 2016 approval
sent to Statiol unvel postpones project indefinetly) plants operational Full-scale CCS project
feasibility study
1991 o 1999 2019/2020
Norway introduces 1996 STF |&medmeir:1mons 2005 Investment decisions
carbon tax Bellona commission per Gassnova and 2013 from Full-sacle
SINTEF CCS report CLIMIT Decision to stop large- industrial partners
1997 P"gg’;‘s 2009 scale CCS a Mongstad
CCS technology made a 2000 establi EU CCS Directive
part of formal rules for N .
power plant developers PM Bondeylk resigns
after motion of no
confidence 2007
PM Stoltenberg
announces fimoon
landingo project

Figure 2: Timeline of Norwegian CCS development, own contribution. Sources of gateshaugen and
Langhelle (2009)https://bellona.org/, https://www.gassnova.no/en, https://ccsnorway.com/,

http://www.zeroco2.ndhttps://www.globalccsinstitute.com/

2Then fully stateowned. Statoil is the former name of Equinor ASA



Whil st Norwayds r el i anc esmotimatianforelomestid actartn d
develop CCS technologin secumg long-termeconomidnterests in fossil fuels, there are
also other applications that aeited towards CCS implementation aside from application for
enhanced oil and gas recovéBOR). Norwaycurrently has an ambitious target to become
carbon neutral by ZD (Innst. 407 S Innstilling til Stortinget fra energig miljgkomiteen
20152016; Kilpelainen, Aalto, Toivanen, Lehtonen, & Holttinen, 20&48) CCS could be an
option to help achieve this ailNorwegian2017 emissions to air indicate that oil and gas
extraction accounted for 14.7tM O, equivalentsywhereasl2.1 M resulted from

manufacturing industriésiningand only 1.9 Mfrom energy supplySSB, 2018) It is

therefore evident thdMorwegian ndustry conttutessignificantlytowards overalCOz

emissionglomestically.

Industrial processes such as cement manufacture, iron and steel produnetiaical
ammoniaas well as pulp and paper industradishave potential for application of CCS
technology(Onarheim, Mathisen, & Arasto, 201%)et us take cement manufacturing as an
example.fi s t he wolargedtindustrialemitien @O and is the thirdargest
industrial energy consumewith overallproduction estimated taccountor roughly 7% of
globalCOz emissiongIEA, 2018b) In Norway, cement production accounts for around 2%
of national emissionfHolmas et al., 2019whilst the @ment indusir has few alternatives

for reduction ofCO; aside from CCS$Barker, Turner, NapietMoore, Clark, & Davison,

2009; Mazzetti et al., 2014¢urrently in developmd, the Norwegian FulscaleCCS project
seeks to capturéO; from industrial processescluding cemenand awasteto-energy

facility (althoughit is worth noting that thproposedyara ammonia plant in Porsgruimno
longer involved)Rarvik & Ringrose, 2017)Naste incineration also has potential for CCS
application and accounted for just under 2% of Norwe@i@aemissions in 201{Holmas et
al., 2019, p. 7)Other industrial processes have more limited poteMial.r w &§»0 s
emissions from pulp and paper are not substantial, so it wouldteeesnly reapotential for
CCS development here would be mainly for purposesassborder project collaboraticas
opposed to domestic applicatidfor ammonia thproductionvolumes are relativelysmall
thuslimiting CCSpotential butthere areopportunites nonetheles®©narheim et al., 2015}t

is also worth noting that@minium CO; emissions are process related and thus, with most of
the energy for this supplied by hydropow
domestic emissions reductiof@narheim et al., 2015)

gas

er ,



Norway meeting its carbon neutrality tar@etich has beehbrought forward from 2050 to

2030 will requireCCS to capture 3Mt of industry and 19 Mt of power seetoissions
respectivelyaccording tdVlazzetti et al. (2014Wvhenreferring to the findings of the
Lavutslippsutvalge(NOU, 2006) Whilst there is considerabpotential for CCS to contribute

to reducingCOz emissions from major industrial point sources in Norviag,actual

feasibility of CCSapplicationto industrial processes sdmewhatnore difficult to assess

This isdue to substantially fewer studieavng been undertakeior industrial CCSlack of
existingcomparablgrojects andherefore limitedaccess to the necessary specific data

(NOU, 2006, p. 74)The findings of a 2006pecial committe@NOU, 2006, p. 78made
suggestionso the Norwegian Ministry of Environment that it was realistic to realise a
reduction of 6MICOz by 2050 from process industriggedominantlywith application of
CCS.The Nordic CCS roadmap, a collaborative research project between CCS research
institutions in the five Nordic countries, outlines strategies for widespread implementation of
CCSthat could be realisetthroughcollaboratve efforts(Mazzetti et al., 2014)Norwayis
envisaged as contributing in a number of waysyiding substantiaktorage capacity,

helping to reduce costs of CCS by utilisia@- for EOR as well as through jointly helping to
develop necessary CCS framewdHusprovidinga stronger positiofrom which Nordic

states camfluence the EUHowever, he most economically viable and cost effective
scenario is seen t o b eighCoeaenterstnora maturaligdasn g o , i n
before expor{Mazzetti et al., 2014)

2.How to asses€C%iabilityin Norway

Having nowestablished tht there is a significarglobalneed for largescale CCSandthat it

is essential that the technology is diffused rapidigrder to meet current climate targets, one

could be forgiven foguestioningas to why so f& largescale projects have been develbpe

It is evident thaprogress has been somewhat slower than is necegsthere is a

technologcal solutionthatis proven tavork and could also allow for continued use of fossil

fuels with zero emissions. Akaut i on t hat all ows for a fAbusi n
whilst providing the only current mitigation solution to mab§: intensive processes.

Thereforejn light of such & urgent need for climate mitigation, it would seem prudent

believe that the problem must liewithin theviability of thetechnology itself.



Due to the potential value of CCS, the crucial contribution the technology can make towards
climate mitigatiorandevidenceof its prominence and suitability in Norwathis inevitably
requiresexaminatiorto establistas towhat isin fact hinderingfurtherdevelopmentfiThe

guestion therefore is how to explain this unevenstmaerthanexpected rollout of CCS, first, the
slow progress, followed by a spurt of new projects and then a drying up of projects before lessons
can be Il earned f(Bueatal,di& p.11B8Jgon clogar iogpexton isis? O
soon apparent that there are common theshaacertainty evidenced not only bthe

literature but also in wider discoursBorway makes for an interesting case study, not only due

to its complex energy and climate conflictions, but as a pioneer of CCS technology with extensive

fossil fuel resources arprominen positionfor CCS on the political agenda.

It is by no means straightforward task tondertakesuch an assessment. There are numerous
uncertainties, each with their owpecific set ofoundationsthatoccur due to a series of
interrelatecandyet diverseset offactors. Adequate assessment of these fattiarsfore requirea
tool of analysighat allows for numerous consideratipesgagement with a range of disciplines
and a mixture of qualitative and quantitative approadiidh. numerousndnotable

disagreenens generating contrasting viewathin the literatureor highlighting manyareas where
data is insufficienasto make a conclusive inference, it is no wonderghebhuncertainty exists.
Yeturgency is paramount adecision makers arequired to actespite such uncertainties
provingtremendouslyroblematian strategic planninglhus, as daunting as the task may be, an

attempt taeexamineCCSviability in assessingncertainty is a vital one.

2.2Why the need for a sociechnicalframework?

Previously, CCS research was dominated by natural science and engineering perspectives,
and only in more recent years has social science shed light on the need for observations
surrounding politics and polidBackstrand, Meadowcroft, & Oppenheimer, 2011)
Technological change largelydriven by cietal factorswhich can often be neglected or
missedentirelyin purelynarrowtechnical studieslhis is notby any means intended be
dismissive of the valuable contribution such studies make towards our understanding of CCS
systemsgquite the contary, but rather to merely highlight the need for supplementation in

order to compensate feuchdeficienciesPolitical uncertainty has been identified as one of

the most dominant hinderances to stimulating actighemevelopment and diffusion of
sustanable energy technologi€sleijer, 2008; Meijer, Koppenjan, Pruyt, Negro, & Hekkert,
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2010) and therefore understanding of CCS technology camhancd throughperspectives
that thefield of social sciences can providgackstrand et al. (2011, p. 27@nptasise that a
significant contribution can be made in expanding CCS research via engagement with a range

of disciplines and through a broad scope of methodologies

For example,lte IPCC Special Report on Carbon Capture and Storage outlines five key
driversfor the deploymentfoCCS. These are 1) the policy regime, 2) The reference case
(baseline)asCOz concentrations are sensitive to the choice of the baseline s¢e3)ariwe
nature, abundance and carbon intensity of the energy resources/fuels, 4yachetiitn of
flexible mechanisms such as emissions trading and 5) the rate of technological change
(induced through learning or other mechanis(ivetz, Davidson, Coninck, Loos, & Meyer,
2005, p. 351)Understandinghese drivers entaihumerous consideratioamdthe
assessment @hanyuncertainties as tdeterminethe conditionghateffecttheirinfluenceon
CCS technologyindustrial CCS applications asdso much mordifficult to assess in
comparison to applicatigrof CCS technolgy in the power sector, largely due to
heterogeneity in the vast array of industrial proce@sasell, 2018) Suchcomplexity
reinforces the need for an interdisciplinary t@t canassesshevarious elements and

applications for CCS technology.

A portfolio of tools to enable transition managemenmt definea common objective can help
to overcome tensions between uncertain processes and the will to govern such a process
(Frantzeskaki, Loorbach, & Meadowcroft, 2013¢re is whereby a soetechnical framework
canbe of assistance. The sotezhnical framework is advantageouslg# provides an
interdisciplinary tool to assess the uncettas of CCS innovation, 2) identifies important linkages
between the uncertainties and finally 3) develops qualitative and quantitative indicators for
assessmeliarkusson, Kern, et al., 2012)helimitations for current CCS researend

suggestiongo overcome thesayesummarisedbelow:

AThere are significant limitations in current quantitative (and qualitative) data on CCS that
lead to significant difficulties in identifying robust assumptions. One way to handle this is to
develop multiple scenarios to illustrate the uncertaidtyother strategy is to make more use
of qualitative methodor analysing CCS innovation processes. This latter approach could

help to avoid some of the issues associated with CCS cost uncertainty and indteag re
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attention on understanding criticakap e ct s of i nn (Markussoro& pr oces s e
Chalmers, 2013, p. 1409)

To assess the viability of carbon capture and storage technology within Norway, this thesis
will seek to employ a socitechnical framework as developed (dyarkusson, Kern, &

Watson, 2011); Markusson, Kern, et al. (20I2)is framework is an interdisciplinary tool to
allow for the evaluation of the main uncertainties of CCS innovation by incorporating
technical, economic, financial, political and social issues. The framework then proceeds to
identify linkages between these uncertainties, and finally provides qualitative andajivent
indicators for assessing these uncertainties. This framework does not seek to make
predictions for the future of CCS technology, but rather It seeks to help identify and guide the
analysis of uncertain dimensions of CCS futyidarkusson, Kern, et al., 2012, p. 904)

Many technologies that have previously emerged successful in the face of numerous
uncertainties were faced with similar challenges to those confronting CCS at fjRegent

Victor, & Thurber, 2010)Chalmers et al. (2013)ok at some histora case studies for

examples of success stories in relation to specific uncertainties identified for CCS, such as the
French nuclear programme from the 1950980°s. This is chosen to outline potential for
development, despite technological diversity stwcomponents of the full chain and
technological, with technological variety being reduced by pd{iyalmers et al., 2013, p.

7672)

2.2 The relationship between CCS and uncertainty

A common theme of uncertainty is apparent within the literature and, despitedshate as

to exactly what is hindering CCS development (whether it be sogiiral, technical,

economic, environmental or political feasibility), immediate decision making is required
degite of this.A quick search of the2005IPCC Special Report onatbonCapture and
Storagereveals 134nstancesvherebythe worduncertainty is mentione@Metz et al., 2005)
Uncertaintiexan be said taaturally follow from new combinations of technological
knowledge and applicatidiMeijer, Hekkert, Faber, & Smits, 20Q&yhilst CCS is not

exempt from such ambiguitplthoughsome may view CS as aital technology in a

transition towards a zetwarbon futureothers maylisagree Evaluatingas towhether it can

play a significant role in the transition to a low carbon economy serves to further emphasise

the need for assessing the multipleemainties surrounding CCS technoldijarkusson et
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al., 2011) Providing greater clarity through an examination of the uncertainties can help pave
the way for considered CCS diffusionorder to enhance our understanding of what

considerations are necessatry.

Many prior cases evidence how accumulation of perceived uncertaiatidsado a decline

in motivation ancentrepreneurial efforfa reasoMeijer (2008)attributes to different
uncertainties interactg and negatively reinforcing eacther. Thus,a societechnical
frameworkthat identifes suchlinkagescan prove highly beneficidbr actors in order to
enhance strategic decision makiiitpe purpose of thinking in advance about the future is to
improve decision making in the presentddnuspolicy making surroundingechnological

and social changes require some degfemnsideration for future trends in order for it to be
sound Higher levels of future uncertainty pose a challenge to strategic decision making and
the capacity to make decisions that will prove beneficial in both the near and long term future
(N. Hughes, Strachan, & Gross, 2013)ch a framework can help engage with
technologicallydriven uncertainty and allow for better management and regulation in
emergingsociotechnical settingf_aurie, Harmon, & Arzuaga, 2012 ngaging with a range

of disciplines allows for a compdnee study of CCS that can help with collective decision

making and help bridge knowledge g#Bgckstrand et al., 2011

Uncertainly is problematic in many respects. It is a problem for policy makers when drafting
policy that deals with energy systems and climate mitigatgnilst is also problematic for
business leaders when seeking to make informed investmeribdefidarkusson et al.,

2011) In dealing with uncertainty, a learnixy-doing process involving smadicale
experiments is often a favoured approach as opposed to making definite ¢Kerogs
Rotmans, & Loorbach, 2007, p. 323he conundrum we encounter heréhigt time is of the
essence, and larggeale CCS projects are now needed to make an impactful contribution to
climate change mitigatiotdncertainties can prove a substantial barrier to technological
developments-or example, th&lorwegiancase offull-scaleCCS project at Mongstad was
subject to repeated delays and overtogi®re being abandongdith disagreements
centeringaroundthe percetions ofuncertainties amongst the different actors involved
(Markusson, Shackley, & Evar, 2012)

Understanding and evaluating uncertainty allows actors who advocate and push for CCS

development to make informed decisions and direct their efforts in a more efficient, effective
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and pragmatic manner. The holistic and interdisciplinary nature of the framework is also
advantageous in this regard. Fragmented frameworks can be counterproductive towards
promotion of new technologies and narrow act
information. This framework tries to encompass a wide range of factors in measuring

uncertainty in a crossomparative manner to help overcome barriers to technological

diffusion. The authors of the framework state thatiiha s s es s ment osfof t he unc.
technological features needs to be seeichnicaland cee v o | u t (Markuasony Kern, et

al., 2012, p. 905)

Some general theoretical concepts that have provided consideration for this paper will now be
outlined. The thesis does not engage directly witheddtred perspectivs, but the following

section should serve to help add context to the stndyrationale for the objective

2.3 Theokrtical considerations

Persistent problems in society are said to require structural societal transforfviatiaien

Bosch & Taanman, 2006) he study of longerm transformativelmnge has become
increasingly relevant in recent years due to heightened awareness of the relationship between
human systems, technological developments and environmental risks. Therefore transition
management with regards to a letegm perspective for movation strategy is vitglGrin,

Rotmans, Schot, Geels, & Loorbach, 20I0ansitions can be defined as lelegm radical

shifts from one socibechnical system to another. They areegolutionary processes that
require muliple changegvolving multiple actorg Grin et al., 2010, pp. 112). Widespread
deployment of CCS technology can be part of such a transition towards a sustainable future.
Sustainability transitions are goal orientated, whitstt offering obvious user benefits with
regards to price and performance in comparison to established techn{@xgest al., 2010,

p. 25) Hereby the difficulties present themselves in transitioning carbon emitting processes
towards utilisation of CCS technology. The Multevel perspective is one systems based
approach that is used to assist with understanding transitions and a tool for {Gagtes

2004) The Niche Management framewd&chot & Geels, 2008% a another, whilst both

view sustainable technologies as having disadvantages that require support to prevent

rejection whilst in developmeiRaven, Kern, Verhees, & Smith, 2016)
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Innovations literature is a limited but emergent area of research which looks towards the roles
of actors and institutiondarkusson, Kern, et al., 2013 chumpeteoutlinedthe crucial role
played by innovatioim economic and social chand®ing a sourcwithin a given economic
system that would disrupt any attained edpuilim (Fagerberg, 2007, p. 2Q)essons from
institutional economics and innovation studies also outline how societies cain knckub

optimal outcome$J. Meadowcroft, 2009)Technological assessment literature has been a
prominent field éstudy for the past four decad@san & Daim, 2008)but the focus has

changed somewhat as recognition foreslution of technology and siety has led to

research into socitechnical system&l'. P. Hughes1986) Technological innovation system
theory has resulted in a large literature designed to inform the policy process by identifying
system weaknessé¥acobsson & Bergek, 201 yhilst technologyspecific policies can also

be seen as necessary to meet the challenged posed by climate(dhaalgsson & Bergek,

2011) Thus, studies of technological development have evolved to recognise the need for the
understanding of many hetgeneous aspects. The considerations for CCS viability therefore

require such a wide and rounded approach.

24 Researclquestions

The overall aim for tis thesis is to assess the viability of lasgmale carbon capture and
storage technology in Norwaya use of asociotechnical frameworkThe research hdseen
designed to be socially useful and improve fundamental understandidgasated by
(Sovacool et al., 2018)hereby a balandeetween ensuring this is probleiniven research as

opposed to merelyedcriptive is attempted.

Exploring he following research questionsll be necessary faachieving the overarching

objective:

How can the frameworke applied tasses€CS viabilityin Norway?
To what extent are these uncertainties prevalent?

How are these uncertainties intelated?

H wNPE

What are the implications faverallNorwegianCCSviability?

3. Methodology and scope limitation

3.1 Research design
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The studymethod for this thesigkes the form of enixed methods approac8tudies using
mixed methods are more difficult to exec(iten, 2014, p. 67)however mch of the research
will incorporateand resemblease studynethodologyusing the guidance offerdxy Yin
(2014) In this contextCCS viability shall be looked at in light of CCS projects within
Norway and the context @iverallNorwegian CCSiability. However, the sape of the
framework and its crosglimensional requirementsesults in the paper not taking a strict
procedurabpproachAt times it may also bear some resemblance to a qualitative meta
analysis, on the basis that this seeks to synthesise existingginidio overall results in order
to draw inference@Miller, Fredericks, & Perino, 2008howeverit is distinguishable in that it
does not employ statistical methods for summarising thdteeDifferent cases are looked at
whereby they provide data useful for contextual analy$ias, they are used more as
instrumentatase example# that they facilitate understanding of the broader concept of
viability, for use in a collective castudy. A collective study beingjaint study of a number
of instrumental casg$take, 2005)Yin (2014)outlines that larger study may call for case
studies tdoe complementary as opposed to providing convergdéineenore a embedded

study in this respect due to the qututs involved in overall analys{8laikie, 2009)

Case stueks helpinquiriesthat investigate a contemporary phenomenon in depth and within
realworld contextwherebythe boundaries between the phenomenon and context are not
clearly eviden(Yin, 2014, pp. 16L7), in this thesis the case being that of CCS viability

within the context of NorwayT his type of method cahelp withtechnically distinctive

situation in which there will be more variables of interest thanplzitets which is certainly

of relevance considering tiseopeof the frameworkBlaikie (2009, p. 39%tates that the

research design refers to the process that links research questions, empirical data and research
conclusions, and the structure bétthesis follows this formafccording toYin (2014) case

study inquiresrely on multiple sources of evidence, with data needing to converge in a
triangular fashionHere numerous uncertainties will be assessed, each with their own specific
indicators, before turning to a brief consideration of the dliwdiages that connect them in

order to reach our conclusion.

To summarise:

1) The project objective is to assess CCS viability in Norway.

2) The hypothesis is that uncertainty inhibits CCS viability.
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3) The proposition is that the interlinkages connecttreepts of key uncertainties.

