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ABSTRACT

In global environmental change research, anticipating the implications of-Skeage
environmental changes doncal development is an important endeavour for mitigating and
adapting to difficult challenges. Researchers have usedsealé scenario analysis to anticipate
future changes. Simply put, muficale scenario analysis is used to model cross influeat@edn

factors or drivers operating at different scales, for example, global, regional, and national levels.
To ensure that scenarios are plausible, which is important for policy decisions, scenarios must be
consistent across scales. However, there isustoi to what crosscale consistency means.
Consistent scenasacross scales refets how lower level (e.g., national) scenarios should be
developed considering various development pathways at the global scale that can potentially
influence domesticdee | opment s . Scenari o studies often u
Zur ek and(208/@Ilmking strategi@s. Zurek anidenrichs (2007 categorize different
strategies for linking scenarios across scales. The categorization is based onetselprachich
scenarios developed by different modelling teams are linked. The degvbieh these scenarios

are linked is characterized egquivalentconsistentcoherentcomparable andcomplimentarg

with equivalent as the strongest link, whereas domgntary as a weak or no link. Link strength

is defined by how similar (or different) the scenario elements (logics, drivers, assumptions) are.
Linking scenarios across scales (e.g., global and regional) should aieqoibeaEenbr consistent

across sales; this can be achieved by quantitative downscaling. For scenarios developed in
parallel, the degree to which these scenarios can be viewed as consistent depends on whether the
elements in these scenarios are the same, if not similar. However, adbettig) criterion is
challenging because lower level scenarioay require different scenario elements to be
incorporated irthe scenario development procésthese elements are factors or drivers that are
operating at a more localized scale. Thereforesitaiming the selection of scenario elements for
developing regional or national level scenarios @ympractical.

There are varying degrees of consistency of scenarios across scales much like the concept
proposed by Zurek and Henric{07)that spangrom equivalent to complimentary. However,
there is a missing 0808 hatrwhat pomtl stiould scenaria $tueliesrbe f r a n
considered inconsistent. This thesis offers-aterpretation on the concept of linking strategies

by identifying the lhreshold for which scenarios can be considered inconsistent. In so doing, |



would argue for the need teinterpret Zurek and Henricf&007)concept of linking strategies to
advance scholarship in mulicale scenario research

This dissertation presertsr i gi n al research by developing
energy futures under the Shared Socioeconomic Pathway (SSP) scenario framework. The SSP
framework is intended to support more detailed analyses of societal change at a more localized
scale; tls framework is described in thematic special issues in Climatic Change and Global
Environmental Change in 2014 and 2017 respectively. The SSPs described in these special issues
are the O6basicb6 gl ob alSSRseuldbé etaboratefdirthep for ddataileel m, 6 e
regional and national analysésO6 Ne i | | et . @he basic 2SP4 pfovide 2 @lbbal)
framing for different socioeconomic and climate change policy developments upt6 ZLGON e i | |
et al., 2014) The Canadian oil and gas sedtderacts directly with global energy markets and is
already playing a key role in driving climate change, both as a high carbon emitter and as a major
exporter of fossil fuels. Given this context, a msltale study provides an understanding of the
broad e r i mplications of g | oechrbohendrggtfahsition mrclesise on  Ceé
versa. According to the requirement set out in the SSP guidancévantRuijven et al., 2014)
extension studies must be | i ordeetdbeconsistert.Mleo k e d 6
scientific community has developed multiple approaches for extending basic &&Psf the
approaches is to 1&pecify the SSP elementBhis extension studinks to the SSP elements by
adding elements necessary for more dedanational and sectoral analyses. Prior to developing
scenarios for Canada, there is a need to identify reles@marioelements. Identifying and
prioritizing scenario el ements are wusually |e
expets or stakeholder opinions. How one expresses which scenario elements are important resides
in individuakd me nt &, Iwhiamarelnetl accessible to others. In contrast, here candidate
scenario elements are gleaned from the existing Canadian energyg &itudies published in 2015
to 2016, which are then subjected to a network analysis. Network statistics can be used to more
objectively identify which scenario elements are key since the method is transparent and data is
accessible for public inspectigbloyd and Schweizer, 2014klements identified as important by
network analysis are then incorporated for msitile scenario analysis. Crasgpact balance
(CIB) analysis(WeimerJehle, 2006)is used to search for scenario configurations that are
consigent across scales. The result of msttale scenario analysis suggests that pathways to

decarbonization in Canada are likely promoted by domestic effort regardless of which global

Vi



development pathways (either carbonized or decarbonized) unfold. Scenaviush the world
remainscarbonizecandCanadalecarbonize and viceversa are internally consistent

I n relation t o (2007)liekng sratedjiesHaeonventiondl befiefor
assumption that global and locenariooutcomes must matcltas oss scal es to be
has emerged in the scenario research comniutitgugh not everyone agreavith this
assumptior{e.g., van Ruijven et al., 2014; Wiek et al., 2013)is assumptiowas tested in this
researchThe result also tells us thaitérnal consistency does not require that the outcomes across
scales should be the same. Due to confusion about what-sas consistency means, there is
the need to perform internal consistency checks in racdtie scenario analysiBhere is also the
need to revise the operational definition of consistency across .sddlesterm scenario
consistency across scales should not be confused with their degree of linkages (i.e., more or fewer
links). Instead, we can ugde consistency definition providedy KCIB: internally logically
consistentNonetheless,iwat may be more useful is to define
be reserved for scenarios that are found to have internal logic préoke@sarios that, for good

reasons, would be dismissedimplausible
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Chapter 1: Introduction

1.1 Introduction
Holistic understanding of global environmental change and its profound influences on
socioeconomic and soetechnicalsystemsat multiple scales (i.e., global, regional, national, and
subnational) will be key in addressing international and domestiggnelicy questiongGeels
et al., 2016) Decisionmakers (e.g., policymakers, stakeholders) will require information about
how such a multscale system could unfold in the fut@revhat the anticipated impacts would be
due to global climate change, what preventive measures could be adoptedaddignestidhow
much influence global developments would have on the national energy system. One of the useful
tools to answer these questions is msitale scenario analysjdlcamo, 2008; Metzger et al.,
2005; Scholes et al., 2013)ulti-scale scenargare the portrayals of future conditions at different
scales (e.g. global, regional, national) that are intera¢Ahgamo, 2008) However, scenarios
should depicplausiblefutures in order tgupport decision making as well as obtairstakeholder
buy-in (Bishop et al., 2007; Wiek et al., 2018)ne way to produce plausible scenarios is to ensure
that scenarios across scales (e.g., global, regional, national) are not conflicting or contradicting,
meaning that these scenarios mustdmesistenticross sales. However, in scenario research, the
definition of consistencys confusing since there are multiple interpretatithvad currently exist
(Mayerhofer et al., 2002; van Ruijven et al., 2014; Zurek and Henrichs,.Z0@Mer, there are
multiple ways ér how consistency can be asseggddamo, 2008; Tietje, 2005; Weimdehle,
2006; Wiek et al., 2013)This problem arises because there is rarely an operational definition of
consistencyThis dissertation builds on and contributes towards rsalie senario literature,
with a specific aim at clarifying the definition of (scenara@nsistencyTo do this, | develop
internally consistent national energy scenarios that are linked to global socioeconomic
developmentspecified inthe Shared Socioecononiathway (SSPfamework

Cebon and Ribse{2000) described the interrelationships in a msltale systente.g.,
globatnational)as convergent, divergerdnd ambivergent. Convergent describesafonal or
regional model t hat Ibabmodet Bowinstamce, glebdl @nvifommental t h e



change can influence regional/local and sectoral developments (e.g., impacts of global climate
change could have negative implications on local communifehovese and Green, 2015;
Hallegatte, 2009; Hunt an@atkiss, 2011; McCubbin et al., 2015; Smit and Wandel, 2006;
Vervoort et al., 2014 Divergent describaafluencedrom the regional model to the global model,

which may or may not exert significant influence on the global model. Some regional/local and
sectoral developments can have significant impacts at the global level (e.g., national greenhouse
gas emissions would contribute to global climate cha(i@epald and Gray, 2018; Nemet et al.,

2018; Peters et al.,, 2017; Rogelj et al., 20M&nbivergent dscribes a situation in which
convergent and divergent relationships are present, meaning that regional and global models are
co-determined. As Cebon and Ribg@p00)put it, such framing is important for researchers to
think about regional/local issuesrelation to global problems. To model the interactions between
global and regional/local scales, scenario studies have adoptedsoaldtiscenario analyses.
Alcamo(2008)describes multiscale scenario analysis as a scenario framework with two or more
levels (e.g. global/regional) whereby global scenarios paint a comprehensive picture of
implications of largescale environmental change, whereas regional scenarios allow moredietail
representations of causes amgbacts.However, modelling the interrelationship of a nusitale

sydem requires scenarios across scales (i.e., global, regional, national scenarios) to be consistent.
That means consistency is a{peguisite in multiscale scenario studies.

To some extent, people seem to threptk that
consequently, they use the term without defining it. In this respect, people assume consistent
scenari os are (OUhelkdvisltiiwcsd etcealar, oAnkdthe Rei ma
term O6consistentd i s adna scenarissettht ate devalopesl baseéd bre r e
(or extended from) global scenari@sollnow et al., 2018; van Ruijven et al., 201H) this case,
consistent means that the scenarios are produced by incorporating widely held assumptions of the
global developmet (Houet et al., 2016; Mayerhofer et al., 200Bpwever, consistent is more
than just incorporating assumptions, it may require a formalized process for evaluating stenarios
consistency. As argued by Wiek et(@013) multi-scalé scenario developméprocesssshould
also include a more empirically grounded consistency ana(f$tje, 2005j. There is no

IWiek etal(2013)dza SR G KS GSNY WAYGS3INI GSRQ (2 RSAONROGS &08yI N
2 Simply put, the consistency analysis proposed by T{2@5)uses a matrix, which doments experbased

gualitative judgments on impact factors between two scenario elements; the algorithm will compute consistency

scores for each combinatorial scenario configuration.
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consensus on the definitioronsistentscenarios among researchers, but they all agree that

A énconsistenscenarios draw no realistic image lofé f Tietjer 200D, p. 419)

1.2 Consistent Scenarios Across Scales

The Millennium Ecosystem Assessment (MA) is an exangblea multiscale scenario study
(Carpenter et al., 2005)Ithough global scenarios were developed first, the MA framework allows
the 6downscalingé of global scenarios to a re
each level, qualitative scenarios (storylines) were produced incorporating thgaahaynamics,
whichweresubsequently used as input parameterization of the regional/local integrated ecosystem
models(Alcamo, 2008; van Vuuren et al., 201H8n important consideration for such a multi
scal e scenari o app reosaehie mechanisnis ¢hatguide thekdevelgpment r a t
of lower level scenarios (e.g., regional/local) to reflect the development at the global level so that
scenarios are consistent across scales.

The dominant definition of consistenfyr multi-scale scenas is rooted in the concept
of scenario linking categoridghat arise from the MA scenario framewdédurek and Henrichs,
2007) The authorscategorizedthe linking of scenaris asequivalent consistent coherent
comparable and complementaryacross scales (Figure 1). The linking categtiyches on
analytical processes (or coupling) between different scenario developers as well as the degree to
which different modelling efforts could have their scenario elements and outcomes. Fok
instancegconsistentan mean that scenarios across scales would have the same or similar scenario
elements (i.e., logics, drivers, assumptions). An example of this is a regional assessment based on
guantitative downscalingf emission scenarios deloped by thentergovernmental Panel on
Climate Change (IPCC). For the regional and local scenarios under the MA framework, they would
be categorized asoherentfor having the same scenario logiosly (Alcamo, 2008) For
comparablescenarios, scenardrivers and logics may not ligentical,but these scenarios would
retain only the same conceptual framework. An exampéecomparablenulti-scalescenario is a
scenario study that addresses general issues of Sustainable Development Goals (i.e., poverty,
hunger) but covers different aspects of livelihood drivers for rice and tobacco farming communities
in Indonesia (e.g., tobacco quali@utler et al., 2016)According to Zurek and Hernic{2007)

multi-scale scenarios should aimaeccupythe left sié of the continuum (Figure 1), meaning that



scenarios should be equivalent or at least be consistent across scales, which can be achieved

through model coupling and downscaling.

Across Developers
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Across Scales

‘Hard' links 'Soft’ links 'No' links
Joint Parallel Iterative Consecutive Independent
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Fq :I; -_ —— —_
- =} [ E3 )
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1] E E - ] | A ) '
Full downscaling Same logics and Same scenario Same conceptual Similar topic only
(e.g., IPCC drivers (e.g., logics only (e.g., frame only (e.g.,
scenarios) regional Millennium Adaptation
assessments Ecosystem pathways from
using IPCC Assessment) SDGs)

Adapted from Zurek and Henrichs (2007)

Biggs et al.(2007) suggested that the consistency of scenarios across scales could be

scenarios)

Figurel Coupling and linking of scenarios acresales

evaluated by how loosely or tightly mu#icale scenarios are linked or coupled. Tightly coupled

scenarios hava high level of consistency, and they are devetoerplicitly by downscaling or

upscaling routines, where drivers and constraints (a.k.a. elements) of the global scenarios would

be
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t he
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have low level of consistey (Biggs et al., 2007)These scenari@gedeveloped by engaging the

participation of local stakeholders to frame the issue in the scenario development thereby

incorporating more detailed localized drivers and constraints, which may not be withingke sco

of the global scenarios. Howevesijggs et al (2007) defined loosely linked scenarios to be

inconsistenticross scales because regional/national scenarios would have used different scenario

elementsAccording to the definition by Zurek and Henri¢B807) these loosely linked scenarios
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Being consistent is one of the requirements for radélescenario studied)owever
without the operational definition of consistency, it will be challenging to assess whether
regional/national scenarios are consistent with global scenarios. This issue is also inherent in multi
scale scenario frameworks, inciag thecurrentscenario framework for climate change research
called Shared Socioeconomic Pathways (SSP®. SSPframework suppors more indepth
investigations of the linkages between climate change, economic development, adaptive capacity,
and sociecultural aspects of energy use and technologidala nge ( O6 Ne Althdughet al
scenarios produced for climate impact assessments include empirical and theoretical information
from computational models, they also embody qualitative assumptioreatirait be determined
scientifically, namely possible qualitative socioeconomic trends such as shifts in cultural values
and social acceptance of emerging technoloddas. many qualitative socioeconomic trends are
better understood at a regionalized aralized scale. For instance, social acceptance of electric
vehicles in the United States took a bumpy ri
refusal to change (e.g., automakers, policymakers, regylgi®asne, 2006). This notion is
addessed by the SSP framework by allowing basic or global §SP$ Nei I | ®te al . ,
extended for more detailed regional/national and sectoral analyses. Nonetheless, the SSP extension
studies musbelinkedto the global SSPs so that scenarios for the extended SSPs are consistent
with the global SSP&Di et al., 2014; van Ruijven et al., 2014)

An influential paperfor extending the SSPs suggests two approahas Ruijven et al.,
2014) Extension studiesanutilize the SSP qualitative componerfitsO6 Nei | | w@sing al . |,
narrative downscaling and the SSP quantitative compo(Riatisi et al., 2017)ising quantitative
downscaling. At timeshe scope of the SSP qualitative and quantitative componegtaahhe
sufficiently broad to be extended usefully for studies with a different context; therefore, studies on
extending the SSPs might have incorporated new elerfféaise et al., 2018; Kerdpenedict et
al., 2014; Maury et al., 2017; Palazzo et al.,2204aldivia et al., 2015)According to the definition
of consistency by Zurek and Henricf007) extension studies that have used new elements
(different from the global SSPs) would be considered as ettbleerentor comparableor
compementary Accordng to Biggs et al(2007) such extension studies are loosely linked with
the global scenarios; therefore, they are inconsistent with the global B8&s: the SSPs
framework if studies on extending the SSPs were tdifdeed to the global SSPs, the extded

study will be considered consistefan Ruijven et al., 2014)The issue of consistency is



particularly inherent in downscaling the SSP qualitative narrafkek et al., 2019) According
to Zurek and Henrich$2007) in theory, the process of delaping extended SSPs through
narrative downscaling tends to introduce new elements, which will make these extension studies
only coherentor comparableor complementaryvith the global SSPs. Certain scenario processes,
which incorporate different elementsi)l produce lower level scenarios that will not be consistent
but rathercoherentcomparableor complementaryln other words, scenario procesemployed
in developing multiscale scenarios will indicatehetherthese scenarios are consistent. However,
Kok et al.(2019)suggest the need to evaluate scenario products (rather than scenaricegrocess
and assess whether the content (e.g., qualitativatives) of different scenarios are consistent or
equivalent across scales. That means the scenario consistency should be assessed beyond the
process of how different scenario studies are linked or coupled. In scenario research, a small but
growing body of researchhascontributed to developing novel tools, methods, and concepts in
multi-scale scenario analysésbsar and Preston, 2015; Kok et al., 2019; Nilsson et al., 2017,
Rohat et al., 2018; Schweizer and Kurniawan, 20X®&)netheless, confusion rams in
interpreting the meaning of &édconsistency. 0
One method that can be deployed to analyse scenario consistency across scales is cross
impact balance analysis (CIB)VeimerJehle, 2009, 2006)r linked CIB, which is a multscale
variant of CIB(Schweker and Kurniawan, 2016TIB is a tool for systematic exploratiaf how
alternative developments of different scenario elements (e.g., driving factors) would influence one
another in a muklscale system (e.g., global and regional energy system). Ite@ii®, scenario
elements are variables that can act as a source of influence affecting other variables or as a sink of
influence exerted by other variables. CIB uses a matrix structure to collate these influence
judgmentd. By having access to these irghce judgements in a matrix, the CIB algorithm solves
thecrossimpact(Cl) matrix by searching those scenario elements that areeg@ibrcing a.k.a.
internally consistent in CIB parlance. In a mugitale system, there are many elements from
multiple levels, sectors, and scales; together, these elements are subjected to a CIB analysis. With
that many elements, the CI matrix will be large and potentially computationally intractable. In a
situation where théarge Cl matrix cannot be solved computatioga(l.e., using CIB analysis

software, ScenarioWizard), solving the Cl matrix caséearatedising linked CIB. Linked CIB

31n CIB analysis, influence judgments can be obtained through exjErabns(Schmid et al., 2017; Schweizer
and QNeill, 2014) participatory stakeholder workshogKempBenedict et al., 2014and/or literature reviews
(Schweizer and Kriegler, 2012)

6



partitions a large mukscale ClI matrix into smaller subhatrices which can be solved by
traditional CIB; the results of CIB analgsbn individual subnatrices can be linked to produce a
complete solution.

To produce extended SSPs tlzae consistent with the global SSPit is, therefore,
necessary foSSP extension studiée linked to the global SSPsThe extension studies cae
linked to the global SSP via twapproachess proposedby van Ruijven et al(2014) namely
guantitative downscaling and narrative downscalifftgese twaapproachesnonetheless, are not
prescriptive. Researchers have innovated new waylnfong their studies to the global SSPs.
For instance, studies caloptthe SSP fundamental scenario logic to prodaiternative but
compatible frameworks such as Represergathgricultural PathwaygPalazzo et al., 2017;
Valdivia et al., 2015and Oceanic System Pathwgaury et al., 2017)Alternatively, studies
canutilize key elements of the global SSP®weverextended studies can include not only key
elements of thelgbal SSPs but alspe-specify the scenario elements that are relevant in the
context of the study such as an extef(Fameon stu
et al.,, 2018) The latter approach is employed in this thesis. Studies employmgntide (re
specification of the SSP elementsay incorporate some of the key elements of the SSPs (e.g.,
population, income growth, carbon intensity) as well as introducing new elements necessary for
developing scenarios for the extended SSPs. Duringlekielopment of the SSP framework,
Schwei zer (2004)conSududted a Climatrix comprising of 13 elements of the global
SSPs. The existing Cl matrix for the global SSPs can be expanded to include new scenario
elements relevant to tetudycontext This studywill link to the global SSPs using the CI matrix
as the interface. This expanded ClI matrix models the interaction of astalki system (i.e¢he
global socioeconomisystemandnationalenergysystem and can be subjected to CIB analysis to
search for internally consistent scenaramsoss scales

The esearch community has harats experience with developing mu#itale scenarios,
more specifically downscaling global scenarios such as the IPCC SRES and the MA scenarios.
Yet a puzzle remainsvould extended SSP studies be consistdr@n they are linketb the global
SSPs? Yesheywould beconsistehaccording to van Ruijven et gR014) But according to
Zurek and Henrich$2007) and Biggs et al(2007) potentially,these scenariogould ot be
consistentdepending on the scenadevelopmenprocess employed. Zurek and Henri¢2807)

linking strategies may categorize such SSP extension studiearg@tiaked to the global SSPs)



ascoherentor comparable But it is also possible that oneay interpretoherentor comparable

scenarios asinconsisterld si nce t hese s cenaeguivalentoraongsteme i t h e
across scalesn this dissertation, | would argue for the need to establish the operational definition
ofconsi stency and inconsistency. The jtemknd 6i nc
conflicting scenariofWiek et al., 2013) As Tietje (2005) puts it, inconsistent scenarios are
ounreal istico scenari os, me asion)nsgenarios gpartrayr e gi o
development pathways that would not otherwiséelasiblefrom the global perspective. Further,

there are varying degrees of consistency of scenarios across scales much like the concept proposed
by Zurek and Henrich§2007) that s@ns fromequivalentto compkementary across scales.
However, there is a mi s sdahwhatpgointshoeldseendriasfudiesn t h «
be considered inconsistent. Thisssertatioroffers a reinterpretation on the concept of linking

strateges by identifying the threshold for which scenarios can be considered inconsistent.

1.3 Study Context: I Yy | Bnler@y3Scenarios

Canaddas ratifiedheParisAgreement in 20L,&ommittingto reducets GHG emissions by 30%

below 2005 levels by 203&Environment and Climate Change Canada, 20Z8jsmears that, in
order to meet Canadao6Csaneaniasdssi cenc orneodmi cct isoenc ttoa re
emissions by 199 Mt C{eq with the major reductions expected to come from buildings, oil and
gas ad electricity sectors. That mea@anada must decarbonias much as possible in many
sectors But one question remainisow would global development pathways influe@anadéa s
low-carbon energy transitian the future? First, there is a need to explehat plausible situations

are in the future domestically and globally. Second, how global developments can influence
Can ad a 6 slevaedopneent gnythe futurand vice versa must be clarified. Third, given the
uncertainties about the future, the assummstiosed to envision the futuneust be sufficiently

broad to discover alternative scenayiespecially scenarios that are counterintuitae way to
envisiona plausible future is to ensure that the projected development pathways in Canada must
be consistent with the global developm&teceniscenaricstudiessuch as R&nergizing Canada
(Potvin et al., 2016andtheTrottier Energy Futures Proje(EFP, 2016have used two different
assumptions to depict the future: (1) Canada will decarbonize in a decarbonizedow¢zid,
Canada remains carbonized in a carbonized world. These assumptions portray that global and
Canada developmergarelockstep; such a ptrayal is believedo be feasible and assumed to be



consistent. Whatvould happen when global and Cared development pathways differ?
Scenarios for whictfCanada decarbonigeven though the world remains carbonized and vice

versawere analysed and testlnt consistencyacross scales.

1.4 Research Goals and Objectives

The overarching goals of this thesis &re
1. Assess multiple interpretations and applicationgcofisistenc§in order toclarify the
definition of scenariaconsistencyacross scales
2. Reinterpret Zurek and HenricH2007) spectrumof linking strategies to identify the
missing threshold of inconsistency. In short, wringing our hands about consistency may be
misguided; rather, inconsistency is what we should worry about.

3. Demonstrate the flexibility of the SSP framework

Canadian energy futures are the case used to address the research questions below:

1. How canglobally linked, internally consistent muiticaleenergyscenarios foCanadabe
developedunder the SSRrameworkand how the extension study can be linked to the
global SSP3 (Chapter 2)

2. How mightan extension study that is consistent with the globak$f&Rlevelopedsing
CIB analysi®

2.1. How can one identify and select elements for developatgpnal / setral
scenarios under the SSP framework? (Chapter 5)

2.2. How can one utilizehe CI matrix of the SSHer extending the SSPs for more
detailed regional or national analys¢€haptert)

3. What are the implicati ons dechrbogizaam®(€Hapted e vel o
6)

The development of th8SPextension study oenergy scenarios for Canagain three phases
(Figure 2) The first phasesto identifydifferent ways to extentthe global SSPs. The second phase
is to choose the elements for scenadiegelgpment processlhe third phase is to construct muilti

scale scenarios using CIB analysis.



Phase 1
Extending Basic or Global SSP

Phase 2
Choosing Re-specified Elements

Phase 3
Developing Energy Scenarios

Situate the approach to
developing extended SSPs
(Chapter 2.4)

Identify 4 modes of entry for
linking to global SSP (Chapter
2.4.1)

Choose re-specifying the
elements for linking to global
SSP (Chapter 2.5.1)

Review four existing energy
scenario studies (Chapter 3.2)

analysis (Chapter 6.2.1)

Select scenario elements for CIB

Use network analysis to
integrate the elements of
scenario narrative of existing
studies (Chapter5.3)

Compute Eigenvector and
Betweenness centrality (Chapter
5.4.2)

Construct a multi-scale cross-
impact matrix (Chapter 6.2.2)

Use expert judgments scores
(and global SSP panel A
judgment scores) to complete

the Cl matrix (Chapter 6.2.4)

Apply CIB analysis to the
completed matrix including
check data quality (Chapter
6.2.5)

Use global SSP Cl matrix produced by
Schweizer and O’Neill (2014)

Search internally consistent
scenarios (Chapter 6.3)

Trace the causal chains of
counterintuitive scenarios
(Chapter6.4.2)

Figure2 An overview of research design

1.4.1 Phaséne Extending’ 6 | a JoDadSSPLYJ

Phase one involkreviewing SSP extension studies to help identify different modes of entry for
extension studies tlink to the global SSPs (Chapter 2). Besitieking to the global SSPs by
downscalingSSP narratives and SSP quantifications, the review shows that extension studies can
alsobelinkedto the global SSPs through two other modes of entry: (1) the SSP archetypes by
developingcompatiblebut differentframework such as Representative Agric@tuPathways
(Palazzo et al., 201@nd Oceanic System Pathwdikaury et al., 2017)and (2) the SSP elements

by re-specifying new elements necessary for more detailed regional and sectoral analyses such as
socioeconomic futures of New Zealafitame et b, 2018) The latter approacasemployed in

this researcto n Canadads . Ehere is gry exidtingtCl madrig that documents the
interactions of 13 key elements of the global SSPs (e.g., population, carbon intensity, urbgnization
(Schweizer andD 6 Ne i | Ithatca Befitifized and extended in the contexttbé Canadian

energyscenaricstudy, meaning that the CI matrix will be the interface. When the global SSP CI
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matrix i s expanded, new s csanariowilde redpeciieelands f or

incorporated into the CI matrix.

1.4.2 Phas@wo (Choosing rspecified scen@ elements)

In this thesis, network analys{§Vasserman and Faust, 1994as used to identify and choose
scenario elements foine extended SSP fdeveloping energy scenarios féanadgChapter 5).

Once selected, these elememisuld become a part ofhe scenario products (qualitative
narratives). Traditionally, a broad range of scenario elencents be identified through expert or
stakeholder elicitations; however, only a few elements can be selected to be incorporated in a
scenario development pr@se The selection process is usually conducted in a stakeholder
workshop, where the participants discuss and choose elements that they consider important.
Eventually, participantsvould be askedo casttheir votes individually; elementgould then be

selected according to the tallied votes. The selection of elements by voting can help to minimize
biases and is intended to be based on consensus. However, from my experience in conducting a
scenario planning workshop in SingapdZahraei et al., 2019) found that a participant can
influence the voting process by casting all his or her votes on one scenario €lehnemtgrcome

this challenge, | used network analysis applied to published documents or reports authored by
expert panels and the governmera.do this, scenario elements figvelopingCanadéd s ener gy
scenariosvere identified from four existing reports, nametlye Trottier Energy FuturesProject

(TEFP, 2016) Deep Decarbonization Pathways in Canggktaille et al., 2015)ReEnergizing

Canaa (Potvin et al., 2016)and Energysupply andDemandProjections to 204GNEB, 2016)

Since these elements are already part of the scenario products produced by these studies, scenario
elements relevant tthe Canadian energy futures can digainedfrom these study reports. The
process of extracting element$ the scenario narrativéess cal | ed o6édeconstr uc
(Scheele et al., 2018The deconstructing technique for extracting scenario elemendspseal

based on a study by Schweizer and Krie(Rd.2) In their study, authors deconstructed scenarios

in the Special Report on Emissions Scenarios (SKRE&Kicenovic et al., 2000dr CIB analysis.

41n this scenario planning workshop, 20 scenario elements were presented to the workshop patrticipants. The
participants were asked to identify scenario elements that are highly impactful and highly uncertain. To cast their
votes, each participant was givéimree yellow dot stickers (for highly impactful elements) and three blue dot
stickers (for highly uncertain elements). In this workshop, one participant placed all the votes on one scenario
element, propelling this element to be selected when the votesentallied.
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Since thescenario elemenextracted from the fourxésting scenario studiesc@anadadés ener
futures also contain information for how different elements interact, these elements and their
interrelationship can be analysed as a network. Subsequectyculated the node centrality

scores for eackhlemen to rankthem The approach used in this studynsvel because nabne,

but four scenario studiegere deconstructed.

1.4.3 Phas@hree (Multiscale scenario analysis using CIB)

Based on the ranking information produtgdhode centrality scores Phag Twa these elements

were further deliberated through consultations with two experts: one expert was involved in the
development of the SSP framewodqd anotherexpert is in the transportation sector. Seven
scenarioelementse | at e d éenergy§ysiemavdra selected to be incorporated into the Cl
matrix, and together with the 13 key elements of the global SSPs, asoalé Cl matrix was
constructed. The CI matrix will document paiise influence judgments through expert
elicitations (i.e., askig the participants questions on how variabldidéctly influences variable

Y) (Chapterd). The instrument for expert elicitation was developed first. For each element, there
will be two or three different ensttates (for how elements cowldvelopdifferently in the future).

For developing different erstates (pathways), | utilized trend analysis based on existing literature
and data. For instance, income growth in Canada emitdd as a high, mediunor low pathway.

These pathways are informed by GBMd population projections for Canada retrieved from the
SSPs database hosted by the International Institute of Applied System Analysis ((Ri&#)et

al., 2017) The pathways for each element were developed as an elicitation instripeendix

B). During the expert elicitation, the participants wouldageat hway di agram t o 06c¢c
judgments. The expert elicitation follows a protocol; individual expert participants are asked to
provide impact judgments for how variable X would influencealde Y (variables are scenario
elements of the global SSPs and Canadian energy futures). For this task, they need to think only
about the direct influences (not indirécthhis requirement was made known to the participants at
the start of the meeting. Egq participantgn = 8) are the lead or contributing authors of the Re
Energizing Canada studyPotvin et al., 2016)the Deep Decarbonization Pathways for Canada
report (Bataille et al., 2015)or faculty members of higher learning institutesCanada.The
influence judgments provided by individual experts are diremtede specific element related to

their field of expertise, meaning that they will only resphda a portion of the ClI matrix.
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Subsequently, all influence judgments from different experts were collated to complete the CI
matrix for CIB analysis. CIB analysis was performed using software called ScenarioWizard
(WeimerJehle, 2018)Based orthe results of CIB analysis, | analysed ttonsistent scenarios for

Canada when the world decarbonizes and when the world remains carbonized.

1.5 Organization of Dissertation

The formalization of the SSP framework presents important opportunities for more detailed
regional/local and sectoral dpses building on the global SSPs, which would be necessary for
assessing climate impacts as well as mitigative and adaptive capatcdiéscalized scale. This
chapter has introduced the major research goals and research gaps. A brief outline afrtivegrem
chapters is as follows.

Chapter 2 begins with a review of existing literature on environmental scenario research.
Here, | delve deeper into scenario development prestsat might be relevant for designing an
SSP extension studyn national energyThis review is used to introduce the SSP framework as
well as to highlight whatsi mean by ¢onsisterth scenarios across scales. Under the SSP
framework, the requirement is that all extension studies baubbkedto the global SSPs so that
scenariosxended to regional, local or sectosahlesare consistent with the global SSEkapter
2 also notes that theub-global study would incorporate new scenario elements releteatite
studycontext because the global S&Bmponentsanme ant t o i, beéce,dngny scenario
elements have local dynamjesd these elements fall outside the scope of the global BSRis.
dissertationlinking to the global SSPs is done bygpgecifying the SSP elements, meaning that
therelevantelements forthestdy on Can ad a0 saddedaleng gith thé axistingr e s ar
global SSP element3o producean SSP extension study fonore detailechational or sectoral
analysesthe existing crosgnpact matrix ofthe global SSB was be extended to incorporate
scerario elementselevant in the context of treub-global study. Chapter 2 addresses research
guestion 1How can globally linked, internally consistent midtiale energy scenarios for Canada
be developed under the SSP framework and how the extensioncatudhe linked to the global
SSPs?

Chapter 3 reviews Canadads endtwidtakeshagpet e ms
in the future. The r scenasstudiesfevehlediffarent@sgsumptidors 6 s e n

of global developmestThere is a consensus amongsfeur studies that lovearbon electricity
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generation could be key in Canadads energy t
consuming sectors identified by these studies amsp@tation, commercial and residential
buildings (built environment), and manufacturinghe objective of examining different national
scenario studies produced by different author teanwshestter understand what scenario factors,
or elements, were ihaded or excluded across studiBsming so helps to identify what scenario
el ements (i.e. drivers, trends or events) all/l
energy futures. Understanding such scenario elements is important for makdwgayean
national commitments to reduce greenhouse gas emissions.

Chapterd provides an overview dhe research design. As previously mentioned, there are
three phases in this researchhis chapter detailthe stepaindertaken for phase two and phase
threeof the researchn developingnational / sectoral extension studitee requirement is to link
themto the global SSP#lere, linking to the global SSPs was achieved by expariaenexisting
Cl matrix of the global SSRsSc hwe i z er a nthe @@éebkary dlements Aafichal )
energyscenario studiemmu st -b p e ©ir fe i Phadedtwofidentifees candidate elemenys
consultingfour existingenergy scenario studi@s CanadaThese studiewereeconstructe@to
extract scenario elemenIn phase three, | performed muiitale scenario analysis using CIB,
incorporating the scenario elemenfghe global SSPs as well akements of scenario narratives
for the four energy scenario studies @anada. The information for how different sadgo
elements interastaselicitedfrom a panel oexperts Their judgments were usedperform CIB
with the software tool ScenarioWizard.

Chapter Jpresents methodological researchn@twork analysis in scenario research that
might be relevant to answering research questibnHbw can one identify and select elements
for developing energy scenarios for Canada under the SSP frameWusk@hapter has been
submittedand accepted fgpublication inthe journalSociety and Natural Resourcé® better
situate the coverage of each scenario study and to obtain a more holistic perspective on how the
studies together characteri ze t hahapteradetilsthd e men't
use ofnetwork analysis to integrate the scenario elements of the different sttigieents that
are characterized by these four studies as i m
incorporated as variables for CIB analysis.

Chapte 6 presentshe CIB analysis method stdyy-step employed in this dissertatiorner

results of the CIB analysiaddress research question\Bhat are the implications of global
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developments o€ a n a diexdrl®nization The results of CIB analysiglentify 88 scenario
configurations that are internally consistent across scales. Out of 88 consistent scenarios, 64
scenarios portray eithea decarbonized Canada in a decarbonized world (4 scenariog) or
carbonized Canada in a carbonized world (60 scenarid®gsel 64 scenarios are aligned
unsurprisingly with the assumptions that cresale developmenggoceedockstep. However, 24
scenarios are also found to be consistent when-sazde developments are not lockstep. There

are ten consistent scenarios paying a decarbonized Canada in a carbonized world and two
scenarios portraying carbonized Canada in a decarbonized world. The remaining twelve
scenarios are countartuitively off-diagona) depicting that Canadeould be decarbonized even
thoughthewdrd devel opments ar e (i.ethetword istheithedfdlly e o f
carbonized nor fully decarbonizedn sum, the global developments do not necessarily dictate
energy development in Canada, and it is plausible that the would remain cabonized but

Canada decarbonizes and vice versa. The results suggest that whichever energy development
pathwayss pursued by Canada is ultimately a domestic issue; the global energy market does not
set the agenda.