4) The theoretical framework is use of the sdeichnical framework to assess CCS viability.

Case studies have limitations,thatthe complexity is difficult to represent simply, they are
easily dismissible, and they hadficulty to answer a large range of relevant research
guestiongHodkinson & Hodkinson, 2001Yhese have all been consideredt nonetheless
theyprovide a foundation for analyitgenerakationsof thephenomenoin questionYin

(2014, p. 3emphasies that case study research is one of the most challenging social science
endeavors, thus it is certainly retpected to be a perfect endeavidre research questions

were developed both as exploratory, prevalent questions but also due to the need to pursue
Awhat o and 0 hoW 2014)mTleus, the rfeeditoragsess ungertainty in

relation to how it affects viability determined the choice of methodoldbis process should
therefore allow for a link between the research questions and findings, with the adaptive
nature of the case study allowing for a mixed methodological approach and data whilst still
confirming to structure and rigor of an overarching methodolBigglkinson and Hodkinson
(2001)state that case studies shooddasked from a position of some understanding of the
topic being investigated, thus the theoretical considerations discussed previously have been

used as this foundation.

Theoretical propositions regarding a set of uncertainties has guided the guidingléection

and analysis, as suggestedyig (2014) In trying toassess uncertainties to determine overall
CCSviability in Norway, a case study therefore provides the most fitindcomprehensive
method to cover the design, data collection and approach to anAlgsise stug osgength
comes from its ability to d& with a full variety of evidence and, with the variety of data and
scoperequired by the frameworkhis methodology is therefore advantageous for the
purposes of this thesihis thesis is a more abductive study, as rather than concrete
conclusions thee will more be best assumptions of viability based upon the best
understandings of the relative levels of uncertainty correspondinglimtages.The research
approach shall be predominantly qualitative, due to the more diffuse and open nature of the
study and being less precisely controlled. Quantitative data is used where available or fitting,
butalso wherebyhe overall approach is less defindthrkusson and Chalmers (2013)

outline the need for more qualitative analysis for CCS innovation processes.
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Reliability refers to consistency, whigh difficult to achieve in an approach of this tygfe

study There is even suggestion that traditional views of relatability have no relevance in
gualitative research, perhaps with the need for alternative interpretations of this and validity in
pursing qualitative resear¢Btenbacka, 2001yVhilst steps have been taken to try and
balancenconsistencies an devote equal efforts tilne extent to which each uncertainty is
examined, the very hypothesis thatstare inconsisterto the degreen which they are
uncertainwill evidently geneate inconsistent result§o account for this, a conscious

awareness of the time dedicatedi@andseach assessmentbothresearchdata collectiorand
analysishas sought to bring greater balance and consistéheyuse of multiple sources of
evidence ssists with validity, as well as reliability enhanced via case study protocol.
Replication logic is difficult due to the differing data collectanmd types in accordance with

the indicators, but the same general approach and basis for assessment hissdiElea text

itself has also been written to try and strive for more balance in the data presentation, but of
course data is more significant, accurate and available in certain aspects as opposed to others.
Moss (1994rhallenges the assumption that reliability is essential to sound assessment
practice, in arguing that validity can exist wath reliability, and that it is not always

necessary depending on the cont&kie samdoundationalapproach has been taken towards
data collection and methodology, but inherently the different indicators entail different forms

of examination and the emdsult is not evenly distributed between independent measures.

3.2 Evidencaand data collection

Most of the data used is secondary data or tertiary déigst primary data has been
generated in the form of the intervievidcumentationn the form of policy, reports,
feasibility studiegpublic documentation andedia discourssurroundinghediscussiorhave
been used in conjunctiamith other dataThese were el to corroborate and augment
evidence. Whereby the indicators were suggestive of specific data requirements, the data
collection was attempted as best fitting or alternate means if la¢kamprts and press
releases directly from or commissioned by tr@Wegian government and ministries
agencies such as Gassnova, The Research Council of Norway or CRef®rts fom
intergovernmental organisations such as the IEA, IPCC and GCCSI and also from Norwegian
based NGOs such as ZERENGO networkand Bellom have beemntilised Documentation
and reports fromnvate organisationandconsultancy groups such Bgqunior and
Mutliconsultwhere publicly availableDatabases such as tB€CSI co2re databadd|T
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CCS Project DatabasBEROCO2 CCSlatabasgto namebuta few, have also been sources
for project data and quantiative information such as costs, project capacity and operational
facilities. Documentation published regarding the CLIMIT programme has been used to
gather data of R&D expenditurecomlary and tertiary survey data has been collected from

prior research fosurveys opublic acceptance.

3.3 Literature review

An extensive literature review was conducted as a foundation for this thesis, which was then
refined and focused towards the megsearch questions that are the objective of this study.

The research question should guide the literature review and collection of data and suggest the
type of answers the study can g(8ovacool et al., 2018The stepsaken ardroken down

as follows:

1) A literature review encompassing worldwide CCS development was conducted as the
first step towards #hresearch. The purpose was to establish the state of CCS globally
in order to gain a broad understandingh&ftechnology and its developmental
history. Thisalso allowed for a general, but albeit somewhat ambiguous, overview of
the interrelated fieldsf expertise and research that is applicable to CCS technology.
Insight into required uptake for reconciliation with international climate targets also
served as a basis for understanding its significance as a climate mitigation tool.
Extensive reports biyternationally recognised institutes such as the GCCSI, IEA and

IPCC provided a solid basis for a generalisedrview.

2) The next step entailed a literature review on the subsequent social science literature
surrounding CCS technology. This was dereonline scientific databases and
throughrelevant literature with a specific focus on CG&ny relevant areas such as
papers from the fields of economiesyvironmentengineering and geologio name
but a few were studied in order to understand dhiféering perspectivesrhis helped
illuminate theoretical perspectives and potential avenues for further research. What
soon became apparent was the lack of interdisciplinary resear@noted by
Choptiany, Pelot, and Sherren (2014, p. 449)0 dat e, studies asses
been limited mostly to environmental, social, and economic fields in isolation from
each ot her é | nc CQPassessmmantimethodsehave ncleren the
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comparison of the results across these sigligeipline studies and limited the

possibility of drawing broader conclusi on

3) Upon discussions with the thesis supervisor it was soon apparent that a holistic
analysis of global CCS would lamincredibly ambitious undertaking.herefore the
focus of Norway was chosen due to the following reasons: pragmatism for ease of data
colledion and resource accessdNorwayd eft cited position as a pioneer of CCS
This thus entailed an extensive literature review and database search for CCS research
focused towards Norwegian developmental effdtesy word searches were run in
databases s as Web of Scienc8copus and Google schaol&earch stngs
included keywords and combinations of the following (in both English and Norwegian
wheredistinguishablesuch as: CCS, CCUS, Norway, Gassnova, projects, history,
sequestration, carbon captuvgbility, uncertainty, risk, barriers, obstaclespport,
development, economics, cost, finance, storage, policy, politics, public
acceptance/acceptability, industry, integration, full chain, law, liability, tranSpoet,
Sleipner, Mongstad, Snghvit, Haltédarstaand full scale. This is by no means an
exhaustivdist butshould provide some insight as to how sgesrchwas conducted.
Upon selection of the framework elsearchvas then focused towards each of the key
uncertainties and indicators as outliridthrkusson et al., 2011); Markusson, Kern, et
al. (2012) The framework was selected due to its interdisciplinary and holistic focus
as well as being a developed tool for quantitative and qualitative meffes.
framework provided a good platform to build upon due to it having been drafted based
upon a literature review of social science research on CCS as well as insights from
innovation studies and expert interviewswus, this thesis can be said to replicate the

approach that was employed for the framework design to a large extent.

3.4 Semistructured interviews

3.4.1 Interview objectives

One of the main objectivder this thesihas beemn examination of uncertainsi¢hat may
pose as obstructions to largeale CCS viability within NorwayAssessing CCS viability
requires a broad understanding from various fields of expelniteviews conducted with
key actors and experts withihe field of CCS in Norwayassiseédin this task The interviews

have beemwised to help verify data collection and provide valuable insights as to the most
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prevalent uncertainties surrounding CCS development, whdgtalso provided guidance for
further investigationlnterviewsare commonly found in case study resedith, 2014) As

CCS viability is essentily determined by human decision making and uncertainty
perception, they constitute useful evidentieis study used short case study interviews,
normally of no more than oreurin duration.Tone of the interview, presentation, the asking
of open endedugstions and the choice to record the interviews were all considered as per the
strategy consideratiorsiggested bifarvey (2011)An open admission is that | have no

prior experience of interviewinghuswith hindsight there arinprovements that couldave
been made in questioning and technigBeobing further and directing respondents towards
the research questions may have given more revealing@aehing that has been
recognized is the benefit that could have been derived by increasing the sampte@izg a

time considerations were also a constraint due to the large scope of this project.

3.4.2 Interview methodology

The intervieweesvere all selectedue to their corresponding expertise, experiemsk

knowledge of CCS in Norway hese fall into the category of elite or expert interviews, the
terms often used interchangealilyttig, 2009). Somerequests for interviews were turned

down due to potential interviewees feeling they did not have sufficient understanding of
specific CCS systemsvhilst some interview requests were met with no resp@nsatal of

five interviews were conductedith the approach takesimedat a smallerhigh-quality

sampleas opposed toonductingmany of less practical relevanaad low quality This is not

to say that more interviews would not have been preferable, but the difficabgaohing

high qualityinterviews as well as the time constrajiitave meant that limitations have had to

be acceptedAwareness of the subjective nature of mfiation in responses was also
consideredRichards, 1996)For the purposed this study however, which relies in part

upon understanding of decision makers perceptions, this can alsigoielyused to an
advantageWhilst it is difficult to make general inferences from subjective responses, all the
interviewees are currently bave beemnfluential actors opart of thedecisionmaking

process, thus these may also be somewhat representative decision makers perceive
uncertainty.These interviews served to further understanding, provide suggestions for further
research antb gauge expert perspectives on uncertaistiesoundingCCS development.
Semistructured interviews were chosen to allow for framework themes to be explored and so

as to also best utilise the opportunity for learning based upon the respective expbilse
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they are also suggested as the most suitable for the approach (@ickands, 1996)Yin
(2014)suggests interviews should resemble gdidonversations as opposed to structured
gueries.This also allowed them to discuss topics to which they have extensive knowledge, in

order to gather the more valuable information.

A conscious decision was maitelimit questioning to serve as a gusteas to not direct the
interviewees into too specific responses or so as not to influence the results by alluding to or
pressing for desired outcomé&3pen ended questions were mostly employed, although for
specific details it was necessary to add the siocal closeeended questio(Harvey, 2011)

The irterview guides were tailored to eadspondentiue to differing expertise and areas of
specialist knowledge. There were also concurrent themes and similar lines of questioning in
order to address the thesis objecti/ke framework was also presentedhe interviewees
towards the end of the interview, not at the beginning so as to not risk bias in regponse,
orderto clarify the research ainad gauge their opinion on CCS uncertasilige

interviews were then transcribé@m recordingsTranscribingassisted in providing a

different contexbnceinterviewswerepresented in a written format, whilst this also allowed

for greater reflection of the conteifihe interviewswere then coded into categories, these
being categories of responses related eautincertainties in questiomhus, the theoretical
framework was then applied to the data for analy=isexample responses that mentioned
factorsrelated to the economics or finance of C&%h as costsvere categorized under the

key uncertainty of @nomic and financial viabilitylnevitably datas producedhat is notn

fitting with any of theuncertaintycategories specifically, bir the wider contexis inclusive

of separate elements, which was then used as an indication of aimkages and

relationships

4. Introducing the framework

The framework advocates a mixed methods approach, and this is employed in almost all of
the uncertainty assessmergstematic assessments of this nature, designed to enhance
decisionmaking, require mixed athods in order to analyse different aspects for a holistic
overview(Blaikie, 2009) Overall the approach can be mostly viewed as triangulation in
concurrent use of both quantitative and qualitative data to draw conclusions, however the
process may at times also reflect an embedded approach as one method of analysis may be

chosen for ammdividual indicator that requires supplementation via alternative use in another.
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Making generalisations from qualitative data can be challer{itghie & Lewis, 2003)but

the limited reliability of, and sometimes absent, quantitative dat@@& in many aspects

means this is sometimes a necessity as opposed to a methodological preference. For example
the absence of reliable cost data has resulted in many CCS studiestbaely almost solely

on inferences from cost trends in other technielarkusson, Kern, et al., 201Z)hereis

also little social science literature directly concerned with innovation and technological
development on general C@&arkusson & Chalmer2013) the field of which again

narrows when considering that which is solely focused towards Noiviag. for such a

broad holisticanalysjs | i mi t ed to the scope of a masterod
challenging in many respects due tenaall pool of research for which to draw guidance and
secondary data, thereby some limitations and inconsistencies in the quality of the data have to
be acceptediVhilst balance has been a consideration, even the number of indicators differs
between unceainties, thus the framework itself could be considered to lend itself to closer

examination of certain aspects than opposed to others.

The assessment framework was designed by identifying key uncertainties regarding CCS
development and deployment up u@30. Insights from social science literature on CCS via
a literature review, input from an interdisciplinary project group (geology, engineering, legal
and financial expertise) and consultation with CCS stakehalMenkusson et al., 2011, p.
5746) Thus, the authors were able to identify the uncertainties and suggest methods for

assessment.he important uncertainties are listed as follows:

1) Variety of CCS pathways

2) SafeStorage

3) Scaling up and speed of development and deployment
4) Integration of CCS systems

5) Economic and financial viability

6) Policy, political and regulatory uncertainty

7) Public acceptance

Table 1provides the indicators that can be used for assessment ofcértaumties. These
were validated by the authors via literature and document reviews, stakeholder interviews and
an interdisciplinary research team. These interlinkages are important considerasi@mgy

efforts to reduce a particular uncertainty can haoresequentiagffects upon othershusthe
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complexity surrounding CCS means that thegyresent thenterdependeraaind dynamic

natureof the uncertaintie@Markusson, Kern, et al., 2012, p. 911)

Table 1
Indicators and methods for assessing the uncertainties.

Key uncertainties

Indicators

1. ‘Variety of pathways’
The diversity of technological options represents an uncertainty
for investors and policy makers. Early selection might accelerate
development, but risks locking in weak technologies.

2 ‘Safe storage’
There is uncertainty as to whether geological storage of CO,
will prove safe over long time periods, as well as if and how
the associated risks can be reliably assessed and managed.

3. 'Scaling up and speed of development and deployment’
There is uncertainty about whether and how fast CCS technologies
can be scaled up and developed to maturity.

4. ‘Integration of CCS systems’

It is unclear how CCS systems will be integrated. Integration is a
technical challenge, as well as an issue of organisation and governance.

5. ‘Economic and financial viability’

The future cost and financial risk of implementing CCS are very uncertain.

The economic and financial uncertainty is heavily dependent on policy.

6. ‘Policy, political and regulatory uncertainty’
CCS development is strongly influenced by uncertainties as to political
support, as well as the choice and design of policies and regulations.

7. 'Public acceptance’
Public acceptance may be crucial to CCS development, but is uncertain.
Attitudes to CCS are shaped in social interaction.

— Number of technology variants

— Relative importance of variants for technology developers

— Market share of technology variants

— Extent of lock-in/dominance of particular technology variant

— Availability of storage site data, including agreed robust estimates
of their capacity

— Nature of legal/regulatory framework to share risks/liabilities

— Levels of public awareness/acceptance of risks

— Unit size, capacity and efficiency
— Speed of unit scaling
— Cumulative investment/installed capacity

— Whether full chain integration has been achieved?

— The allocation of responsibility for integration

— Presence, role and importance of ‘system integrator’ firms/actors

— Nature of development, including roles of key actors and the relative
importance of ‘bottom up'/emergent and ‘top down'/directed development

— Costs, including assessment of quality of cost data

— Key financial risks and ‘financeability’

— Role of subsidies, other forms of economic/financial support, and other
sources of finance (shared with uncertainty 6)

— Nature of legal/regulatory framework to share risks/liabilities

— Role of subsidies, other forms of economic/financial support, and other
sources of finance (shared with uncertainty 5)

— Role of other forms of policy support

— Extent of political commitment/legitimacy

— Levels of public awareness/acceptance of risks
— Specific manifestation of public opposition (or support)

Tablel: Indicators and methods for assessing the uncertaintiesMiankusson, Kern, et al. (2012, p. 912)

In the following section the key uncertainties shall be presented in the order corresponding to

that presented in Table 1 above. This should serve to explaimtketainties as developed

by Markusson, Kern, et al. (2012yith additional support from the wider CCS literature. The

indicators for assessing the uncertainties can then be explained as to how they can be applied

methodologically and interpreted for assessment of CCS viabiltpmwvay. Thus,this

section will present the indicators corresponding wiime theoretical considerations and

data sources where relevant.

4.1 Uncertainty 1: Variety of Pathways

With regards to uncertainty 1, variety of pathways, this is necessarpltovers competition

amongst technology variants leaves uncertainty as to which technologies may lwmgout
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term This leaves decisions about which technologies to back as well as the degree of political

and economic suppaid provide(Markusson, Kern, et al., 2012, p. 907

Indicators as per table (MarkussonKern, et al., 2012)

1 Number of technology variants

1 Relative importance of variants for technology developers
1 Market share of technology variants

1 Extent oflock in/dominance of particular technology variant

The number of variants, as well as their prominence, may be useful indicators to help with an
assessment of this uncertaitythoughthe numberof variantswould seemndicative of a
guantitative approach, a more qualitative approach shall be employeteas listing

exercise would onlglarify as to if there are many options or nbihe more options available

to investors and policy makers, perhaps the more likely they are to divert efforts towards
alternatives or even, for want of a better analoggciice a form of spread betting as it were.
Focus, support and funding may all be diverted elsewhere or spread amongst variants. There
is also evidence from the innovation systems tradition that significant value can be attributed
to variety and experimeation at the early developmental stdlylarkusson, Kern, et al.,

2012, p. 907)It also leaves the question as to what the best application for CCS in Norway
actually isand how this might be consideréithe relative importance efariants for

developers should also proeichdication of which CCS technological applications are

prioritisedandincentivisedevelopment.

In the context of Norwegian CCS development, it will be worth consideration of these factors
as CCSwith the technology viewed as havihgmpered opportunits for renewabledEspen

Moe, 2010) There are both positive and negative aspects associated with yaaety&

Pavitt, 1997) On the one hand many options can divide resources and focus, perhaps
generating conflict and stalling the emergef the most optimal technology. In other

words, variety can reduce economic performance by preventing the benefits of economies of
scale. On the other hand, this can create a heathy and competitive market that ensures
decision makers hands are not farckie to lack of alternatives and redsthe risk of lock

in to weaker technologies. The benefits from a process of learning from diydfsitanteau,
2000) Prior projects and historical pathways surrounding CCS in Norway can provide

evidence for which pathways are more prevalent or how uncertainty may have influenced the
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trajectory.Extent of lockin/dominance for a particular variant will also be of significance.

The authors refer to the possibility that policy may select a winner at an early stage, locking it

in to a weaker variant and thus an inferior path depend@taskusson, Kern, et al., 2012, p.

907) Markusson & Haszeldine describe leckas beingicaused by positive f
among different elements of a set@chnical system, as well as resistance to the introduction

of new technol ogy f r(Markussom&Haszeldine,i28Pm 46P6) i nt er e s

Early selection could lock CCS into inferior technologies and leave actors stranded with
uncompetitive assefdlarkusson et al., 2011Lircumstances of increasing returns, or lower

cost per unit, may determine a technological path that is neither most efficient nor predictable,
however, it is worth noting thaiower generation technologies show eventual diminishing
returns, or higher costs per urthur, 1983) Technologyariants with a large market share

are more likely to be more mature, more prominent and attract greater investment. Increased
adoption brings accumulated experience and knowledge that makes technology more effective
over time(Rosenberg, 1982¥hilst the price reductions in solar photovoltaics, or Swaisso

law as it is now commonly referred g&howcasethe effect a learning curve can have on

costs(Swanson, 2006)

4.2 Uncertainty 2: Safe Storage

Storage risk has been a promintgature in CCS research. Questions surrounding as to
whether carbon dioxide may leak out of storage sites, thus posing a local risk to human health
and the environment, as well as on a global scale véatering the atmosphere and

jeopardising climatel@ange goal§Markus®n, Kern, et al., 2012, p. 90 Many state that

concerns over leakage and the ldegn effects of geological storage are also yet to be fully
resoved Johansson, P at waGothézEaheverrN20X2j Queiraseetal., | &
2014; Widdicombe, Blackford, & Spicer, 201@ndsuch concerns are highly dispui@&byd

et al., 2013; Ha@uong & Loisel, 2009; Juanes, Hager, & Herzog, 2012; van der Zwaan &
Gerlagh, 2009)The IEA seems in little doubt h@wer, heralding Sleipner agiama j o r
technology milestone that confirms the feasibility of safe, permanent stora@e iofdeep

sal i ne f @©BAMBEGL6, p.d3)Q@uestions remain as to lotgrm viability of storage
sites(Thomas & Benson, 2015Knowledge over the environmentadsts of potential damage

and potential response caused by leakage is also seemingly a grey area which would benefit
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from further clarity(Lee & Choi, 2018)such as potential harmful effects on marine
ecosystemgRastelli et al., 2016andvegetationAl-Traboulsi et al., 2012)

Indicators as per table MMarkusson, Kern, et al., 2012)

1 Availability of storage site data, including agreed robust estimates of their capacity
1 Nature of legal/regulatory framework to share risk/liabilities

1 Levels of publicawareness/acceptance of risks

Here we can look at these indicators as to what the data shows with regards to Norway. In
addition, it would be prudent to also look towards current data relateskt®Vhilst it may

be somewhat of a rough assessment, askaihd) a least a generalised picture of the likelihood
of COz leakage in current and potential CCS projects is beneficial in this regard. Storage site
data and capacity estimates should provide some quantitative measures for analysis, whilst
gualitative eamination via document analysis and review of research based on public

acceptance and legal/regulatory frameworks will also be employed to give a robust overview.

The nature of legal/regulatory frameworks for sharing risks/liabilities can also be used for
indication. Strong regulation that is favourable to CCS implementation whilst balancing
liability can also help pave the way for development due to helping enttenatractiveness

to both investors and decision makers. Firms may be reluctant to absorb all liability for risk,
whilst the state will want regulation to help ensure sufficient safeguards against complacency
and negligence. Stable regulation that iskaty to see major alterations also helps to provide

a better platform for investment decisions regarding project feasibility. There is also arguably
a need for regulation that can overcome ctomsler activity and harmonise aspects of the

CCS value chai@R. J. Heffron et al., 2018)

The lens in which this is perceived is also crucial for determining acceptability. Olde cou

view this through the lens of economics and climatics as to whether it is based on acceptable
levels ofCO; leakage to still make CCS a viable climate mitigation (eah der Zwaan &
Smekens, 2009nd an economically viable mitigation optiran der Zwaan & Gerlagh,

2009) through the lens of polited and sociological aspects such as transportétipmstad,
Skagestad, Eldrup, & Johnsson, 2046y health risk¢Fogarty & McCally, 2010pr

additionally engneering and legal aspects for regulation and monitq@tgnhouse, Gale, &

Zhou, 2009)
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Public perceptions regarding risk and safety are also factors to take into consideration.
Concernsaamongst the public can lead to backlash and even rejection of new technologies
(Gupta, Fischer, & Frewer, 2012Jhere is some evidence to suggest that Norwegians are less
adverse to opposing CCS on grounds of storage concerns in comparison with other countries
(EASAC, 2013; Karimi & Toikka, 2018)f decision makers are uncertain about public

reaction to CCS projects, then they may be hesitant to proceed and lend support to projects

that could place itsnplementation in jeopardy or damage the reputation of CCS technology.

4.3 Uncertainty 3: Scaling up and speed of development and deployment

Questions can also be asked as to how quickly CCS technology can be scaled up and
developed, as well as retroiiitty to projects with suitability for CCS implementation.
Implementation and the number of projects required varies dependent upon application and
capacity, as well as the efficiency and longevity of selected projects. Due to the ever
decreasing window ofpportunity for meeting climate targets, speed is a necessary
consideration. The lifespan of current and potential CCS projects is also a consideration for
both investment decisions and policy implementation. The pace of CCS development may
also influence dvelopment amongst other climate mitigation technologies or fossil fuel

dependent industries and energy production.

Indicators as per table (Markusson, Kern, et al., 2012)

1 Unit size, capacity and efficiency
1 Speed of unit scaling

1 Cumulative investment/installed capacity

Unit size, @apacity and efficiency can give indications of current maturity as well as set a
benchmark for comparative progress when contrasted with a prior snapshot of previous
project capacityDevelopments outside of Norway alsave a bearing upon this overarching
uncertainty of scaling and speed due to learning andagl effects, as well as historical
analogues providing a reference for technological pathway trajectohie®fficiency of CCS
projects can also indicate technological maturity to assess geweht and scaling
possibilities. Changes in unit size, capacity and efficiency can all indicate progression (or
even perhaps regression) for technological developniibos, we can look at current

capacity of existing CCS projects in Norway, potential cégaf those proposed/in
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development and what bearing existing projects have had on wider CCS development

domestically.

The uncertainty surrounding the speed of CCS development can also prove a barrier towards
wider diffusion of the technology. Theresemething to be said for the benefits derived from

a learning by doing process with regards to new technologies, which can be in the form of
cost reductiongSoderholm & Sundqvist, 209 7spillover effectglrwin & Klenow, 1994)or

earlier deploymentThe industry as a whole can learn lessons from project implementation.
this regard, developers may be reluctant to be the first mover or may be more inclined to
withhold investment until a period in time at whittey are more likely to benefit. There is

also the question of the environmental value of CCS for Norwegian policymakers, in that the
argument could be made that Norway has significantly lower domestic emissions than many
of the other countries currentignvesting in CCS technologthus has less developmental
responsibility Of course, this can also be determined by the choice of lens and as to whether

one looks to emissions on a per capita basis or in a direct comparative perspective.

Cumulative invesnent/installed capacity is yet another indicator to assist with assessment
however, due to the limited portfolio of CCS projeatsl difficulties in obtaining investment
data from private actorshis indicator willnot be examined in isolatiokVhereaghis would
certainly add value to this study, public investmemxplored under uncertainty 6 and some
of the established cost data outlined under uncertaiflaking anysuggested estimation of
cumulative investmemvhilst being unable to verifthis would be misinformativeThe

greater the capacity of accumulated CCS, the more entrenched the technology can become
whilst attracting greater support as its feasibility is recognised and as uncertainties reveal
themselves, with barriers being graduallgndgiished or overcome entirelyhe lack of data

due to a limited number of projectspserhaps indicative in itself of uncertainty, due to many
project proposals and feasibility assessments often reliant on accumulated knowledge for

guidance and projectign

4.4 Uncertainty 4: Integration of CCS systems

Uncertainty can hamper governance and the integration/diffusion of new technologies. In the
context of CCS this entails integrating various competencies, components, processes and

operations into working CCS systemstegration is normally understood a&grofitting the
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system to complement existing technologies and processes, such as to a power plant or
industrial facility (Bielicki, 2009) but here it will also be used to describe diffusion of the
technology in more general terms. For purposes of this thesis, integration will be viewed as
couplingCO: capture, storage and transportatiorhtesfogies into an overall working system.
Enhanced integration can reduce costs and improve efficiency whilst integration between the
host plant, transportation, storage facility and other elements can enhance the business case
and reduce uncertainty footh private and public acto(€CS System Integration Workshop
2012) The omplexity of governance is compounded by the inherent complexity of the
activities involved. The IEA has previously stated thattHear gest <chal |l enge f ¢
deployment is the integration of component technologies into-lErgle demonstration

pr oj @EAL2013, p.5)

Indicators as per table (Markusson, Kern, et al., 2012)

1 Whether ful chain integration has been achie®ed

1 The allocation of responsibility for integration

1T Presence, role and i mportance of fAsystem |
1 Nature of development, including roles of key actors and relative importance of top

down/directed véottom up/emergent development

Integration of CCS systeniscomplex due to incorporation of the technology into a larger
chain of interconnected systems and larger netw@&sS integration is likely to be a much
more straightforward process whereby @rig infrastructure, expertise and industry is
positively disposed towards CCS implementatioraccordance with transitions literature,
sociatechnical regimes are comprised of social groups such as scientists, users, policy makers
and special interest groups. The rules of steathnical regimes account for the stability and
lock-in of societecmical systemgGrin et al., 2010, p. 20Collaboration is required, as well
as effective organisation and governance. Coordination at both the system level and
component levels may differ, and factors such as market orientatiorglsanion,
fragmentation and participation may also affect coordination m@llielskusson et al., 2011,
p. 5747)

Achieving full chain integration indicates that many obletmare likely to have been
overcomeAs systems develop, mutually supportive sets ofirgated elements develop in

tandem whilst in socitechnical systems, other elements such as business models or safety
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regulations are also incorporat@darkusson & Haszeldine, 2009, p. 4626 existing

technological systems are resistant to change aatigmment, then new technologies may

suffer as a result and struggle to develop regardless of performance capabilities. The further
advanced and syhmnised the CCS chain, the increased likelihood that effective

cooperation, competencies and technical aspects are developed. On the contrary, without full
chain integration the probabilityf viability diminishes due to negative impacts upactors

such as learning and costs amongst others.

The allocation of responsibility for integration is another suggested indicator. This can give an
indication as to whether a prominent and significant actor, best suited towards CCS
integration and implaentation|s given corresponding responsibilif.look towards which

actors have a prominent role in CCS systems integration, as well as who is responsible for
management and what this responsibility entails, should assist with such an assessment
Whilst the framework does not distinguish between a key actor and a system integrator actor,
the chosen distinction for purposes of this thesis is that key actors may be those with the
ability to influence CCS development trajectories as opposed to systenaiatedraving the
ability to directly participate in integration itself. For example, politicians are key actors, but

it is Gassnova who is tasked with responsibility for integratimrwegian CCS cases can

help outline as to exactly how integration hasvwusly been managed, the prominence of

the actors involved, as well as highlight the particular obstacles and uncertainties that have
been encountered previouslyoking at @ordination and governance, as well as

heterogeneity of actors, can all provakgpects for use in the assessmehé prospective
Full-scale project also provides indications for how integration is currently being planned in
Norway.Seeing howCCS has been largely utilised in complementing existing infrastructure
and recovery operains, such as with the Snghvit CCS project or TCM Mornfystéll also

shed light on this uncertainty

The presence, role and i mportance of HAsystem
suitable for assessment. Technological development and integradgjoire novel resource

combinations and actors. As outlined®gntu, Corsaro, and Snehota (2Q1Rjs is in part

due to actors having control over resources, but also due to the required combination of

resources being scattered and controlled by different actors. Resource combinations are

therefore needed for complex solutiombe final indicator egarding integration of CCS

systems is that of the nature of developmeeiudingthe roles of key actors and relative
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importance of bottorup emergent and tegpown directed development. T-alown
management mechanisms have increasingly been questiaheetgards to their

effectiveness in generating sustainable solut{@r et al., 201Q)

4.5 Uncertainty 5: Economic and financial viability

Economic and financial viability is a crucial determinate for decision makers when assessing
CCS project feasibility. The economic considerations of CCS are important in impacting the
subsequent diffusion of the technolagyhwasser & Madlener, 2012kconomic viability is
related to a codbenefit outlook but, even in instances where this is positive, its financial
viability may be less when considering investment in other options. They are not mutually
exclusive. Willngness to invest must be present and therefore uncertainty that clouds such
decision making is a hinderance for CCS deployment, as companies will be reluctant to invest
if the economic risks are too grdde Coninck et al., 2009Enhancingeconomic and

financial viability should therefore be an important consideration for policymakiars.

(2017, p. 2) states that the reporting of CCS funding implicitly presumes poor value for
money, even though analysis repeatedly finds that the deptdyh€CS would actually

avoid significant costs in achieving emission reduction targfetbe and Koefoed (201&ee

cost as the main barrier for CCS deployment.

Indicators as per table (Markusson, Kern, et al., 2012)

Costs, intuding assessment of quality of cost data
Key financial risks and “financeability’
Role of subsidies, other forms of economic/financial support, and other sources of

finance (shared with uncertainty 6)

The fact that there is very limited commercial CCS esak very difficult to obtain data and

make sound cost estimates, and indeed, it has been suggested that due to such uncertainty it is
merely speculative and counterproductive to d@Nsuclér, Campbell, & Ruijs, 2008Thee

are also differences in how major decision makers make cost estimations for CCS technology
(E. S. Rubin, 2012)Markusson and Chalmers (2018 some key problems with the need

for immediate cost assessments in light of weak and substantiated data. These are: 1) limited

number of sources contributing to limited supply of data due to CCS being at an early stage,
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2) multiple cost metrics and different approaches, combined withigcaf data, making
comparative assessments difficult, 3) different measures for estimating the same costs and
what costs to include limits comparability, 4) good data being hard to access to due corporate
confidentiality, 5) comparability being constnad by variation across time and space, and
finally 6) lack of estimates regarding the uncertainty in the data itself. Thus, they advocate for
more qualitative analyses to support such assessments. Ideally a-utcl#ecost that

accounts for social,reironmental, economic and political benefits is optimal to maximise its
socioeconomic utilityfKarayannis, Charalampides, & Lakioti, 201¥)am (2017, p. 7) cites
Gorgon, Sleipner and Snghvit, as suggesting that carefujgteal penalties or licencing
conditions relating to emissions can contribute to overcoming the cost of CCS as opposed to
large public subsidies, believing the perception of high cost stemming from estimates for the
power sector and inappropriate compamisorenewables (Irlam, 2017, p. 10). A major issue

is that CCS is not seemingly high on the list of investment priorities (Fridahl, 20¢&all

financial risk and financeability is compounded by such difficulties and uncertainties.

Valuation of carboris also an important incentive for emissions reductions. Weak carbon
pricing has been criticised as threatening CCS deployment in tiiR&uher, 2014 )whilst a

ack of carbon pricing has been cited as reason for a lack of acceleration in CCS
implementation globallyCelia, 2017) Policy options include, but are not limited to, carbon
taxes, emissions trading, tax credits and fieesthemes (fixed fee to compensate for tlggn hi
costs compared to conventional alternatives) and minimum standards (requirement for CCS
on future installations)Budinis et al., 2018)The logic is that a carbon price would

incentivise operators and investors to implement CCS orwigeface paying for emitted

CQe. In addition, with a high enoudbO:; price, it can become more profitable to run a plant
with CCS than a plant without. A price on carbon can help avoid investment uncertainties and
policy inconsistencie@udinis et al., 2018MarkussonKern, et al. (2012%tate that they

foresee carbon pricing as an important element for CCS viability, but that it has thus far been
too low and volatile to justify CCS investmeAtlook towards pricing mechanisms such as

the EU HEnissionsTradingSchene (ETS)and Norwegian carbon tax will provide useful

context for analysis and as to what implications this has for uncertainty,
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4.6 Uncertainty 6: Policy, political and regulatory uncertainty

Many view lack of adequate policy to be a fundamental obstlaatdas hindered the
development CC8éckstrand et al2011; Global CCS Institute, 2018a; IEA, 2016;

Lipponen et al., 2017).ipponen et al. (2017escribe support for CCS as inconsistent and
tumultuous, thus concluding that CCS will not advance without significant public investment
and required support policies. The policy and politissiies surrounding CCS are likely to
have major role determining the road ah@hdR. Meadowcroft & Langhelle, 2009)

Indicators as per table (Markusson, Kern, et al., 2012)

the nature of legal/regulatory framework to share risks/liabilities

Role of subsidies, other forms of economic/financial support, and other sources of
finance (shared with uncertainty 5)

Role of other forms of policy support

Extent of political commitment/legitimacy

Political support is one of the key determinants in facilitating CCS development. The
International Energy Agency (IEA) describes CCS as proven technology, attributing its slow
deployment as being explicitly due to a lack of policy supfga, 2016, p. 13)The Global

CCS institute (GCCSI) also states that it is policy confidence that is needed to sustain
investmen{Global CCS Institute, 2018aLCS is now of key focusd subject to increasing
recognition in international climate policy and mitigation strate(égkstrand et al., 2011

The significant potential and substantial contribution of CCS in meeting climate mitigation
targets cannot be understa{@®d S. Haszeldine, Flude, Johnson, & Scott, 2018; Mac Dowell
et al., 2017)However, many do not see parallels between its increased recognition as a
necessary climate mitigation tool and such representation being reflected in political and
policy supporiLipponen et al., 2017CCS, as with other technologies that are related to
energy and climate change, has inevitably become entangled in political and policy arguments

of great complexity and convoluted in their framidgR. Meadowcroft & Langhelle, 2009)

CCS deployment is said to be lagging behind expectations due to institutional inertia and poor
temporal fit(Karimi, 2017) Integrated policy architecture, with multiple policy phases and
economic instruments, is therefore necessary to sugpeelopment and facilitate fudicale
deploymentKrahé, Heidug, Ward, & Smale, 201¥)irecting policy at identifiable

weaknesses, whilst developing a coherent and-teng policy strategy, can enhance and
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accelerate CCS deployment and implementgtianm Alphen, Hekkert, & Turkenburg, 2009)
Watson, Kern, and Markusson (20H4ate that CCS deployment is shaped by policy due to
both its climate policy rationale and reasw there would be little commercial interest

without strong policy drivers. Other lessons they state can be learned from prior efforts is that
the choice of policy instruments and market structure are also likely to be influential, whilst

too much flexilility in policy making can result in increased uncertainty

The strength of the legal/regulatory framework to deal with risks and liabilities are important
indicators. If there is insufficient clarity within the framework to deal with liability, or if the
framework places a burden upon developers which increases investment risk or complexity,
this can inhibit CCS developmeftiaarKamminga, Roggenkamp, & Woerdman, 2010;

Reins, 2018)Clarity is a fundamental principle for legislation, as ambiguity or vagueness can
jeopardise the gl and political function of the lagWwagner & Cacciaguidiahy, 2008)

Here we can look to analyse findings from within the research surrounding frameworks that
are designed to regulate CCS risk and liability within Norway, whilst also looking at
comparative deelopment and the strength of such frameworks in contrast to other nations

who also harbour strong CCS interests.

With regards to economic and financial support government R&D expenditure will be a
useful indicator for analysisyith a case to be made that perhaps high R&D expenditure is
indicative of wider support to see CCS development reafiBjednshaugen, 2008]t is,

however, worth bearing in mind theome would suggest subsidies alone are perhaps not the
most cost effective methods in meeting mitigation targets and only play a limited role in
promoting R&D for norcarbon technologieuan, Fan, & Zhu, 2013olitical will is hard

to quantify, however economic and financial support is perhaps one of the clearest
indications. Strong political commitment helps to cement CCS on the stateaagdmidt
providing influential supporters of CCS a platform. It imbues investors and operations with
greater confidencthat political will is unlikely to dissipate in the near futuvéhilst R&D
investments do not guarantee innovaiibtytelka & Smith, 2002)they can certainly help
incentivise investment and ensure that the financial risk in developing CCS technology is
more evenly distributed as opposedtdely on the operatoEspen Moe (201Xtates that
amongst highncome countries, when looked at in relation to GDP, Norway has substantially
the highest funding for CCS.
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Exploring Norwegian R&D expenditure and finance for CCS can give us a quantitatave

for which to assess political commitment, whicleas beanalyse throughqualitative

methods. Hereby this should provide an insight into these two aforementioned nsdicato
combination with what we have explored in uncertainty 5 with regards to carbon taxes and
other forms of policy support.he extent of political commitment/legitimacy provides yet
another indicator for evaluation. There is evidence to suggest CGfemafited from greater
political support in Norway than in other countr{@gernshaugen, 200&nd exploring this

will be a useful method for uncertainty assessmeshouldalsohelp give us a means by
which we carview trends to show as to whether this is growing or diminishing. Policy
network structure is also significaintstrengthening pdical commitmentas well as

relations with state actors and strategically important players, as is evidenced by Norwegian
CCS developmenH. E. Nomann, 2017)

Assessing uncertainty surrounding these political and policy factors can be a crucial
determinant for CCS viability as the future deployment will depend on explicit political and
policy choicegMarkusson et al., 2011olicy making is very seldom straightforward, and

any policy enacted with the purpose of promoting CCS can have multifaceted and unintended
consequences, thus it must be carefully consid@hédson et al., 2014) et again it can be
emphasiseds to the benefits of unclouding and assessing uncertainty, in that it can assist
policymakers in making better informed decisions. These benefits are then transferred to the
private sector by providing stability and a platform for technological developwiast

simultaneously inspiring confidence amongst operators and investors.