Chapter 7 provides a conclusionthis dissertation bgummarizingts contributions. The
conventional belief or assumption that global and local outcomuss match across scales to be
6consistentd was tested in this -scae sonsstercy . T h e
means. Therefore, there is an urgent need to perform internal consistency checkssoateulti
scenario analysis. Internal castency does not mean the outcomes across scales must be the same.
What may be more useful is to define the té&meonsistert Thisterm should be reserved for
scenarios that are found to have internal logic problemesning thainconsistenscenariosfor

good reasons, would be dismissed as implausible

15



Chapter 2Extending theshared Socioeconomic Pathways

How canone extend scenarios to different scales under the Shared Socioeconomic Pathways
(SSPs) framework? This chapter begins to address this questiogvibiting the historical
development of scenario methodolo@ver the years, researchers have invented nmamy
methods of scenario development. With these many scenario development methods, this has
become &émet hodol ogi cal chaosd | nressarcharsgreel o0 r e s
on a common principlie the developed scenario must be plausilhe multi-scale scenario
research, one of the criteria to ensure that scenarios are plausible is consistency, meaning that
scenarios must be consistent across sc8estion 22 examines howthe scenarioresearch
community describes the definitiomf scenarioconsistencyacross scalesThe definition of
consistencyas been influenced by the Millennium Ecosystem Assessment M&)analysis is

used to differentiate what consistency across scales nfeavever, there is no consensus among
scenario researcherSection 2.3 examinehe SSPs scenario framewprkhich is multi-scale

The analysis oéxistingSSPextension studies used to determirfeow an extension studyanbe

linkedto the global SSPs.

2.1 Introduction: Environmental Scenarios

In foresight esearch or futures studies, a scenario is defined succinctly as a narrative or story
describing plausible causes and effects, bridging the present and the future conditions by
illustrating actions and consequend¢€enn and Gordon, 2009). In climate changsearch,
however, the definition of scenario is often used synonymously to describe not only qualitative
narratives but also quantitative projections produced by computational models such as climate
models or integrated assessment models (see e.gfinbard Reilly, 2011). Future climate
projections are calleguantitative scenarioswhereas stories or narratives depicting the future are
calledqualitative scenarios(see e.g., Alcamo, 2008; Rounsevell and Metzger, 2010). Qualitative
or quantitative scarios are usually integrated as a single product. Alcamo (2008) describes such

integration agtory and Simulatiol(SAS), wherestory refers to the qualitative scenario and
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simulationis the quantitative scenario produced by a computational model.dEsisrtation

adops the conventiorof using the terminologies defined by Alcamo (2008).

Key definitionsi Common Scenario Terminology
AScenarioi s a description of how -tthend ugrmoap
typically consists of aepresentation of an initial situation and a description of the key dr
forces and changes that lead to a particular future state (Alcamo, 2008, p. 15).

Scenario developments the discursive procedure by which a scenaria set of scenarios
conei ved, formul at ed, and el aborated. A
2008, p. 16).

Scenario analysiss a procedure covering the development of scenarios, comparison of s¢
results, and evaluation of their consequences. A key idéa explore alternative futur

developments (Alcamo, 2008, p. 16).

Qualitative scenariosdescribe possible futures in primarily Anamerical forms (Alcamo

2008, p. 22). Thisterm algeferstos cenar i o 6énarrativesoO or

Quantitative scenarios describe possible futures in numerical forms such as graphs . {

They are most commonly produced using a model or models (Alcamo, 2008, p. 22).

Scenario logics are the two variables used define x and yaxes which will create four
quadrants Wwere each quadrant represents a distinct development pathway.

Scenarioarchetypesare the four quadrantefined by scenario logiaghere each quadrant

represented by one particular estdte ofeachscenario logic.
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2.1.1 Evolution aBcenario Development

Scenaris were popularized by Herman Kahn as a tool for strategic and policy analyskes in

public and private sectors. ScenaegearcloriginatedattheRAND Cor por ati on i n t
the aim to explore potential military thredb the USBradfield et al., 2005)Scenaridechniqus

are usedo portray, explore, and imagine alternative futures. Early scholamsdtnthink in terms

of threescenariosthe businessasusual scenario, worsiase scenario, and be&stsescenario

(Glenn and Gordon, 2009 hree alternative scenarios are meagre compared to the vast number

of scenarios for military strategy. Nonetheless, three scenarios are enough to pravidegtis

force one to think more deeply about contrasting alternate possibilities and to devise strategies to
adjust to thauncertainfutures.

Over the years, research communities have introduced new methods of scenario
development to model complex sociald environmental processes. The plethora of methods in
scenario research is often described as Ometh
exercises remain the same, which is to explore plausible futures, the methods to develop scenarios
arebecoming increasinglgiiverse (Bradfield et al., 2005; Scheele et al., 2018). Broadly, scenario
analysis can be classified into two distinct school of thought, namely Intuitive Logics and
Probabilstic Modified Trends (Bradfield et al., 2005).

2.1.2 Intuiive Logic andProbabilstic Modified Trend Schools

Thelntuitive Logics (IL) school employs creative approaches to develop qualitative scenarios. The

|l L approach originates at Shell in the Nether
often rderred to as thaShell method For Shell, scenario analysis is fundamental in their
corporate planning (Wack, 1985; Wilkinson and Kupers, 2014). Scenario development by intuitive
logicsr equi res the companyods top afdegetopirigscerarsos t o p &
where participants involved in scenario developnvemtld learnto navigate extremely complex

chall enges that could potentially wundes mine
approaches are easyitaplemen, asthe métods whi ttl e down o&6infinit
manageable sets of 2, 3 or 4 scenarios. While thesiglification can be viewed as practical,

it can also invite criticism for undermining the complexity of the future, more specifically-socio
environmatal futures (Lloyd and Schweizer, 2014). In environmental change research, there are

many interrelated variables (socioeconomic, s@ailitical, societechnical) necessary for
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scenario developmerihat presents ahalleng for participants to heuristidgl conceptualize
cascading effects arising from these interrelated variables.

Other approaches to scenario development fall under the PradtebModified Trend
(PMT) school (Bradfield et al., 2005). Craigspact analysis, trenonpact analysissndcomputer
based modelling are some examples of PMT that use nmpettlods (creative and scientific
techniques) for scenario development (Glenn and Gordon, 2009; Gordon and Hayward, 1968). A
l andmark study wunder t he P MTLinststdhGrawth(Measows he Cl
et al.,, 1972),which is based on an integrated assessment model of ecat@nography
environmerdtechnology. To some extentMH approaches (e.g., tremmghpact analysis) may
require historical data to produce projections of differeatiables (socioeconomic, so€io
technical) ino the future and use probability to accodiot how certainprojectionsare more
plausible than others. While historical data can be useful in providing projections of what the future
would be Anderson(2010)argues that the reliance on historical data to develop scenarios may
potentially produce depictionthat aretoo conservative(Anderson, 2010). Instead, the use of
imagination, which is typical in IL approaches, can produce a more ambitious depiction of the
future that can motivate society to work towards it (Kurniawan and Kundurpi, 208\@rtheless,
scenarios that are too imaginative are often viewed Wigiptgcism raising the question dhe

plausibility of such scenarios.

2.1.3 Exploratory andormative Scenarios
Because the future cannot determined with any precisipnesearchers will develop a set of
scenarios, which encompasses a broad span of alternative yet plausible futures, avoiding choosing
a singledmost likelydvision of the future Undestanding alternativecenarioss good for decision
makingfor evaluaingd e c i si o ns 6 copry lwithshe eventaitiesofrthesescenarios
(Kurniawan and Kundurpi, 2019). Scenarios can describe a snapshot in time or the conditions of
important vaiables at a particular time in the futuBuchscenarios highlight radical changes in
the future to solicit strategic decisions for appropriate interventihese scenariogre called
normative scenarios(Robinson, 1982).

In addition to having a radical vision of the future, understanding the development pathway
thatmightlead to realizing the envisioned future is another aspect of scenarios useful for decision

making. Scenarios are often accompanied by qualitative di&sorgd the evolutionary pathways

19



to realizing the portrayal of the future and/or quantitative projections of socioeconomic variables
or trends extrapolated to the future. Scenarios that portray only the evolutionary pathways are
calledexploratory scenarios Exploratory scenarios are useful for policy analysis to understand,
for instance, what policies would be needed to maintain or deflect these pathways. Such
evolutionary pathways are not only distinct to exploratory scenamosative scenariasan aso

usually be accompanied by the descriptionf evolutionary pathways. This can be done by
backcasting (instead of forecasting) the development pathways, starting from the future condition
(i.e., normative futurefo the presentRobinson, 1982)

2.1.4 8enaricasa-process and&enaricasa-product
An open question within the scenario research community is how scenarios can benefit
decisionmakers. The benefits of scenscan be quite different depending on whether the scenario
is viewed as a Opr oc es saapoocessasssynenymoysiwithdluct . 6
schoo] whose methods rely mostly on participatory approaches to scenario development.
Scenarieasa-process will engage participants to imagine the future with the discontinuities,
which paint radical but plausibfatures (Anderson, 2010). During the process of developing the
scenarios, participants are often encouraged to step outiotdnefort zoneand to think out of
the box, and they therefore lear.participatoryscenario development process is useful for
integrating and mobilizing knowledge as well as internalizing different options (Swart et al., 2004;
Wilkinson and Kupers, 2014However, itshould be noted that IL approaches, by convention, do
not assign a probability of a scenario, meaning that all scenarios developed are assumed to be
equallyplausible

Such a convention, however, may raise issues on the subjectivity of the scenaricsproduct
(Lloyd and Schweizer, 2014 videncebased decision making relying on scenario analyses would
require some means to test wifahssumptions. For instance, scenario analysts can test their
assumptions by changing or modifying certain variables sucbpggtion, income, or education
to assess the consequences of a policy decision. In this situation, what is considered important is
the scenario product (scenadeaproduc). The scenari@saproductis often viewed as a
scientific assessment that cetmart the evolution ofiriving forces (Alcamo, 2008)nformation
on evolutionary pathways is good for policymaking because decisions can then be tadbged to
with desirable development pathways or deflecdesirablenes However, charting evolutiary

pathways often falls back on extrapolating past data to future developmentsmalyiciot be on
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trackto achieving desired sustainability outcomes. Through the governance lens, how to translate
a scenarieasaproduct or scenariasaprocess into pdical interventions remainsinclear

(Burch et al., 2019Nonetheless, there is a consensus within the scenario research community that
scenarios developed by any methods must be plausible to be useful.

Key definitionsi Scenario Types

Exploratory scenaios start in the present (i.e., with an initial situation) and a set of assum
on policies, measures and key driving forces to explore plausible future developments (4
2008, p. 20).

Normative (anticipatory) scenarios start with a prescribed sion of the future (eithe
optimistic, pessimistic, or neutral) and then work backwards in time to visualize how this

could emerge (Alcamo, 2008, p. 20)

2.2 Multiscale Scenario Analysi$ie Influence of he Millennium EcosysteAssessment

For complex multiscalar systems such as global environmental change, identifying which
scenarios are plausible can be challenging. This is in part due to the interactions of driving forces
at global, regional, and local scales. The developmantifferent scales are -@etermined,
meaning that the global development pathways can potentially influence the developments at
regional and national levels and \ieersa. For instance, economic developments of individual
countries (a local variable)h rely heavily on fossil fuel as an energy source have contributed to
global climate change (a global variab{8CC, 2014) Additionally, global climate change (
global variable) could have negative ramifications on food production at the regiorla{deve
regional variable), which raises the issue regarding food security in certain local communities (a
local variablePalazzo et al., 2017; Vermeulen et al., 20k8Bjnulti-scale scenario research, one
way to develop plausible scenarios is to ensua¢ shenarios at different scales are consistent
(Alcamo, 2008)

The Millennium Ecosystem Assessment (MA) is a scenario framework for assessing the

effects of ecosystem changes on human-beihg that takes an approach that is madale
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(Carpenter et gl2005). Providing a comprehensive assessment at the global scale under the MA
framework is compl ex, in part due to earthos
al., 2005; Carpenter et al., 2005). As a result, many assessments were iafiatespecific
ecosystem scale (a.k.a. regional or-gldbal), which has similar ecological characteristics such

as the Caribbean Sea, tropical forest margins, and downstream Mekong.

Initially, the MA framework guides the development of global visions pcody four
reference qualitative scenarios that represent different development pathways of the ecosystem
services and human wdking (Figure3). Subsequently, more detailed and comprehensive
accounts related to individual ecosystems are ascribed t® tbg®nal scenarios. The regional
scenarios would adopt similar development pathways as the global scenarios, and these
development pathways will be tailored to individual ecosystems. Consequently, these regional
scenarios could be extended further teasshe impacts on human wedling at a more localized
scale (Alcamo et al., 2005). In terms of relationship across scales, theséeloslecenarios are
nested under the regional scenarios. Although local scenarios would provide detailed contextual
infor mati on, the scenario scope is O6restricted©

global scenarios (Alcamo, 2008; Zurek and Henrichs, 2007).

Global
A

Global

. Techno Garden
Orchestration

Reactive < » Proactive

Order from Adapting
Strength Mosaic

v

Regional
Source: Carpenter et al. (2005)
Figure3 Four reference scenarios of the Millennium Ecosystem Assessment
Many scenarios under the MA framework were produced using story and sim(&&isn

(Alcamo et al., 2005). As the name implies, SAS is astep process of scenario analysis where
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the researchers will first construct a story and then perform simulatied loasthe story. The
reference scenarios are qualitative scenariosi€stavhich will serve as inputs for quantitative
models (simulation) to produce quantitative scenarios. The modelling stayjeigisedifferent
global models to produce an assessroéatosystem services fdifferentregiors (Alcamo et al.,
2005).

A critical point at this juncture is how stories (qualitative scenarios) at the regional/local
levels are customized so that they reflect more closely the development pathways at tiaé region
or local scales but they do not deviate too much from the global development as expressed by
MAG6s gl obal scenari os. Usual ly, t hese squal it
exercises through a participatory process. Participatory apprgaesent opportunities for local
participants to contribute to the development of storylines by incorporating local phenomena,
which are not captured by global scenar@se should note that the storylines would incorporate
many elements that cannot béadeined predictivelynamely possible qualitative socioeconomic
trends such as shifts in cultural values and saeipital One of the limitations for such scenario
developments is that the assumptions and mental models of the storyline contributtwsbeend
concealedPotvin et al., 2016)Such a practice can potentially raise the question of scientific
credibility because the analysis using intuitive lsgapproaches may not be reproducible.
Although it is not impossible to reproduce the same stoggliit is extremelgifficult. The lack

of reproducibility has resstitedtihi bdagAi agmo

2.21 Linking Scenarios Across Scales

Scenarios under the MA framework were developed at multiple scales (e.g., global, regional,
local); consequently, these scenarios musinted togetherto portray how scenarios at multiple

scales interact with each other. Zurek ahehrichs (2007)categoize different strategies for

linking scenarios across scales. The categorization is based on the mechanism of the scenario
devel opment process which est adphsistenhcelrerent he 0s
comparable¢ (Figure 4). Link strengthis defined by how similar (or different) the scenario
elements (logics, drivers, assumptions) used by different developer teams are. For instance,
consistentneans that scenarios produced by different developer teams must use the same scenario
logics and dvers, but the assumptiof@r how the drivers can play out in different scenarios are

relaxed. By virtue of having the same scenario logics and drivers, scenario outcomes portray
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developments across scaligst are lockstep, meaning that, for example,ewhthe world is
decarbonizing, Canadaould also decarbonize. Faoherentacrossscales, scenarios must have
the same logics, but drivers and assumptions used may differ. By virtue of having the same
scenario logics, these scenarios will have the sam@asgoearchetypesComparablescenarios
address the same issue, but the scenario logics, drivers, and assumptions used by these scenarios
may differ. Zurekand Henrichs (2007)efine the linking strategies for consistent, coherent and
compar ab linek dankéd €cenaribsacross scales (e.g., global and regional) should aim to
be equivalentor consistenticross scales, meaning that lower level scenarios must be downscaled
or must have the same logics and drivers. This aim, however, is challengingeéeegional
scenarios require drivers operating at regional levels that mdemnepresented explicitiynder
the scope of the global scenarios. Moreover, such rigidities of constraining scenario element
selection do not exist in the real world. Stdtenarios produced by different developer teams
should aim to be consi st ent tha kigher sahlée scgnaribso t he
provide strict boundary conditions for lower scale scend@rios( Zur ek and Henri chs,
On this point, havever, not evergnewould agree with Zurek and Henricfsee e.g., Kok et al.,
2019; Wiek et al., 2013; Zandersen et al., 2019)

The term 6consistent® waee@gioni ZatebnaodnH®é
may cause confusion (Figure 4). For instance, scenarios that arensattenbut arecoherent
comparable andcomplementara c r oss scal es may be misinterpr
the requirement for linkigp scenarios produced independently by different developer teams is to
be at least consistent (or equivalent), scenarios developed for different scales will be required to
use similar, if not the same, scenario elements. That means any deviation froragbgeenents
woul d render scenar i (26807)thoweverphave a differenhand eden lBdreg g s ¢
stringent take on this. They suggest that scenario consistency can be defined by how scenarios
across scales are tightly or loosely coupled.ffit | y coupl ed refers to the
the scenarios should be produced by quantitative downscaling, retaining all the characteristics of
scenario elements in developing lower level scenarios. These tightly coupled scenarios are
considered@nsistent scenarios across scales. Loosely coupled scenarios, on the other hand, allows
some flexibility whereby scenarios at different scales could incorporate different scenario
elements. Such loosely coupled scenarios would be considered inconsisttheles$Biggs et
al., 2007)
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Zurek and Henrichs (2007)

Consistent Can be misinterpreted as ‘inconsistent’

Biggs et al. (2007)

Consistent Inconsistent because global and regional scenarios have different assumptions

Weik et al. (2013)

. May be consistent or inconsistent. Needing a separate consistency check for
Consistent . .
verification

Van Ruijven et al. (2014)

Consistent as long as extended SSP studies are link to the global SSPs Inconsistent

Figure4 Different meaning of scenario consistency across scales

Assessing the consistency across scales for scenarios produced by different developing or
modelling teamswvould ultimately rely on the interpretations of the analystswever,when
working on sukglobal scenariost will be challenging for the analyste tnaintain vertical and
horizontal consistency across scales through verbal angsar and Preston, 2015; Schweizer,
2020) As scenario outcomes tend to conceal the assumptions, logics, and drivers used in
developing the scenari¢Botvin et al., 201) the analyst must make an educated guess to assess
whether scenario elements used by different developers are the same or similar.

Ensuring that scenas@cross scales are consistent this way can be challenghitg it
may be straightforward to idefythow scenarios across scales are consistent when these scenarios
are hardinked (e.g., by model coupling or quantitative downscaling), it may be difficult to assess
scenario consistency across scales when these scenarios are interfacedinies geftr multr
scale scenario analysis, regional or local level scenarios are developed by incorporating different
elements. Some elements are used to model global developments, but there are different elements
thatare operating at regional or local scalgbkich could also beelevantin multi-scale scenario
analysis (Lloyd and Schweizer, 2014; Schweizer and Kurniawan, 2016). Fusdftescenario
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linkages are hypothetical links, which are based on interpretive argufantiersen et al., 2019);

these linksgdo not explicitly represent the underlying meaning of the scenario outcomes (Kosow,
2015)as these linkages do not take into accaumether their storylines malany senseor are
feasible(Kok et al 2019)Therefore, the need for consistency checks is in order to assess whether
scenario outcomes for two or more different scales are contradicting and therefore implausible.
Wiek et al.(2013)argue that assessing scenario consistency should be rigorousr brtibke,

the authors suggest that scenario developers and researchers should validate scenario consistency
using methods such as crosgpact balance (CIB) analysis (Weiméhle 2006).In CIB,
consistent scenarios consist of elements that areesdfibrcing.

Under the Shared Socioeconomic Pathw@&R) scenario framework, the definition of
crossscalescenario consistency refers to the requirement that the lower scale scenarios (i.e.,
extended SSPs) must be develoged linkedo the global scenars (or global SSP$yan Ruijven
et al., 2014)That means the globfihming wouldbeincorporated whedevelopng these scenario
extensions. In addition to incorporating global assumptions, more localized drivers and
assumptions can batroducedinto the scenario development. In so doing, these SSP extension
scenarios, according to Zurek and Henrig@07) may be onlycoherenior comparablewith the
global SSP. But, according to Biggs et @007) these SSP extensions will be considered
inconsistentby virtue of having different assumptior(see Figure4). However, scenario
consistency should not only reflect the pro¢cess how scenarig across scales are coupled or
linked. Rather, scenario consistency should reflect that the scenatemtis nat conflicting (Kok
et al., 2019)meaning that these scenario outcomes are not contradictimgpiausible(Wiek et
al., 2013)

Most researchers have their personal belefoutwhat is consistent and what is not.
Nonetheless, the dominant definition of scenario consistemegntlyis basedon the Zurek and
Henrichs (2007) linking categorization. Recently, the research community began questioning
whetherthe linking categorizabn will misguide multiscale scenario analysis (Kok et al., 2019;
Rohat et al ., 2018). Zandersen et al. (2019)
consistency, highlighting novel methods such as the factmrsector approach (Absana
Preston, 2015; Kok et al., 2006) and the linked CIB analysis (Schweizer and Kurniawan, 2016)
that promise more robust systematic internal consistency checks. Yet these two new approaches

to date remain under explored. Specifically, the linked CIBwasae st r at ed using o
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model, and the practical deployment of linked CIB for msitthle scenario analysisusgently
needed (Rohat et al., 2018).

2.3 Shared Socioeconomic Pathways

The Shared Socioeconomic Pathways (S&Rs$scenario frameworkat is multiscale tasupport
more indepthand policy relevantvestigations of the linkages between climate change, economic
development, adaptive capacity, and sauitiural aspects of energy use and technologitahge
( O6Nei I | et @l scenarids Qorbduged forAclimatle anpact assessments include
empirical and theoretical information from computational models, they also embody qualitative
assumptions thatare difficult to determine predictively namely possible qualitative
socioeconomic rends such as shifts in cultural values and social acceptance of emerging
technologies. The SSP framework incorporates both mitigation and adaptation, which are
expressed in the architectural framework (Figyre.ike MA, the SSP framework adoptse 2x2
matrix architecturewherethe vertical axis denotes socioeconomic challenges to mitigation and
the horizontal axis denotes socioeconomic chal
axes produce four quadrants that represent the varying deafreballenges for mitigation and
adaptation. From the four quadrants, four contrasting SSP archetypes are defined. Also, one more
scenario archetype that represents moderate challenges to mitigation and adaptation is added.
These marker scenarios aredidd SSP1 to SSP5:

1 SSP1: Low challenges for both mitigation and adaptation

1 SSP2: Moderate challenges for both mitigation and adaptation

1 SSP3: High challenges for both mitigation and adaptation

1 SSP4: Low challenges for mitigation but high challenges faptadion (adaptation

challenges dominate)
1 SSP5: High challenges for mitigation but low challenges for adaptation (mitigation

challenges dominate)
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Figureb The shared socioeconomic pathways scenario framework

2.31 Challenges to Mitigation and Adaptation

Defining challenges to mitigation usually falls back on technological innovations to remove GHG
emissions from the atmosphere and to reduce emissions through the efficient use of energy.
Essentially,the availabiliy of backstoptechnology is posited asne ofthe determinaistfor
mitigating climate changeHowever, Tompkins and Adger (2005) argiiaat challenges to
mitigation should be defined wiaswel Theyaqdéatt t o
the response capacity of society is derived from both the availability of new technology and

s o c i wiltingngss (and ability) to change. Without willingness to change, society may resist
certain technological innovations even though they are useful tatnmg climate change. As
observed, social acceptance of electric vehicles took a bumpy ride in the early 2000s because of
certain social actoésefusal to change (e.g., automakers, policymakers, regulators) (Paine, 2006).
In addition to the factors thdead to higher GHG emissions, socioeconomic factors that can

influence mitigative capacities are also part
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Challenges to adaptation characterize the human dimensions of exposure and vulnerability
to climate haards or impactas well aghdr capacity to respahto these impactdkothman et al.,
2014). Manysocioeconomic factors (e,gpoverty, inequality, institutional governance) can
provide indications of vulnerability (Kelly and Adger, 2000p. what extena community can be
vulnerable and their ability to recover from climate impacts deparity onthe adaptive capacity
of thoseimpacted by climate change (Smit and Wandel, 2006). For the new scenario framework,
thesocioeconomic factors that may haveadnerse effect on the adaptive capacities (e.g., income
andeducational attainment) are included as the
Through a series of meetings and workshops, a number of candidate elements were
identified and subsequentlsed to produce development pathways for individuas$S® 6 Ne i | |
et al., 2014). Further, the elaboration for how these SSP elements interact was investigated in two
studies (Rozenberg et al ., 2014; Schweéd)zer ar
applied CIB analysis (Weimelehle, 2006) to search for interacting elements. The judgments for
how these elements interact were obtained thrangipert elicitation workshop and documented
in a crosampact matrix. Their study identifies 10006f the most consistent scenario
configurations, which were then mapped to the corresponding a&3fetyps. Because the
scenario configurations produced by CIB analgsisg with the ifthen statements embedded in
the crossmpact matrix can provide informatiorfor how different elements interact, this
information was subsequently used for devel opi
2014).

2.32 Quantitative and Qualitative Components
The SSP framework has two output components (quantitative and qualitative) that can be utilized
for impact and vulnerability assessments (Moss et al., 2010). The qualttaty@ners arethe
SSP narratives (or storylines). These narratives describetadodexvelopment pathways that
cannot be quantified such as quality of gover.
2017) . Drawing from the study by Schweizer an
interrelationships among S&Rments. The narratives are the shared assumghainsan beised
by the scientific communitfor more detailed regional, national, or sectoral analyses.

O6 Nei | | et al . (2017) explained three con:

First, thenarr ati ves are intended for &édgener al pur p
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much as possible the broadest context of societal developments. Second, the narratives should
describe a particular challenge to mitigation and adaptation. For instaecgrratives for SSP1
and SSP3 should be distinguishable as the challenges to both mitigation and adaptation for SSP1
and SSP3 are different. Third, the framing of the narratives should take into account the storylines
developed under the IPCC legacyrsaéo frameworks including other scenarios related to climate
change. As OO6Nei | | et al . (2017) put it t he
growth, environmental sustainability) across scenario narratives even though these are developed
by different teams (Carpenter et al., 2005; Raskin et al., 2002). The narratives for SSP1 to SSP5
are shown in Appendix A.

The quantitative components of the SSPs are the numerical projections of the SSP
elements, which will be useful as inputs to computetionodels (e.g., IAMs). The quantification
data are curated and made publicly available by the International Institute for Applied Systems

Analysis (IASAP( Ri ahi et al ., 2017). Central to the S
elements of th&SPs such as populati@k.C. and Lutz, 2017)GDP (Crespo Cuaresma, 2017;
Del link et al ., 2017, Lei mbach et al ., 2017

Additionally, data for individual SSP marker scenarios are available (Calvin et al. @Ko, et
al., 2017; Fujimori et al., 2017; Kriegler et al., 2017; van Vuuren et al., 2017). Data are also
available for studies on limiting temperature increase below 1.5 degrees (Rogelj et al., 2018).
Some identified scenario elements are relevant tb batigation and adaptation. Of
course, some of these elements may need further unpacking to distinguish in what context they are
relevant to defining socioeconomic challenges to mitigation or adaptation. For example, an
el ement s uc h coaldbe dogsmeres efiecive torendtigation but poor for adaptation.
Governance in the SSPs framework represents an umbrella term. While this may $esanm
limitation, it is, nonetheless, more feasible to unpackibeaning ofgovernancen the extended
SSPstudieg O6 Nei I I et al ., 2014).

2.33 Basic and Extended SSPs
Basic or global SSPs can be considered as the starting point for a more detailed regional/local and
sectoral analyses (or extended SSPs). The initial global framing can be useful in unidegrstand

local dynamics because many factors operating at the global scale can exert influence on regional

5 https://tntcat.iiasa.ac.at/SspDb/
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or | ocal developments (OO6Neill et al .-sca@017).
is critical to support studies on climate impacts, sategn and vulnerability (IAV) (Rothman et
al., 2014; Wilbanks and Ebi, 2014). For instance, prices of commodities (e.g., wheat) are
determined based on the analyses of global demands, and global prices are also important for
regional or local scale anabs (Valdivia et al., 2015).
For more detailed regional/local and sectoral analyses, the research community can extend
the global SSPs (OO6Neill et al., 2014). The S
of scenario elements, which are noteably part of the global SSPs. For example, studies on
disaster risk management in a local community can include many elements such as the availability
of flood risk maps, financial instruments for risk transfer, social capital, building @dtlese
elemens are not part of the global SSPs but they are useful for local decision makers. Studies can
extend the global SSRo different contexts (regional, local, or sectoral). Also, studies can extend
the global SS&to produce a framework (like the basic SSRaj can support further development
of |l ocalized scenarios (O6Neill et al ., 2014)
link to the global SSPs. Studies on extending thesSBBuld inherit theglobal6 boundar y
condi ti ons 0 scenarioseumderutheeexteanded $SPs are consistent with the global
devel opments (Ebi et al ., 2014; OO6Nei ||l et al
The prevailing guidance for conducting SSP extension studies explains two approaches to
link to the global SS&(van Ruijven et al., 2014Firstly, the SSP qualitative components can be
extended using narrative downscaling (Kok et al., 2006). For narrative downscaling, the SSP
narratives will be translated to similar but more relevant narratives at the lo@al Bypaically,
narrative downscaling can be conducted in a scenario planning workshop by engaging local
stakeholders to participate in producing the narratives of thee8t®Rsion studies. Remember,
this process typifies the scenadsa-process and, thefore, reaps the benefits associated with the
scenarieasa-process (e.g., mobilizing knowledge and internalizing problems among the
participants). Secondly, SSP extension studies can be linked to the global B8&Rgh
guantitative downscalinghis appoachis synonymous with scenarasa-product. Accordingly,
such a study would produce quantitative projections of some variables to serve as a scientific
assessment. In terms of the benefits of scenario studies under the SSP framework, the research
commurty has the flexibility to choose which approach is more suitable according to the objective

of their scenario studies.
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In some situationghe scope of the global S&Rght not be broad enough to be extended
usefullysincemany SSP extension studigsuld requirescenario elements that are operating at
more localized scal&his situation can happen when the scope of an extended SSP study is vastly
different(e.g., oceanic systems, food systems, financial systé&mshentioned, the global SSPs
arecomprisel of socioeconomic factors that can be generalized at the global scale. In so doing,
many socioeconomic factors operating only at regional or local scales are excluded in the scope of
the global SSP<onsequenyl, studieson extending the SSRehose scopes are vastly different
may prove challenging

An important point for consideration is that studies on extending the SSPs in different
contexts are unlikely identical (Absar and Preston, 2015; Frame et al., ZBisS8js because the

SSP framework allows more flexibility to incorporate socioeconomic driving forces operating at

a more |l ocalized scale. I n this respect, studi
conditionsd provi(d@aNebiyl It hédhough dglodalsteh@BaSAEAsNOL
be 6downscaleddéd in a deterministic fashion, t

the extended SSPs studies from producing scenario outcomes that deviate immensely from the
global deelopments (Ebi et al., 2014; van Ruijven et al., 20E4). a more detailed regional,
national, and sectoral analyses, the global SSPs provide the initial framing allowing key
assumptions for how scenario elements operating at the global scale be intlidedxtension
studies. Subsequently new scenario elements operating at a more localized scale avill b
incorporated OO0 Nei | | .&ldwevar| incorporatindlnévy elemeditsther than those that
already defined the global SSPmeans that the SSP em$ton studies may possibly be
dncompatiblé® with the representative developments at the global lemd| thereforethese

studies can only be eitheoherentor comparable

2.4 Extending Shared Socioeconomic Pathways

The basic or the global SSPs areeatly defined, the research community can now extend the
global SSPs for more detailed regional, national, or sectoral analysemain criterion for SSP
extension studies to be consistent with the global SSPs is that these extension studies must
linkedto the global SSRS E b | et al ., 2014; OO6Neil ITheains al . ,
of extending the SSPs are (1) to develop a small number of extended SSPs at different scales (e.qg.
levels or sectors) and (2) to use the extended SSPs torsdppher development of a large
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number of scenarios which are more refined to
et al., 2014; Schweizer, 2018). The extended SSP stedigdd produce either quantitative
elements or qualitative stomges or a combination of both. Many studies align with the prevailing
guideline for developing the extended SSPs, publishedimatic Changeas part of the first
special issue during the formalization of the SSP framework (van Ruwjveh, 2014). In this
guideline, two modes of entry for extending the SSPs are proposed. First, studies tten
guanti fication of key SSP el ements (i.e., t he
pointd to devel (vanVuurereet a&. ,x018)Pedoad] studi€s Ran alsse the
SSP narratives (i.e., the qualitative components of the SSPs) as thpantyespecially when
studies require SSP elements that can only be described qualitatively. This second mode is called
narrdive downscaling (Kok et al., 2006). Accordingly, these two modes are the most common
approaches employed by SSP extension studies.

Some extended SSPs studies, however, do not lend themselves to these two approaches.
This happens when the qualitative anghigtitative components of the SSPs do not provide
sufficient information related to the main driving forces operating at a more regional/local scale.
Although the global SSP narratives are designed to capture a broad scope of socioeconomic
factors, regionldocal and sectoral analyses may require elements that are beyond the scope of the
global SSPs. For instance, the roles of specific actors and institutional governance, which are
considered relevant impact, adaptation, and vulnerabilyAV) researchappear to be lacking
in the global SSP narratives (Absar and Preston, 2015). Furthermore, the components of the SSPs
lack the necessary elements to usefully describe the development (or deterioration) of a biophysical
system (e.g., Maury et al., 2017) &da niche social system (e.g., Palazzo et al., 2017; Valdivia
et al., 2015).

2.41 Modes of Entry for Extended SSPs

Since the formalization of the SSP framework in 2014, research communities have conducted more
than 60 SSP extension studies and countmg@ddition to the two approaches prescribed by van
Ruijven et al. (2014), there are two other approaches innovated by the research communities that
tap into differententmp oi nt s. One st sy chdsy 6c t dhsee re xtt @ ndred
devel@ a more detailed socioeconomic pathway(s) relevant in the context of New Zealand (Frame

et al., 2018). As the authors explain, many socioeconomic variables necessary to represent the
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development pathways in New Zealand cannot be captured by simply dbmgh#oa global SSP

guantitative and qualitative components.