4.7 Uncertainty 7: Public acceptance

Public acceptance is recognised as an important factor for successful diffusion of new
technologiegHuijts, Molin, & Steg, 2012; Schweizdties, 2008; Wistenhagen, Wolsink, &
Burer, 2007) Indeed, societal controversies have also led to public backlash and rejection in
the pas{Gupta et al., 2012Whilst some would disagree or seek to downplay its
significance, there are many historical examples where negative public perceptions have
resulted in rejection or stalled adoption of technologiesekample Germany, a country

with long standing anthuclear sentiment, began phasing out its nuclear power plants in the
wake of the accident at the Fukushima Daiichi Nuclear Power S{&iaser, 2012)Whilst

it is arguable ato the degree of influence public acceptance has upon technology diffusion, it
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is certainly not to be dismissed. Public acceptance is seen by many as one of the main
challenges CCS must overcome in order to direct favourable political attitudes in tlee futu
(Wennersten, Sun, & Li, 2015)

Indicators as per table (Markusson, Kern, et al., 2012)

1 Levels of public awareness/acceptance of risks

1 Specific manifestation of public opposition @rpport)

In light of this, uncertainty over public acceptability can have negative consequences on
technological development for numerous reasons. Negative perceptions of a technology may
make policy makers reluctant to support its development due tapauklash and could

also make companies more reluctant to invest should it jeopardise feasibility or negatively
impact upon their public image. Knowledge that the public is accepting of CCS technology,
whilst also having confidence that public understagds sufficient so as to lessen the

likelihood that there will be a negative backlash with wider deployment, thus makes

development a more attractive option.

There has previously been much research orientated towards informing the public about CCS,
whereas information is only one element of the vast array of factors that influences
perceptions of CC®/ercelli et al., 2013)Ensuring the objectivityfaontent presented is

also a consideration in this regard and the sources used for presentation to participants. A
guestion of interest, but beyond the scope of this thesis, would be to view not only public
awareness of CCS but also to establish wherpubéc has derived its information with

regards to those individuals having already heard of CCS technMempelli et al. (2013, p.

2) summarises findings for framing effects within the literaterephasisinghat framing is

evident of influencing public views on the technology alongside audience characteristics. It is
a useful exercise to bear in mind and ackmaolge the extent to which these results can truly
represent a consensus view and how they may be subject to change in light of heightened

awareness.

Public engagement with CCS is significant for numerous reasons. From reasons of democratic
governance in considering public views to improving the quality of decision making by
embracing diverse knowledge and fostering trust in experts and deveMffetmarsh et al.,

2019) Awareness of social perceptions can bring additional dimensions to planning and
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implementation of CCS technologi@sursland & Jordal, 2018Few studies actually provide

a definition for what is meant by the term acceptance, however this can be attributed to its
selfexplanatory use in everyday langug§ehumann, 2015, p. 228chumann (2015, p.
223)defines public aceptance of CCSd@passi ve or active approval
large-scale demonstration or the implementation of CCS technologies, which is reflected in

the attitudes and behaviour of individual or complex social actors, and which can be

measureda a certain point in timeo.

Measuring public acceptance is not necessarily straightforward, especially as it is hard to
encapsulate knowledge and views of entire populations in small scale samples. CCS is also a
relatively t echniforaany(Metzet afh 20OFCCE teahnolegy Is also c t
not widely deployedand in many cases not well understood, thus it can be hard to foresee
quite how the public will react to scaling up or projects that may be in close proximity to
communities previously unexposed to CCS technology and storage. An examination of the
literature on public acceptance of CCS technology, particularly research focused on public
acceptability in Norway, should help give an indication of the levels of acceptance and risks.
We can also look towards public reactions towards existing and future C@S8tpyajnd thus

see just as to how public opposition to CCS manifests itself in Norway.

4.8 Interlinkages between uncertainties

None of the uncertainties exist in isolation. The relationships between the uncertainties are
numerous, dynamic and interaament. An overall alteration in one key uncertainty will

affect overall CCS viability and requires consideration outside of itself, for such alterations
will have ramifications that can transmit between the separate aspects. Such relationships can
be beter understood via the identification of ide@rkages, which help identify interactions,
tradeoffs and potential reverberations through the overall construct. 11 are presented by
Markusson, Kern, et al. (2013% having been identified via their analysis, however
undoubtedly many more exist and could be considered. It also prudent to mention that case
specific interlinkages may occur, whilst they are likely to multiply under greater scrutiny and
could be furthebroken apart should a method analysis choose to do so. Therein it is not
possible within the scope of this thesis to make holistic assessments of all the key
uncertainties and intdinkages additionally. Therefore, the first major step in assessing CCS

viability shall be taken, in assessment of key uncertainties. This provides the basis for
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suggested further research, which is more thorough identification and examination-of inter
linkages based upon uncertainty assessment. What is possible is to adgecivée
uncertainties and provide brief considerations for what they entail and how they could be
considered in light of this research. An assessment of CCS viability would also be wholly
inadequate without some form of consideration for these so, whitsicdusion shall be
reached based upon the findings, it is certainly not suggestectmblesive Further

research intassessingheselinter-linkages is the most evident arteabolster the overarching

objective

5. AssessingeyCC3incertaintesin Norway:

In this section the empirical findings will be presented in accordance to the framework, whilst
any deviations from this will be made clear. Before continuing it is also prudent to mention
that, where the framework is more ambiguous as to ex@nination of the indicators

precisely entails, the best effort has been made to interpret this in a rfitiimgethe overall

assessment of the uncertainty in questitiist accouning for availability and clarity of data.

5.1Uncertainty 1: Varietgf pathways

Uncertainty as to which technology will prevail, and as to when exactly this will occur,
proves problematic faa ¢ t decigion makingExamination of this uncertainty in Norway
can provide indications of current pathway selection and patdr@iriers towarddiffusion

of CCStechnology.

5.1.1Number of technology variants

Here abrief insight will be given into technological variants available to decision makers,
which is assumed to focus on technological variants for CCS application and not
technological variants in the wider context of zero emissions technol&g@sding a
comprelensive list of all variants is not the objective hexrgthis would be a rather futile task
for purposes of assessméie need know if the options are numerous or not, as opposed to
an exact numbeiThere are a number dfversetechnological options fa€CS application in
Norwaywithin each component of the CCS chdnstcombustion capture (using amines or
ammonia), precombustion capture or oxfyel combustion are considered the mainghre

groupsfor COz capturethat areconsidered maturneith regards tdull-scale implementation.
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There are also possibilities for chemical looping combustion, solid oxide fuel cells and
hydrogen membrane reactofdie Norwegianinstitutefor Energy Technology (IFE)asbeen
involved intheZero Emission Gas Power Project (ZE®pking at combined power and

hydrogen with carbon captu¢(Berge et al., 'n.d.”, p. 23)

There is then the choice as to whether to develop CCS for applicatiothesitbwer
generatiorindustryor for industrialprocessed~or example, vthin industrya multitude of

options are presented such as cement, iron and steel, ammonia, pulp, oil and gas pescessing
well asbio CCS(BECCS)andcarbon capture and utilisation (CCU3$p take one case

illustration, Yara produces ov&00,000 tonnes aZO: for use in the foodyrade industry

from ammonigBerge et al., 'n.d.”, p. 2630z can also be used fenhanced oil recovery

(EOR), beverage carbonation, wine making, food processing and packaging as well as
pharmaceutical processto list but a few examplesiow bestto transport th€0Oz also

comes into question, such as via ship or pipeline, and as where best @&tarigh regards

to the options availabldhis is certainly not an exhaustive lst any meansyet it helps to
illustratethe variety and complexity of CCS options for actasswell as highlighting the vast
potential of the technologyhis diversity can thus fli@ncertainty for investors and policy
makers as to which options to support, develop and as to the scale of the portfolio and number
of variants to explorelhere can be a risk of locking into a technologyionthat eventually

may proveredundant in tens of efficiency, cost and performance.

5.1.2Relative importance of technology variants for technology developers

NorwegianlargescaleCCS projects have uhhow been developed for applicatiwith

natural gasStatoilwas already removinGO: from the natural gaat Sleipnedue to its high

COz content ofup t09.5%, which requires reductions to 2.5% due to commercial

specificationdR. Andrew Chadwick & Noy, 2015, p. 306t Snghvif gas contains up to 8%

COz and is then treated faonversionnto LNG, with the COz captured in this process then
compressed into a liquid state and transported back to the injecti¢iSsighvit,” "n.d.”)

Thisigas sweeteningo is currently the most cost
(Mazzetti et al., 2014)Thus, the importance of peombustion capture for CCS for

developes on the Norwegian Continental Shislevident not leasfor commercial purposes

in light of the domestic tax on emissiofiie Norwegian oil and gas industry is very focused

towards making production more sustainable whilst this rhetoric is alsoyhpessalent in
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Nor wayo6s wi de(thlen; 2009mdeltisdan §. Rttereng, 201.8FCS can be

seen as a way to balance two seemingly contr@gi@gendaof national energy interests and
COz mitigation(Jo-Kristian S. Rattereng, 2014herefore it is not so surprising that this is the
first development for largecale CCS in NorwayVith regards to power generation, and in
light of Norway’s domestic engy supply being almost completely renewable, there would

seemingly be less importance placed upon-postbustion capture.

The nowabandonegroposals for fullscale CCS atlalten Karsteand Mongstagiteswould
haveall been forpostcombustion application to gdsed power plantsThese proposals
came in the wake of a 20@&rliamentaryote in favour of investment in natural gas
infrastructureanda decision thathe retrofitting of theKarstgpower plant would be
undertakemwith public funding(H. E. Normann, 2017)'he Halten projectauld be viewed
in the context of differing social and private vationsfor CCS devieopment, thus public
actors may place greater importance on technology variants with a high social value in
contrast to the private interesften placing greater value towards profitabi(ifyorvanger,
2007) With all threeprojects there were numerous uncertaintiesthmie is a commofink
betweerall threecancelled projectsn that @l were postcombustion for ga$ired power
generation This maythereforeindicate that theelativeimportance of thigarticularCCS
applicationmay have been less importdot the developers involveds opposed to its
importance for th@olitical goals of the Norwegian Stgi8assnova being the state
established developer to represent the public intefBs) push for CCS in applicgah with
gasfired power was more conceived as a political comprotigeesulted irittle incentive
for industrial actors to develop the technology and bear ¢bgisishaugen & Langhelle,
2009)

Precombustion may itself be more attractteeprivate actors in Norwalpr economic
reasons. One of thaformantsoutlined that traditionally the focus has been on post
combustion at the user sitghich has nevereally succeededrl he reasolis probably dugo
this beinga very complex solution, which requires the usentest large amounts of money
into capture plants on top of what is potentially a stranded. 89u&s,whilst fully supporting
the Fullscale projectEquinor sees preombustion CCS as an easier concept to
commercialisgeas it is more feasible and simp{erterview with Eikaas, 2019Yhe

upcoming Fullscale project is again another attempt atqpostbistion, with support from

private actors including Equindut, beinganother state driven projethis is perhaps



41

indicaive of postcombustion to be a more favorable technology foigttev e r n me nt 6 s

objectivesthan forthose ofprivate actorsat present

One could postulate that,irfternational climate commitmenigere tobecome more

constraining in the future, this could result in a greater drive for CCS development from both
public and private actoiis order to secure the value of petnain resources gbat untapped

fossil fuel reserves are not left as stranded asBegseforethe relative importance of CCS
technologyfor future EOR refining and postombustion may be of heightened concern for
developers in Norwagven if such activies do take place within Norwegian borders
Developing the technology domestically in order to help diffusion for dvosder projects

and for mitigation ofCOz emissions downstream majsoincentivise developmeiaind

heighten the importance of CCS apts Yet this can generate uncertaing investing in a
capitatintensivetechnologyin order to safeguard agairigture unknowns and potential
constraints is a technological and financial rigccording toRgkke (2012)here are four
perspectives that contribute to CCS reasoning in Norway: The power perspective (domestic
power generation), the industrial perspective (developirftntdogy that can be exported),
the Ado goodod perspective (mor al obl igation)

(securing the value of petroleum resources).

5.1.3Market share of technology variants

As previously mentioned, with so few operatiopadjects, it seems of little use to try and

map the market share of CCS technologtionsin Norway.The two currently operational
large scale facilities of Sleipner and Snghvit are both for application with gas sweetshing
has beenliscussed, so withithe context of largecale CCS facilities they currently occupy
the entire markefl'he other way in which this could be interpreted is in terms of competition
between other green technology varia@€S is often talked about in termsoaimpeting for
market share with other green technologidewever, sich comparisons are ned
straightforward in Norway. Increased renewable capacity waoidagnake any meaningful
contributionto domesticCO; abatementduetdor way 6s ener gy mi x being
reliant on hydropoweiVith regards to negative emissions technologies, it has already been
outlined that there are currently alternativedo many industrial processes aside from CCS
technology(Barker et al., 2009; Mazzetti et al., 2014) this regard it is more worthy noting

the relevance of this for consideration as opposed to having any meaningful data to present.
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Thus, whilst CCS could be seas competing for R&D funding or prominenae the
technological agendat is hard tomakecomparison®r view it ascompeing directly for
market share as a mitigation option for domestic emisghnrishis is not to suggest that it is
impossible to dso).Notably, none of the respondents felt that CCS would obstruct

renewable developments when asked.

5.1.4Extent of lockn/dominance of particular technology development

A lack of knowledge and uncertainty regarding other prineipagation options have been
identified as gotential barrier for CC8Curry et al., 2005)but it would seem Norway has
already identified CCS as its primary focus in this regendl thus this uncertainty is not
regarded as prevalerithere is also a gat deal of literature that discusses the potential for
CCS to compete witbther power generatidechnologiesparticularlyregards tonvestment
(Espen Moe, 2012; Rohlfs & Madlener, 2013; Jennie C. Stephensi&,204.0; Torvanger
& Meadowcroft, 2011)Again, withCCS for gas fired powerplants now seemingly on the
backburner for the time being, it seems the prospects for CCS to compete directly with
renewables in the context of power generation is sontelesmof a concern in Norway.
Questions could be asked as to whether CCS absorbs R&D investiaterduld bealirected
towardsdevelopnent ofrenewable technologi€Espen Moe, 2012However as Norway
has a domestic energy mix supply that is almost exclusbasdgd upohydropower, with
regards to mitigation strategies renewables have limited scopeakongsignificant
contributiors to domesticCO; reductions.With regards to industrial emissions however, this
makes CCS for industrial application an important mitigation tool dtieete being nother

present alternatives for many industrial processes.

Markusson, Kern, et al. (2018utline thatechnologicakelection can happen through market
competition, expert consensus or policy selectionhe Norwegian context it seems that
combination of all three factors have led to the pathway that has been pursued to date. The
carbon tax introduced by the Norwegian government, along with the commercial
opportunities to implement CC8opntributedto realisation othe Sleipner and Snghivull-

scale CCS projestThe need to removeO: from gas before export, as well as the existing
infrastructure for both injection and storageCdd,, helped CCS proposals come to fruition.
Experts have lobbied and advocated for its introduction, wb@& seema committed

policy optionand selected pathwary light of political cohesiorfTjernshaugen & Langhelle,
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2009) the extent of which should prove evident in the examination of political commitment
with regards to uncertainty 6or the time being at least, CCS seems tedmewhat locked

in with regards to this political cohesion as well as significant expenditure and resources
having been devoted to development thus far. Its development trajectory is certainly more
advanced than any other comparable negative emissidmstegy in Norway and it fits the
conflicting objectives of Norwegiatliimate policy at both the domestic and international
level (Jo-Kristian Straete Rgttereng, 201B)espite this, the lack of larggzale commercial

projects and early developmental stage would suggest that it is not fully {ockeaf yet.

The abundance @O: storage capacity (outlined under uncertainty 2), economic dependence
on petroleum activityaccumulated developmental experieand existing CCS ready
infrastructure would all serve as indications that CC&sislectedechnologicapathway. The

only question marks surrounding the extent of {otlkwould be with regards to

developmental trajectories also being resultant of cumulative development, with the only
existing largescale developments being in the form of-poenbustion CCS tiked to gas
purification. Demonstrations of particular technology variants are often taken as representing
CCS as a whol@Russell, Markusson, & Scott, 2012yt they may entail very different
practicalities or emerge over separate developmental trajectories.operative, the

Norwegian FullscaleCCS project should give a clearer picture of thesti@jry of industrial

CCS in Norway on the back of prior CCS developments and res@dishwould serve as
evidence that, whilst Norway may have selected a CCS developmental pathway, there is

technological diversity at least within the general field of CCS applications and processes.

5.1.5Uncertainty 1 Assessment summary

CCS has clearlpeen chosen as a technological option, but the variety of applications within
CCS technology itself still leaves questi@sstowhich are best suited fonitigation optiors.

Gas sweetening has the most logical enskeffective option but, with 9% of geenhouse

gas emissions occurring downstream when the fuel is combi@Gtegnas, Rosendahl, &
Skjerpen, 2015)this is not necessarily the most effective from the perspective of portfolio
mitigation optionsCCS application for gaBred power plants has been subjected to
cancellations and is no longefrfocus, whichcould be indicative of uncertainties arising

from pathway variety withithe CCSportfolio itself. CCs with gadired power was also very
much a topdown push approach, thttss highlightsdifficulties when therarelittle market
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generated incentives to motivate industrial actG@S is also often viewed as being in direct
competition with renewables, however in consideration of the potential reductions for

N o r w awn@a@nestic emissions, the choice is relatively straightforwatrgresentmost
industrial proces€O. emissions reductions can only be achieved with C3&®ction of

CCS as a pathway is thus resultant of a number of factors and, whilst there is little uncertainty
in the selection of CCS as a mitigation technologp avhole, there may be more

uncertainties in terms of differing CCS application pathways. The technology appears
dominantmitigation technology at presemthich provides a great deal of clarity to public

and private actordut it is not clear from thassessment as to whether it can be considered

fulyil oeiknedd as of yet.

5.2Uncertainty 2: Safe Storage

Safe storage a0z is key to reducing uncertainty for CCS viability. In 2008 tPCC

described the number of CCS projects too limitesetive as a basis for conclusions about the
physical leakage rates and associated uncerta(Megz et al., 2005, p. 48However, it is

worth bearing in mind that there were only three commercial CCS projects as-20@%d

Despite an increase to 18 largeale commercial projects in operation totiayever,

(Global CCS Institute, 2019he number of projects is still rather limited globally. With

Sleipner and Snghvit being two of these, as well as thesEalé CCS project being in
advanced devel opment and Norwayds extensive
it would appear Wrway is better placed than many to begin to draw conclugitaitand,

2019b) Uncetainty is still evidently present however, and thus frameworks for risk and

liability are necessary contingencies.

5.2.1Availability of storage site data, including agreed rough estimates of their capacity

Capacity estimations can vary. Robust estisiétesed upon sufficient data are therefore

necessary to decrease uncertainty surrounding storage, both with regards to capacity and long
term safe storag&lenius et al. (201&dvocate crosdisciplinary collaboration in

conjunctionwith some fom of uncertainty analysis in the face of sparse data, and this helps
outline just how paramount the parameters surrounding uncertainty are in storage estimations.
Zweigel et al. (2018, p. §t at eapaciyastimafies faL O, storage sites are more
uncertain than for hydrocarbon fWhistitiss; t hi s

difficult to give robust estimates of storage site capacity, the level of activity and timespan for
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accumulated data should provide soroafidence that the data for Norway is more concrete
as opposed to other estimates that can be purely speculative. Much of the North Sea has been
geologically mapped due to petroleum explorafi@nthonsen eal., 2013) whilst Norway

has already significant experience with offshore storage.

Bui et al. (2018}ktates thatasearch surrounding storage is progressing ragi#iyik et al.
(2013)state that safe storage is the most important factor in CCS feasibility but use the
example othe Norwegian Johansen Storage Complex Study to outline challenges such as
data availability, size and qualificatiofhere is also uncertainty about when oil and gas fields
will be depleted and become available @, storaggMetz et al., 2005, p. 221 the
Norwegian catext, it seems conflicts with active petroleum exploration have also pushed
CCS projects into unexplored areas, with projects encountering problems with limitations of
data availability (such as low well density or lack of seismic data) that make id=mtify
storage somewhat challengi(®®ervik, Eggen, Carpenter, & Christensen, 20I8kre is also

a minimum 410 year process from site identification until saline formations are mature
enough to qualify foCO. storage(IEA, 2013, p. 17; Tangen, Lindeberg, Ngttvedt, & Eggen,
2014) thus this time delay is a consideration for the speed of CCS projects, whilst there is
also a need to speed up this pro¢esarvik et al., 2018)

Norway is seen as having significant experience with regards to stor@g® offshore.

After 20 years of operation, Sleipner has stored 17 million tonn€O{IEA, 2016) whilst
treatment at Sngfit has seen 0.7 million tonnes annually injected and stored since 2008
(Halland,2019b) Offshore storage capacity is significant in Norway and has already been
successfully demonstrated, however it is seemingly more expensive and more complicated
than onshore storag&hogenova et al., 2014Norwegian Petroleum Directorate, 2019b)
Also the capacity for onshore storage is limited in many areas indyomhich makes
offshore storage the only real alternatf®ethonsen et al., 2013; Haugen et al., 20T3)e
Nordic region was previously said to contain 59% of mapped storage capacitypeEand
86% of all offshore capacifAnthonsen et al., 2013, p. 5080f note is thaMichael et al.
(2010) in reviewing projects that stofeO- in saline aquiferl state that the reservoir

properties of Sleipner and Snghvit are unrepresentatively goadjtmbal scale, thus perhaps

3 Geological formations considered as having greatest storage pao{8etigll, 2006)



46

indicating the strength of Norwegian storage capabilifiberefore Norway's storage

capacity has the added benefibeing anattractive option to enable crebsrder

collaboration, particularly in light of limited public support for onshore storage elsewhere in
Europe. With this in mind Norway can strengthen the business case for storage and help

facilitate wider European devgment(Tangen et al., 2014)

The NorwegiarCO; Storage Atlas provides an overview for letlggm storage sites in

estimating storage capacity and efficiency. The atlas is based on data from seismic,
exploration and production wells in combination with production data, and the NPD has
access to all dataom the NCYHalland et al., 2014)The data is derived from 40 years of
petroleum activity and from the Sleipner and Snghvit CCS projectsshbidd therefore

provide for a rather robust and agreeable estimate for decision makers. According to the atlas
there is potentialb store more carbon dioxide on the Norwegian Continental Shelf which,
accordingtothe NPD,B8e qui v al e nt evelof Norwegianctemisseomnst for |

1000 yNoavegamPetroleum Directorate, 20194)is stated that the Norwegian Sea
alone may be able to store 5.5 gigatonneS@f, 100 times that of Nor w.
COz emissions according to the NPD, with the larger Norwegian area of the S&atable to

store around 70 gigatonné&3neof the respondentsico-author of the atlagoutlinedthe

strength of the Norwegian data

ARnThere are very few countries that have acce

valuable. We know allthér v dri |l 1l ed well s, and when it wa:
oil and gas and evaluat e t HrtearviewwithiHaland, can use
2019a)

However only 1.1 Gt of the North Sea and 0.02 Gt of the Barents Sea respectively is currently
determined as suitable flamg-term storage when based upon maturity for effective and safe
storaggHalland et al., 2014, p. 148yhe NorwegiarSea having 0.17Gt based on this
measurgHalland et al., 2014, p. 51)he preliminarily estimates do not necessarilyrgntee

that all estimated storage will be deemed safe and effective. In the Norwegian Sea for

example, capacity of 5.5Gt is determined based upon size and quality, whereas the figure of
0.17Gtarisesfromisi t es t hat have been ofregplggeeydandand e v a
technical criteria to ¢Haklandetal, 2084f pe 18Mtimodghe f f e ct

the piospective capacity would seem substantial and encouraging, this could be indicative of
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some uncertainty as to exactly how much of the estimated capacity will prove safe and
effective. For the prospective Fuicale project, a well will be drilled late 2019 to confirm
the properties of the storage reservag a well is needed for absolute verification for storage

due to the limitations of seismic testifigterview with Halland, 2019a)

5.2.2Nature of legal/regulatory framework to share risihilities

Keating, Middleton, Viswanathan, Stauffer, and Pawar (26pétifically look towards

storage uncertainty as a driver for CCS infrastructure. Uncertain parameters they specify in
subsequent modelling are both geological (such as permeability, porosity) and economic
(including costs for drilling, distribution, pipg and maintenance). They find that cost and
capacity uncertainty of reservoirs has a significant impact on CCS infrastructure, with pursuit
of lowest costs having an impact of spatial deployment. They also find that costs between two
solutions capturinghe same amount €0z can vary by 100% or more. It is worth bearing in
mind that CCS uncertainty is not merely problematic for decision making but can also
determine strategy and deployment in the pursuit of optimal solutions. In Norway the use of
existingoil and gas infrastructure helps with costiuction and experience with development
and extensive mapping helps with capacity uncertainties. This has also helped build
confidence over safety concerns due to existing projects having developed monitdring a

pressure management techniq(riilip Ringrose, 2016)

There are also pblematic uncertainties with regards to lia@lg presening risks that

operators may not be willing to undertakecording toWeber (2018, p. 158}he biggest

legal impediment to CCS projects appears to be that the potential liability is undeotain.
example, liability fordamage caused by storage &t leakage may encounter uncertainty
with regards to time limits for civil claims or administrative liabilities, and as to powers of
public authorities to enforce requirements upon operators in such circumgtdacercroft,
2018) The CCS Directive lacks of clarification over the type of liability and culpability over
CCS project lifetimgWeber, 2018)This is therefore left to common law, and thus there is a
lack d developed case law legislation domestically which, in turn, results in investment and
operational decisions regarding risk being left to theoretical and speculative suppositions.
Nykvist (2013, p. 685¢ites storage as being one of the most problematic and underdeveloped
issues surrounding CCS and attributes this to the ladgodation and prevalence of

uncertainties surrounding liability.
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The directive assumes that Member States will be motivated to particiga® capture and
storage, and thus there are questions as to whether this, in combination with the EU
framework will be enough to facilitate large scale CCS deploynjidaarKamminga et al.,

2010, p. 241)Weber (2018)s also critical, outlining that the European legal framework is

not perceived as having provided sufficient certainty to operators regarding potential liability.
This is with regards to liability susunding both temporal and financial terms, and thus it will

require resolution of omissions and lack of specificity in the directive at Member State level.

AThe directive allows transfer of responsi bi

comptent authorityéwhilst transfer of site r
monitoring and corrective obligations, as well as from any liabilities under the EU ETS and

the environmental liability directive. However, the CCS directive refers to aetuonb

situations where costs incurred by the competent authority are eligible to be reimbursed by

the operator, notably in the cases of wilful deceit, negligence, lack of due diligence or the
provi si on o f(Chawr, 2020, pp.n6é%66J at a o

Whilst one can see the logic behind such legislation in trying to provide a degree of flexibility
yet also a framework for a degree of clarity, it could perhaps be seen as too ambiguous and as
imposing too great a degree of risk and potential liabilitghSincertainty could also

negatively impact codtenefit analysis, particularly if a worsase scenario approach is the
chosen constraint. On the other hand, the state can also be exposed to an operators insolvency
or deficiencies in meeting obligatiortdavercroft (2018, p. 32®)ites the approdcof the

Canadian model in the state of Alberta or the Australian model in the State of Victoria,
whereby operators would make financial contributions throughout a projects operational

phase as a more sensible approach, as opposed to merely at the tpansferf of

responsibility to the state. The lack of uncertainty and need to determine liability on an
individual member state basis could also pose difficulties and reluctance amongst operators in
projects requiring croslsorder CCS operationslorway ha howeverintroduced regulation to
specifically covelCOz storage. Norwegian petroleum law already covers aspects of
hydrocarbon field developments, and this is supplemented by domestic storage regulation
(Ministry of Petroleum and Energy, 201ad the EU directive.

Therearenew international standards to support the commercial deployment oWVEICS

more to comeOmbudstvedt and Jargy (201@)tline that suchtandards may be one of the

e
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last items needed to deploy CCS technologies at a commercal waalstandardisation

helping to bridge gap3.he International Standards Organization (ISO) TC 265 project has

working groups on capture, transportation, storagegaadtification/verification

(International Organization for Standardization, “n.is)goal is tofi p r e mtarnadonal

Standards for the design, construction, operation, environmental planning and management,

risk management, quantification, monitoring and verification, and related activities in the
field (@hbuddtCedtp2019bYhese standardsill bring clarificationif adopted by

Norway and other states. Currenfigticle 18 ofthe EU CCS Directive provides for transfer

of liability to the statefter a monitoring period of 20 yealsjt uncertainty arises from the

need to satisfactory sha@O: to be permanently containettius standardised methods for

monitoring and measuremetdn be seenth el p unl ock the wuncertain
around the transf e (Ombudstvedt &Jarpy, A028yp.5p ost cl osur

The Norwegian Fulkcale CCS project has resulted in Equinor augmenting its governing
documentation to addre€, storage issues. This is the first project covered by recent
Norwegian regulation fo€Oz storage, thus the project is expected to be a leatnyaping

process for how the company can meet requirements and update its documentation if
necessaryZweigel et al., 2018)Thus, thee is not only a need for sufficient legal and

regulatory frameworks, but also industry procedures. Companies with a track record in CCS
development do not necessarily have sufficient procedural guidelines and documents in place
This may beesultant ofhe smallfractionCCStends to contributeowardsthe overall

company portfolidZweigel et al., 2018, p. 3).earning by doing can be viewed as a vital part

of an evolutionary regulatory process.

5.2.3Levels opublicawareness/acceptance of risks

Finally, with regards to levels of public awareness and acceptance of risks, it would seem that
this is less of a barrier to CCS development in Norway than in other comparable cases. Safe
storage of2Oz is seen as being key to public accéyity of CCS (Davis, Landrg, & Wilson,

2019) Public acceptance for offshot®, storage igegardedashigher than for onshore

(Davis & Landrg, 2019, p. 88; Haug & Stigson, 2016; Pietzner et al., 2010; Schumann, 2015)
and ths may be a reason for Norwegian projects such as Sleipner seemingly being readily
acceptedHammond & Shackley, 2010)he risk towards jeopardising human health are also
minimised when compared to onsh@kéetz et al., 2005)Eiken (2019)outlines that the
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Sleipner project, with regards the monitoring process producing 4D seismic images, has

been an influential driver for public and political acceptance of the storage process. The data

from the Sleipner project has also improved data and research, with over 300 scientific papers

as adirect resultAs one of the respondents outlined, leakage is a very low risk if procedures

are followed properlyinterview with Halland, 2019a)

Evidence suggests that there has been no subsequent leakage from Bl@ipyears of
monitoring and storag&yith CO; being safely stored thus f@rts, Chadwick, & Eiken,

2005; R. A. Chadwick, Williams, & Noy2017; Furre, Eiken, Alnes, Vevatne, & Kieger, 2017)
and thatwhilst the probability of leakage is very lomore data is requirei be certain
(Karstens, Ahmed, Bernd& Class, 2017)One considerationouldalso be to consider what
is an acceptable level of leakage, although of course complete prevention should be the
objective.Sleipner and Snghvit storage sites are project€iDidor at least 1000 years
(Bellwald et al., 2018)Perhaps the reason for negative public perceptio@ektorage

elsewhere in Europ@nd need for clear informatiois, as follows:

Al think itdéds very interest i oogcergedabaugoilandt o

gas leakageBut the moment you start talking about putt®@i nt o t he gr ound,

concern of | eakage. The reason why peopl e

t h
[

ar

whol e trapping mechane®udonderstanddt, butif geoplead e x pect

understood how oil and gas are captured in the ground at this moment and this is not leaking
up it wo ul (chterdesv with Rgrtika2019) o

Storage site verificatioalso goes beyonahere technical feasibility, for example a storage
site evaluation study in 20¥6und the Utsira site to have insufiicent capacity due to-well
leakage rislbut additionallylimited area for storage licencinghilst Heimdal was found
feasible but not cosffective(PS Ringrose et al., 2017) would therefore seem promising
based on evidence thus far tharisk of leakage is mote, and this should serve to
strengthen confidence in Norwegian competencies for offshore stitresgeorth noting that
Norway lacks sufficient representative data on CCS percefftoetzner et al., 2011)
however there has seemingly been little public opposition to Norwegian CCS p(bjects
Council of Ministers, 2007)



51

5.2.4 Uncertainty 2Assessment summary

Norway has significant experience@®: storage and related activitjies well as vast
offshorestorage capacity. Thextensivedata for Norwegian capacity estitea alsappears

rather concrete due to 40 years of cumulative petroleum activity, exploration and geological
mapping.The Norwegian Storage Atlas has access to all data on the NCS and thus provides a
comprehensive and robust datafsetdecision makingOperational CCS projects have also
provided experience in offshore reservoir management, research and momitring

evidence of leakage. The locality of storage capacity, being offshore, also helps to alleviate
public concerns and minimises risks to human health. Existing projects have generated no
apparent opposition to storage and have been used as an opporthalsgeopublic

confidence, suggesting perhagusling may provide further opportunities to display

competence and increase acceptability.

Uncertainty can therefore be said to be highly diminished, but it is not completely eradicated.
Norway does have esting regulations and has supplemented these, but there még still
liability uncertaintiesover the longterm The EU Directive still leaves some uncertainty
surrounding site verification monitoring and liability transfer. Should international standards
be implemented and adopted, this could help diminish uncertainty not only within Norway,
but also help with crossorder projects and thus facilitate wider deployment of CCS
technology.There are still some uncertainties to be resolved over site intagdty

gualification, whilst regulation and industry procedures are still part of an evolutionary
learning processl he vast capacity estimates mean that, even if some of these sites were

deemed unsuitable, there should be plenty of storage options remaining

5.3Uncertainty 3: Scaling up and speed of development and deployment

Scaling can mean both the extent and rate of growth for both units and indiWilses,

2009) For widescale deployment of CCS technology, supply chain capacity also needs to be
sufficient to support deploymer key question for decision makers is how to best facilitate
such rapid ugscaling,whether it be through a regulatory approach or perhaps via market
based incentives. An argument can be made that the current limitations surrounding the
number and scale of existing CCS projects, both domestically and globally, may hamper

diffusion and inentives to invest for both private and public actors.
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Chalmers et al. (2013xplore this uncertainty via the comparable cases of combined cycle

gas turbine (CCGT) power plants in the UK and flue gas desulphurisation technology (FDG)

in the US. These technologies were both succdgsichled up. CCGT due to lotigrm

R&D investment taking the technology from the first plant to a competitive power sector
technology within 30 years, then subsequently a variety of factors such as cheap gas, stronger
environmental regulations and thehaological developments. Competition between
manufacturers also resulted in lower costs. In the case of US FDG tbeatrofi the

technology expanded five times over within 30 years, which was driven by a variety of policy
approaches such as performantaadards and emissions tradifighalmers et al., 2013, p.

7673) These cases indicat esizé¢fisatd | Ohaperioachet loe
but a combination of factors that can result in rapid diffusion. The case of the French Nuclear
scale up is worth la@ing in mind however, in that complexity and uncertainties might be

larger than assumed, thus it is possible for costs to increase with accumulated experience
(Grubler, 2010)It is not therefore a given that cost per unit will decrease with increased
scaling, although large systems do often benefit from economies ofRoaly, 2012)

Policy is seen as a tool to help facilitate CCS solutions, both within Norway and Europe, to
help reduce the cost of CCS and previdarning benefittHolmas et al., 2019)

5.3.1Unit size, capacity and efficiency

Herzog (2011kemphasises the need for growing CCS from megaton level to gigaton level to
help combat global climate change and outlines that Norway had two out of only four near
megatorscale CCS projects worldwid the time of publicatigrSleipner ad Snghvit, both
able capture around a combined 1.7@G@. annually, or 1 Mtpa and 0.7 Mtpa respectively
(Global CCS Institute, 2019T here arewrrently 11 projects globally at present with capture
rates at over 1 Mtpa according to the GCCSI co2re datéBdaieal CCS Institute, 2019)
TheFull-scaleCCS project is projected to capture around 0.8 Mtpa by 2023/2024, 400,000
tonnes from both the Norcem and Klemetsrud pléassnova, 2018aJ his will therefore
bri ng No rocapuye @apacityopt@ad.5 Mtpa from largeale CCS facilities, whilst

the smaller scale TCM Mongstad test facility captures betweer00102Mtpa(Global CCS
Institute, 2019)

This would indicate Norway is a significant contributor to worldwide CCS development and

current capacityln Europe there is no other CCS plant currently in operation outside of
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Norway(Holmas etal., 2019) With CCS at Sleipner operational in 1996 and subsequently
the only operational project since befagahvit in 2008onepotentialcriticism could be that
the change in size and capacity of lasgale Norwegian CCS projects has not progressed in
accordancevith thediminishment of severalincertaintiesThus,we can return tprecisely
which uncertainties are proving a barrier toZiGplementation later in our discussion.
Largescale CCS at Mongstad was originally conceived with the intention to scale up to
capture of 2 MtpdShackley & Evar, 20123nd thisfailure can be viewed asavng been a
majorsetbackHowever, thisalso provided opportunities for learnindnilst the tradeoff for

the fullscale CCS projectocusing on industrial CC8&s opposed to familiar application with
gas may be a smaller scaling step for greater learning benefit. Therefore, increased capacity
alone is not necessarian adequate measuwedevelopmental speed, as the benefits of the

learning process and application n@aytweigh pureCOz reduction capacitin the long term

The Halten CCS projeetas initiated by Shell and Statoil and conceived to capture 2.25 Mtpa
from a gasfired power plant from 2011, witBO: to be injected at both Draugen and Heidrun
storage sites in the Norwegian g@arvanger, 2007) The projected costas aound 810

billion NOK, with roughlyhalf going towards both the construction of the plant and CCS
infrastructureHowever feasibility studies raised doubts ove®:. assisted EORwhilst poor
projections over the power plants profitability, combined i high levels of envisaged

public finance required, resulted in the project beingsequently cancelled in 20(MIT,

“n.d.”). Prior to its cancellatioforvanger (2007argued that there was a need fpublic

support for the project due to spillovers in learning that could be gaimethughe social
valuepotentially outweighinghe private valugwhilst also outlining that there is likely to be
underinvestment in technologies by private compadhiesto different measures of valuation.
Hal ten would have been t hGimEDR bfidhdorgMidisayr gest p

of Petroleum and Energy, "n.d)

Karstg would also have enhanded r w £€Dpwrtfolio,having had a proposed capture
capacity of just over 1Mtpa. However many uncertainties such as health, learning benefits,
economiccosts, low regularitandoverallclimate benefit over the plant life cycleere

viewed as unresolved or potentially negafivan analysis bpsmundsen and Emhjellen
(2010) therefore the vak of this is questionahbl&he authors also projectéioht Karstrg

would capture closer to 50% of the proposed 1.05 Mp#s beingdue togasfired plants

only operaing for half of the time compared with the study conducted by the Norwegian
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Resourcesrad Energy Directoratavhich calculatedhe capture rate based over 8,000
hours of uptimewhi ch t he aut hor s uttealst(Osbuadsemd ficompl e
Emhjellen, 2010, p. 6)The irregular operain of the gadired power plansince it was

commissioned would appe#r validatetheir logic (ZERO, "n.d-b).
5.3.2Speed of unit scaling

Building up capacity in supply chains is needed in order to facilitate the scaling of key
technologiegMarkusson, Kern, et al., 2012)ith the Rull-scaleCCS project, a number of
different private actors, with differing competencies, are invol¥é@ project is a

collaboration between actors and the state, represented by the Ministry of Petroleum and
Energy along with Gassnoyelolmas et al., 2019A learning procesaitilising and

developing the skills of numerous Norwegian operaiersnderwaySuccessful development

of full chain CCS could therefore have numerous benefits towards reducing uncertainties in a
number of different aspectfo accelerate large scale deployment, projects need to be chosen
that integrate all parts of the chain, in readiness for commercial opeffdicmel et al.,