Tablel SSP extension studi@skedto the global SSRifferently

Authors/Year Entry -point Context: Sector | Context: Study Description
Spatial
Sanderson et al. | SSP Wildlife Regional: Tiger | Utilized SSP quantitative elements (e.qg.,
(2019) Quantifications| Conservation conservation gridded population) and superimposed kno
(tiger population) | landscapes tiger conservation areas to calculate the

decline inconservation areas, hence,
declining tiger population can be estimated

Huang et al. SSP Socioeconomic National:China | Presergdalternative population projectisn

(2019) Quantificatiors | (population for China under three fertility policy
assumptions

Kemp-Benedict | SSP Narratives| Sustainable Fores| Regional: Downscaled SSP narratives to identify the

et al. (2014) Management Europe enabling conditions for sustainable forest

management and applied CIB analysis to
produce internally consistestenarios

Absar and SSP Narratives| Resilience/ National/ Produced corresponding national and
Preston (2015) Adaptation Subnational: US| subnational narratives by downscaling
/ US Southeast | SSP1,2,3 and 5 narratives
Frame et al. SSP Elements | Socioeonomic National: New | Respecified the elements for SSP extensio
(2018) (all relevant Zealand study that are relevant in the New Zealand
factors) context
Maury et al. SSP Ocean Global Produced an equivalent framework called
(2017) Archetypes Biodiversity Oceanic System Pathways (OSPs) that
correspond to the global SSPs
Palazzo et al. SSP Agriculture Regional: Produce an equivalent framework called
(2017) Archetypes Southern Africa | Representative Agricultural Pathways (RAR

that correspond to the globabBs

Another approach is to tap into the SSP archetypes as thepeirity This does not mean
that studies using this approagbuld utilise the SSP archetypes. Rather, twewld produce new
scenario frameworks that asempatibleto the SSP archetypes. For each SSP representative
pathway, a corresponding development pathwenuld be produced by these new scenario
frameworks. For instance, Maury et al. (2017) produced a framdwadsess socioeconomic and
biophysical changes of the oceanic system called Oceanic System Pathways (OSPs). Under the
OSP framework, a representative pathwaasdeveloped to be compatible with each SSP (i.e.,
OSP1 iscompatible with SSP1 and so on). Tall details thallustrative studies reviewed to
examine the mode of entry of these SSP extension studies and in what context (sectoral/spatial)
these studies are directed.

2.42 Quantitative Downscaling aiitktending Gridded Quantification of SSP Elements
Research communities have published various studies on the quantification of the key SSP

elementsn aspecial issue iGlobal Environmental Chandg®iahi et al., 2017). The quantification
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of key SSP elements includes data on population, urbanizatioecandmic growth. Extending

the quantification of SSP elements is typical in any mbdskd assessment (see e.g., van Vuuren
et al., 2010). Within the IAM research community, studies using similar approaches are well
established (see e.g., Sarofim andlRe2011), including studies under the Story and Simulation
framework (Alcamo, 2008; Carpenter et al.,, 2005; Trutnevyte et al.,, 2014). The use of
guantification of SSP elements as an efimint for extending the global SSPs lends itself well to
researcldisciplines or areas that are traditionally computational or modelling intensive such as
food systems (Bai et al., 2018b, 2018a; Hasegawa et al., 2014; Mullon et al., tB@ivater
sector (Fischer et al., 2016; Graham et al., 2018; Hanasaki et al. Ne8/3re and Dumas, 2015)

and biophysical or geophysical systems (Mogollén et al., 2018b, 2018a; Nauels et al., 2017).

Study methods to extend the treatments of the SSP quantitative components tend to vary.
For examplegridded quantificatiomwill utilize spatialdata on population and income used in fand
use modelse.g.,estimate the size of agricultural laadddetermine the prerequisite demands for
reactive nitrogen and phosphorous (Mogollén et al., 2018b, 20R8agarch communities have
also showrto be very innovative in developing SSP extension studies through the use of gridded
guantification. At timesa generic quantitative component of the SSPs such as popwedion
applied creatively to produ@esuperficially unrelated data like tiger poptida (Sanderson et al.,
2019). To account for the number of tigers in their natural habitat, Sanderson et al. (2019) used a
geospati al popul ation forecast (Jones-usand OO6
change due to population concentrataomd urban development adjacent to tiger conservation
landscapes (TCLs). A TCL is defined as area for effective habitat for tigers. Spatial data of
known TCLs were supegmposed on the SSP geospatial population forecast to determine the
extent of populadn concentration encroaching on the known TCLs. Coupling the information on
potential loss of TCLs with the evidence on minimum requirement for habitat area to maintain the
current tiger population, the wonedtdl80uhderger p
different SSPs.

Alternatively, aquantitative downscalingpproach can be applied for specific spatial
analyses that incorporate more detail and lspalific data. For instance, Huang et al. (2019)
extended the quantification of the SB&pulation projections at a national level for China. The
entry-point thatlinks to the global SSPs is the quantification of the SSP popul@iéh and Lutz,

2017) The existing SSP population data for China are aggregated and may not account for
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potental changes in nowlimate policies. However, this extension study considers changes in
Chinabds fertil ichilg, twpahild,i aod felldiber@lizatian). In this stuely, the
updated popul ation dat a ar eachpSSP adjediendundbryhree al c u
different policy considerations. Each SSP population data for China now cosmmigest one
representative pathway (i.e., SSP1 through SSP5) but three projections under different policy
assumptiond for example: populatiomnder SSP1 withthe onechild policy, with a two-child

policy or withafull liberalization of fertility policy. This new extended SSP population data for

China can serve as inputs to spatial/sectgpatific analyses or modelling exercises to produce a

wider range of alternative scenarios.

2.43 Downscaling SSP Narratives
Another entrypoint for SSP extension studiedlitik to the global SSPs is the SSP narrative (van
Ruijven et al., 2014). For narrative downscaling, the global SSP narratives will trangfer the
boundary conditions when being O6downscal ed?d
downscaling thus suggests that the extended studies are nested within theleleh@ment
pathways (Kok et al., 2006). In theory, such an approach can constrain the production of
regional/local and sectoral development pathways so that only consistent scenarios are produced.
Further, narrative downscaling approaches allow researtbeincorporate any scaspecific
element necessary for more detailed local or sectoral analyses. Extension studies that use SSP
narratives as the entpoint will usually employ other scenario development methods to construct
gualitative scenarios retant to the study context. The qualitative scenarios can be translated to
guantitative trends to serve as inputs to regional models for further analysesth®irfe8P
narratives are developed with d&édgenerasorpur pos
issues (e.g., water, energy, technological de
et al., 2017), SSP narratives are intended to appeal to broader research communities.

In some cases, the narrative downscaling approaches are osefhs$tructing scenarios
whose scope are different from those of the global SSPs. For instance, elements in the context of
sustainable forest management (SFM) may be different from the global SSP elements agdevidence
in a 2014 SFM study by Kerrpenedictet al. (2014). Their study aims at examining factors
important for SFM in the European region, which was done by subjecting SSP narratives to a

gualitative analysis to identify what t hey ceé
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scoping for fators or drivers that may present a condition necessary for SFM in a world depicted
by individual SSP narratives. For example, an excerpt from the narratives of the SSP1
(Sustainability) world indicates good progress toward sustainability; this trangtatesn
enabling condition that needs letgrm commitment to SFM. The enabling conditions are scenario
elements necessary for constructing storylines in the context of SFM.

The contextual scenarios with their respective narratives for the SFM studyradueqx
using crossmpact balance analysis (Weim&ehle, 2006) through stakeholder engagement
workshops. These contextual scenarios were evaluated whether their respective scenario narratives
would be plausible in a given SSP world. Thereafter, the attlamn assigned these contextual
scenarios to the closest SSP. Mapping contextual scenarios to the SSPs is a valuable exercise to
assess whether local developments could deviate from global developments (van Ruijven et al.,
2014) this is critical in IAV esearch.

The 1AV researchcommunity recognizes that multiple stressors from different scales,
levels and sectors can influence the resilience and the adaptive capacities of local communities
(Oo6Brien et al., 2004, R o t 00@).dnnAVeedsearah, extendi@g0 1 4 ;
the SSPs may appear complex and challenging; however, that may not be the case as the study by
Absar and Preston (2015) has shown. Their study on the extended SSPs is grounded on the context
of resilience and adaptation f@ommunities in the US Southeast. Their study remarkably
performed twelevel narrative downscaling, meaning that the downscaling was done not once but
twice. Firstly, the global SSP narratives were downscaled one levéiqiational level) to
produce naatives for the US. Then, the scenario narratives for the US were downscaled another
level (tothesubnational level) to produce narratives for the US Southeast.

The scenario narratives for the extended SSPs in their study were producethesing
FactorActor-Sector (FAS) framework (Kok et al., 2006). Several elements described by the global
SSP narratives alreadyrrespondo factors that lend themselves well to the FAS framework.
Accordingly, these factors were teased out from the four SSP narfaBmeific actors who are
involved in the governance of natural resources in different sectors (e.g., energy, water,
agriculture) at the national and subnational levels were identified through a series of stakeholder

workshops. Within the context of thegsearch, the author team has found that the global SSPs

51n Absar and Prestof2015) the SSP4 is excluded in the study because, according to the authors, the SSP4
narratives, which depicts logocioeconomic challenges to mitigation thigh socioeconomichallenges to
adaptation, was considered less plausible in the context of develamibns
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lack detaieéd information for national/subnational and sectoral analyses. Elements necessary for
the analyses that were not articulated by the global SSP narratives musidimed inthe
extended®SPstudy. The lack of detail forced the author team to use current data on socioeconomic
situations from other sources for extrapolating development pathways at national and subnational
levels. This issue presents a challenge in assessing both venitdioazontal crosscale
consistencies for such a multilevel study, which requires disparate elements for different levels of
analyses. Under Zurek and Henrig(@007)linking categorization, such scenarios produced by
narrative downscaling will be comlgred eithecoherentor comparableather tharconsistent

2.44 Respecifying SSHements

There can be a situation when the scope of the SSP components (quantification of key SSP
elements and qualitative narratyere not sufficiently broad to be useful in constructing the
extended SSPs. This can happen, for instdaceharacterizinghe formal and informal economy.

While the formal economy is markbased and highly concentrated in the urban and industrialized
area, the informal economy is neanarket based anghay begeographically sparse, located in

rural areas that may include subsistence activities operating at different scales (Larsen and Huskey,
2015). The existing data on the economy (e.g., GDP or incomenetary values) do not usually
account for informal economic activities, many of which do not involve monetary exchange (e.qg.,
customary practices of giving and sharing, see Ford et al.(2006)). However, the informal economy
can be important for understandisocioeconomic challenges in a rural context. Such a situation
demands that extended SSP elemleatespecified to bettareflect the local or sectoral dynamics.
Re-specification of the SSP elements may appear confusing at first because the SSPrkamewo
has been so closely associated with its quantitative and qualitative components to the extent that
these components have become synonymous with the SSPs, and therefore the SSPs are not
6mutable. 6 However, one can ssbthdkpyelerheats®tBePs t o
SSPs. These key elements can be retained asanelle-specified to include new elements
necessary for regional/national and sectoral extension studies. Studies on extending the SSPs by
re-specifying the (extended) SSP elemeststhe entrpoint are still uncommon; nonetheless,

such an approach can permit some form of flexibility for researchers to incorporate more detail
and contextually relevant driving forces that are different from the original scope of the global
SSPs.
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In the development of the extension stdor New Zealand, the author team (Frame et al.,
2018) began by selecting sever al SSP Kkey el
Subsequently, they introduced more elements that are relevant in the New Zeal@xd con
Further, this study also incorporates many qualitative elements necessary to assess climate risks at
the local scale. These qualitative elements include, for example, attitudes towards international
trade, technological capacigndmigration polices (Frame et al., 2018). Additionally, this study
taps into the SSKHuantitativeelements such as data on population in addition to the acquired
domestic data. Overall, this study draws many elements necessary to model the socioeconomic
futures for New Zdand. For an extended SSP study, such a scope is comprehensive and more
detailed than the original scope of the global SSPs. A detailed SSP extension study like this one
proves useful to support other localized scenario studies (see e.g., Ausseil0aal.Hdwever,
theuse ofnew scenario elemenits the extension studiesould deenthe producedscenarioss

eithercoherentor comparablewith the global SSPs.

2.45 Adapting SSP Archetypes

The SSP narratives and the quantification of SSP elenmeaysnot necessarilycover many
elementgelevant for regional or sectoral extension studies. For example, potential crop yields and
price trends are important elements fioe regional and local scaden the agricultural sector
(Valdivia et al., 2015)but this information is part of neither the storylines nor the quantification

of SSP elements. In response to this limitation, researchers innovate new ivdythtar studies

to the global SSPs by adapting the SSP archetypes. Such studies can either ae&8P th
archetypes or develop a new lbompatibleframework.

The representative agricultural pat hways (
meaning RAP1 is compatible with SSP1 and so on (Palazzo et al., 2017; Valdivia et al., 2015).
The developrant of the RAPs for regional level analyses follows a botipmapproach. The
bottomup model describes studies on extending the global SSPs, which are performed
independently at first, but are afterwards linked to the global SSPs to ensure scenartiencynsis
across scales (Ebi et al., 2014; van Ruijven et al., 2014). Like the SSPs, the process of developing
the RAPseganwith the construction of a 2x2 matrix; yet unlike the SSPs, four (not five) scenario
archetypes are produced. These archetypes are Caltrl Control, CaloriesSeltdetermination

Civil Society to the RescuedSave YourselfValdivia et al., 2015). fie RAP framework and

39



narratives were produced from a series of scenario planning workshops, involving regional
stakeholders to assess regional impacts of biophysical and socioeconomic changes and identify
scenario elements in the respective regional coriadazzo et al., 2017). The narratives of the

RAP were quantified and then used as inputs to global models (i.e., Aghthié Agricultural

Model Intercomparison and Improvement Project) to produce trend indicators such as crop yields
and prices (Valdia et al., 2015). Finally, the author team employed atowmme mapping to

match RAP trend indicators and narratives with the global SSPs.

Another extension study thhnks to the SSP archetypes, the Oceanic System Pathways
(OSPs), describes the socioegomnc challenges for global oceanic ecosystems (Maury et al.,
2017). The aim of the OSPs is to lay the foundation for more detailed regional/local and sectoral
analyses related to the oceanic system. Like the RAPs, the development of the OSPs is also bottom
up, which means the OSP framewar&sdeveloped independéytof the global SSPs, only to be
linked to the global SSRsterward Three major domains related to oceanic social systems were
first identified namely management, governance #medeconomyrFor each domain, key elements
were selected by the participants of the scenario planning workshops. Subsequently, scenario
narratives for the OSPs were individually constructed from these elements, making sure that the
OSP narratives produceerecompative wi t h each SSP, and therefor
the development of the OSPs, the author team found that operationalizing the transfer of boundary
conditionsfrom the global SSPs to the extension stwdgchallenging. Because neither the SSP
naratives nor the quantifications are sufficiently detailed to determine the boundary conditions of
the oceanic system, the OSBsuld notbe developed through other modes of entry described
earlier. Since the RAPs or OSPs only have similar scenario areldtypefinitionaccording to

Zurek and Henrich@007) these studies are ondpmplementary

2.5 AreExtendd SSP€onsistent Across Scales?

In scenario research, it is imperative that scenarios developed for multiple scales are ceasistent

that thee scenarios do not contradict each o{Béggs et al., 2007; van Ruijven et al., 2014; Wiek

et al., 2013; Zurek and Henrichs, 200Apwever, there ia lack of consensus over the accepted
definition of crossscalescenarioficonsistency; researchers are adamant that consistency across
scales is anusthave but many researchers have different sake what it means. Drawing upon

the SSP Iliterature, consi stency can refer to

40



pathways shouldat deviate immensely from the SSP reference pathways (Ebi et al., 2014; van
Ruijven et al., 2014). However, the dominant definition of scenario consistency in environmental
scenario research is entrenched to scenario linking categories, a seminal wankelofadd
Henrichs (2007). Ultimately, developing scenarios for extended SSRs¢Hatkedto the global
SSP will often use different scenario elements and assumptions; thus, these scenarios can be
wrongfully cat egmsdemceedifrigued. 0i nconsi stento

Studies thaare linkedto the SSPquantificationgi.e. by quantitative downscalingan be
categorized as eithexquivalentor consistentacross scales according to Zurek and Henrichs
(2007) When extension studiese linkedto the SSP narrate by means of narrative downscaling,
such extensions can be considered Oconsistent
elements introduced into the process of developing the extended SSPs. However, when extended
SSPs were developed by imporating new scenario elements that are different in terms of the
assumptions for how the driver would play out in the fu(ddesar and Preston, 2015; Kemp
Benedict et al., 2014»uch studies will be eitheoherentor comparable Studiescould alsore-
specify SSP elemen#mdinclude newregional or locakcenario elements; therefore, these studies
are only considerecbmparable For extension studies tredoptthe SSP archetypes such as RAPs
and OSPstheyretain only theSSPframework; additionallythese studies utilize driveend
assumptions different from the global SSPs. In this case, RAPs and OSPs may be considered
complementargcross scales. In other words, quantitative downscaling will produce scenarios that
areequivalentor consistentacros scales, wheredschniques such amrrative downscaling, fe
specifying SSP elements and productwmpatiblescenario framewoscmay be considered
0Oinconsistenté across scal es.

Thus theras a pressing need to clarify whainsistencyctually means (see e.g., Kok et
al., 2019). For scenarios developed through narrative downscaling, it involves selecting and using
the same key elements of the global SSP strictly for developing the ext@88esdn order to be
consistent with the global SSPs. However, Kok g8l19)expressed two challengdsst, (1) to
what extent the scenarios at different scales must be similar to be considered consistent. Second,
(2) many key assumptions for both lggd SSPs and extended SSPs (e.g., regional, provincial) may
not be compatible. Therefore, many SSP extension studies will not be consistent with the global
SSPs. As Rohat et al. (2018) rightly put it, a clear direction is needed to explore more options for

systematic consistency checks. One way to assess scenario consistency is to -Usparbss
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balancgCIB)anal ysi s (Schweizer and Kurniawan- 2016
Jehle, 2006)which will befurther elaborated in Chaptérand6.

2.5.1 LinkingGlobal SSPs Via Croapact Matrix
The key elements of the global SSPs are socioeconomic variables of societal futures necessary for
identifying higher or lower challenges to mitigation amdl a pt at i on ( O6Ahd i | | et
these key @ments will influence regional or national developments in many sectors such as
domestic energy systemsowever, using only SSP elements may natufécientfor examining
nationalenergy futures in thdifferentgeographicatontext for a couple of reass. First, there
may be variables that are importdoimesticallythat are not part of the global SSPs. For instance,
certain suksectors (e.gtransportation, oil and gas production) may have significant influences in
the development afatiord s e systemg.yror example, oil sand production can be considered
an important sectdor Canada fonational levelanalysesHowever, d sands are generalized as
an economicallysubstitutable energy resource for global analyses, while their substitutabiity ma
be less true in the Canadian context (i.e., they are more of an asset). Secotte¢chouial aspects
relevant to the energy sector are also underrepresented by the global SSPs. Although one of the
SSP elementsgtechnological change in energy efficogq relates to socitechnical change, this
el ement presents an 6 umb r-edhiical thangesrAsnresedwrchthasa g gr
shown, the rate of technological transition for different technologies varies (Sovacool, 2016). In
this respect, SSP extension studies in the Canadian context require new elements to be specified.
New candidate elements forational and sectoral analysean be identified to support the
development of more detad national energgcenarios

To find sdf-consistent multscaleenergyscenariosthe CIB analysiswas deployedThe
CI matrix that moded nationalenergysystemswvas constructed and then joined to the CI matrix
for the gl obal SSPs deve(R0d4d €he retujant BrokbcaleeCGl z er a
matrix is comprised of scenario elements related to global socioeconomic driving forces and
n a t ieoengg dievelopment. The method employdihtothis extension studtp the global SSPs
re-specifes SSP elementsncluding introducing new eleemts for national level analysi$his
means that in the CIB analysis, the scenario elements for the global SSPs are used in conjunction
with the new scenario elemeniseful for developing national or sectoral scenarios on energy

futures
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2.6 Conclusion

The goal of this chapter is t@view existing literature omulti-scaleenvironmental scenarios.
Multi-scale scenario literature has discussed esoake consistency asrequirement. Although

the scenario research community agrees on the importanceswirg crosscale consistency,
their agreement ends there. Currently, there is no consensus onswiedri by crossscale
consistency. This issue on scenario consistency acrosssualdd not be taken lightlgspecially

with the small butgrowing rumber ofSSP extension studies for climate change resed@itb.
review is used to introduce the SSP framework. Under the SSP framework, the requirement is that
all extension studies musg linkedto the global SSPs so that scenarios extended to regional, local
or sectoral scales are consistent with the global SSPs. In this disseliaking, the national
energy scenario studg the global SSPwasdone by respecifying the SSP elements, meanin
that the relevant elements fdomesticenergy futuresvereincorporated along with the existing

global SSP elementblext, Chapter3 will introducethe study contexCanada
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Chapter 3CanadiarenergyScenario Studies

This dissertation was setitto develop globally linked internally consistent scenarios by extending
the Shared Socioeconomic Pathways for national or sectoral analysesase of Canadn

energy futuresvas used in this dissertation. As discussed in Chagisn2ously it is imperative

to incorporate new scenario elements necessary for developing energy scenarios in different
nationalcontextsas these elementse notspecifiedunder the scope of the global SSitxe the

key SSP elements are meant to be gen&he existingCl matrix of the global SSPs developed

by Schwei zer(20la)wduld ®é ékeemdéd to incorporate scenario elements for
developing national energy scenarios. This Chapter 3 introduces the study context (i.e. Canada)

andreviewsrecentenergy scenaristudies in Canada.

3.1 Introduction

An energy system isomprised ofinterconnected subystems that produce and deliver energy
sources to energy servic@otvin et al., 2016)In the face of climate change, effortslimiting

global average temperatuincreases toe2Qwill transform global energy systems drastically
(Bataille et al., 2015; Schweizer and Morgan, 2016; WEC, 20t&}litionally, energy transitions

were primarily motivated by cost, convenience, and the availability of technologicabirors/
(Verbong and Geels, 2010Recently, energy strategies undertaken by individual countries to
address accelerating climate change can also include transitioning to low carbon energy
alternatives domesticallPotvin et al., 2016)

Domestically, the focus of the Canadian energy strategy is expressed in {GarRalian
Framework onClean Growth andClimate Change(Government of Canada, 201%hich is to
transition to a lower carbon econotBotvin et al., 2016)Not only doeshelow carbon economy
pertain to the energy sector, it encompasses most, if not all, economic sectors such as agriculture,

tourism, transportation, and fisheries. Nevertheless, theCBaadianFramework has identified

several primary sectors, whichwillbekeyn r educi ng Canadads greenhol

These sectors are:
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1 Electricity (focus on electricity generation from laarbon or alternative fuels such as
renewable resources)

1 Built environment (focus on energy conservation and energy efficiemcgoinmercial
and residential buildings)
Transportation (focus on lowarbon transportation systems)
Industry (focus on energy efficiency of industrial heat production and clean technology
investments)

1 Forestry, agriculture, and waste (focus on increasainigon sinkand electricity generation

from bioenergy)

While the goal of the PaBanadianFramework is already expressed, it remains unclear
how certain Canadian provinces could decarbonize their economy. As identified by Potvin et al.
(2016) one of thechallenges is the large expantiented fossil fuel production sector, and by
extension the mining sector, in these provinfeg., Alberta, SaskatchewaNgewfoundlangl.

Fossil fuel production is largely concentrated in specific proviices Alberta, Saskatchewan)

and they would need to venture to other green economic sectors as alternative to fossil fuel
production. By investing and supporting alternative green sectors, the Canadian economy can
possibly relinquish its dependence on the national iecgemerated by the fossil fuel production
sector since both fosdiliel and mining sectors contribute to a large proportion of Canadian GDP
(8.4% of total GDP in 2017) However, development pathways towards decarbonization require
theCanadian economytm e 0 d e dromufgssil &uel production, meaning that the economic
performance of oil and gas sectors domestically and globally could have hardly any impact on the
Canadian economy. Such an ambition thus requires Canada to transitiondartbon enayy

futures; yet, this is not an easy feat. Although the federal government is the one that pledge
emissions reduction targg@te., to reduce its GHG emissions by 30% below 2005 levels by 2030)
on the international stage, provincial governments arentaé actorsto legislate aggressive

policies for emission reductions.

" Data on GDP by industrial sector were retrieved from Statistics Canada
(https:/iww150.statcan.gc.ca/tl/tbll/en/tv.action?pid=3610043402). The oil and gas sector alone contributed to

6% of total GDP in 2017. Together with mining and quarryhig,imdustrial sector is the third largest industrial

sector in Canada since 1997 (8.4% of total GDP) behind real estate (13% of total GDP) and manufacturing (10.3% of
total GDP).
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3.2Scenarid 1 dzZRAS& 2y /Iyl RI Q& 9y SNHe& Cdzi dzNBS
Transitioning to lowcarbon energy futures is challenging for Canada since the current state of the
Canadian energy systeis1based orthe legacy carbemtensive economic and social structures

(Potvin et al., 2016)Canada can be expected to undergo &dcand structural changes in the
future, reshaping the future of Canadads ener
there is no abrupt change in energy transition as historical accounts have shown. For instance, the
energy (supply) transdns to coal, oil, and gas took almost 100 yé8ovacool, 2016)oresight

exercises have been used to explore and better undevdtahevould be plausible in 50 to 100
years.Researchers have used scenario techniques to explore many development paibdemys
different assumptions of global or domestic conditbrdar how Canadabs energy
shape in the future.

Studies on Canadads energy transition als
Notably,studies such as Renergizing CanadéREC)(Potvin et al., 2016)Deep Decarbonization
Pathways in Canada (DDP(Bataille et al., 2015the 2018 study by the National Energy Board
(NEB, 2018) and three scenarios under the Trottier Energy Futures Project (TEHH), 2016)
envision alterngve pathways for Canada to be decarbonized with the assumption that the world
is decarbonizing. Alternatively, studies such as the NEB 2016 {NHPB, 2016)and eight
scenarios under TEFEEFP, 2016)assume that the world remains carbonized; accordingly
Canada would remain carbonized like the rest of the world. The depictions of a carbonized world
are used to highlight, perhaps unjustly, how a carbonized world would continue to exert influence
on Canada to remai n car botadezadahize bAcemedncreasirgly | t |,
challenging because of external global driving forces.

Nonetheless, a common theme, which can be drawn from REC, DDPC, TEFP, and NEB
studies, is that the developments at the globalGathdianevels are in lockstep.hat means
Canada could possibly decarbonize in a decarbonized world, but it is also possible for Canada to
remain carbonized in a carbonized world. These two portrayals of the future are considered
plausible since local developments reflect global devedopsnclosel§ in this sense, local and
global developments are consistent. However, studies rarely examine whether it would be
plausible for Canada to remain carbonized while the world decarbonizes-@ewsee(Figure).

The interest, however, is to erpé whether countantuitive assumptions (e.g., Canada remains
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carbonized in a decarbonized world and Canada decarbonizes whilst the world remains

carbonized) are even plausible scenarios, viz consistent.

Carbonized World

Plausible futures NEB (2016)

are currently TEFP (2016)
underexplored

Decarbonized Canada Carbonized Canada
DDPC (2015) Plausible futures
REC(2017) are currently
TEFP (2016) underexplored

Decarbonized World

Figure6 Assumptions wesd by the fouscenario studies oGanada's energy future

3.2.1 Reknergizing Canada

The ReEnergizing Canada (RE®eportis a scoping study(based on peaeviewed literature

and data) that presentecommendations for which Canada could transition to-darvbon
development pathways in a decarbonized w@Adtvin et al., 2016)The REC study aims to
identify a broad range of driving forcase( scenario elements) that would be useful for examining
Canadian energy futures. For the REC study, the author team conducted literature review and
highlighted key elements relevant to Canadian energy futures. The study delves deep into
provincial diffeeences. That means driving forces or elements that can be considered important in
one province could be of less importance to some extent in other provinces. For instance, the
rel i ance ofmed goder geneyafion might be considered importargaskatchewan

and Alberta, but in other provinces territoriessuch as British Colombia, Quebec, and Yukon

81n futures studies, this scoping process is also known as environmeatalisg (or horizon scanning) which is a
step prior to the scenario development procd€denn and Gordon, 2009)
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who rely on 0cl eamé&oalmayotbecbnsidetdd e an impertard igsuec e s

in theenergy transition.

3.2.2Trottier Energy Futures Project

Technolog to support energy transition in Canada is the main theme of the Trottier Energy Futures
Project(TEFP, 2016)The TEFP is a quantitative modelling study for combustion emissions. The
scenarios produced by the TEBR based on currently deployed technologiesextichpolate

future technological improvement and cost reduction. The overarching aim is to examine the
possibility to reduce GHG emissions using known technologies. The TEFP study produces eleven
scenario®f which eight scenarios assume that there would be no constraint imposed on the export
of fossil fuel, meaning that the world remains carbonized and the demand for Canadian exports of
fossil fuel would continue to persist. The remaining three scenassosnasthat there would be

some constraintdue to concerted global actions to reduce GHG emissions, lowering the global
demand for fossil fuel and consequently the fossil fuel production in Canada. An interesting
situation depicted by the reference scermrfscenario 1 and 1a) is that Canadian freight
transportation could become a major sector contributing to GHG emissions. The most aggressive
scenario (scenario 8) shows that, while energy consumption could renthévat 1 level, the

GHG emissions woulceduce over time. The emission reduction could be attributed to the ongoing
improvements in energy efficiency as well as the shift from combustion to electricity for motive
power. However, given the significant reducti@guiredunder the most aggressiseenariaor
mitigating climate change&Canada would still fall short of the 80% emission redudtiom 1990

level (425 M CO2¢ in 2050 As a result, the acquisition of negative emission technologies (NETS)
would be <cruci al t o waergg sransgtian papdomettinghthe eMiasiora d a 6 s
reduction goa(TEFP, 2016)

3.2.3 National Energy Board

The National Energy Boar d ( NEB)denpandprojactoise s Carr
every two to three years (e.g., 2016 and 2018). The 2016 NEB stsuiyess that fossiuel

remains the primary source of energy in Canada, meaning that GHG emissions would continue to

rise over the projection period (i.2040) (NEB, 2016) In the followup study in 2018, the
assumption (fossil fuel as the primary sowtenergy in Canada) has changed. Instead, the 2018
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study assumes decreasing global and domestic demand foffliesgNEB, 2018) The local
demand for energy, albeit decreasing, could be serviced by alternatreatban energy sources

such as renewablenergy to align with the PaanadianFramework(Government of Canada,
2017) The global demand for Canadian fossil fuel resources could also decline with the increasing
ambition of transitioning to lovearboneconomiesacross the world. The NEB studiase the
information about existing policies and technological developments to forecast the supply and
demand of Canadian oil and gas. These studies rarely include environmental and socioeconomic
considerations, unless they are already part of existingig®lor technological developments. In

the latest 2018 study, four scenario cases were presamégdrence case,technology casend
high-price and lowprice cases(future oil and gas priceslince the latest study uses the
assumption that there \le greater forces and drive towards decarbonization locally and globally
thelow-pricescenario portrays oproduction thatwould decrease by 25% 2040(NEB 2018)

3.2.4 Deep Decarbonization Pathways in Canada

Forecasting the demand and supplyfadsil fuel energy resources is challenging due to price
volatility of oil and gas in the global market. Instead, the Deep Decarbonization Pathways in
Canada (DDPC) study explores plausible scenarios, ensuring economic prosperity as well as
contributing toglobal effort in reducing GHG emissioBataille et al., 2015)DDPC assumes

that the world is decarbonizing, and Canada will follow suit. The decarbonization efforts at the
global level could motivate Canada to decarbonize as well. One should ndkeBPC study

does not consider emission targets because the goal of deep decarbonization exceeds the national
mitigation ambition. DDPC uses quantitative modelling and scenario analysis to produce six
different but overlapping pathways. Each pathway easjles a specific theme: (1) decarbonized
electrification; (2) improving energy productivity; (3) reduce, cap, and utiliseenergy
emissions; (4) move twercemission transport fuel; (5) decarbonize industrial processes; and (6)
structural economic cinge. Each pathway contributes a certain amount of GHG emission
reduction as projected by the model. If the pathways were to be undertaken separately, it would be
hard for each pathway to achieve the projected emission reduction individually. For example, t
realise the full reduction potential of zesmissiontransport fuel (Pathway 4), decarbonized
electricity (Pathway 1) should also benplementedat the same timehence 0deeperd

decarbonizationvould bepossible, potentially reducing close to 600 MtZ&Ghatis more than
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80% belowCa nadaods GHi®G20E/209v CO2¢ Bhe significant reductions would
come from three pathways: decarbonized electricity, -eerssion transport fuels, and

decarbonized industrial processes.

3.3 Common Thread\cress Canadian Ener§genaridstudies

There is a consensus among the four Canadian eseeggaricstudies that lowcarbon electricity
generation could be key in Canadads energy
consuming sectors identified kpese studies are transportation, commercial and residential
buildings(built environment), and manufacturing. Transportation is 20% of total primary energy
consumption, while the consumption for commercial & residertiaildings followed by
manufacturig are at 18% and 17% respectivéPotvin et al., 2016)

3.3.1Electricity GeneratioBector

Low-carbon electricity generation is one of the major themes across the four studies. According to
the TEFR2016)study, the best scenario shows that rapid ibecazation of electricity generation

could be realized by 2030. This is driven largely by the adoption of alternative cleaner fuels such
as renewable energy sources (i.e. solar, wind, and hydro). However, from the global perspective,
the installed capagitof largescale grid connected renewable energy system such as solar power
in Canada remains modg&t3 GW)even though many areas in Canada such as the prairie regions
have better solar potentials (insolation) than GerniiiiB, 20169 one of the countes that has

the highest installed capacity of solar power in the w@HslGW by the end of 201§)RENA,

2019)

Renewable energy such as solar, wind, and hydro are contextualized spatially because the
availability of these energy resources is based orgrgpbical location. Generalizing the
mitigative capacity based on renewable energy will be too coarse as Canada is a large country and
only specific renewable energy resources can be harnessed in certain provinces. For instance, solar
and wind energy potéials vary among provinces, and tidal or wave energy potentials may be
available in coastal provinces only. Therefore, mitigative capacities are better understood at a local
scale (i.e. provincial or municipal leveishich are subnationgalin this respeg renewable energy,
as the driving factor of Canadlasnergy transitionmay not be suitable for national level analysis.

Instead,as will be discussed further in Chaptgrcarbon intensitywas chosenwhich can be
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referred to as thaverageamount ofcarbon emissianper unit energy produce®f coursethere

is a limitation in using carbon intensity to infer laa&rbon energy produced in the country by
virtue of which different provinces may have different level of mitigative capacities. Nonetheless,
thisstudy onC a n a d a 6 scenaris@m bg further extended to the provincial level in the future
to better account for provincial differences and to provide detailed analysis of individual province

capacities towards decarbonization.

3.3.2Transportéon Sector
If only theelectricity generatiomere decarbonizedransportation would remain one of the main
contributors to GHG emissions in Cand@&FP, 2016)Historically, the GHG emissions between
19902017 by road and railroad transportation haedasedby43% Based on t he f
energyscenariostudies, the potential for major GHG reductions in the Canadian transportation
system would come from personal transport, public transport, and freight transport.

Personal transport iselated to lifestyle choices of Canadians, which have partly
contributed to the incread demand fomobility. Canada is a large country; thus, it is convenient
for Canadians to own personal vehicles to travel long distances. According to the DDPC report
(Bataille et al., 2015)almost all personal vehicles in Canada (>98% market share) run on fossil
fuel, but this trend will change. Under the DDPC scendossilfueled vehicles could be phased
out potentially by 2045 and be replaced by electric vehi@&s) (>90%) by 2050. While the
adoption of EVs largely depends on societal preferences, it can also be supported by policy
instruments (e.g., green vehicle rebates if®®@d formerly in Ontarit).