2010) The Fultscale project is also projected to have surplus capacity that will be open to
other projects, thus providing opportunity for increased CCS capatgaalinglGassnova,
2019b) Equinors participation in the projewill help to establish an infrastructure whereby it
will be possible to colled€O: at any porttherebygranting the ability to offer to take and
storeCOz from any customer with access to a port. Additionally, there are a lot of companies
who want to captur€0; but have no options for transportation and stofagerview with

Eikaas, 2019)This could provide tremendous opportunities for scaling across wider Europe

and the success of the project could be crucial for wider viability:

il n Nor wa yatlesst fve af thdseardunds before with Karstg and Mongstad being
cancelled, and now if we have a third round and anofihiéiscaledemonstration project is
cancelled, I think we will struggle not just getting CCS to work in Norway but also in Europe.
All of Europe is looking to Norway for leadership and inspiration and experience, and if
Norway is not able to make it, and not depdoiyll-scale demonstration project, why should
any of t KHiterveew Wwite ©rsb@dstvedt, 2019a)

The results of a study by Starset et al. (2019), conducted to look at potential economic gains
based on CCS R&D, in line with IEA and IPCC scenarios, show numbengdits. The
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results show that value creation from large scale CCS deployment substantially outweighs
investments into research. Seven innovation cases that cover the whole value chain were
selected that show various quantitive and qualitative exampledu® creation. There are

several assumptions that the examples were based upon, however. As well as cost reductions,
there are qualitative effects across the cases such as improved storage safety@rat spill
effects, societal and environmental betsefincreased public acceptability, transferable
commercial methods, reduced uncertainties, reduced energy needs and competence building
(Starset et al., 2019)Gassnova lists four categories of valuable outcomes that can be realised
through the Fulscale CCS project:) demonstration effect, Zost reduction effect, 3)

business development effect andid¢ CO. emissions reduction effeat/hilst also envisaging

it to lower risks and subsequently bring down costs that other projects outside of Norway

There is also the need to recognise that most industrial facilitesrita been designed with

CCS in mind and therefore there are obstacles towards retrofitting the techfiagist,

2013; Roddy, 2012Much of the focus andesearch has been geared towards CCS

application for the power sector as opposed to implementation with industrial processes, thus
work is not as advanced and castsmore uncertaitfKuramodi, Ramirez, Turkenburg, &

Faaij, 2012; Roddy, 2012; Roussanaly, 201®Jeed, one of the first studies on the teechno
economic performance @fO; capture from large scale industrial processes was in 1995

(Farla, Hendriks, & Blok, 1995]just a year before the Sleipner project began successful
capture and storage operation in Norwayramochi et al. (2012)ompile a brief overview of

the literature on CCS in the industry and summarise that chemical abs@@ti@apture has

been heavily investaged due to lack of alternatives, despite it being considered less
economical than other applicationshey also outline that the artidiei s one of t he
assess C@xapture options for various industrial processes in detail anddaraprehensive

w a y(Kuramochi et al., 2012, p. 1Q90his would indicate there arelsthany uncertainties
towards scaling up the technology for application in these process industries and the lack of
worldwide cumulative investment and installed capacity would therefore mean Norway is left

to bear the burden for costs of learning withFodé-scaleCCS project.

Ho, Allinson, and Wiley (2011asses€ Oz capture for three Australian industrial emission
sources: iron and steel, oil refineries and cement manufacturing. They conclude iron and steel
may be suited towards early deployment of CCS technology due to moderate cost and

economies of scale, but tHatth cement manufacture and oil refineries require technological
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improvements or financial incentives. Whilst this study is not of course focused on Norway,

its findings are worth consideration for Norwegian industrial CCS outlook. Additionally,

carbon prie increases are viewed as crucial for CCS timeline implementation. WEhlthe

scaleCCS project receiving financial support from the Norwegian government for the

exploration well on the NCS, it would seem that the necessary incentive has been gg in pl

in order toreduce cost uncertainty for teerageoperator{Gassnova, 2018a; Ministry of
Petroleum and Energy, 2019a) Wi t h t hi's project including t&h
full-scale CCS, a significant step towards fulfilmenatdrge-scale industrial CCS

development and fulthain implementation is close to being reali@drvik & Ringrose,

2017)

Nykvist (2013) in drawing quantitative conclusions based natherstudythat employs

CCS Technolog Innovation Systems theariinds that even if CCS is pursdtiere arefour
challengeghat arefound to be 10 times greater than often acknowledggdi ) a -t enf ol d
scaling in size (MW) from pilot plants to that of commercial demonstration, (ii)falden

increase in number of large scale demonstration plants actually being constructed, (iii) a

tenfold increase in available annual funding over the coming 40 years and, (iv) a tenfold
increase in the price p(Nykvistp2013,qpa6B3dhThinstudyi o x i d e
comprised an overview of projects both in the US and Europe, hovweveuld appear

Norway would fare better should the same perspective be applied to a single country case
study. Some of the barriers highlighted for scaling include storage being one of the most
problematic and least developed areas, being subsequeettyp thck of regulation and

uncertainties around liability. However, as we have seen in our examination of uncertainty 2,

Norway is much more advanced in this regard.

Resistance from local governments and communities is said to be a, heowerer aswill

be discussed in uncertainties 6 and 7, there is political cohesion and higher indications of
public acceptability in NorwayOffshore storage is again seen as difficult due to the need for
pipelines and complex permits, but then again, Noresdybits evidence of having existing
infrastructure, advanced expertaedsubstantial storage capacifyhe upcoming fuliscale

CCS projecskeeks to transpo@O: via shipsandNorwayalready haexperience in this
Difficulties are also viewed in the ed for CCS to be retrofitted to coal power plants,
however Norway only has one coal power plant located in Longyearbyen on the Svalbard

archipelagqTagnseth, 2017)With these considerations, it should be safe to say that scaling is
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unlikely to be so chénging in Norway, although accurate assessments of the prospective

size of the challenge are still difficult.

5.3.3 Uncertainty 3: Assessment summary

Norway is evidently a significant contributor to worldwide CCS development and currently
operational global capacity. There have been significant setbacks however to scaling attempts,
with numerous underestimated uncertainties still of prevalence thaeherged as barriers

to subsequently abandoned projects. A question thus emerges as to whether costly projects
justify increased public expenditure due to learning benefits and subsequent value creation
potentialy outweighing the significant investmentsts. The Fullscale CCS project could

prove a significant milestone due to fatain optimisationthe collaboration of numerous

actors and prospective learning benefits in tandem with surplus capacity that may allow for
accelerated future deploymehtowever,the investment decision is still pendimgeasuring
uncertainty is therefore challenging in this regard, as deployment is still at an early stage, and
this challenge is perhaps itself indicative of the uncertainty still preadditionally, there

still much uncertainty over the scaling of industrial C&Smuch of the prior focus has been

on application towards power generation, thus technological improvements may be required

to overcome the difficulties in retrofitting the technoloiyrway beefits from diminished
uncertainties in other key areas, such as acceptability and storage, which should go some way
towards facilitatingnore rapid deployment.he prospective Fulicale project will likely

illuminate uncertainties and provide clearer aadions of theieffects on viabilitypbased upon

the extent of its success.

5.4Uncertainty 4: Integration of CCS systems

fiThe subject of Carbon Capture and Storage (CCS) for power stations running on coal or
natural gas is both important arqmrominent. The application of CCS to other industries
which have large carbon dioxide (GCmissions is equally important but much less

pr omi rfReddy, 2042, p. 459 his is particularly notable in the history surrounding

CCS in Norway. The power sectoecamea source of political controversy in the9l% due

to plans to build natural gas fired power plants into a largely renewable energy mix
(Tjernshaugen & Langhelle, 2009) Wi t h Nor waydéds substanti al
as well as existing expertise with EOR, it is therefore understandel€CS to help and

n
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reduce emissions in this sector would be the first port of Calhbined withpromotion of

the technology by influential actors from existing research prof@égsnshaugen &

Langhelle, 2009)it explains integrabnal focusinto natural gaprojects The Fuliscale CCS
project therefore represents an ambitious departure towards industrial CCS application and
indicates Norwayds desire to broaden its CCS
towards the realisation of fudicale CCS faciligs, such as in the cases of Mongstad and
Karstrg, which highlight that integration in Norway has met with emergent uncertainties and
has not necessarily been straightforward. These failures have also provided opportunities for
learning, as uncertaintieseabetter understood and steps can be taken to mitigate them.
Uncertainties around integration present numerous challenges. Greater clarity around
coordination, planning, experimentation and supply chains can all strengthen possibilities and

opportunities ér diffusion of CCS technology.

5.4.1Whether fulichain integration has been achieved?

Full-chain integration can be an indication that CCS systems have been well embedded and
that the elements of the chain allow for effective operation. Bringindealients of the CCS

chain together in unison is no simple task, and each element entails its own set of challenges
and consideration®©ne of thenformant indicated the complexity of the CCS value chain as

a reason for a lack of implementationith an advantagéeing wherthe use of existing assets
andinfrastructurecanbe utilised (interview with Eikas, 2019)As outlined byTjernshaugen

and Langhelle (2009, p. 12Gjthere is an assumption that CCS represents a technology,
where the reality is that the method requires assembling and integrating different

technologicalcomponents from different established industries

Jakobsen et al. (201@psess nine CCS chain alternatives related to the Norcem Brevik
cement plantwith different choices of capture technologies, transport type and storage all
offering differing costcutting potentials. If all these elements can be successfully integrated
into a working largescalefacility, then the prospects for successtiD. mitigation are

positive. There is also a need to optimise the chain from capture to transpé®and

injection and ensure that sufficient infrastructure and expertise is in(fHadely, 2012)

Prior projects having successfully achieved-@iihin integration would also go some way as
to indicate uncertainties having be#iminished for subsequent CCS projects whilst also

signifying the likelihood of increased learning benefits and developed technical competency.
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The only operationdarge scale projectsSleipner and Snghyiarefull chainwith regards to
they deal with bhseparate elements of capture, transportation and stétagever,all this is
done onsite thus making it a rather more simplistic task than the prospectivedaig

project, which will captur€O; at the point source but then transport via shifhéostorage
sites on the Norwegian Continental Shel§ure 3 below represents an example of a full CCS

chain to provide aisualisation.

Exhaust Flue Gas Oil production
after COr capture (if COR storage)
Ar &
Cleaned flue :
gas with CO, H Co, Cco, CO, Cco,
— : > —
. : capture conditioning transport storage
Cement plant ; T 1 t ¥ ¥

. - 1
.......... LT T L L LT T T P

i ! System boundaries
Waste heat ; - ‘

(If integration) Utilities (Clectricity ]

steam, shipping fuel)

Figure3: Block structure and system boundaries of the considered CCS chains from cement. Taken from
(Jakobsen et al., 2017, p. 525)

Nor wa y 0ednegpsrfoe fplizhain integration appears promising. Storage capabilities are
already well developed, sites have been identified, capacity is evidently no barrier for the
project and those involved in the project with the transportation and storage slamnesady

have experience witBO; transportation, injection and storage. Norway has had significant
learning opportunities with regards to CCS project organisatoirmanagement, as well as
governance and private/public collaboration. The project has also undergone numerous
studiesplanning and feasibility checks and, on the evidence, the prospects of theafall

CCS project being realised in the coming yeaoks to be highly promising. A fully

integrated value chain is seen as a criterion of high importance for a commercial scale project
(Sivertsen et al., 2012)

In the Norwegiarfull-scale projectCO. will be captured at two possible capture sites;
Fortum Olso Varme’s waste-energy facility and Norcem’s cement factory in Brevik
Yara’s ammonia factory at Porsgrunmiladgso been proposd®arvik & Ringrose, 201 7ut
is no longer involved in the projedDne of the respondents outlined that the redsoWara’s
withdrawalwasthat it deemedt not industrially sensible to contingimterview with Rgrvik,

2019) Therewerealsofindingsthat Yara's project had a smaller learning potential in terms
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of optimization and upscaling, in addition to uncertainties concerning the(Mamsty of

Petroleum and Energy, 2018)lany actors, such as Equinor Aker Solutions, ShellEotal,

are involved in the proje¢Duckett, 2018)and thus through publgrivate partnerships

Norway hopes to demonstrate a framework thatpvdlve attractive for both industry and
government. Equnior is also optimistic this may help realise other CCS projects across Europe
and be the st art -border GCB aetwoargEquinor,819)The Preetn cr os s
refinery, one of the large&tO; emitters in Sweden, is also considering connecting to the
Norwegian Fullscale project. Storage 60 captured in Sweden would be shipped to

Norway for storage on the NGSINTEF, 2018) The shift in approach to this development

could be evident of a major learning step from prior projects:

ABoth the country and Equhewholesuppychain t hi nki ng
themsel ves. I think thatdés the positive thin
the approach and understand that they have to develop a supply chain and encourage
competition. Which I think was one of the main barriens t h e Wietegview with n g 0

Kalesi, 2019)

5.4.2Allocation and responsibility for integration

Allocation and responsibility for integration is also an important indicator. The more actors
involved in a project, the more vital it is to ensure cohesion, coordination and utilisation of
different competencies amckpertiseThe Norwegian CCS innovati@ystem has been

d e s c r i anetworkafsactdis interacting under a particular institutional infrastructure
and involved in the development, diffusion,
Carlsson and Stankiewicz (1999 cited byvan Alphenyan Ruijven, Kasa, Hekkert, &
Turkenburg, 2009, p. 44 here are both merits and drawbacks to incorporating more actors
into a CCS chairOn the one handhis canutilise specialist knowledge, resources and
expertise orientated towards specific responsibilities as well as provide avenues for potential
support and greater unithrawbacks can include increased complexity, cooperative/cohesion
difficulties, fragmented struate and difficulties for project management/coordination. Actors
may also be more exposed to risk should another fail to uphold their obligdtenkarning
process is also likely to be beneficial as numerous actors have the opportunity to develop
skills, experience and competencies towards CCS project implementation and development.
The Norwegian FulscaleCCS project has been specifically designed as a learning

opportunity and with the intent to further develop competencies and infrastructurdsdt @ a
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demonstration project to outline that CCS can be implemented technically, regulatory and
commercially that is intended to allow further business development for future projects
(Gassnova, 2019dyortum Olso Varme's participation at one stage looked in jeopardy as it
was deemed to have greater implementation risks related to the length of the ppélice,
perception of having emissions of amines close to a city and, notably, concern over the

project management experience in the organis@&hbnisty of Petroleum and Energy, 2018)

The innovation system surrounding CCS can be seen to have developed in accordance to
increased prominence of CCS on the political agenda and through the learning process with
prior project development. Norway has altered the framework feséalle CCS aa result of

prior projects that did not come to fruitig@assnova, 2019c)nstitutional support is evident

in substantial R&D funding, political discourse and the establishment of Gassnova SF.
Gassnova SF has key responsibilities for CCS integration in Norway. A state enterprise, it
was established in 2005 to specificathatl CCS technological development and advises the
government and manages its interé&iseorghe & Muresan, 2011l contributes to CCS
research through the CLIMIT programme and grants financial suppalevetopment and
demonstration. It also operates TCM Mongstad alongside Equinor, Shell and Total whilst
managing and coordinating work on the Norwegian-Bcdlle CCS project. Thus, with

regards to allocation and responsibility of integration, Gassnova pléading role in
Norway and is a prominent fisyst escaleipnojeceitgr at or
is responsible for optimisation of the entire management chain. This means there is a clearer
picture for actors and developers, as welladhe government, as to how CCS will be

integrated and as to how it will be managed and governed.

Equinor, Shell and Total form the Northern Lights consortium to handle transportation and
storage. All of these actors have prior experience and knowieitly€CS in Norway via

prior collaboration on TCM Mongstand whilst Equinor and Total are also partners in the
Sleipner and Snghvit projects. The roles of these key actors, already having developed
competencies with regards to transportation, injecticd@fand safe storage, should again
prove indicative of efforts to reduce uncertainty in the project. Many steps involving planning
studies and evaluations have already been undertaken. A feasibility study in July 2016,
concept studies faCL O capture in 207, approval by the Norwegian Parliament of funding in
2018 for subsequent advanced planning studies for both Norcem and FOV. A concept study

for storage has also been completed and an advanced planning study is also underway



62

regarding this, whilst consultaies Atikins and Olso Economics have also conducted reports
into quality assuranc@assnova, 2018bJhus, actors are clearly taking steps to reduce risks
and uncertainties, whilst the presence and
with responsibilities for areas in which they have existing expestieald also help reduce
uncertaintiesln an evaluation and ranking processes for Norwegian CCS, commissioned by
Gassnova, project partners competence and capacity was considered of high importance but
as a critelonthat receives low emphasis in the reviewed proj&itgertsen et al., 2012The
website for the Fulscale project states that dividing the chain is a lesson that has been learnt
from prior CCS projects and thusig ensures partners will not bear risks related to areas
outside of their own responsibiliti¢&assnova, 2019cPwnership ofCO. throughout the

chain is outlined irthe feasibility study for fulscale CCS in NorwayCapture players are

deemed to have ownership©D: until shipping, whilst the state outlines that if therage

operator organises transportation, then responsibility is transferred at this point. At offloading,

ownership will then be transferred to the storage opef@assnova & Gassco, 2016, p. 52)

N
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The presence, role and importance of system integrator actors has evidently proven crucial for
Norwayods efforts tAutors hae adsg beantakord€@h® oppadntunisy tof a r
develop CCS specific competencweBilst utilising existingexperience with related

operations such as storage, transportation, injection and monitdhiggnakes their

continued project participation and input crucial for&i@tegrationS. Haszeldine and

Ghaleigh (2018, p. 2Xtateonelesson from Snghvis that acompetent operatas vital for

initial learnings whilst one experienced in deep subsurface problems adds greatly to resilience
and remedial choiceQneinformantoutlined tle needfor a set of actors who can bring

divided industries together, which igyaal of the Fullscale projec(interview with Eikaas,

2019)

However, cohesion is important. Theokstad case provides an interesting example of the
difficulties of public driven management and discontinuity that can arise in the face of
uncertainties. Differing assessments amongst actors over the scale of uncertainties led to
numerous project delaysd eventual abandonment of Fstlale CCShackley & Evar,

2012) The State Auditor and a parliamentary committee concluded that the project was

mismanaged, whilst participants defended it on the basis that important technological
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advances had been mahaarstad & Rusten, 2018ellona responded negatively to the
Mongstad delays, with Erlend Fjgsna believing Statoil had creategcessary uncertainty

about an isge that both researchers and suppliers deemed mana@&adiiansen & Digges,
2010) However, a 2008 TCM impact assessment outlined that there were a number of
uncertainties remaining, whilst Statoil and Gassnova outlined that revised cost estimates and
delays de to knowledge gaps, particularly with regards to health concerns surrounding amine
degradatior{Shackley & Evar, 2012, p. 17.8tatoil has been described as having a
precautionarypproach that introduced more uncertainty into the TCM project, resulting in

higher costs and longer construction timefrgMarkusson, Shackley, et al., 2012 1,83)

What is clear from thease oMongstad is thatvhilst uncertainties themselves may prove
barriers to integratiorgctorsperceived exposure to riskalsoan obstaclewhether this be

financial, safety, feasibility or otherwis€here is evidently potential for differences in the
perceptions of benefits and uncertainties to prove problensdtackley and Evar (2012)

guestion as to whether greater recognition regardirmnsiic uncertainty could have

informed planning at an earlier stage, which outlines the importance of uncertainty
assessment for CCS viability. Such a case may illustrate that there are even uncertainties with
regards to assessing outcomes. Thus, clamy system integration and governance would
seem fundamental to a projectds success. Exp
to actors reputational standing, thus uncertainty with regards risk is not limited to pure
financial considerationsnhovation is inherently uncertajdalonen, 2012)so it is not an

easy balance to be struck with public/private collaborations. This is particularly prevalent

with risk, whereby some actors may be subject to difteabpressures and accountability as

well as potential discontinuities over expectations and desired outcomes. Commitment to the
business case is an important factor to ensure the risk of partners withdrawing astadgter

is minimalisedSivertsen et al., 2012)

Gasshova, as the state established organisation to facilitate CCS development, is a key actor.
Gassnova has the ability to grant funding through th®CT research programme, heading

its secretariaGassnova, 2013jvhich provides it with the tools to help incentivise

development of CCS in prospective projects whereas, if solely left to the market, may fail to
incentivise private developers without public funding. Gassnova also manages the

gover nment O0TEM.Ctiteri& fer ovaners govemance processes related to CCS are

viewed as: 1) ensuring formal communication of owners requirements and decisions, 2)
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providing a sound basis for decisions and 3) proposals for pursuit or discontinuation of a
project, as welas alternative solutionSivertsen et al., 2012, p..@quinor is also an
experienced and key actor with regards to CCS integrationiwdNp and indeed wider
Europe, being the main developer and operator of both the Sleipner and Snghvit CCS
projects. These two projecsethe only CCS projects currently in operation in Europe and
the only ones in the offshore indus{iyorwegian Petrieum Directorate, 2019alquinor has
also had some degree of involvement with every proposeddalé CCS project in Norway,
including the cancelled Karstg, Mongstad and Haten progectthe prospective Fulicale

project. It also has substantiakiources as the largest operator in Norway.

Karimi et al. (2012Qivide CCS stakeholders into four different categories, as per the table
below. Whilst the categorisations of some actors could be discussed and debated, it
nonetheless provides aeful snapshot. It is worth bearing in mind thigdaga from 2012

thus there are some notable omissiandchanges that could be applied in the present
context.NorcemandFortum Oslo Varmaseemsoon to be two major technology usesilst

Yara still may yet become involvedndanother example igar Energi now contributing to

CCS researcfVar energi, 2019)Also notable is that Naturkarft looks less likely to be an
influential CCS stakeholdeafter the shift in focus away from CCS in conjunction with-gas

fired power.Those under the category of technology users are those who have a direct interest
in CCS application and could be considered those who either are, or have potential, to be

integrating actors.

Policy makers Technology Technology Others
producers users
UNFCCC IN Exxonmabil NORAD
EU SINTEF BP Nord Pool
EUETS TCM Total PointCarbon
1IEA BIGCSS Statoil ECON
CSLF CIPR ConnocoPhillips DNV
Norwegian FNI Sasol ZERO
government
NVE NIVA Shell NU
oD IFE Statkraft WWEF
PSA IRIS Vattenfall Greenpeace
Petoro CICERO NorskHydro E3G
[EEN UiB Naturkraft Enova
Norwegian Res. Uio RWE
Council
NTNU DONG
UNIS Gassco
NGI GDF-SUEZ
NGU Aker Solutions

Bellona Gassnova
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Table 2:Subdivision of the basic Norwegian stakeholders into four basic categiales fromKarimi et al.
(2012, p. 25)

5.4.4Nature of developmenincluding roles of key actors and relative importance of bottom
up/emergent and top down/directed development

The FultscaleCCS project could be viewed somewhaaambination of bottomp and
top-down development. Whilst Gassnova, representing the public interest, has overall
responsibility for optimisation, private actors also have to manage their own elements of the
supply chain. A steering group made up of mersbdrom Gassnova and the Ministry of
Energy and Petroleum will oversee the project. This could be described as somewhat
technocratic management and seems indicative of more central innovation planning as
opposed tavia market experimentatiofdaarstad and Rusten (2018 the case study of
Mongstad to outline that interactions between the peteking arena and industrial sector is
challenging as they operate according to different lodiosvanger (2007presented the case
for increased public support for the (since cancelled) Halten CCS project in order tapmake
the shortfall for insufficient profitability for private investors, which also serves to highlight
private/public disconnects in CCS developmémthe feasibility study for theapcoming
Full-scaleproject, the goal for the framework is an emphasiState and industry interests to
coincide as much as possible, whilst the report outlines that the States need for control and
management of the project will depend on the extent of these incentives cointling.
plannedapproach from the State will bleet equal for both capture and storage, but that
adaptions for storage will be needéhssnova & Gassco, 2016, p. 53uitewhat these

adaptions may entail is not made clear however.

COz mitigation is in the public interest and therefore the Governments motivations for CCS
development are cledPrivate operators are likely to want to see returns on investment,
whether inthe form of profits or due to value added in developmental or corporate
responsibility benefitsThe dilemma is that large Norwegian private operatorshase with

the sufficient expertise and resourcegdedo realise CCShustheyneed incentiveto

contributeif theyassesset ur n on i nvestment negatively.
balance these interests, is an evolving process but it would be unlikely to succeed in its CCS
ambitions without harmonisation. With substantial public fundingstate is obviously

going to want to minimise risk and secure a return on its investment with regards to CCS
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diffusion, learning benefits ardO. mitigation. It is therefore logical that some form of-top

down development is used to direct development, 8té approach is one of encouraging

coll aboration as opposed to forcing develope
economic market incentives make CCS investments more bankable investneargscthan

approach seems appropriate. Gassnova igmkx$ as a facilitator and thus can help bridge the

gap between public and private interests that, whilst sharing a common objective, may lead to

actors harbouring differing perceptions of risk, benefits and uncertainties.

There also is the questionthie best approach innovation atethnological integratiari-or

example, in light of the failure to realise fgitale CCS at Mongstallarkusson, 8ackley, et

al. (2012, p. 183advocate a nemcrementalist approach, smaltale trial and error, that they

as havingpeenshown to be more successful in developing new technologies in the face of
significant uncertaintyThey perceive an engloal orientated approach, that relies heavily on
upfront analysis, a dubious approach in light of CCS being an emergent technatagybét

said that there is no ideal model for innovation policy, as innovation activities require

different approache@ odtling & Trippl, 2005) Haarstad and Rusten (201date that the

CCS project at Mongstad emphasises that fbig
considerthe particularities of industrial dynamics and regional conditions. They also

emphasise that governmemtlicy making should consider policy mechanisms on
appropriateness and effectiveness as opposed to being shaped by internal logics. According to
Nykvist (2013) reducing CQemissions with CCS is a political challenge, not a technological
one.However,climate mitigation is also inherently geditiven in light of mitigation targets

and an evedecreasing window for abatement, so it is difficult to see how an approach other
than one that is goal orientated and-tlmvn would work unless the market weoegprovide

the right incentives. The outcome of the Norwegian-BcélleCCS project should eventually
determine as to whether lessons have been learnt and as to whether the right balance has been
struck. Sleipner could be viewed as indicative of bottgrfirm orientated innovation, but

this was also motivated by policy desagl to inciteCO; abatement, whilst cancelled

Norwegian CCS projects are perhaps indicative that the state is a necessary driver. The
continuedcommitment to realising full-scale CCS project and the role of Gassnova would
appear to be pivotdhctorsfor the instigation of the prospective Norwegian Fadale

project.
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5.4.5 Uncertainty 4: Assessment summary

Uncertaintyundoubtedlyremainswith regards taCCS systems integration Norway, but this

has been substantially reduc&tie Norwegian CCS infrastructure seems well prepared for
full-chain integration having developed strong capabilities, aspn@lidingample learning
opportunities for developers provided by prior projects, batttessful and unsuccessful.

There now appears to be a clear project management structure that involves key actors and
utilises their specific competencidde substantial level of planning and due diligence for the
upcoming Fulscale project is indicate of attempts to minimise risk and rectify past failings.
Dividing the CCS chain ensures risks can be isolated to ensure other partners will be not be
affectedshouldan individual elemergxperienceifficulty. Additionally, Norway has

important systemmitegrator actorsvhose continued participation would seem crucial for
future integrational succes9n the other hand, is not only the uncertainties in themselves,

but also perceptions of risk and level of exposure that may prove problematic. Camesion
unity aretherefore crucial, whilst commitment to the business case is important. Effective
governance and project management reduncertainty, although there is no ideal universal
model for innovation. Howevepyior public vs private conflicts of intereanddifferences in
valuationshave arisenA concrete assessment is again challenging, but indications would be

that this uncertainty is gradually diminishing with accumulated learning.

5.5Uncertainty 5: Economiad financial viability

Economic and financial viability is a key determinate to the potential and appeal of CCS
technology. There are a multitude of various consideratod$actors that one could
consider and to do so extensively is beyond the scotresgbaper. However, many of the
prime considerations will be presented here to assess what level of uncertainty for CCS
viability in Norway remains and what steps have been taken to reduce this. Economic
viability alone is also not sufficientinisolatio of ot h e r Actualanglermeatationt i e s :
of CCS, as for other mitigation options, is likely to be lower than economic potential due to
factors such as environmental impacts, risks of leakage and the lack of a clear legal

framework or public acceptac €Metz et al., 2005, p. 12)

5.5.1Costs, including assessment of quality of cost data
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Uncertainties surrounding costs of CCS abound, which in turn contributes to uncertainty
surrounding overall viabilityFitting systems with CCS technology entails additional costs
whichvon Stechow, Watsgrand Praetorius (201byutline as followsfi) the installation of

capture equipment, (i) additionfliel cost required for the capture process, (iii) the

installation of atransport systenfe.g.,pipelinenetwork), and (iv) thetorageof CQ,

including the cost of injection, monitoringbility, and post | osur e sgtveawar dshi p
Stechow et al., 2011, p. 34'Hor example, CCS is estimated to increase costs foraste

energy plants by 17¥%handel, Kwok, Jackson, & Pratson, 2012 via ; Lausselet et al.,.2017)
Indeed, all of these cost aspects entail some degree of uncertainty with CCS still lacking many
large-scale projects that would provide more concletg-termindications. The more

definitive the data for estimation, the lesser the uncertainty in decision making. Learning and
experience curves are often assumed to indicate lower costs with scaling up of technologies
and reduce economic and financial uncertag(tlarkusson, Kern, et al., 2018yt thelack

of data from largescale CCS projects measischassumptions argpeculative Power

generation CCS costs also entail very different considerations than that of CCS from industry
(Roussanaly, 2019 here are also a mber of problems with CCS cost data as discussed in

the introduction of the framewo(Markusson & Chalmers, 2013)hese problems make it

difficult to assess cost data in Norway, with difficulties of access, differing methodologies,

time variations and differing metrics and therefore this assessment is sulogctaio

limitations.

Crucially, the cost of emittingcO; is lower than the cost of implementing C@8d thus

subsidies and government support have been necessary for the NorwegsnaleulCS

project. Industry partners will also receive subsidies of that can amount to 100% of the costs
for capture, transpband storage. Risk has been reduced with the actors negotiating separate
agreements with the state, thus wuncertainty
somewhat alleviateflassnova, 2019cJ he estimated cost (investment cost plus 5 year
operations cost) for fulthain CCS with both Norcem and Fortum Oslo Varme isiwithe

range of 15,3 to 20 billion NOK, or 9,3 billion (Norcem) to 13,8 billion (FOV) for adctkin

with one capture planfKvalitetssikring (KS2) av demonstrasjon av fullskala fangst,

transport og lagring av COZilleggsvurdering fase,2018) In the feasibility study for the
Full-scale CCS project, it is worth noting that there was no uncertainity analysis of costs at
full-chain level, but are based on expectations of costs from each of the individual industrial
partners and the states expected follow up ¢@tssnova & Gassco, 2016, p. 43)
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Steps to eliminate uncertainty over economic and financial liability of the project have been
taken as edenced in the quality assurance report prepared for the Ministry of Petroleum and
Energy and Ministry of Finance. Differential costs uncertainty is acknowledged, with a
mandate that evaluation as to whether uncertainty in cost estimates can be compasetd and
whether the alternatives have different ri§ksalitetssikrng (KS2) av demonstrasjon av
fullskala fangst, transport og lagring av CO2. Rapport fase 1,&9P29, p. 26)According to

the report, industry actors have themselves operated with a narrow range of cost uncertainty.
The authors of the KS2 report suggthat the cost uncertainties associated with large,
complex projects such as the proposedduodile projects in Norway should be higher. In

other words, the report suggests that the industry actors underestimate cost uncertainties.
(Kvalitetssikring (KS2) av demonstrasjon av fullskala fangst, transport og lagring av CO2.
Rapport fase 1 0g,2019, p. 29)Fortum Olso Varme was said to have cost estimates
considerably higher than NorcemYaara, which had led to the government poely

considering as to whether to offer funding for further studies. However, after proving new
information, a new external quality assessment process was annddiacécbnt End

Engineering and Design studiesicertainties and risker the projectreprojected to be

reduced, whilst cost estimatéswi | | reach a hy d@imiety of Pegoleemt o f
and Energy, 2018)he study will provide a detailed review faninvestmentecisionthat

will be ready at the end of August 2019.

It is worth bearing in mind that cost considerations vary based on CCS app layadidimat
thesemay compromise optimisatian terms of maximizing environmental and technological
efficiency. For example, process gas fralmminiumproduction has a lo& Oz concentration

of roughly 1% and is thus generally deemed insufficient for economically ialeapture,
thusMathisen et al. (2014un simulations to sugge®O. concentration of 4% is

recommended. They also find that a capture rate of 55% as opposed to 85% is optimal with
regards to both investment and operational costs, which suggests pure cost considerations are
not necessarily sufficient to induce optimal captufeiehcy. A technicaleconomic

optimum may advocate parti@lO; capture, even though technically capture rates of above
90% are relatively straightforwa(@kagestad et al., 2018)he same logic may apply for
full-scale CCS. In their analysis of the Norcem Brevik cement pilcabsen et al. (2017)
indicate that fulscale CCS may not be the most suitable due to the significant capture costs,

regardless of whole chain benefits from economies of scale. There is aks to fied the

c
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optimal relation between fixed operating costs (e.g. investment) and variable operating costs
(F. Namann, Gardarsdéttir, Skagestad, Mathisen, & Johnsson,.2017)

Norwegian CCS project proposals have already experienced issues with costs proving a

barrier to deployment. Full scale CCS proposaldfish theMongstadand Karstg sites were
cancelledor reasons largely attributed towards underestimations of costgatrathers

(Dag Erlend Henriksen & Ombudstvedt, 2017; Karimi et al., 2012; MIT, "'n.hi was

despite expenditure of 1.9 bdl NOK on planning for fulscale CCS on both projects

between 20042 (Riksrevisjonen, 2013 via Normann 2013geing as these were halted after
substaintial funding and a lengthy plannirmggess, it would appear that the projects

enountered more uncertainties than orginially envisa@ethundsen and Emhjellen (2010)

conducted a commerical analysis of the Karstg CCS project, conculding that it would be a
Avery wunprofitable climate measure with poor
USD 1.7billioni n subsi di es, or i n exc@ssgndserf& USD 133
Emhjellen, 2010, p. 7818\ feasibility study also revealed that there were risks in investing

due to unknown future demanahich was uncertain after 202Gassnova SF & Gassco,

2010, p. 9)

A report by the office of the Auditor General of Norway expressed concern with Mongstad as
having operating costs that were too risky and not proportionate with regards to the return on
investment regardinGOz handling(Riksrevisjonen, 2013, p. 117A driver of full-scale CCS

at Mongstad foprivate actordiad beerhe prospect of CCS costs being fully covered by the
authoritieg(Kaarstad, h.d"). The contract negotiated with the government stipulated that

public funds would be used for planning and construction, but with a cost overrun gurantee to
be beared by Statoil. According to a report by the ENGO Network on CCS, the estimate was
thus set higher by Statoil and, with the prospect of cancellation of thecail factility, the

report made recommendations including a renegotiation and competative tender process
(Skriung, 2013b, p. 11Dffical cost estimatefor the fullscale facilitysuggested an

investment outlay of 2@5 billion NOK, whilst the planningrocess costs were no less than

3.2 billion NOK for caputre and 1.6 billion NOK for transport and storage accordihg to
ENGRO Networkreport(Skriung, 2013b, pp. 202). The reportalsodrew comparisons with

other worldwide projectstaing thatfiFor the project to be a facility that paves the way for

CCS, the costs must be reduced to the level of CCS implementation elsewhere, like the
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Boundary dam project in Canada, which is building aifathle CCS project at a cost of
about CAS 0(Skéiundy 201L3b,ip.d.®) O

Whilst early estiamtes in 2006 suggested costzsusmmng tol,2 billion NOK for the TCM

(aside from the 25 billion NOK for the fudicale facility) changes to estimates in 2008 riased
this to 2 billion NOK. In addition, planing and preperation costs towards full scale cature
were estimated to readhb billion NOK. The 2009 government budget suggested to more
than double funding from 0.92 to 1.882 billion NOK, however this was later reduced back 0.9
billion NOK. The total cost estimate increased further to 5.2 billion NOK in 2009 and 6.452
billion NOK in 2011 (Shackley & Evar, 2012)Thus cost uncertainties proved very
problematic in the Mongstad projebioth for the TCM and subsequently cancelledgulile
facility. Uncetainty in other aspects alsarchave negative impacts upon costs, such as
scientific uncertainty in the case of Mongstad leading to project delays and subsequently
higher economic cos{$laarstad & Rusten, 2016; Markusson, Shackley, et al., 20&h&)

Halten CCS project was also cancelled after the project was shown not to be cost effective,
desptire no apparent barriersverdstechnical feasibliltyMIT, “n.d.”; Torvanger, 2007)

552Y88 FAYFYOAIf NA&14E FYR GFAYIyOSIoAtAGRE

It has been suggested that CCS projects rank lowest anprngpectiveprojects on the

Norwegian Continental Shelf with regards tdlwgness on behalf of private companies:

AFrom all the projects we analyze, the CCS p
measured by net present value and internal rate of return. When capital or other input factors

are scarce, oil companies ply net present value indexes to rank projects. The CCS project

also struggle in comparison with petroleum projects on such rankings, both due to higher

capital commitments and lower net present value. In projects with perceived high political

risk, oil canpanies prefer a short payack time for projects. We find that the C@®ject
hasamuchlongerpdyack ti me t han t (Emhjellem & Osomunelserm pr o) e
2013, p. 10)One of the respondents outlined that, with small domestic emissions, it is

difficult to generate a CCS economy in Norw(@yerview with Halland, 2019aHerzog

(2017)outlines that Sleipner and Snghvit hdn&el common financial drivers: the cost of

4 Bounday Dam has cost significantly more, howewccording to Zero it is a $24 billion demonstration
project, with $0.6 billion for CCS and the rest for modernizing the gEERO, 'n.d-a).
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adding CCS being s small percentage of overall costs, the projects still being profitable

despite absorption of the costs and that the projects align with a broader business strategy.

AA private actoro6s main purpose would be to
only to save the world. They are doing that because they have to basically, they have

obligations through the framework, and they have some pressure from the politicthalsa

the social responsibility they have as a major company. But they would not implement CCS if
itdés more financially viable not to do it, a
they find acheaperway of cutting their emissions, theyjwi o f ¢ o u(ntesréewd o t hat .
with Ombudstvedt, 2019a)

With regards to process industries, the question of whether the burden lies upon the producer
or user is also relevant. Operators may seek to recuperate the costs of CCS implementation by
raising the price ogbproducts, thus willingness to pay becomes a consideration. With regards to
Norwegian CCS projects, the outlook looks somewhat positive with the ramifications of the
Full-scale CCS projeciakobsen et al. (2017, p. 53#d that capture would increase the

cost of cement production at the Norcem plant by 70% excluding transport and storage, which
they state would impact the coetjiiveness othecement produced. Thus, they see public
financial support as necessary to overcome this additional cost. Howeerds et al.

(2019, p. 7¥ind that, even if cement pricese by 100% once CCS is fitted in Norway, this
would only result in a 1% increase in the cost for new buildings &% 8or concrete based

road projectsThere may be a willingness to pay for an incremental cost increase if the

product is produced with zeemissions, as arguably such an incremental increase could be
seen as good value for such an environmentally friendly product. One would suspect that the
developers also recognise the value of a carbon neutral product, thus other externalities are
worthy considerations in economic analyslisis could therefore increase the finaciability of

such projects with this added value, although there is insufficientalatakeconcrete

conclusionsat present.