Another key area in reducing GHG emission is the salcshiift towards public transit. In
large metropolitan areas, urban mobility demands (i.e., local and intercity travel) are served by
public transit systems. Electrification of public transit would be a viable option for reducing GHG
emissiongn clean eletricity generating provinces. Studies suggest tti@public transit system
could be served by different modes of transport such as electric railways for regional and intercity

9 SourceEnvironment and Climate Change Canada (2019) National Inventory Repoi2dBB0Greenhouse Gas
Sources and Sinks in Canadarieved fromhttps://www.canada.ca/en/environmentlimate-
change/services/climatehange/greenhousgasemissions/inventory.html

10 Source: Clean Energy Vehicle Program for BC, retrieved from
https://lwww?2.gov.bc.ca/gov/content/industry/electricityalternative-energy/transportationenergies/

11 Source: Recently cancelled Electric and Hydrogen Vehicle Incentive Program, retrieved from
http://www.mto.gov.on.ca/english/vehicles/electric/electrieehiclerebate.shtml
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travel, electric buses and shared autonomous vehicles for city comr(fatim et al., 2016)
Already, Canada has the means to transition to greener transportation quickly because Canadian
transport companies such as Bombadier in Quebec have the technology (electric railways) to
realize such a go@Potvin et al., 2016)

Another dimension ofthe transportation system is freight. Canada has many natural
resources (e.g., oil, gafrestry, and agricultural products) that demand energy to produce,
process, and more importantly transpdhe NEB(2016)study considers freight trans a major
issue since the extractigrproduction and processing facilities as well as the-esdrs of these
natural resources (including agricultural and forest resources) are not in close prdxémdg
these products must be transported. Freight transportation in Canada is largely served by trucks,
instead of more efficient traindlthough freight trucks that run on LNG are currently available,

LNG engines are less efficient than diesel engines. Consequentgwitething does not translate

to immediate cossavings to fleet operato(BIEB, 2016) In this respect, the development and
deployment of secondeneration biofual, which are produced from ndmod crops such as food
waste and agriculture residuey fuse in heavy freight and rail transport will be cru€iEFP,
2016) However, whetherldéet operators would eventually switch to biofuels remains unclear.
Nonetheless, theeluctancenf switching to cleaner fuels due to cost has largely contributed to the

slow uptake of green freight transport technologies.

3.3.3 Commercial and Residen8alctors (BuilEnvironment)

Commercial and residentidduildings are the second largest energy consuming sector after
transportation(Potvin et al., 2016)Energy for space heating in residential and commercial
buildings are basic necessities in cold daes like Canada. The TERR016)modelling study

shows that the reduction in energy demand for space heating in residential and commercial sectors
tends to be relatively achievable due to lower cost options (e.g., heat pemepgysaving
appliances As costsavings will directly benefit consumers, consumers will likedyenticed to

adopt these technologies. Further, urban forms can be redesigned to reduce the overall
infrastructure cost by adopting promising GHG emission reduction approaches suekras g
public transit, cegeneration plants, district heating, waste to eneagg local energy storage.

Many areas in Canadian provinces and territories might not be urbanized and the energy profile
(supply and demand) in these areas would likely berdifft across provincéSEB, 2016; Potvin
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et al., 2016) For instance, the Northern Canadtarritories (with the exception of Yukon) still
rely on fossil fuel energy resources (i.e. oil) for space heating and electricity generation. In these
territories, oil must be transported by trucks into these regions, further contributing to GHG
emissions. The solar and wind resource poor areas could consider alternative fuels such as biomass
to reduce the demand for oil. For instance, wood pelldteiNorthwestTerritories(NEB, 2016)
and municipal solid wast@otvin et al., 2016present an alternative fuel (i.e. biogas), which can
be harnessed inexpensively via anaerobic digestipyrolysig? or gasificatioh* for community
district heating systems.

Fuel svitching to lowemitting energy fuels such as LNG is also an option in some
provinces thaareheavily dependentrocoal for electricity productio(NEB, 2016) However, the
lack of LNG infrastructures in these territories presents another challengepdrtargs LNG
requires expensive onsite facilities such as liquefaction (converting natural gas to liquid form at a
molecular level for transporting and storage) and regasification (convérétiquid form back
to natural gas for endse). Further work is needed to reduce the overall infrastructure cost. Other
GHG reduction approaches such as combined heat and power generation, including district heating
and local energy storage for remote comines, are also worth exploring.

3.3.4Carbonlntensive Economic Secsor

C a n a ftbssibfgel resource extraction and production sectors are major contsmit@HG
emissionsWhen using the fossil fuel production data forecasted by the (R&B5)as he inputs

to the modelling exercise, thiesults suggest thaventhe most aggressive scenarios would not
reduce much of the GHG emissigfi€FP, 2016)Even if they do, the cost of abatement would
not be economically feasibl@his raises a concersince decarbonizing fossil fuel (including
mining) extraction and production sectors would require aggressive emission reductiass of th
sectos (Bataille et al., 2015While being critical of this notion, the TEFR016)study, however,

12 Anaerobic digestion is®y I (i dimddindoitionprocess of organic mattefor example animal manure, food

waste, crops waste etc. The process will produce bidgsed forgas turbinas)and residual compogused as

fertilizer).

B Pyrolysis is a process of heating biomass in the absence of oxygigi &mperature (+700 degree Celsius).

This process producesmixture of carbon monoxide and watexhich can further be oxidized. Further processing

may berequired to obtain biodiesel.

1 Gasification is a process of heating biomass in the presence of limited oxygen, though some combustion may be
required to provide heat for pyrolysis to occur. The process will produce gaseous fuel and some volatile organic
gases. Solicesiduesin a form d char can also be further nesed for combustionfuel.
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remains hopeful thahe development and the deploymentagative Emissions Technologies
(NETs) could be crucial for decarbonization.

The common thread across the four studies undoubtedly is the availability of NETs. Under
the NET umbrella, carbon capture and sequestraiio@CS is considered key in supporting
decarbonization efforts in Cana@ataille et al., 2015; NEB, 2016; Potvin et al., 2016; TEFP,
2016) High emitters such as oil and natural gas producers may not have to wait too long to benefit
from CCS since othecountriedike Norwayfor examplehave been experimentingth different
ways to put carbon (emissions) back into the
intensive especially for Direct Air Captured CQ8inx et al., 2018) The requirement diigh-
capital investment can often face a problem in getting funded since investors consider such projects
highly risky with low return on investmeifPotvin et al., 2016)To nurture key innovations in
energy systems such as NETSs, investments in technmdsgarch and development are necessary.
Despite the positive reception for which NETS
research and development in NETs is nonetheless modest from the global perépatidiile et
al., 2015; Potvin et gl2016) Although research on NETs are lacking domestically, Canada can
still benefit from global technology spillove{Bataille et al., 2015)Also equally essential is the
willingness of businesses to take risks when adopting new technologies. Govwertamefay a
part in providing clear longerm directions and support through the use of policy instruments to
enable markets to align investmentintowvar bon t echnol ogi es(Baalle oss Cz¢
et al., 2015; Potvin et al., 2016)

3.4 Conclusin

There are still significantincertaintiesn our knowledge aboubw-carbon energy futures in
Canada including understanding tHecal, regional and global development of energy systems
the drivers and the outcomes afimate negotiations at the global leveétor instance, high oil
prices can motivate Canada to continue extracting oil and natural gas regdlEBes2016)
conversely, high oil prices can also drsieanges in consuméinsehaviorin various sectors such
as tranportation by switching to alternative néossil fuetbased energy resourg@ataille et al.,
2015)

Scenarioesear ch on Can althauses difeerer® methods fofustenari@
analysis to address policy questions. For the most part, the draeirsfand assumptions used
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by author or modelling teams are not transpa@otvin et al., 2016)Whatis needed is well
documented and O6ébopen sourced scenarios that
scenarios were constructed in the first plathe transparency of scenario studies allows users and
practitioners to question the assumptions and compare réRdtgin et al., 2016) These
assumptions are: (1) Canada can be decarbonized in a decarbonized world and (2) Canada remains
carbonized im carbonizedvorld. In other words, scenarios are considered consistent when the
future energy developments at the global level and Canada are aligned. However, we still do not
know whether countantuitive assumptions (i.e. Canada can decarbonize whielevorld is not
and vice versa) are consistent.

In this dissertation, such assumptions will be further investi§atauether global
devel opment pat hwa ylevelopmedmus§ henlatksdtapbosnotel i€ IB gsy
a tool for performing consistepcchecls as Wiek et al.(2013) suggested. Consequently,
consistency cheslwill address the question of whether it would be plausible for Canada to be

decarbonized when the world remains carbonized and vice versa.
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Chapter 40verview oResearciMethods

This dissertation employs a sequential research design where phases of data collection and analysis
are in sequential order. Due to the abstract nature of the CIB analysis including how and what kind
of data is required for CIB analysis, theeashmethods in this thestsan be better explained in
sequence. Therefore, subsequent Chapter 5 will dive deep irgpgheation of network analysis

to identify and rate candidate scenario elements useful for developing energy scenarios for Canada
(Phase 2. Chapter 6 detailhe scenario development process using grapact balance analysis

(CIB) to produce globally linked internally consistent national ensogyariosis extended SSPs.
NonethelessChapter 4 provides an overviewtbEsemethodsandexplains how data collected in

one phase be used in the next phase. Figpresents a useful illustration of the research design

in Phase 2 and Phase 3

4.1 Introduction

The analysis of complex problems such as ensggyemsrequires multiscale approaches to
scenario analysis because the complexity of this sontneanifest inmultiple levels, sectorand
scales.The gientific communiy hasdeveloped the globafersion of theSharedSocioeconomic
Pathways (SSP3( Ebi et alletal, 2004)The SSEceéndre frdmeworgrovidesthe
entry point forextensionstudiessuch as national energgenarios to linko the global SSPso
that national scenarios produced in thteesisare informed by the different plausible global
develgpment pathwaygvan Ruijven et al., 2014Thisthesisu s e sspedifyirgg of SSP elemeirdts
(di scussed in Chapter 3) as the starting poin
scenarios This entry point is suitable foncorporating scenario elements that are too different
from the original scope of the SSPs components.

In this thesisthe scenario development process takes an approach that iscaldti This
is a significant refinement to traditionatethodsthat often apply a singlescale perspective.
Moreover, the dominant approach to msltale scenario analysis is to link scenarios at different
scales (e.g., global and local) using dwfks as explained in Chapter 2 (Zurek and Henrichs,

2007).1t is possible foa scenario analyst to identify how different scenario studies can be linked
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(e.g. assessing how one study can corroborate or conteadittier study); neverthelessjch
interpretation is a still subjective exerciggpromising method that increases trensparency and
rigour of scenario analyses @gossimpact balance analysis (CIBKemp-Benedict et al., 2019;
Schweizer and Kurniawan, 2016; Weird&hle, 2006)Analyzing crossimpact relationships of
scenario elements from different scales, levalsettorss fundamental to CIB analysis. With
informationregardinghow different factors interrelate, CIB analysis Isdpenario analysts and
usersbetter understanthe overall systerd behaviourresulting from cascades of influencés
this thesis, e crossscale interactions between the world region (i.e., the global SSPs) and the
Canadian region (i.e., Cand@danergysystemywereassessed.

In this dissertationdeveloping globally linked internally consistent scenarios under the
SSP framework ben by reviewinghe scenario development procasslby identifying elements
(drivers, trends or event&)r developing energy scenarios for Canalaese candidate elements
were selected bgonsultingexisting energycenaricstudieson Canaddi.e., Batdlle et al., 2015;
NEB, 2016; Potvin et al., 2016; TEFP, 2016). From these studies, elements that are described or
inferred to be interrelated were extractmud subjected to a network analydis prioritize (or
select)variablesfor the next stepf scenaio developmenfsee Chapter 5)

4.2 Research Desiddverview

As mentioned in the introduction chapter, this dissertaipoompassethree distinctive but
interconnected phases. Phase one is literature review on the scenario franiesvShared
Socioeconomic Pathwaysee Chapter 2More specifically, | am interested in reviewing hthe

research community has conducted studiesxbending the SS# One of the requirements for
extending the SSPs is that these studies shou
for more detailed regional, national, and sectoral analyses. As suggiestedearch community

can link thér studies to the global SSPs by quantitative and qualitative downscaling. Alternatively,
studies can be linked to the SSPs through other means such as utilizing only the key SSP elements

as well as adding new elements relevant in the study context.tldradaised in this dissertation.
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Phase 2
Choosing Re-specified Elements

Phase 3
Developing Energy Scenarios

Review four existing energy
scenario studies (Chapter 3.2)

Select scenario elements for CIB

Use network analysis to
integrate the elements of
scenario narrative of existing
studies (Chapter5.3)

Compute Eigenvector and
Betweenness centrality (Chapter

analysis (Chapter 6.2.1)

Construct a multi-scale cross-
impact matrix (Chapter 6.2.2)

Use expert judgments scores
(and judgment scores for the

global SSPs) to complete the Cl
matrix (Chapter 6.2.4)

5.4.2)

Apply CIB analysis to the
completed matrix including
check data quality (Chapter
6.2.5)

Global SSP Cl matrix produced by
Schweizer and O’Neill (2014) Search internally consistent
scenarios (Chapter6.3)

Trace the causal chains of
counterintuitive scenarios
(Chapter 6.4.2)

Figure7 Phase 2 and Phase 3 research processes

In Phase 2, | setut to identify new scenario elements that are relevant for developing
energy scenarios for Canada. Scenario elements wereaegtt ed by o6édeconstruct
repors of four Canadian energy scenario studies. The extracted elements wegredragpa
network to visualize and identify the key elements that these four studies have agreed on. Node
centrality metrics were uséd rate these elementenario elementsere then selectduhsed on
their scoresData collected in PhaseaPethe list of scenario elements for Canadaese elements
were used as varialsle construct a crossnpact matrix.

Phase 3 is thecenario analysis that takes on a rmrsttiale perspectivesing CIB analysis
The scenario elementsdieed from the network analysis as well as the key SSP elements were
used to construct a muksicale crossmpact (Cl) matrix. Each cell in the matrix chaterize the
influence between two elemerfi®. receiving or exerting influence, or no effethieseinfluence
judgments were elicited from a panel of experts. The data collected from expert elicitation are
judgment scores that correspond to diffeer | | s 1 n t he CI matri x. EXpe
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utilised to complete the matrix (i.euttingnumerical scorginto the respective cells). Once the ClI
matrix is completed, it can be subjected to CIB analysis to search for internally consistent
scenaios; this was done using ScenarioWizdedsoftware for CIB analys)s(WeimerJehle,

2018)

4.2.1Extending Basar Global SSPs

The key elements of the global SSPs are socioeconomic variables of societal futures necessary for
identifying higher or | ower chall enges to mi
However, the scope of thglobal SSP elements imeant to be genier hence it may not be
comprehensive for extending the SSP for national analysis such as developing energy scenarios
for CanadaThere may be variables that are importanti®reloping energy scenarios foanada

that are not part of the global SSPs. iRstance, certain segmentstioé Canadiareconomyhave

a significant influence in the development of energy systems domestically. For exaifrgaad

production is considered an important segment at the national (Canadian) level that influences
nationd carbon intensity and average income growthile oil sands are generalized as a
substitutable energy resource for global analys@®ther consideration is th&ociotechnical

aspects relevant to the energy sectst all societechnical aspectsrerepresentedby the global

SSPs. Although one of the SSP el ement s, 0t ech
sociot echni cal change, this el ement pr #¢eshaicat s an
changes. As research has shown,rtte of technological transition for different technologies

varies (Sovacool, 2016). In this respect, SSP extension studies in the Canadian context require new
elements to be specified. The incorporation of new elements lends itself to the entry peint cal

ORepeci fying SSP el ementsd6d as explained in Che

4.2.2Choosing Repecified Elements: Wetwork Analysi8pproach

The motivation of using network analysis isdituate the scope of different national scenario
studies produced by differerauthor teams to better understand what scenario logics are
overlapping or different (namely what scenario factors, or elements, were included or excluded
across studies)This dissertation examines four existing energy scenario stadi€Sanada
publisheal in 2015 to 2016Understanding the coverage of each scenario studylatathinga

more holistic perspective on how the studies
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energydevelopmentis important for making headway @ubsequent steps tife research (i.e.
producing globally linked internally consistent scenarios under the SSP frameddr&)istic
perspectivénelps to identify what scenario elements (i.e. drivers, trends or events) all studies agree
aresignificant indeveloping energycgnarios for Canada.

Previous scenario research using some sort of network structure often produce an
incomplete picture of the future (s€mapter 2.1). Network structures have been leveraged in
futures studies to select scenario elements through two approaches: (1) sweowks (e.g.,
Nugroho and Saritas (2009)) versus (2) causal networks (e.g., Futures Wheels (see Bengston
2019), Fuzzy Cognitive Mapping (see Kermagoret et al. 2016), Grgmsct Balance or CIB
analysis (Weimedehle, 2006)). The different applicationsnaftwork approaches (i.e. social or
causal) are silent on how scenario elements should actually be chosen. Usually social actors make
the choice, such as through voting. This will tell us what elements are popular but may misguide
whether the elements argluential in a causal network. Alternatively, scenario elements can be
extracted through textual analyses such as literature review or horizon schaniptpy the latter
and innovate on existing textual analysis methods by decomptigrgcenario naatives of
multiple studies rather than a single scenario study.

Since scenario narratives are constructed in the first place by interpreting the expected
Obehavioré of several scenario el ement s, t hes
elements of the scenarios and their interacti@wheele et al., 2018; Schweizer and Kriegler,
2012) The extracted scenario elements can be analyzed as a network to understand the coverage
of different scenario studies. When scenario elements and tleeadtions across multiple studies
are reconstructed as a fulsome network, the limitations and broader implications of what different
scenario studies are saying can be better understood. This apwpesaemployedior examining
and integrating differentecn ar i o studi es and applies them to
This technique builds on the novel approach for deconstructing scenarios used in Schweizer and
Kriegler (2012) to extract scenario elements and their relationships from natural knguag
statements appearing in different scenario studies. Subsequently, these scenario eleraents
interconnectedo produce a mukstudy network The research method is detailed in Chapter 5.3

When these scenario narratives are deconstructed, the calatahships among these
elements can bassessed using netwastatistics(Barabasi, 2016; Wasserman and Faust, 1994)

Networks have an exploitable property that can be useful in identifying which elements are more
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central in a causal networky networkterms,node centralityelates to the strategic position of

the nodes, in this case scenario elements. Nwillediigher centrality scoresr e mor @n 6 cent |
the network (Koschutzki et al., 2005). Node centrality metnesisefulfor identifying influential

candidate elementEigenvector centralitpnd betweenness centrality wel®senThe choice of

having two centrality metrics is motivated due to the need for comparison. If an element has high
scores for both Eigenvector and Betweenness cenfraghecting such an element is less
controversial. However, when an element has a high score in one metric and a low score in the
other metric, selecting this element will not be straightforward. A discussioresishues can

be found inChapter 2.4.

4.2.3Developing Energy ScenariéLrossimpact Balance Analyg\épproach

This thesis uses crog®pact balance analysis (CIB) for the scenario development process
(WeimerJehle, 2006). CIB is a method of systematic exploration for how different szenari
elements influence each other. The msdtale scenario analysis examines csasse interactions

for how global and local development pathways interact. The linked CIB is a recent
methodological advancement of the CIB for msltale scenario analygiGuivarch et al., 2017;
Schweizer and Kurniawan, 2016). Linked CIB introduces a systematic method for documenting
crossscale interactions. Many localized or sectoral scenario studies rarely account facatess
interactions explicitly. In theory, theassimpact (Cl) matrix used for CIB analysis can model the
interactions of many (and potentially unlimited) scenario elements in different scales or sectors.
Although a CI matrix can be developed to incorporate scenario elements across multiple scales,
swch a Cl matrix will become large and may d@mputationallyintractable. When analyzing a
large multiscale Cl matrix, the computational burden can be reduced by applying linked CIB
(Schweizer and Kurniawan, 2016). The linked CIB takes a large Cl matrix and partitions it to
produce smaller suimatrices that can bsubjected to CIB analysis individually to search for

internally consistent scenarios.

4.3 Conclusion

Chapter 4 elaboratéso ofthe three phases of the research desigoosing respecified scenario
elements andlevelopingmulti-scaleenergyscenario ging CIB analysis The network analysis

approach for selecting candidate scenario elements is astieqgprocess: (1) deconstruct multiple
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studies to extract the elements of scenario narratives, (2) interconnect these elements and visualize
them as a natork, and (3) calculate node centrality score. The data collected from phase 2 is a list

of candidate scenario elements which were incorporated into the scenario development process
using CIBanalysis in phase. Bimply put, he CIB analysis is don@ two sequential steps: (1)

collect the data for the matrix (i.e. through expert elicitation) and (2) analyze the data in the matrix
to identify selfconsistent multscale scenario§ he subsequent Chapter 5 details an approach to
identify key elementsof multiple scenario narrativesising a computational social science

technique (network analysis).
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Chapter 5: Using Network Analysis to FindEMewentf/ | VI Rl Q&
EnergyScenarios

Previously in Chapter 2, the mode of entry to develop an extendedt@&$@n national energy
systemss re-specifying SSP elements. That means new elements relevant in the study context
were identifed first This chapter presents the reswfsieconstructingnultiple energyscenario

studies using network analys identify and select key elements that these studies have agreed
on. The edited version of this chapters beeraccepted for publicatiom Society and Natural
ResourcesChapter 5also addressesesearch questio®.2 How can one identify andelect
elements for developingational / sectorakcenarios under the SSP framewbilentifying

scenario elements relevanthe studycontext an be done by el Previotsi ng e X
scenario research using some sdrhetwork structure often produt@an incomplete picture of

the future (se€hapter 32.1). Network structures have been leveraged in futures studies to select
scenario elements through two approaches: (1) social net¢gotksNugroho and Saritas, 2009)
versus (2) causal networks.g. Futures Whee(see Bengston, 2019%uzzy Cognitive Mapping

(see Kermagoret et al., 201&rossimpact Balance or CIB analysfg/eimerJehle, 2009) The

different applications of network approaches (i.e., social orataase silent on how scenario
elements should actually be chosen. Usually social actors make the choice, such as through voting.
This will tell us what elements are popular but may misguide whether the elements are influential
in a causal networkAlterndively, scenario elements can be extracted through textual analyses
such as literature review or horizon scannidgre lemployedthe latter and innovate on existing
textual analysis methods by decomposing multiple studies rather than a single scedwricost

do this, I first deconstruetitheexisting studies onational energy scenaritsextract the scenario
elements used by each study. Then, | analysed these scenario elements using network analysis to
assess which scenario elements are candidaieclude in the subsequent steps stenario

development process.
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5.1 Introduction

In global environmental change research, scenario analyses, and by extension research methods
for future studieshave been used harness different expertise and knowledge to understand what
kind of energy systems will be plausible in the fu@ieamo, 2008; Bauer et al., 2017; Bengston,
2019; Guivarch et al., 2017Yhe main drawback to scenario studies is that such studies are
produced by different author or modelling teams (e.g.;g@rernmental organizations, research
institutes)with limited documentation, and as sutiese studies may agree or disagree on what
would be plausible in the futyrproducingvastly different scegio narratives or storylines. While
having many different scenario narratives can be useful for scenario users (including
policymakers) as a means to identify which decisions are robust across a wide range of futures
(Berntsen and Trutnevyte, 201lTherei s al so the ri sk that s-cenar.i
pickdé a specific study that (Rielke,R@7)ts their pe
Studies on energy futures present scientifically informed future depictions in a form of
scenario narrativesstorylines, or projections with regards to energy syst&fashow energy
systems could be developed in the future is a complex issue especially with the impact of climate
change looming. Research suggests that critical engagement with experts arsbhsyjsekey,
which can provide insight into plausible alternative development pathways leading to the desired
(or undesired) futuréBengston, 2019; Bishop et al., 2007; Bradfield et al., 2005; Wilkinson and
Kupers, 2014)While society could support orsist certain types of development pathways, which
alternative futureto pursuaes oftenuncertain in part du politicd, economi¢and social context
The logics underlying alternative energgnsitionsare seldom considered.
Understanding what scemaelements are significant is important for making headway on
commitments to reduce greenhouse gas emissions causing climate @liéimd¢fee ratification of
the Paris Agreement, which is to limit the average global temperature inevethdeelow 2.0
degee C by 2100, developed countries like Careréamow requirel to set aggressive mitigation
targets and to transition to a lesarbon energy futur@ilton and Kerr, 2017; Rogelj et al., 2015;
Schleussner et al., 2018 onetheless, setting logrm socal agendaand staying the course is
ultimately a political act. This explains why there are multiple energy futures studies that produce
a variety of scenarios for how energy systems could take sha@dindings of these studies are
influenced in part p their funding mechanisms, methodology used to develop scenario narratives

and different backgrounds or expertise of the study particip@héslatter may introduce biases
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in the scenario developmefitloyd and Schweizer, 2014; McLevey, 2014; Scheelal.e018;

Trutnevyte et al., 2014Moreover, decisioimaking that relies on a single and narrowly defined

study can overlook important information that may be presented by other sflidié®tter
understandhe coverage of each scenario study and peoaighore holistic perspective on what

the studies toget her i mpdegnetfork manalgsis toantegratentties e n e
scenario elements of multiple qualitative scenario narratives from different studies.

Since scenario narratives were stvacted in the first place by interpreting the expected
Obehaviordé of several scenari o elements; accot
only the elements of the scenarios and their interac(Bokeele et al., 2018; Schweizer and
Kriegler, 2012) The extracted scenario elements can be analyzedfalsane network to
understand the broader implications of what different scenario studies are sayinghafey
introduces an approach for examining and integrating different scehattiesand applies them
tothecaseo€Canadadés energy futures. Her e, we prese
approach for deconstructing scenarios used in Schweizer and Kf2@l&)to extract scenario
elements and their relationshifpem natual language statements appearing in the study reports
Subsequentlythese scenario elements werterconneatdto produce a mukstudy network that
can be subjected to a network analysis holistically.

The objective is to situate the scope of energgate studies produced by different author
teams to better understand what scenario logics are overlapping or different and to help identify
what scenario elements (i.e., drivers, trends, or events) that would be significant in sheping
n at ieoenggfldure. For the case of Canadhgenergy sector is the third largest contributor to
Canadian GDP. The reliance on the economic pe
economy highly vulnerable to different global development pathways. The Caeadiay sector
may interact with global developments and is already playing a key role in driving climate change,
both as a high carbon emitter and as a major exporter of fossil fuels. Canada will most likely be
influenced by global developments; addiadly, Canada may potentially influence global
developments.

This chapter explagmhow network analysisan beappliedto examine the coverage of
different scenario studies and to identifyrat scenario elementare neededor developng the
SSP extension study amnational energy future (see Chapter B) the next Chapter 5.2,

introduce the concept of network analyaisd the application of network analysis in scenario
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research. More specificalliywill evaluate how one can deconstruct scenario narratives to produce

a network. The method of deconstructing qualitative scenario narratives is outlined in Chapter
5.3.1. Based on fouscenario studiesn Canada, | identiéd scenario elements that areique to

each study as well as areas where they overlap. Also, | identified how scenario elements are
interconnectednd use this informatici® produce @omprehensivenulti-study network. Finally,
Chapter 5.3 discusses the results thethil the differencesand areas of conceptual agreement

among the scopes of foscenario studies.

5.2 Subjecting Diverse Scenario Studies to Network Analysis

Previously, Chapter 2.(.e. Introduction: Environmental Scenarios) touches on the overview of
scenario research methods; Chapter 5.2.1 builds on this overvigistitiguish how networks
have been applied in futures studies as wetl &dentify opportunities for applications of netwk

analysis. IrChapter 2.2,1 elaborateahefocus on the case of Canadian energy futures.

5.2.1 Networkin Scenario Research
Network analysis is based on a mathematical function of a graph structure, G = [V, E], where V is
a vertex (or a point or aode) and E is an edge (or a line or an arc). Network analysis is a study of
relational properties of entiti@Vasserman and Faust, 199&ntities can be persons, public
policies, geographic locations, human genes, or articles in academic journals,epnareh
interrelated. The interrelationship can be established when, for example, two individuals are
friends, or two policies have the same objective such as to reduce greenhouse gas (GHG)
emissions. Moreover, the interrelationships between these eatitidse visualized and analyzed
as a network. Many scenario methods have used network structure as the underpinning conceptual
framework for constructing scenario narratiesnst et al., 20180One way is to identify what
scenario factors are popular imetmental models of particular social groups (a social network
approach). An alternative approach is to identify how scenario factors are interrelated and
influence each other (a causal network approach).

The causal network approaches focus on charactgrizmtworks of influences between
scenario elements. The earliest documented futures research method that makes use of causal
network is the Futures Whe@engston, 2019)Jerome Glenn developed the Futures Wheel for

scenario developers to evaluate howiauas scenario elements (e.g., drivers, trends, or events)
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may influence one anothéGlenn and Gordon, 20097 his information will be used to develop

scenario narrative3.he number of Futures Wheels constructed will correspond to the number of
scenaricelements required to construct the narratives describing how the world revolves around
these elements. A Futures Wheel has a structure that resembles a network and visually depicts
primary, secondary, and tertiary consequences resulted from a scenaeotglieen, the main

node), which is being evaluated (Note: in network terms, these scenario elements are nodes). The
visual produced by a Futures Wheel shows thre
nodeor the hub The main node will connect to several primary consequences. Consequences are
also nodes, which can be other scenario elements resulting from the main node. The nodes
identified as the primary consequences will subsequently connect to secondary corescauenc

so on.The main node is the focal point with consequences depicted as concentric rings surrounding

it. The consequences may or may not intersect with other scenario elements; so, it is possible that

a Futures Wheel may nrestWheels prodecedafor different elémtentso t h e r
When interacting Futures Wheels are combined, a network would be protimeedver, the

network produced by nemteracting Futures Wheels would be fragmented. A fragmented network
comprises smaller disjointedisn et wor ks, making it difficult fo
This can happen when the information from the Futures Wheels for how all scenario elements
interrelate is insufficient.

Scenario elements that are exerting influences and/or recenflangnces are critical in
developing scenario narratives because the storylines are developed to revolve around these
interactions. Therefore, identifying the Ore
(Schweizer and Kriegler, 2012; Schweiaen d O & N e. Mbré recenflyQrésdaych on scenario
techniques has addressed this limitation. For instance, Jetter a@XaeRapplied a technique
called Fuzzy Cognitive Maps (FCM) in scenario development by connecting scenario elements
basedalod i6mfl ue nc@ermagaet et @.,2PplaTheanetwaorkyegveloped using
FCM acts like a mental model created under a specific scenario c@radrt and Schweinfort,

2011) In this method, nodes are concepts (also they can be scenaricntslethat can be
described qualitatively. The edges are influences that contain information such as the direction and
the weight of these influences. The scenario process under the FCM method starts by identifying
many key concepts to be incorporated iscanario. For each concept, a causal map will be

produced by the study participants. For examp
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causes (event s, trends, or drivers) t hat w0
consequencesresultihgr om concept O6A. 6 All concept maps a
together to produce a giant network.

Alternatively, an example of the social network approach is Nugroho and 2662
who mapped all scenario elements and their interconmeacitioa single network; this was done
by engaging the study participants to identify different scenario elements as nodes that could be
relevant in a given scenario. When these elements are elicited by participants from the same
affiliation (e.g. governmdnacademia, business) or the same world region, a connection between
the two elements is established. For example, two participants from academia could express
6renewabl e energyd and O0carbon capture and s
context; then an edge would be created connecting these two elements (or nodes). Actually, these
two nodes are not really influencing each other, but they are posited to have an interrelationship
because these two nodes happen to be elicited by the pautscifpaother words, these nodes are
Opopul ardé among the participants. However, on
this network are direct linkages. Just because a scenario element is popular among study
participants, it does not mean tlhe element is empirically important in the scenario context.

This popularity can misguide scenario users to think that thecartiected nodes are influential
nodes.

Traditionally, a broad range of scenario elements are identified through expert or
stakdnolder elicitations; however, only a few elements will be incorporated in the scenario
development process. The selection process is usually conducted in a stakeholder workshop, where
participants discuss and choose elements that they consider imporeamtdly, participants will
cast their votes individually; elements are selected according to the tallied votes. The selection of
elements by voting can help to minimize biases and is intended to be based on consensus. In some
instances, though, a parpeint may influence the voting process by casting his/her votes on one
particular scenario elemerntiowever, as mentioned previously, approaches that select scenario
elements because they are popular can misguide scenario users to think that populaouiddes w
also be influential nodes in a causal network.

Alternatively, scenario elements can be elicited through literature review or horizon
scanningBengston, 2019)Scenario elements can be extracted from published s{Gdileseizer

and Kriegler, 2012)The process of extracting scenario
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scenariogScheele et al., 2018 this study, the deconstructing technique for extracting scenario
elements is adapted based on a study by Schweizer and Kr{@@le2) These authors
deconstructed scenarios in the Special Report on Emissions Scenarios ((S&#&novic et al.,

2000) For this thesis,Went beyond the deconstruction discussed by Scheelg$théele et al.,

2018) which applies to only one scenario study. RathéeconstructefourofCanadads ener
scenarictudiesand then integratetheir respective causal networks in one holistic netwidnkse

studies ar¢he Trottier EnergyFuturesProject(TEFP, 2016) Deep Decarbonization Pathways in
CanaddBataille etal., 2015) ReEnergizing CanadéPotvin et al., 2016)and Energyupply and
DemandProjections to 204QNEB, 2016) Then, lusal network analysis to qualitatively map the
network coverage of the respective studies and use network statistics to identify scenario elements
that the four studies agree on, which are important to inclutteeisubsequersicenario analysis
(Chapter 6)

pdHdH wSaSINOK /2yGiSEGY /FylIRIFIQ&a 9y SNHE& Cdzi dzN.
The current state of the Canadian energy system bears some imprints of legacyntensore

economic and social structur@otvin et al., 2016)In the face of climate change, Canada can be
expectedtomder go soci et al and structur al changes
system. Nonetheless, changes take time. There is no abrupt change in energy transition as historical
accounts have shown. For instance, the energy (supply) transition to odarayas takes almost

a century(Sovacool, 2016)According to studies such as Deep Decarbonization Pathways in
Canada, C acarbod energy transition could be plausible in 50 to 100 years with
aggressive planning and actiqi@ataille et al., 215)

Scenario analysis has been used to explore different pathvea¢sdhn a d a6 s ener gy
could take over time under different assumptions of global or domestic developments. Not
surprisingly, scenarios produced by different author telaawe presented alternative pathways
The produced scenarios may differ by virtueisihg different assumptions and engaging different
participants. For instance, the 2016 study by the National Energy Board (NEEB) 2016)
forecasts the demand and supply of fossil-heded energy resources in Canada under the
assumption that fossitiel will remain the primary source of energy in Canada in the future. In
contrast, the 2018 followp study(NEB, 2018)assumes decreasing demand for fohsl

globally and domesticallglue to uptake of renewable energy technologies. Moreover, price
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volatility of oil and gas in the global market adds another layer of challenge to forecast the supply
and demand of fossil fuel energy resources.

In addition to quantitative forecasting, studies have also produced qualitative narratives or
storylines that desitre plausible future development pathways. Studies such as Deep
Decarbonization Pathways in Canada (DDPC) have used a variety of scenario techniques to
envision pathways towards decarbonization for Canada, contributing to global effort in reducing
GHG emisions(Bataille et al., 2015)The DDPC study is based on the assumption that the world
decarbonizes, therefore Canada follows suit. In another study, the Trottier Energy Future Project
(TEFP)(TEFP, 2016places technology development as the central thedrioav-carbon energy
transition. The TEFP is a quantitative modelling study, which produced energy transition scenarios
based on currently deployed technologies, extrapolated future technological improvements, and
the potential cost reduction of acquiritigpse technologies. The TEFP scenarios examine the
possibility of reducing GHG emissions under the assumption that there would be no other
significant technological breakthrough in mitigating climate change. Both DDPC and TEFP were
developed prior to thBarisAgreement, which came into force in November 2016. These reports
contribute to policy dialoguewhether it would be plausible for Canada to decarbonize its
economy should the Paris Agreement be ratified. However, this consideration has not been fully
resolved, and alternative decarbonization strategies have been produced by more recent studies.
Scenarios produced are bound in numerous ways to the core assumptions adopted by the
participants and differences will be represented by different pathways

The Re-Energizing Canadeeport(REC) (Potvin et al., 2016 a horizon scanning study
(Bengston, 2019Based on peaeviewed literature and data, REC presents recommendations for
how Canada could transition to lesarbon development pathways in a decadezhworld. REC
aligns with the Pai€anadianFramework (Government of Canada, 201Ayhose goal is to
decarbonize the Canadian economy. While the goal of th&€BaadiarF-ramework is clear, it is
nonetheless challenging for Canada. A particular considergoes to the large expeastiented
fossil fuel production sector, and by extension the mining sector, which has contributed a large
portion of (Povimeatdlg B046)F&GEIRuel production is largely concentrated in
specific provinces, antthese provinces would need to venture to other green economic sectors as
an alternative to fossil fuel production. By investing and supporting alternative green sectors, the

Canadian economy could relinquish its dependence on the national income gdnetiageidssil
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fuel production sector. Wi th this devel opment
oil and gas sectors, domestically and globally, would have reduced or little impact on the national
economy.

Although these four studies have a conmngoab to explore plausible development
pat hways of Ca n @ thasé gausble pathgays nsay differ e smne respécie
way to aggregate such diverse scenarios is t
manually. Another way, whh is the method adopted tinis thesisis to integrate these studies
using the more objective approach of network analgsisetter understand what scenario logics
are overlapping or different (namely what scenario factors, or elements, were incledeldided
across studies). Doing so helps to identify what scenario elements (i.e. drivers, trends or events)
al | studies agree could be significant i n sh.
scenario elements is important for making headwaynational commitments to reduce

greenhouse gas emissions causing climate change.

5.3 Methods and Materials

The analytical process in this research is adapted from data science and computational social
science techniques involving steps in getting, clegnitsualizing and analyzing datgoster et
al., 2016) Semantic analysis was employed to produce network data (nodes and edges). Semantic
analysis is concerned with expression through the use of language and extracts the underlying
meanings such as symnilmorepresentations andorldviews (Creswell, 2013) Subsequently,

network analysis was implemented in Python using NetwdHagberg et al., 2008)

5.3.1 Getting the data: extracting nodes and edges for energy futures

What all scenario methods have in common is the foundational step of identifying basic elements
(also known as variables, factors, or drivers) that must constitute the scenario. This study looks at
finished scenarios (i.e., study reports) developed bereifit author teams to construct a causal
network of nodes (scenario elements) and undirected edges (relationships). These reports provide
only the textual descriptions or narratives, yet textual data may also contain the description of
elements and theielationships. The data on the nodes and edges were identified by extracting
statements that imply some scenario elements influence other elements in the future. In this

research, the focus is on O6futuredbexstmgamkr t ha
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historical relationships of different elements may not hold in the unprecedented future. Therefore,
statements describing interactions between two or more elements posited to happen in the future
were extracted for analysiBheapproach toxdract textual data is similar to the method employed

by Schweizer and Krieglg2012) For example, consider a sentence extracted from the REC
study: #A[ é] t he s e-oubahmalgereratedeleatricity, svhich asannpuhcads e
would result n a reduction of about 5 MtC@2 q (Potvin et al., 2016, p. 28 his statement
suggests that banning coal power plants will decrease GHG emissions. Since this statement refers
to what could happen in the future, the interacting elements were extrantetkasThe extracted
nodes were | abelled as Obanning of coal power
into an edge list datas@figure8). The corresponding documents for the four Canadian energy
futures studies were analysed in this mann@raeduce the dataset.

Node | abels are meant to be generic. For i1
refer to different endtates or final conditions (e.g., either increase or decrease GHG emission
levels). After basic scenario elements have hdentified, the scenario development process
utilizes such generic labels to elaborate how particulassendat es of o6dri ver 6 el e
in different endstates of consequent scenario elements. Additional methods that might be used for
this purmpse are crosgnpact balance analys{g§vVeimerJehle, 2006and morphological analysis
(Ritchey, 2018)

Extracted statement for Potvin et al. (2016, pp28)
“the second measure is the phase-out of coal-generated electricity, which as announced would result in a reduction of about 5 MtCO2-eq”

Edge

Banning of coal power plants GHG emissions

Figure8 Creating nodes and edges from a statement

S5o0dH [/ ESIYyAYy3d GKS REFEGIY Wy 2NXIFEATAYy3aQ dzyaidNUzOI
The edge list cédted from different studies is unstructured textual data. One of the challenges
encountered working with unstructured data i s

process of checking for similarities in data structures from different sowasssure that each
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field represents the same meaning or conc@quster et al., 2016)When crosseferencing the
underlying meanings of each node description across these stiidigs] several statements that
describe a node using different terms, thgy mean the same thing. For instance, terms like
electrification of cars and adoption of electric vehicles imply the same concept that points to
electric vehicles, or EVs. These different descriptions can be considered as two nodes that really
are onlyone node. To prevent these nodes from being treated as separate nodes, nodes that have

similar meanings were searched andbieelled with the same description.

5.3.3 Visualizing the data
From the edge list data produced earlier, a visualization of a-stutty network for Canadian
energy futures was produced using a Python library for network analysis called NetworkX. The

full analytical steps written in Python are posted on a public repository site

5.3.4 Analyzing the data

Scenario elements that are interacting with others are more useful in developing narratives than
scenario elements that are isolated or not-e@tinected. In network analysis terms, highly
interacting scenario elements can be identified by calculatingmet k st at i sti cs cal
t hat i ndicate whi c (seemr.g.dkesshitakretal.,A@0%)te definitienrot r a |l 6
6central é varies by context or purpose and is
the node centralityeach node centrality metric has its own merit. For example, degree centrality
defines nodes with higher degéeaodes with more connectiohsas more central. The metric

may be applicable in social settings in which people with more connections may be siiee vi
Nonetheless, the choice of node centrality metrics rests upon the scenario developers themselves.
The metrics chosen must correspond to what is
also select several node centrality metrics (a.k.a. fooiftiponent centrality measures) that can be
tailored for a specific purpog8ciarra et al., 2018This study employs a multomponent metric

consisting ofbetweenness centrality (BC) and Eigenvector centrality (EC) to rank scenario

elements.

15 https://github.com/judekurn/energyfutures/blob/master/SNR/SNRetwork_analysis_rev3_16022020.ipynb
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As discusseé below, the two node centrality metrics have complementary strengths and
were computed to determine how central a node is in a-stutty network. The choice of having
two centrality metrics is motivated due to the need for comparison. If a scenaremeles high
scores for both Eigenvector abhdtweenness centrality, selecting such an element for scenario
development is less controversial. However, when an element has a high score in one metric and
a low score in the other metric, selecting this elemall not be straightforward. Differences in
EC and BC scores suggest that further inspection is warranted to assess whether the scenario
element would have the right fit to support the development of scenario narratives. To enable
comparison, a networkisual was produced to observe the position of the nodes with respect to
their BC and EC scores (Figugas well as a scatterplot (Figur@).

The EC defines weltonnected nodes as import@asserman and Faust, 199%ganing
that nodes with higher EC scores tend to be connected to others¢ngimg nodes. EC is
appropriate because the interrelationships between scenario elements are important for defining
the overall system behavior. Nodes that are noteaihected in the netwlowould play little or
no role in affecting the overall system behav
or Oheavily wutilizedd nodes and these tend to
tend to be more highly connectédda n nodes situated at the odperi

The BC reflects the position of a node concerning how it lies on the geodesic path between
different groups of nodes (or sumetworks). Since nodes tend to cluster at arsttwvork level,
the BC indi agthe notdlees d hrait d-gaetvarks@are timpodtantt Nodes e nt ¢
with high BC scores are, therefore, connected to mor@styiorks. In the case of energy futures,
subnetworks can represent energy subsectors, and certain scenario elements couldepedconsid
significant as they hook to many ssbctors. The energy system covers all aspects from the
production of energy resources to the consumption of these resources, which may comprise many
different subsectors including service, manufacturing, and digniali systems. Some energy
subsectors such as transportation can play a significant role in shaping the national energy system.
This is especially true for Canada because Canada is a large country where people are
geographically spread out. The movemehpeople and goods within the country demands a
substantial energy requireménée e.g., Potvin et al., 2018here are certain elements which are

not only relevant to the main energy system but also to other subsectors of energy systems. These
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Obri@gnades are key -disaale relatianshgps whch cam iexplgin how o s s

different subsectors interact.

54 Results and Discussion

5.4.1 Visualizing the Structure of the Midtudy Network

Network analysis can visualize the structure of enéugiyres scenario studies along with what
portion of a multistudy network each study occupies. Fig@rehows all the nodes and edges
extracted from the four studies. Nodes that are extractedafinagmaividual study are colored blue

so that the extent tavhich each study spans across the nuilidy networkcan be better
visualized The broader the span, meanthgt themore nodesttributed tca particular study, the
broader the scope of the individual study. At a glance, the REC study (Bi@lieasthe broadest

scope whereas the NEB study (Fig@r®) appears to be more constrained. Nodes in the NEB
study were found to be related mostly to economy (i.e., with nodes describing, for example, oil
and gas demand and infrastructure development). Furthermice NEB study emphasizes
environment less and economy more. While the NEB study can be viewed as focussing on the
economy, the DDPC study (Figu@B) has a different scope entirely that focuses on the
environment (i.e., comprising of nodes descril@ng v i r on me nt a tenewable energy s u c h
gener aenieorngyd6 ef f i ci ency banpiogl coallf i mermddagenér ad i
Alternatively, counting the number of nodes in individual network can also provide a reasonable
assumption for defining thscope of these studies. For instance, the REC study has the broadest
scope with 95 out of a total 134 nodes. In contrast, the NEB study has the narrowest among the
four studies with 18 nodes. Despite occupying a small portion of the stwdly networkthe NEB

study comprises nodes that are not the focus of other studies. The study of NEB has ten nodes that
are not attributedb other studies. Although the scope of the NEB study covers different ground,

it can complement other studies by bridging a degt other studies have missed. Overall, the
scope of the four studies tends to vary. But the broadest scope is exhibited when the four studies
are analyzed holistically.
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A. Trottier Energy Futures Project (TEFP)

GHG Emissions (aggregate)
.,, Adoption of EV
Energy intensity
Oil consumption
= Tech dev in energy storage

i N L
GHG Emissions (transport)

.ﬁ‘ LNG production

B. Deep Decarbonization Pathways
for Canada (DDPC)

Renewable energy generation
GHG Emissions (aggregate)
Adoption of EV

Energy intensity

Oil consumption

Tech dev in energy storage
GHG Emissions (transport)

C. Re-Energizing Canada (REC)
Pathways to a Low-Carbon Future

Renewable energy generation
GHG Emissions (aggregate)
Adoption of EV

Energy intensity

0il consumption

Tech dev in energy storage
GHG Emissions (transport)
Trucking (heavy freight) load
LNG production
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Figure9 Visualizing different scope of energy scenarios

76



When the scope o& futuresstudy is too narrow, policymakersay perceiveimited
options for pursuing potential future energy developments. By and large, studies usually present
future developments that are desirable, but the undesit#hbies may be pay relevant.For
example, a study by Schweizer and Kreid012)found that 77% of storylines in SRES are
internally inconsistentasting doubt on whether the scenarios should have been considered equally
plausible Moreover,Schweizer and Kriegldound that consistent stories are those describing the
current trajecpower dda begerl cevdt ha.sé 6¥eta,l -paweredgy f ut
growth are underepresented in SREShe problem of underrepresented yet polielevant
scenarios is caigtnary for the multistudy network of Canadian energy futur8mce different
studies vary in their coverage of relevant scenario elements for the Canadian energy system,
relying on one scenario study to base our decisions upon is lesepharal. Integrating several
studies that have different scopes, and therefore a wide range of alternative futures, can better
inform policy decisions.

Scenario narratives are developed to corroborate the interrelationship among scenario
elements selecteldy individual studies. It is possible that different studies will use different
elements and model the interrelationships among these elements differently. When relying on a
single study, scenario users could unintentionally be {dided, potentially msng other scenario
elements and interconnections that are modelled by other studies. It may be challenging to integrate
different qualitative narratives together, ygath network analysisit is feasible to integrate the
elements of these scenarios. Wiies scenario elements and their interrelationship are extracted
from multiple studes they can be mapped onto a single blueprint as a-stulliy network. It is
possible to produce a similar network by eliciting responses from the scenario developers
thens el ves, but such a process takes ti me. Sinc
energy future, these scenarios carctesultedo extract scenario elements, bypassing the-time
consuming process of expert elicitation. The application of n&tamnalysis inthis thesisis not
specifically aimed to produce a 6combinedd or
the underlying scenario logics, drivers, and assumptions across different studies so we can
understandvhat elements and imtrelationships they have agreedamawhatissues (i.e. network

coverage) the respective scenario studies could have missed.
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5.4.21solating Key Scenaiidements

Traditionally, ranking scenario elements is based on subjective interpretation of tlge stud

participants or the scenario developétoyd and Schweizer, 2014¥For instance, a typical

participatory scenario planning will invite study participants to identify important elements by

means
development(Ogilvy and Schwartz, 2004; Rounsevell and Metzger, 200i@netheless, this

process is

of
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when individuals conspire as a group tdluance the voting outcomes. As a result, certain

individuals can influence scenario outcomes to produce a depiction of the future that is aligned

with personal or political agenslaf the influencers. In this respect, prioritising scenario elements

must ke performed with impatrtiality without introducing additional biases. However, this exercise

can be challenging as most scenario methods rely mostly on subjadtimeentso rank or rate
the importance of candidate scenario elemedihjective judgmentsan be more transparent

when there is a metric that can tell us how candidate scenario elements stalskwrks have

exploitable statistical propéesuseful in this situation.
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Node centrality metrics provide an empirical approach for prioritizingvegit scenario

y
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scenario planning workshop. In participatory scenario planning, only a handful of scenario

elements will be selected. This is because of thedohtitne available for participants to elaborate

multiple scenario elements and construct accompanying scenario narratives or st(gilvgs

and Schwartz, 2004)f scenario elements are nodes in a network, node centrality scores can be

calculated for ach node. Theescores can be ranked to identify which scenario elements are more

central in the network (Tab®and Figurel0).

Table2 List of top ten Betweenness and Eigenvector centrality scores

Betweenness Centrality

Eigenvector Centrality

Rank Scenario Element Score Rank Scenario Element Score
1 GHG Emissions (aggregate) 0.339049 1 GHG Emissions (transport) 0.344127
2 Energylntensity 0.233946 2 Oil consumption 0.291998
3 GHG Emissions (transport) 0.216002 3 Trucking (heavy freight) load 0.267228
4 Tech. Dev. in energy storage 0.183621 4 GHG Emissions (aggregate 0.256534
5 Trucking (heavy freight) load 0.150394 5 LNG production 0.237551
6 LNG production 0.115559 6 Adoption of EVs 0.231423
7 Renewable energy generatior 0.108577 7 Energy Intensity 0.204339
8 Active mobility 0.102942 8 Export 0.202214
9 Oil consumption 0.100315 9 Tech. Dev. in energy storagt 0.199930
10 Sectoral coordination 0.097289 10 Oil sand production 0.189331
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When EC and BC scores are visualized as a network (Fifurthe nodes with the higher
EC and BC scores (i.e., represented by the node size that corresponds to eithBCESCares)
are often found on the 6écenterd of the networ
with fossitHfuel energy consumption or produgtier e consi dered i mportant
energy futures. Also, elements associated with trategpan are another important driver. A
highly ranked node | ike O6GHG Emissions (tran
driving. Also, nodes such as OActive mobility
for alternative modes of transation that are greener and more sustainable.

A. Eigenvector Centrality B. Betweenness Centrality

Adoption of EV —
L3

Energy intensity Renewable energy generation

Oil consumption . W Energy intensity
|09 o
® GHG Emissions (transport) * pe _. *‘. ° = Tech dev in energy storage
o .
Kl

it GHG Emissions (transport)

3 : Trucking (heavy freight) load i L o ¢ ] ..
o. - .1... ’}LNG production g .".., 1S »® Trucking (heévy freight) load
o e > N . . LNG production
. s | o ...%.. . . s ] o .....* %, '
. L4 ® oe0° . . ® Jo°
AT PN © “diet $

Figurel0 Network visualizations for Eigenvector centrality and Betweenness centrality

Initially, | had set out to explore two centrality metrics to select scenario elements, which
allows us to perform a comparison between the metrics. When an element scores highly on both
EC and BC, selecting this element is less controversial. If an element scores highly in only one
centrality metric, it signals the need to dive deeper into ingsgtttis specific node. For instance,
one of the el ements that has a high score for
(Figure11). The high BC score suggests that this node behaves as a bridge connecting different
subnetworks; however, thinode hardly interacts with other wetinnected nodes. Certain
scenario analysis techniques such as CIB will require nodes that ai@weadicted, meaning that
these nodes are interacting with otheronnodes
ot her nodes or as an Oi mpact $alsowodld likegacpeimtv i n g
out that how different endtates interact with other elements would be eventually captured in
subsequent steps of a scenario analysizg CIB (se€hater 6). In CIB analysisjortinteracting

elements in CIB analysis rarely have any significant role in altering system outcomes.
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5.4.3 Objectivity of NetworRnalysis

Futures studies addresses a different type of inquiry compared to empirical research, as futures are
nonobservableOne may think rightfully that futures studies are prone to speculation; however,
applying objective and transparent methods c#eibaiscipline futures studies to avoid producing

futures that lack credibilityintegrating different studies as demonstrated using network analysis

is more objective than having humstndy participants and scenario analysts do the bathkoyd

and Sbaweizer (2014) objectivity can mean that the research output would be (1) publicly
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available for inspection, (2) independent fror
exising, (5) real, and (6) replicable. When the taskntégrating diverse scenarios is handed to

the analysts, many of the objectivity criteria cannot be met. For instance, human readers may
unknowingly inject their own personal biases, and their assumptiot®¥o different elements

interact are inaccessible to others. What makestwork analysis approach more objective is that

the interactions among these elements can be inspected publicly by tracing the nodes and edges in
the network.

Moreover, two or morecenario analysts or developers may produce results that are hardly
identical, hence the studies conducted by human readers may not be replicable. When aggregating
different qualitative scenarios, the produced result could be a story that corroborfarestdif
scenario narratives. While it is possible for human readers to identify what part of the scenario
narratives corroborate (and/or contradict), such opinions would be a subjective interpretation,
nonetheless. That means another human reader doisgrtieetask may not necessarily produce
the same result. In network analysis, once the data on nodes and edges are defined, the same
network can be reproduced anytime. Besides the replicability of the results, the process of
developing the muklistudy netwak is transparerandprocedurdly objective.

Nevertheless, there are biases rooted in these individual studies. While the application of
network analysis proposed does not remove biases inherent in any individual study, it
counterbalances the biases of théividual studies by integrating studies together into a more
holistic network. Solomon (2006) in Lloyd and Schweizer (2014) explains that the inclusion of
counterbalancing information leads to epistemically superior (i.e. more objective) outcomes
becaue A. . . [ 1]t preserves and makes use of al/l
(Solomon 2006; in Lloyd and Schweizer 2014, 2073). Thus, the network analysis is more objective
since the assumptions wused bleresuixareaepliadblg thé s ar
procedure for constructing a mu#iudy network is transparent, and the msiitidy network
makes use of much more of the information available to decision makers.

| acknowledge that there are some limitations of this sthatgt, the text mining process
for extracting nodes and edges from the study reports was done by a single human coder and | did
not engage another coder for intercoder reliability. In future research, it may also be possible to
automate the text miningr@gcess by developing a machine learning model that uses Natural

Language Processing and Machine Learning to identify statements about the future.

81



55 Conclusion

This chapterhas introduced an empirical approach using network analysis to intetmatentof
diversescenario studies depicting different futures. This provides a way to examine the underlying
logics of different scenario studies and to uncover patterns of meaning across them. Individuals
who conduct or participate in scenario studies haveiams about how significant different
scenario elements are, but such beliefs are subjective, making it difficult to tease out which
elements should be considered relevadihis chapter has presentad application of network
analysisto different scenaristudiesto integratedifferentelements ofheir narrativesNetwork

analysis can be deployed to assess these studies by mapping the causal relationships of all scenario
elements to identify the key elements in the mmsfiidy network. Application areasrf such
assessments making use of scenario research include climate change and biodiversity. As
demonstrated, this method has highlighted key elements critical in developing energy scenarios
for the Canadian context.

The multistudy network is suitable faexamining how scenario elements of different
studies orthe same topic (in this cas€,anad a 6 s e hierfacg Evénuhough these
studies were conducted by different author teams and sometimes in p#ralstldies have
scenario elements thare common. That means the study scopes might be different, but they also
overlap in some respects. For scenario elements that are not overlapping, visualizing how different
these elements are in a midtudy network presents scenario userBodistic perspective.
Evidently,thisnetwork analysis has shown the compatibility of different studies even though these
studies were done by different author teams.

The multistudy networkcreatedf or Canadads energy futures
scopes are hrerent in individual studies. These findings indicate that some studies have a narrow
scope, which is biased to focussing on either the economy or the environment. However, scenario
users can assess diverse scenario studies to potentially counterbatee=e driginating in
individual studies. Additionally, this technique is useful for soliciting candidate elements to be
incorporated into a scenario process (e.g., participatory scenario planning). When scenario studies
are integrated using network analysiede centrality can be calculated to identify which nodes
are more central. Node centrality metrics can be used to evaluate those interacting elements and

rank these elements according to how central they are in the network. Although it is possible that
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the task of integratg qualitative scenarios could be assigned to huaraalysts the network
analysis approach is more objectouge to its procedural transparency.

As previously mentioned, it is fundamental to select scenario elements that are ngeracti
either as an impact source exerting influence on other elements or as an impact sink receiving
influence from other elements. In CIB analysimgrinteracting elements rarely have any
significant role in altering system outcomeésis chapter concluddsy highlighting the scenario
elements thatvere further assessed for their applicability in the inclusion to the scenario
development process using CIB analydesailed in the nexthapter(Chapter6). These elements
are GHG emissions (transport), energyensity, freight transport, adoption of EVs, technology

development in energy systems, oil and gas production & consumption.
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Chapter 6: Multscale Energy Scenarios

This chapter addresses research question 3: What are the implications of glelmgdrdents on

Cana@ dosv-carbon energy transitiGrHence, it details the process of developing a set of globally

linked, internally consistent energy scenarios for Canada under the Shared Socioeconomic
Pathways (SSP) framework. For this extended SSP stuebpewrtfication of SSP elements
discussed in Cipter 2.4.5wvas chosen as the entry point, meaning that the scenario elements
necessary for developing the crossnpact ( Cl ) mat r isgenafioostudy€ra n a d a 0 s
firstly defined and then this Cl matrixascombined with the CI matrix of the glob&SPs. At

first, the selection of candidate elementsdeveloping energy scenarios fdanadas informed

by the Eigenvector centrality and betweenness centrality scores (see Chapter 5). Subsequently,
these elements were incorporated itite CanadianCl matrix for CIB analysis As mentioned

previously in the introduction, Chapter the scenarialevelopmentprocess employed in this
dissertationis the crossmpact balancenalysis(CIB) (WeimerJehle, 2006)The CIB analysis

can be applied tanalyse mliiple scenariossystematically and holistically even though these
scenarios werproduced independently by different author teams by joining {exad matrices

into a singlelargecrossimpact (Cl)matrix that can be subjected to CIB analysisthis respect

| produced &I matrixfor Canadec o mpr i sing of seven scenmario el
CIB parlance)these elements were identified by deconstructingfeportsofCanadads ener
futuresto extractheelements of scenario narrativeshese studies, including the information for

how these elements interrelaBubsequently, | combined the newly created Cl méirianada

with the Cl matrix for the global SSBsr oduced previously by Schwei z
a result,alarge nulti-scale Cl matrixvas produceaonsistingof scenario elementsf both the

global SSPsand Canadas e n e r gGhapterubtldetailetse skeletalconstructionof the
global/Canadanulti-scale Cl matrixusedin this dissertationSubsequently, Chaptér2 explains
thestepby-step process of obtaining the crasgpact judgements for each cell in the matrix; these
judgments were obtained through expert elicitgtaomd different experts were sought according

to their field of expertisé for example,a transportation expert provided impact judgments for

transportation related descriptoighe multiscale Cl matrix would then be subjected to CIB
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analysis. The results aresat of internally consistent scenarios, which will be further discussed in
Chapter 3.

6.1 Introduction: Multscale Scenario Analysig Bottomup Integration

There are two approaches to produce extended: ®Remup and topdown. The topdown
approach will downscale the global SSPs to produce extended SSPs at regional/national or sectoral
studies such as Canad a 69 amproah, the extensianstudes (e.g.,F o r
regional/national scemios) could be developed independently without considering the global
SSPs at first. Insteadinished extended SSPwould be linked back to the global SSP later to
ensure that scenarios for the extended SSPs are internally consistent with the glob@ah&8SPs
bottomup approach presents scenario developers with the flexibility to focus first on the
contextually relevant scenario elements. This is useful in a situation when the global SSP
components (i.e. qualitative narratives and quantitative tiaéqre meant to be genegannot
be downscaled usefully like in the tdpwn approach. A tedown approackwould use the global
SSPs as the boundary conditions so thatgdobal scale scenarios produced will not be too
extremely different from the global 8S (van Ruijven et al., 2014). This is good for ensuring that
both qualitative and quantitative components of the extended SSPs are consistent with the global
development pathways since the extended SSP studies will inherit global characteristics gincludin
boundary conditions) after being downscaled from the global SSPs. However, such a treatment of
the boundary conditionie bottomup approaches challenging since the extended SSPs are likely
developed independently. In that respect, scenarios probydedtomup approachesouldneed
to befurther assessatlhether regional/local development pathways are consistent with the global
scenarios (van Ruijven et al., 2014).

Accounting for the transfer of the boundary conditions from global scenario studiesd
localized studies is wetlocumented by Zurek and Henric{)07) (Chapter 2). According to
them, linking strategies such as stiftks could provideboundary conditions, buhe process of
scenario developmemould require scenario developers donstrain scenario elements (i.e.
scenario logics, drivers, and assumptions) at the lower &chkthe same as @imilar with the
elements of the global scenarios. In developing regional and sectoral extension studies, scenario
developers will select snario elements important for the lower scales, meaning that elements for

the extended SSPs could be very different from those of the global SSPs. However, scenario
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developers may or may not investigate how local developments are influenced by the global
developments. Multscale CIB analysis can introduce a rudimentary processddelling cross

scale interactions.

6.2 Methods and Materials

Thethird phase of this researébcusses on scenario developmesing CIB analysisind can be
broken down intodur steps. First, ledecedscenario elements as destoip that will be used to
construct anulti-scale CI matrix fothis research; this will be described in Chapter 612.1the
multi-scale CI matrix, the descriptors are mapped as such thatelaah the matrix contains a
judgmentscore that represents how an X descridta., the row descriptor) influenca Y
descriptof(i.e. the column descriptoipecond, Chapter 6.2dtails how these impact scores were
obtained through expert elicitatid sought a groupf expert participants to elicit their judgments
on the influences betweehe two descriptorsThird, the impact scores elicited from the expert
panel were transferred to populate the respective matrix cellgrtaesds detailed m Chapter
6.2.3.Finally, the completed Cl matrix was subjected to CIB analysis usfaaareapplication
calledScenarioWizard; Chapter 6.2.4 details the scenario development process inthedkigg

for data quality before performiraysimulation run to search for internally consistent scenarios.

6.2.1Selecting Scenario Elements
A list of scenario elements was obtained from the key elements of the(S&8Reeizer and
O06 Nei | las welkaB thedrgsults from the network analysis (Chapter 5).eléetion criteria
are based on:
1. Scenario elements are postulated to have ¢nggact relationships. In the CIB analysis,
el ements that are not interacting have a 1
would not alter or contribute to the outconfahe CIB analysis.
2. When sever al el ements are expected to O6beh.

will be grouped (aggregated) together as one element.

The final list of key elements for this study was vetted by the thesis committee and was
subsequently incorporated into the scenario development process. Elements in this study as well

as their respective development pathways are listédbie3.
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6.2.1.1 Selection of interacting global SSP elements

The selection of global SSP elements thedracts withthe scenario elementsGfanadaés ener
futures, either by exerting or receiving influence, is based on the interpretation of the researcher
through the consultation with the thesis advisor, Dr. Vanessa Schweizer, who was involved in the
development of the SSPs framework. The three elements from global SSPs, namely population,
carbon intensity and urbanization, were seleatedlassessed how these elements would interact
with scenari o el ementdsevelopmdntat ed t o Canadads en
Population (SSPOL) Global population is defined as the total number of people living in this
worl d. Population is pertinent to the chall enc
would be relevant to Canada as an exporter of fhssilbased energy

Urbanization (SSP07) Urbanization is defined as the percentage of global population living in

urban areas. Urbanization, and by extension cities, is pertinent to both challenges to mitigation and
adaptation (Schwei zer ansdon fOtdréNatiesl can, revdve arduind. Fur
energy issues (Moglia et al., 2018).

Carbon intensity (SSP04) Average carbon intensity is defined as the ratio of CO2 emissions
(metric tons) to total primary energy consumed (Terajoules). As a major producer artérexip

fossitfuel based energy, energy development in Cahada direct influence on global carbon

intensity.

Technology development in Negative Emissions Technology (SDOA&yditionally, one global

element, technology development in Negative Emissiechnology (NET), was included in this
study. Even though this element is a 6global
result of network analysis (discussed in Chapter 5) has shown the importance of several main
technologies, as welkasupporting technologies, that could be significant in the advancement and
uptake of NETs. Furthermore, the uptake of NETs may have significant impacts either positively

or negatively on resource extraction economies like Canada (Minx et al., 2018;éame2018).

6.2.1.2 Selection of elements for Canada

The initial l'ist of el ements for developing C,
provided by the node centrality scores (see Chapter 5.3.4). The list was further examined to weed

out those elements that are not expected to interact viign elements because, in CIB analysis,

noninteracting elements would not influence the overall system. For the final selection of the
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scenario elements, -imouse expert as well as academic literature were consulted. Further, some
elements, which can be mggralized together, were collapsed into one generic variable. This is to
limit the number of variables presented to the potential expert participants to a manageable
number Responding to an additional variable means 9 to 18 more questions per modube must
attempted by each study participa@hapter 6.2.2 detaileeexpert elicitation. Since the analytical
perspective on this dissertation is on the national context, more generalizable (or more common
and accessible) variables were used to model locerdics at the national lev&{Note: for sub

nati onal anal yses, di saggregated variabl es ma
Canada are as follows:

Carbon intensity (SD04):This element is an extension of the global SSP element, SS&b®érC
intensity was chosen as a scenario element to represent both energy intensity as well as GHG
emissions, which are also highly ranked according to node centrality measures (see Chapter 5.4.2).
Furthermore,themuis c al e i nt er act yeaxportsegdn bed@odeled and analysad e r g
more usefully using carbon intensity as a scenario element rather than energy intensity. In this
respect, carbon intensity posited to interact with other local elements such as income (SDO05),
economy (SD10), and tectilogies (SD06, SD0O7).

Income growth (SD05):This element is an extension of the global SSPs element, SSP02. Income

is a driving factor of many elements considered in this research. Conventional wisdom suggests
that income may be affected (either exertingezeiving influences) by the decarbonization of the
economy (SD10), the adoption of EVs (SD08) as well as technology development in green transit
(SD-07). Nonetheless, such conventions were tested here in the expert elicitation.

Technology developmentin green freight transport (SD06): This element is associated with

two highly ranked nodes, 0GHG emissions (tr
according to node centrality measures (see Chaple?)5As research has shown, logistic
transport$ an enabler of energy systems and they are closely interlinked (e.g., railroad and coal,
tankers and oil) (Sovacool, 2016). This element also highlights freight and logistics as another

important energy subector, which could play a critical role in Cdna dow carbon energy

18 The author is aware that disaggregated variables or even a completely different set of vamalylée more
usefulfor sub-national analyses (i.e., provincial level). For instance, factors related to energy consumption for
space heating could be more important for provinces in northern Canada, but its importance cannot be
generalized for Canada.
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transition. T h i sechnelapgye deeelopment ia Igreem dreight, trangptiray

interact with carbon intensity (SD04) and decarbonized economy (SD10).

Technology dewelopment in green transit (SDO7): This element is assated with
transportation, an important energy sdztor, which also underscores some nodes thatgrly

ranked according to node centrality measures (Chagter) such as O0GHG emi ss
and 60il consumpt i on. dtoiftdractsvithelobalrelenments (€., glabhls o e
urbanization (SSP07) since Canada hosts one o
Bombardier Inc. (Lowe et al., 2010). Domestically, this element may interact with carbon intensity
(SD04) andncome growth (SDO05).

Adoption of EVs (SD-08): This element is one of the nodes with a high EC score which also
underscores other nodes with highly ranked no
consumptiond according (deo Chapterd®4.2)c Eurthermard, ithe'y me
adoption of EVs will reduce the domestic demand for fdgsl| which directly influences whether
Canadabdbs economy is decarbonized or not. The .
elements such as carbmtensity (SD04) and income growth (SD05).

Decarbonized economy (SD10)T hi s el ement represents whet h
decarboni zed, meaning how dependent t Huw®el count
based energy production. Because @©aaad s -felobased dconomy is found to be closely
associated with global demand, it is expected there could be some interactions between this
element and some of the global SSP elements, namely global carbon intensity (SSP04) and
urbanization (SSPQ7).

6.2.2 Constructiniylulti-scaleQossimpactMatrix

The CIB analysis uses a mu#ttale Cl matrix that combines all scenario elements for regional or
sectoral SSP and global SSPs together (FiggyreSince the CIB algorithm has access to multi

scale interactions, CIB analysis can identify scenario corsigurs that are consistent across
scales. In this dissertation, the CI matrix for Canada was produced independently, denoted as CA
Matrix (Partition 2) in Figurd2. This CA Matrix was combined with the CI matrix of the global
SSPs, which is denoted as SBRtrix (Partition 1) in Figurel2. When combined, this newly
created matrix is a muiscale CI matrix. The mutscale matrix acts as an interface that maps the

cross influences of global/Canad scenario elements; this is denoted as Interaction Space
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(Partition 3 and 4) in Figurg. In the next two sections, hatve SSP Matrix and CA Matrix were

created individually will be explained.
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Figurel2 Multi-scale crosémpact matrix showing partitions for CIB analysis

6.2.2.1 SSP M

The CI matrix of the global SSPs (i.e. SSP Maft
In their study, the expert participants were grouped into panel A and B, then the corresponding CI
matrices were constructddr both panels. This CI matrwas incorporated as part of the newly

created multiscale Cl matrix (see Figude; labelled as partition 1). The cregspact judgments

in the Cl matrix for the global SSPs (labeled as SSP matrix, also see FBjjuses the responses

of the expertsn Panel Al see Schwei zer ;thenfudl m&rix Nighicrossmpac? 0 1 4 )

judgments is shown in Appendix
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productivity (Global)

SSP07 - Urbanization (Global)

SSP MATRIX

SSPO5 - Rate of tech change: Energy (Global)

SSPO1 - Population (Global)

SSP02 - Average Income (Global)
SSPO03 - Energy Intensity (Global)
SSP04 - Carbon Intensity (Global)
SSP06 - Agricultural

SSP08 - Extreme poverty (Global)
SSP09 - Water scarcity (Global)

SSP10 - Population near coast (Global)
SSP11 - Educational attainment (Global)
SSP12 - Quality of governance (Global)
SSP13 - Innovation capacity (Global)

SSP01 - Population (Global)

SSP02 - Average Income (Global)

SSP03 - Energy Intensity (Global)

SSP04 - Carbon Intensity (Global)

SSPO5 - Rate of tech change: Energy (Global)
SSPO6 - Agricultural productivity (Global)
SSP07 - Urbanization (Global)

SSP08 - Extreme poverty (Global)

SSP09 - Water scarcity (Global)

SSP10 - Population near coast (Global)
SSP11 - Educational attainment (Global)
SSP12 - Quality of governance (Global)
SSP13 - Innovation capacity (Global)

Figurel3 A simplified version of the SSP matrix

6.2.2.2 CA Matrix

The CI matrix for Canada (CA matrix) comprise®rsario elements that are relevamtthe

Canadian context (see Figu#). The CA matrix is a portion of a mukicale matrix that is labelled

as partition 2 in Figur&2. As mentioned previously, theage seven elemergglected to be used
toconstrucCA matri x, six of which are o6l ocal 6 scenc
system. One is a O0globald scenari o el ement (
technologies), which is not part of the global SSPs but important in the @ar@aitext. The
crossimpact judgments in this CA matrix were elicited by the expert participants in this study.
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(Canada)

ght (Canada)
SDO08 - Adoption of EVs (Canada)

CA MATRIX

&

SDO03 - Tech dev in NET (Global)

SDO04 - Carbon Intensity (Canada)

SDOS - Income Growth (Canada)

SD10 - Decarbonized Economy (Canada)

SDO06 - Tech dev in green frei
SDO07 - Tech dev in green transit

SD03 - Tech dev in NET (Global)

SD04 - Carbon Intensity (Canada)

SDOS5 - Income Growth (Canada)

SDO06 - Tech dev in green freight (Canada)
SDO07 - Tech dev in green transit (Canada)
SDO08 - Adoption of EVs (Canada)

SD10 - Decarbonized Economy (Canada)

Figurel4 A simplified version of CA matrix

6.2.2.3Interaction Space
As discussed itheintroductionsectionof this chapterthere are two approaches to GiBalysis:
top-down and bottom up (Schweizer and Kurniawan, 2016). This study uses the latter approach
whereCl matrixfor Canadavasdevelopedn this researchwhichwas then linkedo theCIl matrix
for the global SSPs. When linking two matriagfsdifferent scales (i.e., globand Canada),
indicatedas partition 1 and 2 in Figur® respectivelyjnformation about potential crossale
interactionswould also be required faZIB analysis. The crosscale interaction space refers to
the partitions of the matrik abel | ed as 0This tressseale tinteraation space c e . 0
represerd how elements for Canadafluence elements of the global SSPs and vice versa (i.e.,
partition 3 and 4 in Figur#2). Thecrossimpactjudgments fopartition 3 and 4 were also elicited
from a panel of experts.

When thismulti-scale CI matrixwas constructedthe crossmpact judgments collected
from the expert elicitation were transferred to populate the matrixndertgobtainedfrom the
expertelicitation cover partition 2, 3 and 4, and the crospact judgments for partition 1 (SSP

matrix) was adapted from Schwei zer and OO0Nei l
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Table3 Scenario elements of tHf&SP Matrix and CAdt#ix

Element|D

Scenario ElementDescription

Element End-States

Source

SSP01/SD01 Population (Global)

SSP02

SSPO3

SSP04/SD09

SSPO5

SSP06

SSP07/SD02

Urbanization (Global)

SSP08

SSP09

Water scarcity (Global)

SSP10

SSP11

SSP12

SSP13

SD03

SD04

SDO05

SD06

SDO07

SD08

SD10

Average Income (Global)

Energy Intensity (Global)

Carbon Intensity (Global)

Rate of tech change: Energy (Globa

Agricultural productivity (Global)

Extreme poverty (Global)

Population near coast (Global)

Educational attainment (Global)

Quality of governance (Global)

Innovation capacityGlobal)

Tech dev in NET (Global)

Carbon Intensity (Canada)

Income Growth (Canada)

Tech dev in green freight (Canada)

Tech dev in green transit (Canada)

Adoption of EVs (Canada

Decarbonizedconomy (Canada)

Low (<8 billion)

Medium (813 billion)

High (>13 billion)

Low (annual growthx1.5%)

Medium (1.5%- 2.0% growth/yr)

High (annual growth >2.0%)

Low (>1.0% decreasel/yr)

Medium (0.5% 1.0% decreaselyr)
High (<0.5%decreaselyr)

Low (>0.5% decrease/yr)

Medium (0.1%- 0.5% decreaselyr)
High (<0.1% decrease/yr)

Low (AEEI~0.5% per yr)

Medium (AEEI~1.0% per yr)

High (AEEI~1.5% per yr)

Low (<0.75% improvement/yr)
Medium (0.75%1.25% improvement/yr)
High (>1.25% improvement/yr)

Low (<70% by 2100)

Medium (70%- 80% by 2100)

High (>80% by 2100)

Low (>4% decreasel/yr)

Medium (1%- 4% decreasel/yr)

High (<1% decreaselyr)

Low (<10% global population)
Medium (10%- 20% global population)
High (>20% global population)

Low (<40% globapopulation)
Medium (40%50% global population)
High (>50% global population)

Low (<65% global population)
Medium (65%- 75% globalpopulation)
High (>75% global population)

Low (>20% governments fail)
Medium (10%- 20% governments fail)
High (<10% governments fail)

Low (deterioration)

Medium (no/modest improvement)
High (substantial improvement)

Low (remove <10 GtCO2/yr by 2100)

Schwe

Schwe

Schwe

Schwe

Schweizer an@® 6

Schwei

Schwei

Schwei

Schwei

Schwei

Schwei

Schwei

Schwei

Chapter 5

Medium (1815 GtCO2/yremoval by 2100)

High (remove >15 GtCO2/yr by 2100)
Low (>1.4% decrease/yr)

Medium (+0.38% ta1.4% changel/yr)
High (>0.38% increasel/yr)

Low (<US$86K per yr by 2100)

Nei

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

nd

Extended from global SSPs

Extended from global SSPs

Medium (US$86K to US$120K /yr by 2100)

High (>US$120K per yr by 2100)

Low (Uptake after 2030, <50% by 2100)

Medium (50% uptake bg2100)
High (Fully adopted by 2070)
Low (<75% by 2100)

Medium (>50% uptake by 2080)
High (Fully adopted by 2060)
Low (>80% uptake after 2075)

Chapter 5

Chapter 5

Chapter 5

Medium (>80% after 2050 but before 2075)

High (>80% uptake by 2050)

Coupled (Econ coupled with fossil fuel income Chapter 5
Decoupled (Ecodecupledwith fossil fuel inc)

SSPx: Key elements of thi@f 2 0 | £

{{ta

SDx : Elementselatedto Canad& @nergy futures

FNBY {OKgSAIT SNJI I yR
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Besidesspecifying the descriptordt is also necessary to identifigeir possibleendstates The

endstates were informed by literature review and secondary data from various sources (e.g., the
International Institute for Applied Systems Analysis, Statistics Canbd#ternational Energy

Agency) and developed in consultation with the thesis comeiior elements that fall outside

the expertise of the thesis committee, for example transportation, further advice on the face validity
from in-house experts at the University of Waterloo, Faculty of Environment, was sdight.
information regarding diérent enesates of each element was documented as a set of pathway

di agrams; the same document was wused to provi

same page.

0 Pathways for Technology Development in Green Freight Transport
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Figurel5 Pathway diagram for technology developmémgreen freight transport

For instance, the technology development in green freight transport mimic the technology
diffusion rate of railways in the United States. Technology development refers to how quickly
technology is innovated, diffused, and etwstly adopted. Technology in green freight transport
refers to low carbon means for transporting freight from producers to consumers. These

technologies include cleaner alternative fuels (e.g., hydrogen, natural gas) for heavy freight,
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electric trains, ath electric trucks. The rate of technology development is represented by an S
curve. The baseline (i.e. the medium pathway) is based on technology development of the railways,
which took about 100 years to be fully adopted in the(8&sacool, 2016)The hgh and low
pathways are offsets from the medium pathway. That means, for example, the high pathway
represents technology adoption that takes shorter than 100 years. This was done by making the
gradient of the Surve steeper. Nonetheless, both high and pathways retain the-8urve
characteristic of the medium pathway (see Figure 15). Pathway diagrams for other descriptors can
be found in Appendix B.

6.2.3Eliciting Expert Judgments

This subchapter describes the third stage that is to collect the impact score for each cell in the
newly constructed mukscale Cl matrix. This data collection was done by eliciarganel of
experts for their opinions on the impact score for eachrcétid matrix. Here, expert participants
were sought and asked s$pecify their judgments (or assumptions) of how the descriptors are
interrelatedtakinginto consideration the ¢ e n a r i o0 possibleendstatds kb the study by
Schwei zer axpedt eliCtatilrewas donducted in a workshop setting. Alternatively,
expert elicitation can also be done in an interview setting; the latter was employed in this study.
Expert elicitation is similar takey informant (expert) interview (Creswell, 20184t is collecting

data from individualsvho have a speciakdknowledge or expertise on the togitowever, expert
elicitation employed here adhered to a strict protocol, obtaining only specific data that was sought
after. For this study, the interesirsther judgmentscoreqor influence)from a panel of experts;

the participants would rate specifically how different descriptors (scenario elements) interrelate.

6.2.3.1 Participant sampling

This study employs purposive sampling strategies. Purpasavepling entails researchers
determining and selecting the participant sample that is relevant to the objective of the study. The
initial participant sample was produced by listing the lead and contributing authors of the recent
scenario studiesnC a n as eéreergy futures. The list was further refined by selecting authors with

an expertise in one of the fields associated with the selected scenario elements. The qualifying
process was done by looking at tr@edentials (i.e. completed a Ph.[pyplicatiors and research

interests on the Internet. In some cases, the thesis committee would recommend certain individuals
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with the relevant expertise to participate, and these individuals were contacted. The initial sample
started with 14 experts, and subsequerdlyother 6 expert participants were approached as
recommended.

A total of 20 invitations to participateeresent to experts in various disciplines who have
a speciakedknowledge in one or more topics related to the selected elements; nine respuoinded
eight experts were eventually interviewdxlit one decided not twompletewith the interview
They were given a choice whether they would like to complete a module of questions in a survey
format on their own or a faee-face interview.A module took o longer than 45 minutes to
complete All participants had opted for fage-face interview either in person or via Skype. At
the beginning of the meeting, the participants were briefed on the elicitation instruments before
answering interview questiofgides used during expert briefing are in Appendix C, PafhEse
expert participants are the faculty members at universities across Canada, namely University of
Waterloo, University of Toronto, Wilfrid Laurier University, Dalhousie University, Simondfras

University, and York University.

6.2.3.2 Expert elicitation protocol

Only arelevantportion of the questionnaire was presented to each participant, as the questions
follow a standard template where the specific topics of comparisorp@pglation versus income
growth) change with each questi@ad AppendixB). However, the format dhe questions is the
sameThe full instrument consists of hundreds of question546)but each participantesponded

to only one particular module of questions to compkdeh moduleof 10-78 questions (the
variation is due to skip logic, which deperaishow the respondent answers the questions).

The surveyguestionnairé Appendix C, Part 2)s an elicitation instrument for recording
expertsod judgment s fdescriptdiponterreate. dimegudgmentsaild lmeme nt s
recorded according todiscrete sevepoint Likert scale (judgment scores ranging from +33jo
or linguistically (judgment scores ranging from +VS, +S, +W\Q, -S,-VS, where VS, S, or W
stands for very strong, strong, or weak direct influences respectizeiy@rts partipants were
asked forydgments fodirecinfluences onlyhencetheywould need to distinguish direct from
indirect influencesTo expl ai n what 0 dHigure 16 shws ithestehaie@ nc e

elements connected Iuearrowsasdirect influenes.The variables directly influencing Energy
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Intensity (at far right) are Urbanization and Income, whereas Population has an indirect influence

on Energy Intensity.

Urbanization

) EEEENEESESEEEEEEEEEER X EENEEEEEREEEEEEEEESR rgyinten ity

Income
(global)

Adapted from Schweizer and O’Neill (2014)

Figurel65 A a8 Ay ddzhi a KAy 3 0SG6SSy URANBOGU YR UAYRANBOGY

After the participants provided their judgments for how variables interrelate wibiey
asked taate theconfidence in their judgments according to a{pant Likert scale, which ranges
from judgments being viewed asccepted within the discipline to aguess Finally, the
participants providebrief comments that summarize the main reasons for their judgments.

6.2.4Completinghe Multi-scale CrosBnpact Matrk

As mentioned previously, a participamasaskedto respond to a module. A module addresses a
portion of the multiscale Cl matrix. For example, a participant who responded to SDO03
(Technology Development in NET) would provide influence judgmentsow other descriptsr
would influencethe SD03 descrigor (i.e., SD03 is receiving influencefdditionally, this
participant was also asked to provide influence judgsenthow the SD0O3 descriptorwould
influence other descriptors of the global SERs SDO03 is exerting influenceyor each question

in a module, it corresponds to a cell in the matnxFigurel?, cells that capture the resposse
from one expert are showsith the same colourAfter the influence judgments were collected
from seva expert participants, their responses were mapped to complete the Cl Wadtres in
each matrix celare the scores that charactetize descriptor in the row directianfluencingthe

descriptor in the column directiorHlence, the completed matrigefines system model

Ay

specifications (i.e. descriptors and their respective possible states, and judgments about descriptor

interrelations) The complete Cl matrix was theobjected to CIB analysis.
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Figurel7 Mapping expert judgmnt responses to the muilticale CI matrix

6.2.5 Aoplying Crosémpact Balance Analysis

In CIB analysis scenarios arelepicted ascombinations of outcomes @ndstatesfor each

descriptor(i.e. scenario elementfhe CIB analysis was used in this dissertatiopualuaé the

internal consistency of descriptstate combinationsThe CIB analysis performs a series of

calculations to identify which combinations of estates are internally consistent. Simply put, the

calculations use the judgment scores provided by the expert panel and padtrematical

operatios to examine all possible descriptert at e s
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reinforcingdescriptorstatecombinations are examples of sceos that are internally consistent,

or stable, which means that they describe {mrg trendgWeimerJehle, 2006)In CIB terms
consistencys defined asow particular scenario outcomes would continue tersegifforce. An
example ofininternally corsistent configuration is the higher income supporting higher education
attainment and vice versiaet us assume thaeople start to earn higher inconas a resultthey

also have the desire to attagher education. In turn, with the higher educatithey can
potentially earra better incomeand the cycle repeaf§his is a selreinforcing mechanisrthat
makesthis particular scenario configuratiohigh education attainment and high income) more
stable and perpetual. However, ttanfiguration compsing of highincome andow educational
attainment may not be internally consistbatause, in theory, low education would discourage
high income statel hese enestateqi.e. low education attainment and high incorwenotevoke

a selfreinforcing mechanism because there is an internal logic problem related to this scenario
configuratio® this, of course, must be checked by CIB calculation based on the values in the
corresponding matrix cells.

To better understand ho®IB analysisidentifies scenario configurations with internal
logic problems, | use a simple example by creating a matrix with three descriptors. This 3x3 matrix
is sliced from themulti-scale Cl matrixandcomprise only three descriptors: SD03 (Technology
Development in NET), SD04 (Carbon Intensity), and SD05 (Income Grarikjly, technology
development in NETs influences both carbon intensity and income growth in Canada. However,
only carbon intensitin Canada influences technology development in NETs directly. The intuitive
assumption is that high income growth and high carbon intensity aseppmrting (or self
reinforcing). Because of the high carbon intensity in Canada, the technology developRiEns
is likely to be low.But does low technology development in NETs also indirectly support high
income growth in Canada? In CIB, such a scenario can be tested for internal consistency.
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SD03 GL Tech NET SD04 CA C Intensity SDO0S CA Income
L M H L M H L M H

SD-03 Tech dev in NET (Global)

Low (remove <10 GtCO2/yr by 2100) -1 0 1 -1 0 I

Medium (10-15 GtCO2/yr removal by 2100) -2 0 2 -2 0 2

High (remove =15 GtCO2/yr by 2100) -3 0 3 -3 0 3
SD-04 Carbon Intensity (Canada)

Low (>1.4% decrease/yr) 0 -1 -1 1 0 1

Medium (+0.38% to -1.4% change/yr) 0 1 1 2 0 2

High (>0.38% increase/yr) 1 2 2 3 0 3
SD-05 Income Growth (Canada)

Low (<USS86K per yr by 2100) 0 0 0 0 0 0

Medium (US$86K to US$120K /yr by 2100 0 0 0 -1 0 1

High (>US$120K per yr by 2100) | 0 0 0 -1 -1 2
Given Scenario States l l |
‘Impact Balance Score: | ‘ 1 ‘ 2 ‘ 2 ‘ ‘ -2 | -1 ‘ 3 ‘ | 2 ‘ 0 ‘ -2 |
Target Scenario States T 1 T

Figurel8 A crossmpact matrix withimpact balance calculations
The highlighted rows specify a O0given scen

For the case shown in Figul8, the scenario configuration being assessed is $20@ow),
SDO04Y H (high), and SDO% H (high). These endtates are the highlighted row across. The
impact balance score is the sum of the values in the highlighted rows for each dearmn.
example, the impact balance score for SD03end-state is 1; this was derived from 1+0. All
impactbalancescores for each descriptstates must be calculated like this; then, the CIB can
anal yse whether the selected scenario configurl
18) is internally consistentThe internally consistenendstatesare indicated by the highest
calculated valuéor each descriptoFFor this case, SDO3M (medium) and SDOB H (high) are
the two consistent erstatesThese consistent states are indicated in Fijldees fit ar get s cC €
stateso indicabwdheéyi nihtei aulpwaacganarriro confi gur
indicated with a downward arrgwan be cheadfor internal consistency by comparindnether
the given scenario states and target scenario states are aligned, meaning that the upward and
dowrward arrow are aligned. If the arrows are not aligned, the given scenario (such as the one
shown as an example) is inconsistent because it has internal logic moblem

For the full multiscale Cl matrix,he total number of possible combinationsver 2324
million (3'° x 2%). However, CIB calculations will identify a small number of scenario
configuratiors thatareclosely orperfectly internally consistent. By virtue of having a mattale
matrix (global/national) the internally consistersicenarios identified by CIB calculations mean

that these scenarios are also internally consistent across scales
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6.2.5.1 UsingScenarioWizard for CéBalysis

When the multiscale Cl matrix is large and intractable, the matrixpatentiallyb e 06 shyl ved 6

partitioning the parent matrix to produce smaller submatrices that can be solved individually, and

the O6minié soluti ons [Sehweizerrakdd&arniasvan, 2816jovevep | et e

linked CIB was not required athe multiscale Cl matrixs tractable, saonventional CIB was

deployed. Internally consistent scenariowere searchedusing the CIB software called

ScenarioWizardhat wasdeveloped by Weimeilehle(2018)at the University of Stuttgart. The

6sol verd al gorit hm -mteractioh gystesnapptoach o édentifiseeset ofa p a

el ements (6descriptorsé) whose interactions ¢
There are quality checks omput data (crossmpact judgments) that can also be

performed: O0standardizationé and O6bias statis

Standardization
Standardization supports the comprehensibility of the data to suggest that promoting influences
towards oneend state wouldliscouragehe opposite endtatesand viceversa(WeimerJehle,
2006, 2009)For example (seEigure B), SD0O5 (CA Income) has three different pathwadgw/,
medium, and high (denoted by L, M, Eijdcan be influenced bthe H (high) pathvay of SD0O8
(Adoption of EVs) (the highlighted row). A judgment score-8fmeang(the first cell of the
highlighted row in Figurd9) thattheH (high) pathway of SD0O8 will very strongly discourabe
L (low) pathway of SDO5. Because the H (high) patheg$D08 has already discouragbe L
(low) pathway of SDO5, the respective opposite pathways of SD05, M (medium) and H (high),
will likely be promoted instead by the H (high) pathway of SD®®8nply put, the influences
exerted on three possible pathwaf/$D05 must beompensated.he sum of the judgment scores
between two variables across any given row in the CI matrix must be equal to zero (or
compensatgd ScenarioWizard can check whethedgmens of a Cl matrix are standardized

this manner.
SDO0S CA Income
I M H
SD-08 Adoption of EVs (Canada)
Low (>80% uptake after 2075) -1 1 0
Medium (>80% after 2050 but before 2075) -2 1 1
High (>80% uptake by 2050) -3 1 2

Figurel9 Checking standardization of creisspact judgments
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When the software finds that the standardization is necessary, the software will prompt the
user whether to execute tstandadization feature. In the standardization process, the whole
matrix (i.e. all influence judgments in the matrix celis)multiplied by an integer numbeBy
multiplying with an integer number, the system influence characteristic described by the matrix
remains the sam@VeimerJehle, 2006, 2009Then the mean value of each judgment gréeygy.
the rows consisting three matrix cells each as shown in FRreill be subtractedo those

judgment scores within the group.

SSP-04 Carbon Intensity (Global)

Judgment group Low (>0.5% decrease/yr)
Medium (0.1% - 0.5% decrease/yr)
\ High (<0.1% decrease/yr
\ Raw Judgements Standardized Judgments
L M H L M H
SD-06 Tech dev in green freight (Canada)
Low (Uptake after 2030, <50% by 2100) Q 0 0 0 0
Medium (50% uptake by 2100) -1 0 -1 -1 2 -1
High (Fully adopted by 2070) a1 -1 2 -1
SD-07 Tech dev in green transit (Canada) | — e

Low (<75% by 2100)
Medium (>50% uptake by 2080)
High (Fully adopted by 2060)

H
o
—

g

[

e

[ (A -

(
S

Judgment section

Figure20 Standardizing the crosmpact matrix

For illustration, take a slice of the Cl matrix shown in Figz@as an example.
1 The judgement group (i.e. the circled row) consist of valle(-1)
1 The mean valud\) for this judgment gup isM = (-1 + 0 +-1)/3 =-2/3
1 Then subtracthemean value (M) to the original judgment gro@g;, 0, -1) - -2/3 = (-1/3,
+2/3,-1/3)
The multiplier factor If) used by the software is(the denominator of the mean value)
Hence, standardized judgmenti$/3, +2/3,-1/3)*3 = (-1, +2,-1)

All influence judgments in the Cl matrix were standardized this way by the software. The
standardized Cl matrix can be found in Appendix E. Btasidardized matrix was used for CIB

analysis to search for internally consistent scenarios.
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Bias Statistics
Judgment biases can be identified by ScenarioWizard when certagtagesl (e.g., L, M, H) are
assigned more frequently than other -states(WeimerJehle, 2006, 2009)The bias statistics
computed by the software can be used to check the quality of the judgment scores of the study
participants Assessing bias statistics wererformed on the CA matrix only, and not for the SSP
matrix as the biases dhe SSP matrix would have been resolved by the aut{uoksweizer and
OO0 Nei | I1The st2gs foAminimizing biases for the CA matrix are documented as follows:

1. Perform a trialCIB analysis for the CA matrix with standardized input data to solve for
consistent scenarios. The analysis will also produce bias statistics that can be examined.

2. Check if any bias statistics show close to 100% or 0% for any particular state. Statistics
close to 100% mean that an estdte is virtually certain, and statistics close to 0% mean
thattheenss t at e i s Of oJelle,20lBend6 ( Wei mer

3. For any biased judgment scores, revisit the verbal reasons provided by the expert
participants.

4. Adjust the sores accordingly when they do not reflect the verbal reasons. This can happen,
for example, when participants unintention
judgment scores in the elicitation instrument (see Appendix C, Part 3).

5. Some ¢ lWentfisdebyg BcenarioWizard may instead reflect real phenomena with a
logical or causal basis, so such judgments will not be modified.

6. After revising the CI judgments, perform another trial to verify that biases are resolved.

These steps can be repeatetil the bias statistics look satisfactory.

The subsequent paragraphs detail the process of checking data quality for-@de SD
descriptor where the raw judgments were adjusted by-cefsencing experts comments and to
minimize biases (please note ttieg adjustments for other raw judgments are detailed in Appendix
C, Part 3Thebias statisticsvereproduced after performingteaal CIB analysis orthe CA matrix
(seeTabled). Values close to 100% or 0% (shown in red in Tahlendicate that the resgtive

judgment scores were subjected to closer inspection.
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Table4 Bias statistics based on raw judgment scores

Descriptor End-states
SD-03 Techdev in NET (global) Low Med High
66.7 % 66.7 % 33.3%
SD-04 Carbonintensity (Canada) Low Med High
90.7 % 0 % 15.8 %
SD-05 Income growth (Canada) Low Med High
1.2% 1.0% 99.8 %
SD-06 Tech dev in green freight (Canada) Low Med High
100 % 100 % 0%
SD-07 Tech dev in green transit (Canada) Low Med High
100 % 33.3% 0%
SD-08 Adoption of EVs (Canada) Low Med High
73.5% 34.6 % 3.1%
SD-10 Economy (Canada) Coupled Decoupled
8.2 % 96.3 %

The CanadianCl matrix documents all influence judgments that were collected from the
panel of expertsAlso, expert participants provided written comments explaining the reasons for
their judgmentsThe written comments take precedence over the numerical judgments scores.
There were situations when expert participants had misrepresented their influgmerjtslin
numerical scores. One common misrepresentation is the flipped positive and negative signs of the
numerical scores. Another misrepresentation is when the expert participants were not sure how to
input numerical values for descriptstates that dectly or inversely cevary.

For SD04 (highlighted row in Tabld), the endstate of Low carbon intensity in Canada
occurred more frequently than other estdtes (90.7%), whereas the medium level of carbon
intensity did not occur with certainty (0%). 8$e percentage values tell us that the judgment scores
of the expert participant tend to promote Low state outcomes and discourage Medium outcome. In
this case,le correspondingudgmentsfor SD-04 were analysedirst and foremosso that the

numerical sores corroborate the written commentshe expert.
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SD-04 Carbon Intensity (Canada)
Low (>1.4% decrease/yr)
Medium (+0.38% to -1.4% change/yr)
High (>0.38% increase/yr)
Raw Judgments Adjusted Judgments
L M H L M H
SD-01/SSP-01 Population (Global)
Low (<8 billion) 1 0 -1 0 0 0
Medium (8-13 billion) 2 -2 -2 0 0 0
High (=13 billion) 3 -2 -3 0 0 0
SD-05 Income Growth (Canada)
Low (<USS$86K per yr by 2100) 1 0 0 0 0 0
Medium (US$S6K to USS120K /yr by 2100) 1 0 1 -1 0 1
High (=US$120K per yr by 2100) 2 0 2 -1 -1 2
SD-06 Tech dev in green freight (Canada)
Low (Uptake after 2030, <50% by 2100) 1 0 -1 1 0 -1
Medium (50% uptake by 2100) 2 0 -2 1 1 -2
High (Fully adopted by 2070) 3 0 -3 2 1 -3
SD-07 Tech dev in green transit (Canada)
Low (<75% by 2100) 1 0 -1 1 0 -1
Medium (>30% uptake by 2080) 2 0 -2 1 1 -2
High (Fully adopted by 2060) 3 0 -3 2 1 -3
SD-08 Adoption of EVs (Canada)
Low (=80% uptake after 2075) 1 0 -1 1 0 -1
Medium (>80% after 2050 but before 2075) 2 0 -2 1 1 -2
High (>80% uptake by 2050) 3 0 -3 2 1 -3

Figure21 Raw and adjusted judgments for-8B (Carbon intensity in Canada)

The raw judgmestfor how the SSH1 (global populationyescriptor (the row variable)
exertinginfluence on the SM4 (carbon intensity in Canadéhe column variable) shows that
high global population would strongly encourage low carbon intensity in Canada and strongly
discourage high carbon intensity in Candfiggure 21) The reason for this infence judgment
provided by the expert respondent is that high global population could put pressure on Canadian
government to take action to reduce carbon intensity domestically. This reason suggests that the
relationship between global population and carbensity in Canada is indirect (with actions
from Canadian government as the intermediary variable connecting global population and carbon
intensity in Canada). Since the judgments required for CIB analysis constitute to direct influences
only, this paritular judgement section (i.e. S8R influencingSE0 4) was adj usted
i nf | u eoteczersv@lueé in the judgment section representnituence or norinteracton).

Next, interactions between the S5 (income growth in Canada) (thewrovariable)
exerting influence on SD4 (carbon intensity in Canada) was assessed. First, expert participant
commented that the low pathways of the income growth is a status quo; hence the low pathway
was adjustdto reflect status quo witthe low pathway ofincome growththat bearso influence
on carbon intensity in Canada. For the medium and high pathways, the expert participant suggested
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that the influence of high pathways on carbon intensity in Canada could be in two directions. This
is also gmilar for the medium pathway but to a lesser degree. First, people with higher income can
be more sustainable and they would adopt more expensive but more efficient energy technologies.
That is, of course, based on the assumption that people would présbmatore sustainable in
the future (O0sustainabl ed). Al ternativel vy, p ¢
meaning that the higher income would increase
was used in this research. The judggmt s cores were adjusted to r e
Further adjustments to the judgment scores for how high and medium pathways of income growth
exerting influence on the | ow and medium car bc
comnentonthe influence of the medium pathway of income growth on carbon intensity in Canada
thatis less prominent than the high pathway.

For SD06 (technology development in green freight),-&D(tech development in green
transit), and SED8 (adoption of EVS), the expert participant commented that there is a correlation
between carbon emissions and various technologies. The judgments were adjusted to add a
minimum value for the medium pathways. This adjustment will help to correct the biaisiébr
the outcomes of medium pathways for carbon intensity in Canada was less prominent initially. The

adjustments nonetheless maintain the relationships but less optimistic.

Table5 Bias statistics based on adjusted judgments

Degcriptor End-states
SD-03 Techdev in NET (global) Low Med High
66.7 % 66.7 % 33.3%
SD-04 Carbon intensity (Canada) Low Med High
49.8 % 41.6 % 16.3 %
SD-05 Income growth (Canada) Low Med High
0 % 59.3% 50.0 %
SD-06 Tech dev in green freigfi€anada) Low Med High
44 % 100 % 0%
SD-07 Tech dev in green transit (Canada) Low Med High
31.7% 65.0 % 24.3 %
SD-08 Adoption of EVs (Canada) Low Med High
65.4.5 % 43.2 % 11.1%
SD-10 Economy (Canada) Coupled Decoupled
19.3 % 84.4 %

The remaining judgment scores for individual descriptors were checked and adjusted in
this manner. After adjustment, the CA matrix is subjected to a trial CIB analysis to produce bias
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statistics based on the adjusted judgement scores (Table 5). The asdhereare still having
issues are the SD5 (income growth) and SD6 (tech dev in green freight) descriptor.

For SD05, the raw judgment scores provided by the expert illustrate that the high, medium,
and low pathways are characterized to have a lne¢atronship with low and high pathways have
an opposite effect and medium pathway has no effect. The adjustment to these judgment scores
adds minimum values for the medium pathways but maintains theiarpast relationship. The
newly calculated bias dtstics (Table 5) does show bias correction for medium pathways.
However, the statistics for the low pathwamainclose to 0%. Further correction to the low
pathway (making the statistialue more than 10%) could potentially change the ciogsact
relaionships of the S5 descriptor; hence, this discrepancy was accepted as is. The expert who
provided influence judgment for S@6 commented that despite having similar technologies, the
technology development in green freight transport lags the techyndiegelopment in green
transit. While the support for green transit is instigated by the public, the support for green freight
transport should rightfully comes from the private sectors (e.g., transport operators); however, the
uptake of the more expensigeeen freight technologies could be sluggish since transport operators
place profit above all, including acquiring and adopting green technologies that can potentially
erode their profit margins.

The CI matrix with raw data (i.e. the influence judgmemntsnf the panel of experts) is
shown in Appendix D. The CI matrix with standardized and bias corrected data used to search for
internally consistent scenarios is shown in Appendix E.

6.3 Results of Multscale CIB Analysis

After applying bias correctigrthe completed Clmatrix was solved with the traditional CIB

analysis. The CIB analysis of the full matrix produces iB&rnally consistent scenario
configurations (Figur@2). The results were produced by setting the ScenarioWizard to search for
060strongd6 <consistency using the O6complete sol
configuration consists of all 20 scenario ele
energy futures. These scenario configurations can be analysed wholly or in part. For analysis in
parts, one can consider the results on the global SSP sideG@nadanside. For the global SSPs,

scenario configurations consist of global SSP elemertsSEP01 to SSP13).
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For the purpose ofinalysis, | madeéwo key assumptions. First, whether the world is

decarbonized or not depends on the descrgiteSSP04 (global carbon intensity).awéend

state denotes a carbonized world, wheée#ghbend state denotes a decarbonized wohldother

assumption for which Canada is decarbonized or not depends on the destaiptSD10

(economy)whether the Canadian economy is coupled or decoupldditsifossil fuelsector.

These assumptions are:

T

)l
1
1

Decarbonized worldSSP04 (global carbon intensity) is Low
Carbonized world: SSP04 (global carbon intensity) is High
Decarbonized Canada: SD10 ffo@thefasdilduélsecterc o n o m
Carttoni zed Canada: SD10 ( CwaiththdfasSildfuelesactorn o my ) i
Carbonized World (SSP2, SSP5, SSP3)
10
Scenarios 60
(see Chapter Scenarios
6.4.2.2)
Decarbonized Canada Carbonized Canada
4
Scenarios

Decarbonized World (SSP1)

Figure22 Results of CIB analysis reveal a total of 88 internally consistent scenarios

Theconsistent scenarios for the global SSPs can be evaluated by truncating the part that

belongs to the Canah side, leaving only the part that belongs to the global SSPs. Of the 88

configurations shown, there are some configurations that would be th€esgmeuch a

configuration will likely be consistent with two or more scenario configurations on the Canadian
side). For example, scenario# 1, 13(3Figure23), 33, 43, 53in Figure24), 65, and 77ig

Figure25) have the same configuration on tilebal SSPs side. For those global scenario
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configurations that are the same, they can be
23, 33, 43, 53, 65, and 77, have the same global configuration, that is:YSBPSSPOY L,
SSPO¥ H, SSPO¥ H, SSPOY L, SSPO¥ L, SSPO¥ M, SSPO§ H, SSPOY H, SSP1¥ M,

SSP1Y¥ L, SSP1¥ L, SSP1¥ L).
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6.3.1 Consistent Scenarios for Global SSPs
For the global SSPs sidéetCIB analysis identifies 18 internally consistent scenarios (Fi2fire
27 & 28). Each internally consistent scenario (labelled GL#) comprises astatedof the thirteen

scenario elements (descriptors SSP01 to SSP13). For example, the scenario confifprati

scenario GLO1 suggests a o6worl dé withYH,igh de

energy intensity (SSP33H), carbon intensity (SSP¥4H), extreme poverty (SSP¥8H), and

water scarcity (SSPQ9H); and medium development pathways for urbarra{SSPOY M)

and coastal population (SSPA®/); but with low development pathways for income (SSPQ2,
technological change (SSPO%.), agricultural productivity (SSPO6L), education (SSPM. L),
governance (SSP¥2L), and innovation capacity (SSP13.). Examining a group of scenarios as

a set can also be useful, for example, the results suggest that the low pathways of global population
(SSPOY L), carbon intensity (SSP¥4L) and extreme poverty (SSP0&) are internally
consistent with a high pathway of glal average income (SSPOH), a rapid rate of technological
change (SSPOAH), a higher increase in agricultural productivity (SSP®6, educational
attainment (SSPMH) and innovation capacity (SSP13)d these conditions fit GL09 and

GL10 scenarios. GL09 dnGL10 scenario configurations have the same outcome for all of the
elements but one, coastal population (SSP10). This means that, by disregarding SSP10, GL09 and
GL10 would have the same configuration.

One should note that the situation described here@s diot imply causation. Instead, it
simply states that should an estdte of an element occur, e.g., a decarbonized world where
SSPO¥ L, it would likely be accompaniedby the low pathways of population, extreme poverty,
energy intensity and the high pe#ys of average income, rate of technological change,
agricultural productivity, education attainment, and innovation capacity. Subsequently, Chapter
6.3.2 will analyse the consistent scenario configuration CanadaChapter .3 will describe
how sceario configurations from the global SSPs and the Canadian side are linked to produce

pairwise combinations that make up the 88 internally consistent scenarios.
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Figure28 Results of CIB analysis for the global SSP side3(phag&)
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63bH [/ 2yaraiusSyld {En&gylFNkeza F2NJ / Iyl RFQa
To identify consistent scenario configuraticatdhe Canadiarscale one can visualize only the
configurations under Canatlss s ishben iraEgure29 & 30. As previously mentioned,
scenario configurations that have the same-statts & o6 c ol | ap Jhexd aretars o ne.
consistent scenarios for the Canadian side. Three scenarios (i.e. scenario CA8, CA9, and CA10)
are consistent with Canadads economy being d
extraction and production (SDY(QC). This state (i.e., SDMC) also corresponds to the state of
national carbon intensity being high (SDO#). Another three scenarios (CA4, CA5 and CAG)
present plausible futures i n whYiD. AdeCasbonizeda 0 s e c
economy (i.e SD10r D) is consistent with the national carbon intensity being low (SDIO#
and the rate of adoption of EVs being moderate (SDS.

An interesting point to note is that technology development in green freight transport is at
low or mediumdevelopment pathways (®BY L or SD06Y M) for all scenario configurations.
This finding reflects expedt commentwho statel that the uptake of green technologies in
Canadados freight transport i s pri marigingof dri ve
the transport operators. As freight transport is driven by the private sector, there is little public or
social pressure on transport operators to act in greening freight unless for commercial reasons. In
this respect, technological change indteitransport tends to lag whettomes to adopting green
technologies, making the higher development pathway therefore unlikely. Recall that the
development pathways for technological development of green freight transport was tin@ bound
for examplefull technology adoptio(80%)in Canada realized as early as 285fGectsthe higher
development pathway. Because of the lag, the development of green freight technologies (SD06)
will be equal to or lower than the development of green transit technol&I€¥). Inessence
the CIB analysis can integrate interdisciplinary expert judgments and evaluate how similar (or
dissimilar) their judgments are in affecting the overall system behaviour. The judgments of the
expert participants were elicited anonymousiganing that judgments were offered by an expert
participant who had no access to the judgments of other experts.
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C‘anadafsmergy Futures

CA-scenario# Scenario#t Impact Sore D04 D05 D06 DO7 D08
CAL 1 375 H M M
2 245 H M M
3 196 H M M
4 188 H M M
5 189 H M M
6 194 H M M
7 206 H M M
8 175 H M M
9 180 H M M
10 181 H M M
CA2 11 343 H M M
12 343 H M M
CA3 13 368 H H M
14 238 H H M
15 189 H H M
16 181 H H M
17 182 H H M
18 187 H H M
19 199 H H M
20 168 H H M
21 173 H H M
22 174 H H M
CM 23 367 M H M M
24 237 M H M M
25 188 M H M M
26 180 M H M M
27 181 M H M M
28 186 M H M M
29 198 M H M M
30 167 M H M M
31 172 M H M M
32 173 M H M M
CAS 33 370 H H M M
34 240 H H M M
35 191 H H M M
36 183 H H M M
37 184 H H M M
38 189 H H M M
39 201 H H M M
40 170 H H M M
41 175 H H M M
42 176 H H M M
Legend: Hements:
H High Pathway D03 - Tech devin NET (Global)
M Medium Pathway D04 - Carbon Intensity (Canada)
Low Pathway D05 - Income Growth (Canada)
Coupled with FF D06 - Tech devin green freight (Canada)
D Decoupled with A= DO7 - Tech devin green transit (Canada)

D08 - Adoption of BVs(Canada)
D10 - Decarbonized Economy (Canada)

Figure29 Results of CIB analysis f@Amatrix (part 1 of 2)
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Canada'sEnergy Futures
CA-scenario# Scenario# Impact Sore | D03 D04 P05 D06 DO7 D08 D10
Ch6 43 369 M H H M M
44 239 M H H M M
45 190 M H H M M
46 182 M H H M M
47 183 M H H M M
48 188 M H H M M
49 200 M H H M M
50 169 M H H M M
51 174 M H H M M
52 175 M H H M M
CA7 53 372 H H H M M
54 242 H H H M M
55 193 H H H M M
56 185 H H H M M
57 186 H H H M M
58 191 H H H M M
59 203 H H H M M
60 172 H H H M M
61 177 H H H M M
62 178 H H H M M
CA3 63 356 M D
64 356 M D
CA9 65 350 M M M D
66 220 M M M D
67 171 M M M D
68 163 M M M D
69 179 M M M D
70 181 M M M D
71 179 M M M D
72 181 M M M D
73 165 M M M D
74 167 M M M D
75 165 M M M D
76 156 M M M D
CA10 77 364 M M M M D
78 234 M M M M D
79 185 M M M M D
80 177 M M M M D
81 196 M M M M D
82 198 M M M M D
83 196 M M M M D
84 182 M M M M D
85 184 M M M M D
86 182 M M M M D
87 375 M M M M D
88 375 M M M M D
Legend: Hements:
H High Pathway D03 - Tech devin NET (Global)
M Medium Pathway D04 - Carbon Intensity (Canada)
Low Pathway D05 - Income Growth (Canada)
Coupled with A- P06 - Tech devin green freight (Canada)
D Decoupled with A= D07 - Tech devin green transit (Canada)

D08 - Adoption of BVs(Canada)
D10 - Decarbonized Economy (Canada)

Figure30 Results of CIB analysis for CA matrix (Rait2)
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However having global technology development in NETs being moderate or high
(SDO3Y M or SDO3Y H) is consistent with the rate of adoption of EVs being low (SDDBand
C a n a d @enénsy beeng dependent on foskikel income (SD1¥ C). This finding also resonates
with some expert responses. For instance, experts indicated that the rapid adoption of NETs may
put less pressure on Canada to decarbonize the economy and transportagiogs. $gsanother
case, an expert participant also suggested that the rapid adoption of NETs could also potentially
reduce the impacts of climate change, provisioning cheaper options for implementing climate
change adaptation measures. Cheaper options pfadida will result in cossavings and better
income (i.e. less spending means higher disposable income). Wheningpass judgments of
these experts were analyzed holistically using CIB analysis, it suggests that higher income growth
(SDO5Y H) is consisent with a fossifueled economy (SDMC). Further, high income growth
(SDO5Y H) can also prevail with low development in NETS (SWQ3 under scenarios CA3,
CA4, and CA5. The results from this CIB analysis suggest that the-scmimmicimplications
of NETs are ~cruci al to Canadads effort to be d
investigation in future research. Moreover, research examining potentially contradicting social
impacts due to NETSs is still lacking. As Minx et al. (2018) rightly puthiére is aneel € t o
explore the broader ethical implications of NETs in the context of global justiceustainable
developmert (pp.23) [emphasis added]. As expert participants have commented, development of
NETs could potentially motivatihe persisgtnce of fossil fuel production, meaning that fesisih
countries may reap benefits from the deployment of NETSs.

6.3.3 Consistent Scenarios Across Scales

The consistent crosscale scenario configurations are the combined configurations derived from
theglobal SSP side and the Canadian side. That means a consistent scenario across scales consists
of a pairwise combination of SSP scenarios and CA scenarios (F3jjré&or instance, GLG1

CAl1l means that SSP scenario configuration GLO1 and CA scenariguation CA4 are
consistent when they are paired. A scenario configuration (take CA1 for example) can be found
consistent with several global scenario configurations (meaning CALl is consistent with SSP
scenario configuration GLO1, GL02, GL03, GL05, GLOL1G, GL12, GL13, GL15, and GL17;
Figure31).
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Figure31 Pairwise combinations of CA scenarios (cyan) and Global SSP scenarios (red)

6.4 Discussion

In this dissertationthe multiscale crossimpact Cl) matrix was analyzed wholly usinghe

complete solver function in ScenarioWizaahd it did not necessitate partitioning. The CIB

analysis identied a total of 88 scenario combinations. The approach to scenario analysis in this

dissertationis multi-scale and it dfers from the traditional singlecale perspectivahis multi-

scalestudy producedscenariodaking consideration of plausible development pathways at the

global level Although national energycenarios do consider global elements, these elements tend

to be very specific to energy development (e.g., development in Negative Emission Technologies)

and plausible socioeconomic situations at the global level tend to be underrepreésenweader

energy developmerdt the global levetan be influenced by dd#fent global socioeconomic

conditons pl ausi bl e

di fferent

soci oeconodepicted 6 wor |

by the SSP framewor’he SSP framework can be extended to develop national energy scenarios

since differentglobal socioeconomicdevelopmentswill have many implications on energy

development domesticallfacenario studies conducted at the national level can better incorporate
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global socioeconomic development pathways by extending the basic or globalT&8HRisk
between national erergy development and global socioeconomic development are usually
underrepresenteget such a mukscde modelling exercise provide better understandingf
global and local dynamics. Furthermore, national energy developsigneatly impacted by
global issuesFor instance, global oil pricdrop could be incitedobotentially by the fall inthe
demand for oil due taovel virus epidemic as tiéhinese econoim activities came to a hadnd

the demand for globair travet fell. In this dissertation senario elements under a broader
socioeconomic framework, the SSPs, are part of the andbyslgiking to the global SSP#he
crossinfluences between globabcioeconomic development andtionalenergydevelopment

can bebetter understood

6.4.1 Analysing thinfluenceof a Carbonized's.Decarbonized World
Multi-scale scenario analysis is able to unpack any driving forces operating at the global level that
may impact Canad&cenarios depicting@rbonizedvorld (as indicated by the high pathy of
carbon intensity; SSP¥4H)aref ound t o be consistent with scen
is either dependent or independehtassitfuel energy production (SD¥0C or SD1¥ D). In a
situation in which the world remains carbonized (SSPBY, so des Canada (SD¥H and
SD10Y C) (as shown in the top half for the table labeled A in FiggR¥), sixty scenario
configurations (e.g., scenario# 13, 14, 15, 16, 17, and so on) are consistent with this condition.
Hence, it is plausible that the world incladiCanada would pursue the continuation of the status
quo.

However, the analysis also suggests that a future where the world remains carbonized is
not a prerequisite for Canada to remain carbonized. In fact, it is also plausible for Canada to be
decarborzed while the rest of the world is not. This situation is depicted by ten consistent scenario
configurations, showing C a nfrand ¢hé g$ossituel csectomy bei
(SD10Y D) (as shown in the bottom half of the table labeled B in Fig@yeThis condition is
al so accompanied by CanadaosYL)x Additiooatly, somet e ns i t

scenario configurations depicting a decarbonized Canada in a carbonized world have higher total

17 Fgure 32 shows only scenario configurations meeting the condition SEfD4Accordingly, 70 out of 88
scenario configurations (as shown) meet this condition.
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impact score$ (e.g., CA965 and CA1677), which suggeshat these scenario configurations are
more likely than certain scenario configurations (that have lower impact scores) depicting
carbonized Canada in a carbonized world. The idea that the world remains carbonized while
Canada decarbonizes is counteritnta, which will be discussed further in Chaptet.8.

Assuming the world is decarbonized, meaning the low development pathway for global
carbon intensity (i.e., SSP¥4.), a decarbonized world is found to be consistent with scenarios
wher e Ca n aylisditrer depenglenioor independent on fdssil production (SD1¥ C
or SD10¥ D). Only two scenario configurations are consistent (i.e.,-CA2nd CA212) with
Canada being carbonized (SIYLE and SDO¥ H) (as shown in the top half of the table labeled
A in Figure33). However, in a decarbonized world, it is highly likéhyat Canada would also be
decarbonized as indicated by four scenario configurations &3A8CA864, CA1087, and
CA10-88) (as shown in the bottom half of the table labeled B in Fig8reAdditionally, these
configurations havehe total impact scores that are higher than the configurations depicting a
carbonized Canada in a decarbonized world. Although a decarbonized world may be consistent
with either carbonized or decarbonized Canatle higher impact scores for scenario
configurations depicting a decarbonized Canada suggest that a future condition for which Canada
must also be decarbonized is more likely. If the world decarbonizes, Canada will have the incentive
or be pressured to darbonize too. However, it would ald® possible for Canada to remain

carbonized. The latter solution is counterintuitive; this will be discussed in the subsequent section.

18 |n ClBanalysis, total impact score refers the sum of all influences impacting a descriptommaitéopositive
score indicate that the outcome is supported, whereas negative scores indicates that the outcome is contradicted.

¢KS KAIKSNI G20t AYLIOG a202NBI SAGKSNI LI2aAGASS 2N yS3al

particular outome is more difficult to change.
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Global Shared Socioeconomic Pathways

Canada's Energy Futures
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Waorld remains carbonized (55P04->H) and Canada remains carbonized (SD10->C, also SD04->H)

SSP08 - Extreme poverty (Global)

SSPO9 - Water scarcity (Global)

$5P10 - Population near coast (Global)
SSP11 - Educational attainment (Global)

CA-scenarioff Scenario# Impact Score | SSPO1  SSP02 SSP03 SSP04 SSPO5 SSPO6
cA3 13 368 T B H
caz 14 238 H M H H
cA3 15 189 ™ ™ H H
cA3 16 181 M M H H
ca3 17 182 H v I -+
cA3 18 187 H ™ M H
cA3 19 199 H M H H
ca3 20 168 M v I -+
cA3 2 173 ™ ] M H
ca3 2 174 M M H H
ca1 1 375 v I - H
cA1 2 25 H ™ H H
ca1 3 196 M M H H
cAL 4 188 ™ ™ H H
ca1 5 189 H v I v
cat 6 104 H M M H
cAL 7 206 H ™ H H
ca1 8 175 M v I v
cat 9 180 M M M H
cAL 10 181 ™ M H H
ca7 53 372 N | H
ca7 54 22 H M H H
cA7 55 193 ™ ™ H H
ca7 56 185 M M H H
ca7 57 186 H v I v
cA7 58 191 H ™ M H
ca7 59 203 H M H H
ca7 60 172 M v I v
cA7 61 177 ™ ™ M H
ca7 62 178 M M H H
cas 33 370 v I - H
cAs 34 240 H ™ H H
cAs 35 191 M M H H
cAs 36 183 ™ ™ H H
cAs 37 184 H v I ¢
cAs 38 189 H M M H
cAs 39 201 H ™ H H
cAs 20 170 M v I v
cAs a1 175 M M M H
cAs 22 176 ™ M H H
ca6 23 369 N H
cA6 a4 239 H M H H
cA6 a5 1% ™ ™ H H
cA6 46 182 M ] H H
ca6 a7 183 H v I v
cA6 48 188 H ™ M H
cA6 49 200 H M H H
ca6 50 169 M v I v
cA6 51 174 ™ ™ M H
A6 52 175 ™ M H H

cA9* 65 350 w I H
cA9 66 220 H M H H
cao 67 171 M M H H
cA9 68 163 ™ ™ H H
cA9 72 181 H ] H H
cao 76 156 M M H H
ca10" 77 364 v I v H
CA10 78 234 H M H H
cA10 79 185 M M H H
CA10 80 177 ™ ™ H H
[ A ]
World remains carbonized (S5P04->H) and Canada decarbonizes (SD10->D, also SD04->L)
Legend: Elements:
H High Pathway SSPO1 - Population (Global)
M Medium Pathway SSPO2 - Average Income (Global)
Low Pathway SSPO3 - Energy Intensity (Global)
Coupled with FF SSPO4 - Carben Intensity (Global)
D Decoupled with FF SSPOS - Rate of tech change: Energy (Global)

SSPO6 - Agricultural produ
SSPO7 - Urbanization (Global)

ity (Global)

* Selected scenario configurations for tracing causal chains, see Section 6.4.2

Figure32 Scenario configurations showing only for which the world is still carbonized (§8pP04

5512 - Quality of governance (Global)
SSP13 - Innovation capacity (Global)
5D03 - Tech dev in NET (Global)
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SDO04 - Carbon Intensity (Canada)

SDO5 - Income Growth (Canada)

SD06 - Tech dev in green freight (Canada)
SDO7 - Tech dev in green transit (Canada)
SD08 - Adoption of EVs (Canada)

SD10 - Decarbonized Economy (Canada)



Global Shared Socioeconomic Pathways Canada's Energy Futures
CA-scenario# Scenario# Impact Score [ SSPO1  SSP02 SSP03 SSP04 SSPO5 SSP06 SSPO7 SSPO& SSPO9 SSP10 SSP11  SSP12 S5P13 SD04 SDOS SDO6 SDo7 SD08
CA2* 11 343 H A
CA2* 12 343 H
CA8 63 356 H
CA8 64 356 H B
CA10 87 375 H
CA10 88 375 H
[ A ]world decarbonizes (SSP04->L) and Canada remains carbonized (SD10->C, also SD04->H)
| B |world decarbonizes (sP04->1) and Canada also decarbonizes (SD10->D, also SD04->L)
Legend: Elements:
H High Pathway SSPO1 - Population (Global) SSPO8 - Extreme poverty (Global) SD04 - Carbon Intensity (Canada)
M Medium Pathway SSPO2 - Average Income (Global) SSP0 - Water scarcity {Global) SDO05 - Income Growth (Canada)
Low Pathway SSPO3 - Energy Intensity (Global) SSP10 - Population near coast (Global) SDO6 - Tech dev in green freight (Canada)
Coupled with FF $5P04 - Carbon Intensity (Global) S$5P11 - Educational attainment (Global) SDO7 - Tech dev in green transit (Canada)
D Decoupled with FF SSPOS - Rate of tech change: Energy (Global) SSP12 - Quality of governance (Global) SDO08 - Adoption of EVs (Canada)
SSP06 - Agricultural productivity (Global) SSP13 - Innovation capacity (Global) SD10 - Decarbonized Economy (Canada)
SSPO7 - Urbanization (Global) SD03 - Tech dev in NET (Global)

* Selected scenario configurations for tracing causal chains, see Section 6.4.2

Figure33 Scenario configurations showingly decarbonizedvorlds (SSPU#.)

6.4.2 Tracing Causal Chains of Decarbonization

Traceability ofscenarios refers to the transparency for how certain scenario outcomes were
justified (Kosow, 2015). As mentioned, scenarios producelhtoytive Logics approaches tend

to conceal the assumptions and mental models of the storyline contributors. Hohevel3 t
analysis can provide a full disclosure of why such scenario outcomes were produced, which
scenario elements suppgc#rtainoutcomes to beternallyconsistent and which elements do not.

For thisdiscussionscenarios with high total impastoresthat are counterintuitive were selected

for further elaborationi.e. theshaded scenario configuratiostsownin Figure32 and Figure33).

These scenarios, CAPL and CA212, depict a future where the world decarbonigesCanada
remains carbonized. Ads scenario CAS5 and CA1677 depict futures where the world remains
carbonizedyet Canada decarbonizes.

6.4.2.1 A case for which the world decarbonizes & Canada remains carbonized

In the case for scenario CAZL and CA212, the outcome for the low development pathway of

gl obal carbon i nt e34)idsypportedl By JoNowing elenfrentg u r e

hi gh gl obal i nnovation capacity (SSP13YH)
high rate of global energytecn ol ogy change (SSPO5YH): +9
hi gh global agricultural productivity (SS
high global average income (SSPO2YH): +3
|l ow global energy intensity (SSPO3YL): +3

€ &€ & & €& €

moderate technology devel opment i n green
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This outcome is also contratkd by:
W hi gh carbon intensi9y in Canada (SDO04YH):
() moderate technology devedl opment in NETs (

() carbonized economy-3o0f Canada (SD10YC) :

The outcome for the | ow devel opment pathwa
considered stable (impiscore = +15). This is because the supporting scenario elements are more
6influential é than the contradicting el ement :
destabilizing this outcome would require the supporting elements to be less promoting (e.g
innovation capacity, or SSP13, could be medium instead of high) and/or the contradicting elements
to be more intensified (e.g., global technology development in NETs, or SD03, could be high
instead of medium).

Moving on, the configuration forwhichCard a r emai ns car bonized i :
carbon intensity being high (SDO04YH) and Cansze
production (SD10YC). The outcome for high ca
(Figure34-B).

w carbonized economyf Canada (SD10YC): +9
w moder ate global technology devel opment in

w medi um income growth in Canada (SDO5YM):

This outcome is contradicted by:

w medium technol ogy devel opment -6n green tr
w low technologyd e vel opment i n green f3r eight in Ca
w |l ow adoption of EVS in Canada (SDOS8YL):

The outcome of high carbon intensity in Canada is consistent (impact score = +6).
However, the impact score is not as stable as the world being decarbonizéoedesarlier.
Potentially, the outcome of high carbon intensity in Canada can be destabilized when some
elements change their state. For instance, lower technology development in NETs will destabilize
this outcome.

The outcome for which the Canadian emmy remains coupled with fossil fuel production
(SD10YC) is supported by34i€Che foll owing el emen

) high carbon intensity in Canada (SDO04YH):
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outcome described earlier by virtue of having a lower impact score (impact score = +9). This means

that it could be easier to change the state of scenario elements to destabilize such an outcome.

Shout global developments move toward decarbonization, a carbonized Canada would

not be able to significantly alter global momentum towards decarbonization. From the national

scale perspective, a carbonized Canada can potentially be destabilized througtelsrants
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Figure34 Causal chains for carbonized Canada in a decarbonized world

6.4.2.2 A case for which the world remains carbonized & Canada decarbonizes
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medi um technol ogy devel opment in green tr

And, this outcome is contradicted by:

() decarbonized economfjo Canada (SD10YD):

This outcome (SSP0O04YH) has a very high i mp
by several scenario elements. Most elements supporting this outcome are elements at the global
l evel . Al though there a&neqyf@dres (@.g.ncarbon intenkitgéand d t o
technology development in green transit), these elements have relatively lower net influence to
support this global outcome.

Even though Canadads c athb scenarigbedaeserGanatdayis i s a
decarbonized)it will still support high global carbon intensitf¥his can be viewed as an issue
since low carbon intensity in Canada should not be directly supporting high carbon intensity
globally. The expert who provided the infleenjudgements for the SO descriptostatedthat
Al The] uncertainty of the magnitude of CA int
a direct connection given the relative <carbo
Accordig t o the expert, the 6l owd carbon intensit
global perspective. Therefore, the judgement scores do suggest that regardless of the level of
carbon intensity in Canada, there is always the support for high camtersity globally
However, such an interrelationship is hardly supported by empirical evidence and therefore
contentious. The situation here raises an important issue on the importance of the quality of the
raw judgment scores.

The only contradictingelme nt i s the decarbonized econon
its influence does little to destabilize this global outcome. Therefore, the analysis suggests that a
decarbonized Canada might have little impact to destabilize the condition of a carbonized world.

For the Canadian side, the outcome of Cana
by the following elements (Figu@b-B).

() decarbonized economy of Canada (SD10YD):
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W medi um adoption of EVs in Canada (SDO08YM)
W low technology developmentingreer ei ght in Canada (SDO6YL

y

() medium technol ogy devel opment in green tr

This outcome is also contradicted by:
W |l ow devel opment 4i3n NETs (SDO3YL):

&) medium income growth3in Canada (SDO5YM):

The outcome of Canadads | ow carbon intensi
= +12), which suggests that minor changes in the states of these elaraenli&ely to destabilize
this outcome. Not being reliant on fossil fuel production istkesupporting low carbon intensity
in Canada. Furthermore, green transport technol@gedikelyto support low carbon intensity
even though their outcomes are only at the medium or low level. As discussed in Chapter 3,
technology development in grearifjht is driven byheprivate sector and, therefore, lags behind
the technology development in green transit. Nevertheless, greening the transportation sector is
cruci al to reducing Canadons of Gélr@ajoecontrisusoifo ns s i
GHG emissions in Canada (see Chapter 3).

The outcome for which Canadads economy i s
(SD10YD) is supported by3iChe following el emen

) |l ow carbon intensity in Canada (SDO04YL):
W medium adoptionof EVen Canada (SDO8YM): +3
w medium technol ogy devel opment in green tr

And, it is contradicted by:

W high global carbom intensity (SSPO04YH):
) |l ow devel opment 4i3n NETs (SDO3YL):

w low technology development in green freight in Can&I®©0 6 YB) :
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Scenario CA9-65 and CA10-77 B. Influence profile on Canada’s carbon intensity (SD10)
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Figure35 Causal chains fatecarbonized Canada in a carbonized world
The outcome that Canadads economy is decoup

whil e global trends s uppor ¢onsisteng butithasa lowimpactnt e n ¢
score (impact score = 0). This suggests that any change in the state of elements could potentially
destabilize this outcome. A contradicting el e
as a strong driving forcthat could destabilize this outcome; however, global carbon intensity is
already at its highest stétet cannot change further to destabilize the outcome. Other
contradicting descriptors such as | ow develo
developrent in green freight in Canada (SDO6YL) c
this scenario outcome.

The analysis suggests that when the global carbon intensity trend is high, it would be
anticipated to be stable. Even if Canada wergettarbonize under such a scenario, it may have
little influence on the global development. However, it would be plausible for Canada to be
decarboni zed i n a carbonized world because
decarbonization are elementsttha ar e o6l ocal 6 to Canada. The m
potentially influence (or destabilize) Canada

intensity in the global development pathway.
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6.3.2.3 Implicationsfd@oundary conditions

A multi-scale analysis such as this can provide clues for understanding the operation of boundary
conditions in a multscale system. Within the scientific community, the operation of boundary
conditions is often referred to as imposing restriction, meaning glelvalopments should dictate

what would be the plausible developments at the regional/national levels (Alcamo, 2008;
Dermawan et al., 2013; Zurek and Henrichs, 200@hventionally, it is believed that a carbonized
world would likely influenceCanada to remain carbonized as widbwever,thatmay not be the

case as Canada can still be decarbonized even when the world M/hesi. the world is
decarbonized, Canada can either be decarbonized or rstatis quodarbonizedl The analysis
raisesan important issue for consideration, challenghmgassumption that developments across
scales must be lockstep due to the transfer of boundary condiiongver,in this studythe
boundary conditions are found to be rfrestrictive. Through this thes the CIB analysis shows

that local context has its own dynamics, and local development pathways may not necessarily
coincide with the development pathways at the global level. In other words, the analysis shows
that local dynamics are key for a decarzed Canada. Actually, understanding local dynamics
resonates with the aim of the SSP framework, which is to allow more detailed analyses at a more
| ocali zed scale (Ebi et al., 2014; OO0Neill et
good as internally consistent muklcale studies can highlight the dynamic driving forces

operating at more regional, local, sectoral scales.

6.4 Conclusion

This chapter demonstrates the development of an SSP extensionshgdgIB analysifor more

detaled national and sectoral analyses and applied tie@lanadads emzacgseg f ut u
According to the crossnpact judgments of expert participants in this study, the analysis found 88
scenario configurations that are internally consistent acrossssdaom unpacking these 88
configurations, 18 unique configurations for
energy futures were found. Scenario analysis suggests that pathways to decarbonization in Canada
are likely promoted by domestiffert regardless of global development pathways (carbonized or
decarbonized) that unfold. In a decarbonized world, it is plausible that Canada remains carbonized
because factors encouraging high carbon intensity are mostly local. Alternatively, whemnldhe wo

remains carbonized, it is plausible that Canada may be motivated to continue producing and
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exporting fossifuel. However, CIB analysis also finds that when global trends are carbonized, it
remains plausible that Canada can take a different standeeasetarbonized. Whether Canada

can or cannot be decarbonized does not entirely depend on the prevailing development pathways
at the global level. This signals an important opportunity for Canada to demonstrate global
leadership towards decarbonization.eTanalysis of 88 scenario combinations can reveal the
plausible development pathways for Canada associated with decarbonization.

Il n scenario research, Oscenari o consistenc
be treated as a mechanism to resthetdevelopment of regional/national scenarios (Zurek and
Henrichs, 2007), but it can also refer to the content of the scenarios developed for regional and
sectoral analyses (or the extended SSPs) that do not deviate from the global development pathways
(van Ruijven et al., 2014). Nonetheless, a question remains about how one can understand the term
scenario consistency. This study unpacks this concept to reveal interesting characteristics of what
is meant by scenario consistency. Within the context &f thsearch, the characteristic of
consistent scenarios can mean restricting scenario outcomes at regional/national levels that are not
compatible with the global development. For instance, when the rest of the world is decarbonized,
a restriction may be iposed as such that Canada must also be decarbonized, though it is not
always the case. However, scenario consistency does not necessarily require that regional/national
scenarie match global outcomes. Scenario outcomes at the regional/national levekhould
more detailed local dynamics. For example, when the world remains carbonized, Canada can
decarbonize as this research has shown. The underlying logics of scenario eténeaetgy
scenarios focCanadamay determine whether the scenario outcomekalgn exactly with the
global development pathways, or they can also deviate from the global development pathways.
Yet, this study has shown that both conditions are consistent. The result suggesting that Canada
can be decarbonized in a carbonized wasldjood for the SSPs since the main objective of
devel oping extended SSPs is to explore | ocal
Nonetheless, such a result is counterintuitive that should be subjected to further scrutiny.

The CIB analysis providea means to trace back why scenario outcomes are produced this
way and which scenario elements can be modified to make scenario outcomes less undesirable or
more desirable (Kosow, 2015; Lloyd and Schweizer, 2014; Scheele et al., 2018). When tracing
back ounterintuitive scenarios (i.e., a carbonized Canada in a decarbonized world and

decarbonized Canada in a carbonized world), to be decarbonized or not is entirely based on

132



Canadads ef forts. Thi s IS because el ement s
decarbonization are mostly local driving forces such as whether the Canadian economy is
dependent on fossil fuel production and technology development in green transport. Although a
depiction of the future whereby Canada decarbonizes and the world recagbmized is

internally consistent, the CIB analysis indicates this depiction is less stable. A global influence
exerted by high gl obal carbon intensity <can
consistent descriptor state had an impact scoreheWever, the analysis suggests that greening

the transportation sector 1 s neeThaidgtiteoausslt abi |
chain of counterintuitive scenarios found that these scenarios have no internal logic problem; thus,
these senarios are internallgonsistent Scenarios that have internal logic problem should be

considerednconsistent
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Chapter7: SummaryConclusiorand Contributions

This chaptesummarizes research contributions and the conclusion of this disseff&iBonext

Chapter 7.1 revisits the multiple definitions of scenario consistency, which have contributed to the
confusion of what consistency across scales means insoalé scenario research. In fact, the
term 6inconsi st ency opitfallin produaing multiscald soeharidhatarea v o i d
implausible. Subsequently, Chapter 7.2 explains how the research goal and questions have been
addressed in different chapters in this dissertation. Chapter 7.3 highlight the contribution of this
dissertabn to multiscale scenario research, and finally closes by explaining the study limitation

and future research directiomnChapter 7.4.

7.1 Scenario Consistency Across Scales
The conventional beliedr assumption that global and local outcomes must match across scales to
be &consisteriwas tested in this researdtirst, the multiple definitions of scenario consistency
across scales is detailed in Chapter 2, which addresses research geséskingnultiple
interpretations and applications of 6consi st e
consistency across scal@ggs et al., 2007; van Ruijven et al., 2014; Wiek et al., 2013; Zurek
and Henrichs, 2007)n multi-scale scenario researthe definition of consistent scenario across
scales is often rooteah the linking categories as defined by Zurek and Hen2€l®7) For the
existing studi es on Canadabs energy futures.
decarbonized in a decarboaiz world and Canada remains carbonized in carbonized world are
matched across scales. However, the resflt€IB analysis in thisdissertationalso reveal
internally consistent scenarigghereglobal and local outcomes do not match. That means the
scenams depicting Canada be decarbonized in a carbonized worttiat Canada remam
carbonized in a decarbonized world are also consistent. But such depictions may be mistakenly
classified as 0i ncon sscaetcenmistedcy defindion bjurek angg t h e
Henrichs(2007)and Biggs et al2007)

Due to confusion about what cressale consistency meatisere is also the need to revise

the operational definition of consistency across scaildsch addresses research goalT2:
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reinterpret Zurekand Henrichs (2007) concept of linking strategies to identify the missing

threshold of inconsistencyVe can do this by making use of the consistency definition provided

by CIB analysis, which points to which global and local outcomesirgernally logially

consistent(WeimerJehle, 2006) That means the global and local outcomes should be non

conflicting (Wiek et al., 2013pr realistic(Tietje, 2005) Hence, performing internal consistency

checks in multiscale scenario analysis is necesgiigk et al, 2019; Kosow, 2015; Wiek et al.,
2013; Zandersen et al., 2019)
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consistenunder Zur& and Henrichs linking strategies. Rightfully, people may think that, since
CIB scenarios are not classified as consistent, these scenarios should be comsidesestent

Such confusion is prevalemnd can be better avoided by better defining what inconsistent
scenarios are. The teintonsistenshould be reserved for scenarios that are found to have internal

logic problems (scenarios that, for good reasons, would be dismissed as implausible)

7.2ExtendingSSBto a National LeveAnalysis

The Shared Socioeconomic Pathways (SSPs) framework is flexible, allowing the research
community to develop more detailed regional/local and sectoral analyses by extending the SSPs.
In this thesis, the capabilitpf the SSP framework was demonstrated, which also addresses
research goal 3: To demonstrate the flexibility of the SSP framework. Many SSP extension studies
require socioeconomic driving forces operating at a more localized scale. The scope of the global
SSPsis meant tabe generic, but sometinsghe scope is too generio extendto lower scales
usefully. Consequently, this presents a challenge for studies whose scopes are vastly. different
However, the scope of the SSPs is not a limitation by any meansdgethe SSP framework is
meant to be flexible to allow driving forces operating at a more regional or nationatesbale
incorporated in the extended SSPs. This capability is further demonstrated in this dis8ertation
extending the SSPs to develop eyesgenarios for Canad&he Canadian energy sector intesact

with global developmentsnd Canada is already playing a key role in driving climate change,
both as a high carbon emitter and as a major exporter of fossil fuels. To understand the broader
impli cati ons of gl obal -caribbofehenggransitios, a muttiscilesscenadoa 6 s | ¢
analysisvasdeployed. Chapter 2, which also addresses research question 1 (i.e. How can globally
linked, internally consistent mulicale scenarios for Canadi@nergy futures under the SSP
framework be developed?) identify different modes of entry for extension studieditdkedto

the global SSPs. For this study, the chosen entry modespenifying SSP elemerdshis is the

mode of entry for which the extded SSP studies chp linkedto the global SSP&hase 1)
Because many elements necessargiémeloping energy scenariage not part of the scope of the
global SSPslinking such an extended SSP stud the global SSPthroughquantitative and
narrdive downscaling as recommended by the prevailing guidance note (van Ruijven et al., 2014)
is challenging Moreover, this sentiment has also been expressedhleyresearchers (see e.g.,
Frame et al., 2018). Yet they have managed to navigate this clagjesiigiation bylinking their
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studies to the global SSPs through the SSP elements or the SSP archetypes. The availability of a
global SSP CI matrix presents a meanssfadiesto link to the global SSPs by expanding Bk
matrix to include scenario elements relevant for detailed regional or national analisiss
capability was demonstrated in this dissertation by wssognario analysigechnique calledross
impact balance (CIB) analysis (Weim#hle, 2006)n a multiscale mannerThe analytical
approach was detailed in ChaptewBjch addresses research questi@tiz. How can one utilize
the crosampact (Cl) matrix of the SSPs for extending the SSPs for more detailed regional or
national analyses?andhow new scenario elementan be respecified andncorporatedo the
existing ClI matrix devel op20t4) earl i er by Schwe

This brings up the second phase, which is to identify and prioritize candidate elements
necessary fodeveloping energy scenarios foanada this was discussed in Chapter 5, which
also addresses research questiar{iz. How can one identify andelectelements for developing
energy scenarios for Canada under the SSP fram@\dudst often, dentifying and prioritizing
candidate element@redone through expert or stakeholders elicitation. The selection process is
usually conducted in a workshop setting, where participants discuss and choose scenari® element
they consider important. But selecting scenario elements based on popularity camdenisg
scenario users to think that popular elements would also be influential. In this dissdrtatian,
taken an unconventional approach. Instead of eliciting opinions of the stakeholders on what they
considered important elements, | have demonstratexy@ approach of using network analysis
to empirically determine which elements aruential in a causal networKhe potential elements
were firstextracted from publishestenaricstudesonCanad a 6 s e INetwogkwnalfsist ur e s
is a systematicapproachthat increases the transparerafythe scenario developmemtrocess
which would otherwise be left to a subjective interpretation (Lloyd and Schweizer, 2014). Since
independent st udi senariosxist,Ghe mefevhat Gcenar® relents gan be
extractedd r om t hese studies by subjecting individu
analysis. As there are interrelationships among these elements, network analysis can integrate all
elements extracted from different studies todpice a large mukstudy network. Subsequently,
node centrality measures can be calculated to determine which elements aremnt@ie(or
influential in a causal networkhatthese studieBave agreed on

In the third phase, important candidate elemet@stified by network analysiwere used

to developglobally linked internally consistent energy scenarios for Canada under the SSP
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framework. Chapter 6 discusses the findéhgsis also addresses research question 3 (i.e. What

are the implications of glab developments on Carad s -cdrbmmwenergy transiti@). In this
dissertationl have pioneered an original reseaagproachn multi-scale scenario analysis using

CIB anddevelogdan extended SSPs (i.e. energy scenarios) for Ca®agecan visualize a multi

scale CI matrix as two CI mat ri cesthefeassaCldi f f er
matrix for the gl obal SSPs pr otlieuCt rawix chnybe Sc h we
expanded to include descriptors (elements or factors) related to Gasadayyfutures First, |

constructed a Cl matrix using elements drawn from the network analysis described in Chapter 5.
Then, the judgments for how scenario elementsraat were elicitedy a panel of expest

According to the crosenpact judgments of the expert participants in this study, the CIB analysis
further identified 88 scenario combinations that are consistent across scales. These findings
suggest that, for stance, when the world is decarbonized, Canada can remain carbonized
meaning that thglobal developments do not set the agenda whether Canada can be decarbonized

or not. In a carbonized world, global influen@eg., demand for fossil fuel) would havers®

negative impacts but not strong enough to destalllizzZn adadés ef fort ¢t owards
nonetheless, domestic efforts to decarbonize imeistrongDespite global dependence on fossil

fuel, it is plausible that Canada can be decarbonized, deyitom the global development

pathway Decarbonization requires the will to change and purposeful strategic plahhingtudy

suggests that there &n important opportunity for Canada to demonstrate global leadership

towards decarbonization.

7.3 Theretical, Empirical, and Methodological Contributions

Firstly, thedissertatiorcontributes to the scholarship on extending the SSPs to regional/local and
sectoral contexts. Approaches to extending the SSPs have not been compréhedsiressing

what todo when the scope of the global SSP is not broad enough to be extended usefully. As
described in Chapter 2, the two otimawvel modes of entryor which SSP extension studiean

be linkedto the global SSPs. First, studies caitize the SSP elementswell asre-specifying

the elements of the extended SSPs. Second, studiagapithe SSP archetypes by developang
compatibleframework such as the Representative Agricultural Pathways and Oceanic System
Pathways (Maury et al., 2017; Palazzo et all,”220This development showcases the flexibility of

the SSP framework that is intended to appeal to a broader research community to adopt the SSP
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based assessments and help those who find it challenging at limkttteeir studies to the global
SSPs by gantitative or narrative downscaling.

Second, thiglissertatiorexamineplausibleenergydevelopment pathways for Canada that
are consistent with different global developments as depicted by theT3eRsalytical approach
used ismulti-scale scenario nalysis as explained in Chapter 6. The emergence of global
developments leading to a decarbonized woddld promote the development of the Canadian
energy sector tdecarbonize aligningith the rest of the world. However, decarbonization at the
global aleis not prescriptive foCanadao be decarbonized becauSanadacould choose to
remainstatus quo and still lmrbonizedConversely, wien the world remains carbonized, Canada
could follow like the rest of the world to remain dependent on fasdil But it is al® possible
for Canadato deviateto become a decarbonized nation regardiekgh global development
unfold. One critical notion revealed in this analysis is the implication of the deployment of NETS.
There are two different views on NETs: (1) the development of NETs can motivate fossil fuel
production and (2) the development of NETs is good for the economyodeeluced cost of
adapting to climate change and reduced residual damages. NETs can play a significant role in
Ca n a d a-Gasbonltransgition, at least in the beginning. Some expert respondents commented
that the development of NETs can potentially dificial pressure on Canada to decarbonize the
economy. Knowing that technologies can safely remove carbon dioxide from the atmosphere, there
is no motivation to reduce fosguel based energy consumption. But there is also a different take
on the developme of NETs. For instance, one expert participant indicated that a successful
deployment of NET could potentially reduce the impact of climate change, and it may translate
into costsavings for the national economy since climate change adaptation wouldgonot
costly measures. This study found that there
how the deployment of NETs could influence the pathways towards decarbonization in Canada.
However, through CIB analysis, which integrates all expelginents in this study, ressiléan in
favour of the idea that NETs may encourage the production and consurapfiossil fuel.
Nonetheless, more research is needed to advance the understanding of the broader socioeconomic
implications of NETS.

As Canadalecarbonizes, there is a consistency in which the development of NETs can
destabilize decarbonization. When the technology development in NETs is medium or high,

Canada would be motivated to continue fes#l production activities since the national GH
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emissions can be reduced. With the persistence of fossilproduction activities, however,
Canadados efforts toward decarbonization remai
energy policy decisiod@sto be or not to be decarbonized. Policy nuees that support fossiliel
production activities would be too risky when the global development eventually leans toward
decarbonization. Resources invested to support the carbonized development pathway(s)
domestically (e.g., infrastructure developmeslated to oil and gas production) would be an
irrevocable future los@Bataille et al., 2015)Canadians would be the unfortunate ones to bear the
brunt. Alternatively, Canada can assume a leadership role in decarbonization. Should global
decarbonization dcome an eventuality, Canadauld havepositiored itself as a pioneer in
technology associated with a les@rbon transition such as green transport technol{@asin et

al., 2016)

Third, the methodological contributions of this dissertation have ssedetwo areas of
research on scenario analysis. First, there is a need to integrate scenario studies by different
developer teams to account for uncertainties more broadly. Integrating quantitative scenarios is
easy because numerical values add up, whargagrating qualitative scenarios is problematic
because storylines (scenario narratives) do not necessarily add up. Hence, this lack of
comparability among qualitative scenarios remains an obstacle that is worthy of further
investigation. Presented imi$ thesis, the method for integrating qualitative scenarios using
network analysis is a novel approach that can fill this gap (Chapter 5). Additionally, when the
scenario elements are assessed as a network (i.e., examining the interconnections amimng scena
elements), different node centrality scores can be computed to identify which nodes (i.e., scenario
el ements) are more O0centraldé in the networKk.
connected, which can suggest a general consensus autigde qualitative studies that these
nodes are influential in affecting the overall system behaviour. Conventionally, selecting which
scenario elements to incorporate into a model or scenario development process is done subjectively
by getting participnts in a scenario planning workshop to vote. However, there is an alternative
method using network analysis that is more objective than a voting process as demonstrated in this
dissertation

The second methodological area addressed by this dissertationltisscale scenario
analysis using CIB (Chapter 6). Many scenario frameworks addressing global environmental

change require techniques for developing redale scenarios that are consistent across scales.
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Multi-scale scenario analyssnot only critcal inclimate change research, and by extension the
SSPsbhut alsais alsoin other sectors such as agriculture and food security (i.e., the Representative
Agricultural Pathways) and oceanic biodiversity and marine fisheries (i.e., the Oceanic System
Patway s ) . The CI B analysis can be a versatile
utilized by the research community to develop internally consistent scenarios across scales, to
check the consistency of mu#icale scenarios, and to model the campinteractions of
socioeconomic driving forces at different levels. The capability of CIB in racétie scenario

analysis is demonstrated in Chapter 6.

7.4 Study Limitations
One of the limitations of this study is the laakconjoint descriptors. Fonstance, when asked
how the first variable influences the second variable, participants have expressed that the direction
of the influence (either promoting or discouraging) may depend on an outcome of a third variable.
For example, one participant in ari@rview indicated that the average income in Canada could be
influenced by the development state of the Canadian economy (either decarbonized or not) and the
global carbon intensity (either high or low). To elaborate, the fassiled Canadian economy i
a world with a high level of carbon intensity could influence the national average income to be
high. However, with all else being equal, the opposite effect (i.e., decreasing national average
income) could be motivated in a world with a low level ofbcar intensityinstead. Currently,
there is no clear guideline how to handle such a complex interdependent interaction. Further
guidance is required on how to represent conjoint descriptors for CIB antdisould be future
research.

Another challengéaced by the study participants is internalizing the different pathways of
the scenario elements. For example, one participant commented that technology variables are too
aggregated (too generalized) to usefully elicit impact judgment arising from (aagdtingpon)
such variables. Not all technologies can influence other scenario elements in the same manner. As
the scenario el ements such as technology deve
it forces participants to make heuristic guesdssut what aggregated technology actually means.
As a resul t, participantsdé interpretation of
challenge is associated with the scenario development process in general. This study employs
expert elicitationas a means to obtain crasgpact judgments for CIB analysisach expert
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participant responds to a specific portion of the crogsact matrix related to their respective
expert domain, having no knowledge whatsoever of who the other expert partieigaotsvhat
their responses were. Like the Delphi mode of inquiry, the process of eliciting impact judgments
is designed to maintain the anonymity of the expert participants; therefore, the individual expert is
not compelled to align his or her judgmentghwthe others. While such a process of scenario
devel opment is preferred for compartmentali zi
domi nat e t he,thérewas anénstaneetwheoerore)of the expert particifrantght
thatthe lowdevelp ment pat hway for NETs is O6too higho
not think so. This is despite the fact that all expert participants were provided with the same
definitions and visualizations f gudgmemts were | 0ca
skewed to a particular scenario outcome, this issue was mitigated by CIB analysthebiag
correction feature as described in Chagpter

Evidently, the bias correction feature alone cannot mitigate issues regarding inaccurate raw
judgements. As discussed in Chapter 6.4.2.2, regardless of any levels of carbon intensity in
Canada, it will support high carbon intensity globally no matter whatldgdic underlyingsuch
aninterrelationship can be subjective and therefore contentious. Bemgn themselves, expert
participants could mistakenly provide incorrect judgment scores, or they might be confused when
internalizing what it me ant by how a wvariabl
6di scour agi ngo an oxpeh participardasralsogpioVided writfeh dorhneentgthat e
corroborated their judgment scores, the written comments could also {reti@stslation. This
challenging situation can be overcome by having two or more experts to respond to the same set
ofquesto nnai r es. Al ternativel vy, | i RS, twbhermeré¢ udy b
panels of expert participants could be sought
the global SSP matrix from two panels of expert (i.e. Panel A and Parfdld3)bjective of having
multiple responses for the same set of influence judgments is to allow for comparison to identify
the areas of conceptual agreement and disagreenaemd®lg experts This could be an

improvement in future research.
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7.5Future Research Directions

The SSPsre a scenario framework for developing midtale scenarios for climate change
research. The importance of mistiale scenario analysis goes beyond global/regional/national
analysesas it is also critical for natioilaub-national analyses where the developments at the sub
national level tend to vary quite significantly in large countries like Canada. Unfortunately,
scenario studies in the Canadian context rarely examine the dynamic interplay between national
and prowncial development pathways. As Chapter 6 describes, the Cl matrix is flexible and can
be expanded to include elements relevant at the provincial levels. These can, in turn, be utilized to
search for scenario configurations at the provincial level that@arsistent with the national and

global development pathways. For the future, thissertation on developing globally linked
internally consistent energy scenarios for Canada providiessmework for more detailed sub
national/subsectoral analyses. Ingmrating socioeconomic and sod¢axhnical driving forces
operating at the provincial levels can offer more detailed analyses. For instance, provinces that are
6heavydéd on mining, oil and gas operatians may
of this sector under different global or national development pathways. Analyses at the provincial
level could take different directions. For instance, a more populated province like Ontario may be

more concerned with transportation, an importantsator of the energy system in Ontario.

7.6 Concluding Remarks

Overall, this dissertation underscores the usefulness of-sualie scenario analysis in climate

change research. In muficale scenario analysis, it is critical that scenarios developed for
regional /|l ocal anal yses be consistent agross s
yet it is alsdeen taken for grante@ihe disagreements over the meaning of esasde consistency

distract from defining what shouloe theconcernfor the scientific community, which is cress
scaleinconsistencyAs this study has demonstrated, the CIB analgan assess the consistency
ofscenarios across scales more systematically.
Henrichs(2007)c an be reinterpreted as Osame outcomes
0 ¢ 0 n s asdgefinedirnt Zarek and Henricli007)should not be cdnsed with the term scenario
consistency across scales which describes the interrelationships among scenarios at different
scal es. Mor e i mportantl vy, t he definition of

di stinguishing Obaddé or i mplausible scenar.i
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Methodological innovations for scenario analysis were developed and applied to complete
this study. First, network analysis was deployed to construct a-stwity network to examine
how differentscenariostudiesonCanadads e ner g )Eveh thaughrthese studiest er f a
were conducted by different author teams and sometimes in parallel, these studies have scenario
elements that are common. Although the study scopes might be different, they also overlap in some
respects. Visualizing how differestenario elements are interconmeeich a multistudy network
presentghe opportunity to select candidate scenario elements for CIB analysis more objectively.
Second, scenarios for Canadab6s energy fautures
study was an example of using a CIB technique for rsglile scenario analysis by connecting
Canadian extensions to global SSPs. The Canadian extensiorcatute linkedo the global
SSPs by respecifyinga new set oklementsthat are relevantor national level analysis. The
extension study alsmakes use of and expands the global SSP CI matrix developed by Schweizer
and OQ@2k) Twb counterintuitive assumptions for which Canada decarbonizes in a
carbonized world and Canada remains carbonizadlecarbonized worldere tested fointernal
consistency; the findings shaparticular counterintuitive cases thare consistent across scales
and do not have internal logic probleni$iese counterintuitive scenarios suggest tiabal
carbon intengy outcomesdo not set the agenda for Canada to be decarbonized or to remain

carbonized.
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Appendix ASSP Scenario Narratives
Source: OONeill et al. (2017)

SSP1:Sustainability Taking the green road

The world shifts gradually, but pervasively, toward a more sustainable path, emphasizing more inclusive development
that respects perceived environmental boundaries. Increasing evidence of and accounting for theiboradl and
economic costs of environmental degradation and inequality drive this shift. Management of the global commons
slowly improves, facilitated by increasingly effective and persistent cooperation and collaboration of local, national,
and interndional organizations and institutions, the private sector, and civil society. Educational and health
investments accelerate the demographic transition, leading to a relatively low population. Beginning with current
high-income countries, the emphasis oramic growth shifts toward a broader emphasis on humanrbeeil,

even at the expense of somewhat slower economic growth over the longer term. Driven by an increasing commitment
to achieving development goals, inequality is reduced both across and edgthitries. Investment in environmental
technology and changes in tax structures lead to improved resource efficiency, reducing overall energy and resource
use and improving environmental conditions over the longer term. Increased investment, finarai@éscand
changing perceptions make renewable energy more attractive. Consumption is oriented toward low material growth
and lower resource and energy intensity. The combination of directed development of environmentally friendly
technologies, a favorabloutlook for renewable energy, institutions that can facilitate international cooperation, and
relatively low energy demand results in relatively low challenges to mitigation. At the same time, the improvements
in human welbeing, along with strong andekible global, regional, and national institutions imply low challenges

to adaptation.

SSP2: Middle of the road

The world follows a path in which social, economic, and technological trends do not shift markedly from historical
patterns. Development andcdome growth proceeds unevenly, with some countries making relatively good progress
while others fall short of expectations. Most economies are politically stable. Globally connected markets function
imperfectly. Global and national institutions work towabut make slow progress in achieving sustainable
development goals, including improved living conditions and access to education, safe water, and health care.
Technological development proceeds apace, but without fundamental breakthroughs. Environgstemas s
experience degradation, although there are some improvements and overall the intensity of resource and energy use
declines. Even though fossil fuel dependency decreases slowly, there is no reluctance to use unconventional fossil
resources. Global gmulation growth is moderate and levels off in the second half of the century as a consequence of
completion of the demographic transition. However, education investments are not high enough to accelerate the
transition to low fertility rates in lowncomecountries and to rapidly slow population growth. This growth, along

with income inequality that persists or improves only slowly, continuing societal stratification, and limited social
cohesion, maintain challenges to reducing vulnerability to societal emdronmental changes and constrain
significant advances in sustainable development. These moderate development trends leave the world, on average,
facing moderate challenges to mitigation and adaptation, but with significant heterogeneities acrosshand wi
countries.

SSP3: Regional rivald A rocky road

A resurgent nationalism, concerns about competitiveness and security, and regional conflicts push countries to
increasingly focus on domestic or, at most, regional issues. This trend is reinforced loyitde number of
comparatively weak global institutions, with uneven coordination and cooperation for addressing environmental and
other global concerns. Policies shift over time to become increasingly oriented toward national and regional security
issues, including barriers to trade, particularly in the energy resource and agricultural markets. Countries focus on
achieving energy and food security goals within their own regions at the expense of firasel@idevelopment, and

in several regions move towehmore authoritarian forms of government with highly regulated economies. Investments

in education and technological development decline. Economic development is slow, consumption is material
intensive, and inequalities persist or worsen over time, ealhedn developing countries. There are pockets of
extreme poverty alongside pockets of moderate wealth, with many countries struggling to maintain living standards
and provide access to safe water, improved sanitation, and health care for disadvantagéatignus. A low
international priority for addressing environmental concerns leads to strong environmental degradation in some
regions. The combination of impeded development and limited environmental concern results in poor progress toward
sustainability Population growth is low in industrialized and high in developing countries. Growing resource
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intensity and fossil fuel dependency along with difficulty in achieving international cooperation and slow
technological change imply high challenges to mifat The limited progress on human development, slow income
growth, and lack of effective institutions, especially those that can act across regions, implies high challenges to
adaptation for many groups in all regions.

SSP4: Inequality A road divided

Highly unequal investments in human capital, combined with increasing disparities in economic opportunity and
political power, lead to increasing inequalities and stratification both across and within countries. Over time, a gap
widens between an internatidhyaconnected society that is well educated and contributes to knowkeldeapitat

intensive sectors of the global economy, and a fragmented collection ofitmeeare, poorly educated societies that

work in a labor intensive, losech economy. Power b@mes more concentrated in a relatively small political and
business elite, even in democratic societies, while vulnerable groups have little representation in national and global
institutions. Economic growth is moderate in industrialized and mishtlene countries, while low income countries

lag behind, in many cases struggling to provide adequate access to water, sanitation and health care for the poor.
Social cohesion degrades and conflict and unrest become increasingly common. Technology develbmhent i

the hightech economy and sectors. Uncertainty in the fossil fuel markets lead to underinvestment in new resources in
many regions of the world. Energy companies hedge against price fluctuations partly through diversifying their energy
sources, \ith investments in both carbentensive fuels like coal and unconventional oil, but alsadavbon energy
sources. Environmental policies focus on local issues around middle and high income areas. The combination of some
development of low carbon supmptions and expertise, and a waltegrated international political and business

class capable of acting quickly and decisively, implies low challenges to mitigation. Challenges to adaptation are
high for the substantial proportions of populations at lewels of development and with limited access to effective
institutions for coping with economic or environmental stresses.

SSP5: Fossifueled developmeditTaking the highway

Driven by the economic success of industrialized and emerging economies, tiplaces increasing faith in
competitive markets, innovation and participatory societies to produce rapid technological progress and development
of human capital as the path to sustainable development. Global markets are increasingly integrated, with
interventions focused on maintaining competition and removing institutional barriers to the participation of
disadvantaged population groups. There are also strong investments in health, education, and institutions to enhance
human and social capital. At theame time, the push for economic and social development is coupled with the
exploitation of abundant fossil fuel resources and the adoption of resource and energy intensive lifestyles around the
world. All these factors lead to rapid growth of the globedmomy. There is faith in the ability to effectively manage
social and ecological systems, including by -gegineering if necessary. While local environmental impacts are
addressed effectively by technological solutions, there is relatively little ffavbid potential global environmental
impacts due to a perceived tradeoff with progress on economic development. Global population peaks and declines
in the 21st century. Though fertility declines rapidly in developing countries, fertility levels imbaghe countries

are relatively high (at or above replacement level) due to optimistic economic outlooks. International mobility is
increased by gradually opening up labor markets as income disparities decrease. The strong reliance on fossil fuels
and thelack of global environmental concern result in potentially high challenges to mitigation. The attainment of
human development goals, robust economic growth, and highly engineered infrastructure results in relatively low
challenges to adaptation to any patial climate change for all but a few.
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Appendix B: Development Pathways

SDBO01 Population (Global)

Global Population Pathways
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2100

Global populatioris definedas the total number of people living in the world. The range of pathways
through 2100 is as follow$

A: HighPathways

Population > 13 billion people by 2100

B: Medium Pathways

Population 813 billion people by 2100

C: Low Pathways

Population < 8 billion people by 2100

Note: When providing thanswerabout how these pathways mde influenced feel free to consider

pathways of related but not explicitly provided variables. For example, jeaitiwayfor global
population may contain implications for the pathway of average global fertility.

P¢KS RSAONALIIAZ2Y 2F (KSaS LI GKgl ea
construction of global socioeconomic pathways using internally consistent element combinatioraticGlihvange, 122(3), 431

445
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SB02 Urbanization (Global)

Global Urbanization Pathways
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Urbanizationis definedas the percentage of global population living in urban areas. Currently, about
50% of global population is urban. The description of pathways through 2100 is as3bllows

A: High Pathways Urbanization occurs rapidly, reaching > 70% by 2050 and > 82%©0y
B: Medium Pathways | Urbanization occurs at a moderate pace, reaching 60986 by 2050 and
70%- 80% by 2100

C: Low Pathways Urbanization occurs slowly and could stall or reverse in some regions,
reaching < 60% by 2050 and < 70% by 2100

20The description of these pathways was informed by projections by the UN and IIASA and are taken from Schweizer and
hQbSAff OonHnmnOT {@&aGSYIFIGAO O2yailiNUz0lA2y 2F 3f pobindtiona. 2 OA2S502y 2
Climatic Change, 122(3), 4345.
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SDB03 Tech Development in Negative Emissions Technologies (NET) (Global)

Pathways for Technology Development in NET (Global)
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of pathways is as follows.

024 Negidfive Sniissibné t@chnologiey (MET) facilitateettiist. The range

A: High Pathways

Negative emissions are > 15 GtCO2 per year by 2100, which is
approximately 50% of the world emissions in 2015 (World emission tot
32.3GtCO2/yedf)

B: Medium Pathways

Negativeemissions are 105 GtCO2 per year by 2100

C: Low Pathways

Negative emissions are < 10 GtCO2 per year by 2100, which is
approximately double the amount of emissions from the USA and Can
in 2015 (Annex Il North America emissions totaled 5.5GtCO2/year)

?ncreases in gross negative e

missions would mean more deployment of NET. Hence gross negative emissions are a proxy

measure for technology development in NET. Gross negative emissions pathways are adeptelini et al. (2018). Negative

emissions Part 1: Research lan

dscape and synthesis. Environmental Research Letters, 13(6), 063001.

22 source: IEA (2017) CO2 Emissions from fuel combushiighlights. Retrieved from
https://www.iea.org/publications/freepultications/publication/CO2EmissionsfromFuelCombustionHighlights2017.pdf
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SDB04 Carbon Intensity (Canada)

Canada Carbon Intensity Pathways

100 100

80 L 80
w
g
=
=] ays
=1 i
5 pigh P2
'_
- 60 L60
[+#]
[=
w
H]
=
=
]
E 40 Medium Pathways 40
ok
=9
=
™~
o
)

20 20

LUW p
a
thwﬂi’s
1980 2000 2020 2040 2060 2080 2100

Year

Average carbon intensitig definedas the ratio of CO2 emissions (metric tons) to total primary energy
consumed (TJ). The range for pathways through 2100 for Canada is defined as follows.

A: High Pathways

Increasing exponentially by more than 0.38% per $feétigh pathways
reverse histogal reductions observed since the late 1970s.

B: Medium Pathways

In line with historical trends, carbon intensity fluctuates between +0.38
(growth) and-1.4% (decrease) per year. The overall {egn trend is
decreasing slightly.

C: LowPathways

Decreasing exponentially by more than 1.4% per yleawn pathways
decrease carbon intensity faster than the historical trend.

23Ranges for these pathways are based upon minimum and maximum annualized growth rates observed; @geyday
periods. Country data was retrieved originally from IEA; pathways/afe2 NY SR o6& { OKgSAT SNJ I yR
construction of global socioeconomic pathways using internally consistent element combinations. Climatic Change, 122(3), 431

445,
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SDBO05 Income per capita (Canada)

Canada Income per Capita
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The income per capita is the ratio of GDP and the total projected populatiomad@aAlternative
pathway$£*for the income per capita are described as follows.

A: High Pathways

Increasing exponentially reaching more US$ 120,000/year by 2100 (or|

equivalent to a rate of increase of 2.4% per yeatr).

B: Medium Pathways

Increasing moderately reaching between US$ 86,000/year to

US$120,000/year by 21@0r equivalent to a rate of increase between

1.6%- 2.4% per year)

C: Low Pathways

Increasing weakly reaching at best less than US$86,000/year by 2100

equivalent to therate of increase of 1.6% per year)

24 pathways are informed by GDP and Population projections for Canadatfec®hared Socioeconomic Pathways (SSP)
database hosted by IIASA. Boundaries between high, medium, and low pathways respectively were set by midpoints between
{{tp &FOSASSHKAIRSGSE 2LIVYSY(ié0x {{tH O0daiRRf Speatively.fFdtBorav2 || R¢ 0 =
information about SSPs, see Riahi et al. (2017) The Shared Socioeconomic Pathways and their eresgy gladidireenhouse

gas emissions implications: An overview. Global Environmental Change, 4%85mhe SSP database can bessed from

https://tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=about.
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SDB06 Technology Development in Green Freight Transport (Canada)

Pathways for Technology Development in Green Freight Transport
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Technology development refers to how quickly technolisgynnovated diffusedand eventually adopted.
Technology in green freight transport refers to low carbon means for transporting freight from producers
to consumers. Examples include alternative fuels (e.g. hydrogen, natural gas) for heavy freight, electric
trains,and electridrucks. Technology development colid representedy technology diffusion rate-S
curveg for example railwaystook about 100 years tde fully adoptedin the US (Sovacool, 20%6)
Alternative pathways for technology development in green freight tranisae as follows.

A: High pathways Technology innovation starteimediately, withfull technology adoption in
Canada realized as early as 2070. Technology is adopted at a rate fag
than the historical trend for railways, possibly due to fuel switching.

B: Medium pathways | Technology innovation is modest or delayed until 2030, and uptake is
the historical diffusion rate for railways. By 2100, half or more of freigh
transport in Canada is green.

C: Low pathways Technology innovatiois delayedafter 2030,and uptake is slower than the
historical diffusion rate for railways. By 2100, less than half of freight
transport in Canada is green.

2530ovacool, B. K. (2016). How long will it take? Conceptualizing the temporal dynamics of energy transitions. Energy Research &
Social Science, 13, 2@25. Railways chosen for cparison, since investments in infrastructure for electric trains may be
comparable to historical investments in new railwayke high and low development pathways were developed through

consultation with the iFhouse expert.
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SDB07 Technology Development in Green Transit (Canada)

- Pathways for Technology Development in Green Transit 100
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Greentransit refers to lowcarbon and efficient public transportation modes (e.g. electric buses and
trains). Alternative pathway$for technology development in green transit are as follows.

A: High pathways Technology uptake through 2050 is very fast, cstesit with a sustained
take-up rate of early adopters. Full technology adoption coumldterialize
in Canaddefore 2060.

B: Medium pathways | Technology uptake corresponds with the historical diffusion rate of aut
and railways. By 2080, more than hali@dnadian transit systems are
green.

C: Low pathways Technology uptake is slower than the historical diffusion rate of autos {
railways. By 2100, at best, 75% of Canadian transit systems are green

28 |n the figure the reference pathway is the average of the technology diffusion rate for railways and personal automobiles.
These technologies were chosen for comparison because some communities may need to simply green existing fleets, while
others may eed to build new infrastructure, such as light rail. The railway diffusion rate isSmracool, B.K. (2016). How long
will it take? Conceptualizing the temporal dynamics of energy transitions. Energy Research & Social Sciene133TB82
automobilediffusion raterate has been adjusted to exclude the Great Depression and World War Il, as these events flattened
household consumption of automobiles.
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SDB08 Adoption of Electric Vehicles (E(€anada)

Pathways for Adoption of Electric Vehicles

100 - 100
High Pathways
%]
v
o
% 80 . ﬁS‘ r8o
LR
> \
v} Q\OQ\J g
= oo
=]
@ Low Pathways
L
‘5 60 reo
et
[
=
(7]
o
i
5 40 -40
E
u—
oS
0]
o
[1s]
=
o 20 r20
pud
7}
o
*Note: Diffusion rate is adjusted to exclude the
period of the Great Depression and World War Il

2020 2030

2040 2050 2060 2070 2080 2090 2100
Year

The adoption of electric vehicles (EVSs) refers to both privately owned vehicles and fleets. It is measured
by the percentageof market share of electripoweredlight-duty passenger vehicles and excludes public
transit (buses, trams, etc.). Alteative pathway¥ through 2100 for Canadare definedas follows.

A: High Pathways

Market shares of EVs increase drastically from 2020. Market penetrati
80% would be achievday 2050 High pathways reflect slightly faster
diffusion rates than historaly observed for auto technology.

B: Medium Pathways

Market shares of EVs increase at a rate consistent with the historical ti
for auto technology diffusion from 20202050. Market penetration of
80% would be achieveafter 2050 but before 2075

C: Low Pathways

Low pathways maintain the historical di§ion rate of automobiles, but
uptake is significantly delayed, possibly because conventional autos a
perceived as more convenient or caffective. Market shares of EVs do
not increase until after 2050, with market penetration of 8&#ter 2075

27 pathways are informed by EV demand projections and historical diffusion rates for automobiles. Qeojactions are

adapted from the report, Pathways to Deep Decarbonization in Canada (Bataille et al. 2015). Diffusion rates for autamobiles a
adapted from Cox and Alm (2008), where adjustments were made to exclude the Great Depression and Worked/ar II.

Bataille, C., Sawyer, D., & Melton, N. (2015). Pathways to deep decarbonization in Canada. Sustainable Development Solutions

Network.
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SDB09 Carbon Intensity (Global)

Global Carbon Intensity Pathways
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consumed (TJ). The range of pathways through 2100 is as f6tlows

A: High Pathways

Decreasing exponentially by < 0.3%

B: Low Pathways

Decreasing exponentially by > 0.3%

28 Ranges for these pathways are based upon minimum and maximum annualized growth rates observed; @0eyeHy
LISNA2Ra® ¢KS RSAONRLIIAZ2Y 2F (KSas
socioeconomic pathwayusing internally consistent element combinations. Climatic Change, 122(3)4831
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SD10 Decarbonized Economy (Canada)

Decarbonized Economy Pathways
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the pathways qualitatively as follows.

'Y ¢KS SO2y2vYe
fossil fuel sector

A

Canalian GDP growth moves in tandem with the fossil fuel
aSOiU2NE oKAOK AYRAOIGSa (K
growth in the fossil fuel (oil and gas) sector. This trend has
been observed since 2006.

.Y ¢KS SO2y2Ye
the fossil fuekector

A

Canadian GDP growth is independent from the fossil fuel

AaSOU2NE 6KAOK AYRAOIGSa (K
growth in the fossil fuel sector. Canadian GDP may contind
grow despite reversals in the fossil fuel sector. Based on d
avalable, such trends were observed over the periods 1991

2000 and 2002006.

29 Data on GDP by industrial sector were retrieved from Statistics Canada
(https://lwww150.statcan.gc.ca/tl/tbl1/en/tv.action?pid=3610043402). The oil and gas sector atmmebuted to 6% of total

GDP in 2017. Together with mining and quarrying, this industrial sector is the third largest industrial sector in Camada sinc

1997 (8.4% of total GDP) behind real estate (13% of total GDP) and manufacturing (10.3% of total GDP)
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Appendix C: Narrative Interpretations for CIB Analysis

PART 1: List of Expert Participants

An invitation email was sent to individual expert participant at least weeks before the survey. They
were given a choice to complete the questionnaire on their own or in an interview settingt(fdaee
or via Skype). All participants chose to complete the questionnaire in an interview setting.

Ideally an aggregate list afl expert participants and their affiliations would be disclosed in this type of
study. However, due to the small number of participants, participant names will not be disclosed to
preserve confidentiality

Within the interview, experts were first briefleabout the project. The purpose of the briefing is to provide
information for how they can distinguish direct and indirect influences. The slide used in the briefing is
shown below:

Expert elicitation briefing:
Socio-technical dimensions for
bridging to a lower carbon
energy future

Jude H. Eurniawan [Ph.D. Candidate)
Vanessa Schweizer |Assistant Professor]
University of Waterloa, Faoulty of Environment
August 2018
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PART 2: Elicitation Instruments and Protocols

The task of compling the questionnaire is divided into 7 Steps (A to G) as shown below.

Column Variable C

C

Row variables influences

SD-01 Population (Global)

of +/-

column variables |H: Population > 13 billion by 2100

|M: Population 8-13 billion by 2100

judgments

|L: Population < 8 billion by 2100

Impacting Column Var (Y/N):

SD-01 Population (Global)

Yes I

in judging
strengths

H: Population > 13 billion by 2100

M: Population 8-13 billion by 2100

L: Population < 8 billion by 2100

o

Reason(s) for judgment of the influence

of row variable in the target variable:

pe Here]
e Here]
ype Here]

ISD-02 Urbanization (Global) Impacting Column Var (Y/N):

H: >70% by 2050 and > 80% by 2100

M: 60-70% by 2050 and 70-80% by 2100

L: < 60% by 2050 and < 70% by 2100

Step A: Select a column

variable

Step B: Scroll and select a row variable D-

01 toD-10

Step C: Select if variables are influencing (i.e.
row variables are impacting column variable)

[Type Here]
[Type Here]
[Type Here]

Reason
s

(s) for judgment of the influence

aiable in the tg aiiia

~(Z|x

Step D: Record judgment for how
end-states for each variable interact.
Step E: Record your confidence
judgments

Step F: Record your reason(s) for

judgments

Step G: Scroll to the next variable and repeat
StepsBtoF

Repeat Steps B to F for all 10 each variable
Jump to Step F to recordreason for ‘NO’

A column variable (Step A) would already be assigned to the individual expert based on their expertise.
Here, they were asked if they were comfortable to provide thgponse of the state variable.

Column Variable Confidence Confidence
Row variables influences SD-01 Population (Global) of +/- in judging
column variables SD-01 Population (Global) udgments strengths

SD-02 Urbanization (Global)
SD-03 Tech Dev in NET (Global)
SD-04 Carbon Intensity (Canada)

$D-05 Income (Canada) o Selecta Column Variable

SD-01 Population (Global) ||
SD-06 Tech Dev in Green Freight Transport H
|

H: Population > 13 billion by 2100
M: Population 8-13 billion by 2100
L: Population < 8 billion by 2100

SD-07 Tech Dev in Green Transit
SD-08 Adoption of EVs (Canada)

Reason(s) for judgment of the influence H |[Type Here]
[Type Here]
[Type Here]

of row variable in the target variable:

|

Row variables are labelled as-8Dto SB10 (Step B). For each variable, there are 2 or 3-statés
indicating low, medium and high pathways. The first question asked would be their opinion about how
the row variable could be impacting $