The price ofCOz emissions can be a crucial determinant in CCS investment decisions
(Holmas et al., 2019)The market value 0. emissions needs to be of a sufficient level to
incentivise mitigation and is seemingly insufficient under the E$ &®n Stechow et al.,

2011) The lack of aCOz price to make CCS commercially interesting was highlighted by one

of the respondents to be the main barriersngce ofisk (interview with Kalesi, 2019)The



73

EU ETS isdescribed as not sufficient to trigger rapid CCS diffusindeed, one of the

informant outlined the need to close the cost gap, as current projects will cost far more than
thecurrentETS price(interview with Eikaas, 2019However, state support and instruments

in Norway are seen as giving potential to promoting markets focckmvon solutions and

making CCS attractive in NorwafHolmas et al., 2019, p. 6Jhus, Norway has gone some

way towards rectifying this market failur€here are a number of financing methods, both
technology push and market pull, that can be usatcemtiviseprojects as well as regulatory
and business drivefslerzog, 2017)Subsidies can help with capital costs and expenditure,

but still leave uncertainty regarding project lifecycle c@gtsr Stechow et al., 2011)Vhat

has been suggested is thatrked internalisation combined with increased R&D funding and
robustCO; taxation policies is needed in Norw@¢arimi et al., 2012)The outcome of the
Full-scale project is likely to be large determinate of future uncertainty in this regard. One of
theinformarts outlined that, after its completion, the Norwegian state expect private actors to
find business models without furth&iatecontributionfor closing cost gap@nterview with

Eikaas, 2019)Another outlined that the government has to enable the business d&ed mar
starting, with perhaps a similar regime as has been applied to the offshore industry to

encourage industries to step @upterview with Ombudstvedt, 2019a)

5.5.3Role of subsidies, other forms of economic/financial support, and other sources of finance

(shared wih uncertainty 6)

The EU ETS, | aunched in 2005, is a cap and
trading system. It is designed to incentivise greenhouse gas reductions via the establishment
of a carbon priceCap and trade approaches have beticised for not giving sufficient

incentives to investors of new technologies. The return on investment is still often negative,
despite high carbon prices, due to the high capital costs invBre@nenberg & de Coninck,
2008) The EUETS is said tdnave a limited impact o680, abatement technology, due to the

low carbon price and future carbon market uncertdivty & Zhu, 2014) Low carbon

pricing and price fluctuation adds to uncertainty and serves to hinder CCS development, as
does uncertainty over future EUljmy. Lofgren, Wrake, Hagberg, and Roth (2044¢

critical of theimpact of the EU ETS, stating that in Sweden it has had no significant effect on
firmsd deci sCOamitigating chnologies. Jhey quastion as to whether it

should be reformed, or as to whether other policy instruments should take anmgcreles

Kemp and Pontdg (2011)concur in the EU ETS having had no evidential impact of

t
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innovation.Knopf et al. (2014 pargue that it is likelypolitical factors and regulatory

uncertainty may have played a key role in prior EU ETS carbon price decline, and that
specific policy instruments related to innovation and technology diffusion should be used to
supplement the schent@éroenenikerg and de Coninck (2008je critical of the EU ETS due

to its limited time horizon and shetrtading periods. They recommend complimentary polices

at EU and Member State level to account for its deficiencies and provide greater incentive for
CCs.

Norway has had a carbon tax implemented since 1991, which applies to emissions from oil
and gas production. Statoils decision to test CCS, the Sleipner Project, was credited in part
due to the carbon tgBanet, 2017; Price & McLean, 2014he carbon tax having also

incentivised the Snghvit project in additi@ennie C Stephens, 2006; Zapantis, Townsend, &

Rassool, 2019, p. 11)he rationale is well summarised follows:

Anlf we ventilated it at C&taedffghaores which isvaboutbd ul d h
euro a ton. |l tds beensSo50 tedusr ca fcoormmoetyeo i pad s td eX
have captured it should you release it and pay thetashould you inject it and take the cost

of injecting 1it, but tThheant 6yso ua dpounrbet cAoahvnee rtcoi e
for Sleipnerthat is a positive case. Of course, we also like to store it for environmental
reasons, thatés an addition argument, but th
demonstrates that the higfO2t a x  w(terkiesvavith Eikaas, 2019)

The level of carbon tax versus the cost of injection swayed the aletisstoreCO; as,
according to the GCCSI, the tax penalty @, was US$50/tCO2 at the time, whereas the
cost of injection and storage was US$CT4 (Zapantis et al., 2019, p. 19tatoil has
avoided paying tax on an estimated 1 million tonnes of injg€@dper annum, which is
reputedly cost effectivéGlobal CCS Institute, Baker & McKenzie, WorleyParsons, &
Electric Power Research Institutue, 2009, p. 39)

Norway almost doubled thexaate for offshore oil and gas production from 210 NOK to 410
NOK per ton ofCOz in 2013(Price & McLean, 2014)or 0.96 NOK/Sm3. The 2018 general
rate is around 500 NOK per tonne@®: (Finansdepartaentet, 2018)The 2019 state budget
increases th€0; tax again from 1,06 to 1,08 NOK/SniSamuelsen, 20187 he level of tax

also adjusts depending on the differ€dk levels of the fuel content (heavy oll, light oil and
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natural ga). All participants in a production licence are jointly held responsible for payment
(Banet, 2017)The tax is applidale to burning of petroleum, discharge of natural gas into the

air and discharge to air &fO. separated from petroleum. Therefor€@: is captured or re

used it is not subject to the tax, and for the same reason is not subject to the obligations of the
EU ETS(Banet, 2017)These two regulatory instruments, @, and the ETS, are therefore
applied in Norwegian regulan of the offshore petroleum industry.

Norway joining the EU ETS in 2008 mestihat those required to surrender allowances under
the scheme are exempt from paying the tax with regards to some sectors or products. Sectors
that are at risk of leakage can receive up to all their allowances at no charge, but the
petroleum sector is naflocated free allowances under the EU ETS and must purchase these
from the market. In 2016, the cost of an allowance for emitting one tor®@:afas around

4555 NOK. (Banet, 2017, p. 32)f emissions are subject at the same time@®atax and

an emission quota obligation, they are in principle subject to double regulation. However,
taxationof the petroleum industry has been lessened to account for the price of carbon
emission allowances under the EU EI3obal CCS Institute et al.0P9, p. 38) This is to

avoid double counting of emissions; thus, a reduced tax rate is applied to keep the carbon
price at a reasonable level. The 2012 Kilmameldingen allonS@arttax adjustment if the

price allowances in the EU ETS were to increassyever the methodology for how the

overall carbon price andO: tax rate are calculated remains va@Banet, 2017)Banet

(2017, pp. 3836) suggests that perhaps the series of adjustmecessery to deal with the
overlap raises questions of climate regulation effectiveness, whilst advocating the Norwegian
approach due to the low level of EU allowances. It is argued the Norwegian government
corrects two market failures, 1) social costs ofssions from petroleum activities and 2) the
failure of the ETS market.

Duan et al. (2013find that the implementation of a carbon tax helps to promote CCS

development. It would seem this is evident in the Norwegian case from the origins of the

projects at Snghvit and Sleipner. The carbon tax makes investment more economically viable

and thuscan be seen to reduce uncertainty with regards to expectations over future emissions
pricing in long-term decision making. With the EU ETS seemingly not providing the desired
incentives for investmenti@O;a b at ement technol ogi eeemto Nor way ¢
have had some success domestically in reducing uncertainty in strategic decision making.

Currently the rules do not recognise negative emissions, and thus no economic incentives
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exist in this regard. This issue has been highlighted as a potestialfee@ Norcem and
particularlyKlemetsrud should Norway choose to opt in waste facilities to the EU ETS

(Gassnova & Gassco, 26, p. 53)

A stable carbon price, as opposed to a more flexible scheme, allows for considereirfong
investment decisions. Uncertain future costs and revenues canpdtoff for investors, but
the government 6 s ¢ o mmdentimenarémentabinctedses sincaiksb on t a
implementation, helps to provide a degree of clarity. If the tax continues to increase the rate
onCO, then CCS projects should become increasingly attractive. Carbon price volatility can
be seen to discourage int@ent(Mo, Schleich, & Fan, 2018Fuss, Szolgayova,

Obersteiner, and Gusti (200&jstinguish two types of uncertainty with regards to the
commitmern of government to a climate policy regime: market driven price volatility around

a mean price and bifurcating price trajectories mimicking uncertainty about changing policy
regimes. They find that a producer, facing uncertainty around fGsgoricing, invests into
carbonsaving technology earlier than if the price path was known beforehand. This would
seem at first hand to contradict the need for a stable carbon price path. The reasoning is that
Ai mperfect informati on 0 ths, wilhalse genetatE@ pricasg st oc h
high enough to warrant earlier investment. KnowledgeGiatprices will not decrease

drives investors to act sooner and thus the authors see fluctuations as beneficial for early
investment in this regar@russ et al., 2008, p. 716j prices are known, then investors may

only implement CCS at the specific period in which it becomes worthwhile to do so, thus
delaying investment in such cas&hey also find that policy uncertainty induces the producer
to wait until the government makes further commitment, thus the learning about government
commitment becomes more valuable than investing into mitigation technologies (a real
options effect). Thus, viewing policy uncertainty as more harmful than markettamty. A
government with a consistent commitment to carbon reductions and CCS development, bi
lateral and crosparty support for objectives and cohesive lbaign strategy should therefore
provide a greater degree of clarity and incentives for invastim CCS technology as

opposed to one that gives fewer indications to strong policy commitments.

AnotherNorwegian government mechanism that atg@ntivises petroleum exploratia
the reimbursement system for exploration castsoduced in 2005, the details of which can

be found on the governments webp&jaistry of Petroleum and Energy ("n.d.[f this were
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also applicable to CCS activiti#swould reduce uncertainty for developerigh regards to

the costf establishingstorage site viability:

AwWell, i1itdéds a bit strange the whole funding
exploration well for petroleum, then the company waydti78% back. But when you

have an exploration well fafO;, you doné-t ehamd mHirdebvievhvets mo
Rarvik, 2019)

5.5.4Uncertainty 5: Assessmeatmmary

The lack of largescale projects and thus availability of datils to uncertaintyFitting CCS
entails additional costs and the Norwegikavelopment history indicates that actors may have
underestimated cost uncertainties, a concern that has been raised with regards to the
prospective Fulscale project. Economic considerations can vary based upon CCS
application, whilst a pure cebiased pproach my not result in optimal environmental and
technological efficiency. Issues with cost have evidently proven a major barrier to CCS
deployment in Norway, particularly underestimations, tedFultscale project awaits

investment approval.

Other wncertainties can also have negative implications for costs, as evident in the case of
Mongstad. Absence of profitability negatively impacts willingness to invest, with CCS
projects a low priority for Norwegian private companies. The pricé@fis also a key
determinant, with the EU ETS having evident shortcomiNgs.r w algm@stic carbon tax
has helped incentise investmenbut still requires increases fiarther reduceincertainties
related to the costs of CCBublic subsidies and financarcalso help mitigate uncertainties
and increase viability, but evidently there Angitations. Several project cancellations
attributed largely to an absence of economic viability, despite heavy public financing, are
evident that public financial suppastnot sufficient in isolationUncertainty related to
economic and financial viability seems to be one of the most significant barriers to CCS
development in NorwayRolicy uncertainty is heavily linked to economic uncertainty, but

policy seems the besbol via whichthe most prevalenincertainty can be rectified

5.6 Uncertainty6: Policy, political and regulatory uncertainty
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The GCCSI states the policy environment must achieve four things: 1) A clear aligned
purpose with CCS investment, 23 clear and unambiguous, §ive predictability for
investors regarding future policy andptpvidestability for investors against patial risk
(Global CCS Institute, 2Ba, p. 33)Watson et al. (2014re critical of flexibility in policy

making generating uncertainty.

nOne of the main conclusions of the State Au
of CCS at Mongstad had been underestimated when the original agreement with Statoil was
made, and t hat t hiopportusitiessfar mdnagimg the@roject Wratwet at e 6
are trying to show is that underlying these financial and organizational problems there are

more fundamental disconnections betweenpatie¢yk i ng ar enas and i ndust
(Haarstad & Rusten, 2016, p. 348)

These disconnections, as outlined alyaan also have a significant impact on the
effectiveness of the policy making process. CCS development thus remwieisnanaged
policy network to align actors towards cohesive strategies. The policy network for CCS in
Norway has been strengthenedothgh the compromise reached via CCS deployment at gas
fired plants, evidenced in the resultant spending @billion NOK on the planning of ful

scale CCS at Karstg and Mongstad, and approx. 5 billion NOK on a technology test centre for
CCS at Mongstaddiween 2002012(H. E. Normann, 2017, pp. 8/). H. E. Normann
(2017)also illustrates how CCS is evident of a cohesive policy network conditioned on long
term state interesthus, the sength of the policy network for CCS in Norway also reduces
uncertainty, with CCS advocates having privileged access to the policy process and
strengthening policy protection for the technologlye GCCSI policy indicator assesses nine
policy measures toadive an assessment of each nations palicenghtvith respect to
deployment of CCS. As pé&igure4 below, we can see Norway is by far the best performer

when it comes to the CCS policy indicator score
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Figure4: Comparing 2018 CCS Policy Indicator results and the 2018 Inherent Interest Scores for key countries

Taken from:(Global CCS Institute, 2018a, p. 34)

Norway has increasdt score from 40 in 2015 to 56 in 2018, whilst the GCCSI recognises
Norwayods | ong hi st orspgnedfosugppory @&apantisn Consplipd i
Havercroft, 2018, p. 8)Again, this would support any argument of Norway, at least
comparatively, having a strong polilpamework for CCS. The uncertainty around CCS
development should therefore be somewhat redanddnspire greater confidence for
Norwegian CCS development. Suffice to say that, if one perceives Norway as having

deficiencies in its CCS policy, then thesdidiencies are likely to be exemplified elsewhere.

5.6.1Nature of legal/regulatory framework to share risks/liabilities

Legal uncertaimésarenot merely limited tassues surroundingforage aswas mostly
discussedinder uncertainty.Reins (2018galso places emphasis on the legal/regulatory

uncertainty in askings to whether the Carbon Capture and Storage Directive stifled the

ci es

technology within Europe. The 2009 CCS direc(Mmion, 2009 s t he wor | dbés f i

dedicated piece of CCS legislati@@hiavari, 2010) It makes amendments to prior directives
in order to create incentives for fast rollout of CCS technoldbg. EU Directivedespite
providing a legal framework the development, leaves many barriers and uncertainties that
require raolutionin order to povide companies with proper incentite invest in CCS

(HaanKamminga et al., 2010 he uncertainties in the implementation of the CCS Directive

5Formattersofclaity| the I nherent I nterest Indicator is a relative

deter m
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and the reglatory issuegencountereét Member State level are listed HparKamminga et
al. (2010, pp. 24248). Theseare as follows:

1. Capture ofCOz: The directive does not provide for mandatory CCS, but a legal basis
for CCS as a mitigation option under the ETS. Proposals for mandatory CCS on new
installations might be problematic if emission caps based obitbetive on
integrated pollution prevention and control (IPR@sh with CCS in the ETS system.

2. Transport ofCOz: Transportation is subject to little international regulaind the
directive does not provide uniform standards, thus creating legaltaintgr

3. Storage of2O2: Responsibility for management, maintenance and safety for potential
sites yet to have a CCS licensee needs to be addressed. The United Nations
Convention on the Law of the Sea also prohibits installations being left abandoned,
butthese may be suitable for CCS at a later stage. Liability issues also arise.

4. Third party access: The Directive obligates Member States to guarantee access to
pipeline and storage facilities for potential users. However, Member States may decide
to apply astricter regimenampering crosborder collaboration.

5. Closure/Longterm Stewardship: The competent authority will take on responsibility
20 years postlosure. This transfdrappens onci is satisfied tha€CO: is
permanentlycontainedand a payment hdseen made from the operator, thus there
can be uncertainty surroundititge requirements. Liability uncertaintiexist
regarding damage peslosure, whilst point emitters magekto make use of storage
facilities in other territories should the liabilifsamework be more favourable

elsewhere

It is argued that the CCS Directive was adopted too eaitly regulatory intervention at a
premature stage challenging because of insufficient and conflicting data about the impact of
the technology as well as societal and environmental uncertaiRegss, 2018, pp. 445).

This is what is referred to as the Collingridge dilen(@ellingridge, 1980) The intention to
facilitate rapid roHout of CCS through the creation of financial incentives is deemed a failure
by Reins (2018, p. 57) as, due to low carbon prices and other complications, it did not provide

sufficient incentives for investors.

So, what of these uncertainties in relation to C&Sarway?Norway is not a member of the

EU, but has implemented the directive due to its membership of the European Economic Area
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(R. Heffron et al., 2017, p. L¥allenstvedt (20083tatesi As t he Nor wegi an r ul
written with CCS in mind, they do not solve all the legal questions adequately. There is a need

for further legislation, for example concerning responsibility for leakages, clarification of the

permit system and usage of the territorial sea for CCS not partiofgpét e um a€GSi vi t i e
activities in Norway are largely subject to legislation that is generally applicable to industry
activities anddue toCCS beang many similarities with existing petroleum activities, much

of this legislation is of relevang&Norwegian CCS legislation,” ‘d.”). Whilst there is a

degree of uncertainty that remains with regards to a lack of clarity in the CCS Directive and
fragmented domestic framewoiRag Erlend. Henriksen and de Besche (2@l2)ne that,

as the regime already applies to Norwegian industrial activities on a general basis, its

structure and features should be wealbwn for experienced investorBhey do not view the

regulatory regime as a barrier towards CCS projéctsne respadent outlined:

AfWe do have a r egavdnshought therefmiglat beesoner Kk s o
uncertainty on how to use that framework, and what kind of flexibilities you have and what
kind of leverage you have and the way to do things your way, theumeggainties, but
theydre not (Gntbadstvedt,@i®Pper s. 0

Il rene Rummel hof f, Equinords execubstatatleat vi ce p
Aithe next big tasks are developing technol og
conditions that may stimulate an extensive-ooll t 0 f(EqUINnGrS2017)Legal

frameworks around CCS che seen as continuously evolvifiarston & Moore, 2008)

whilst if the regime is too inflexible this may also generate barriers to diffusion or augment

other uncertainties unintentionally. For example, too restrictivdaggus may make storage

unfeasible if provisions are excessive in the extent to which preventative leakage measures

and safeguards must be implemented, monitored and controlled, or if penalties are
disproportionate so as to make the investment unatteadéspite minimal risks. Common

law can also be understood as an attempt to achieve economic efficiency and must be subject

to changes and development for it to remain efficfntH. Rubin, 1977)

Transportation is a key consideration in{sdlaleCCS developmeniihe CCS Directive
focuses on pipelines connecting major point emitters and storage, and thus other forms of
transportation are notability omitt¢R. Heffron et al., 2017, p. 1L3)Vith the North Sea

viewed as a key area f@QO; storage, transportation by ship is of inciaggelevance. The
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CCS Directive does not specifically address the issue of transboundary transportation, thus
again requiring statutory frameworks at Member State [@vel). Heffron et al., 2018 his

also adds to uncertainty regarding liability €0z lost during transportccording to(R.

Heffron et al., 2017, p. SNorway joins the Netherlands and UK in having the fewest legal
hurdles to overcome for realisation of crdmsderCO: projectsas illustrated by tablg

below.

Table3; Legal assessment overview®®D; transport scenario§aken fromR. Heffron et al. (2017, p. 5)

R. Heffron et al(2017)believe that international agreements will take some time, as

evidenced by the UK Norway Framework Agreementifansboundary hydrocarbon
reservoirs and infrastructure taking 3 years
somewhat clearer than that of the UK for examphorway has CCS legislation in place for

COz transport pipelines and other C&8lated infastructure. Approval must be obtained

under the Petroleum Act for storage@®d, from petroleum activities (including EHR). It

should also be noted that Norway has indicated an interest in international CCS

col | ab dR. Hdeffroroehab, 2017, p. 14)he GCCSI alsassesses national legal and

regulatory frameworks in 55 countries yet does not rank Norway as amongst Band A

countries with highly advanced C&pecificregimesi Cr i t i cal 'y, the sl ugg
and regulatory development continues among nationsindled i n Bands B and
countries there has again been little or no observed improvement to their regimes in the past

12 monthé (Global CCS Institute, 2018a, p. 39he GCCSbutlines that several

uncertainties surrounding the techngladgmain within international agreemeatsd require































































































































































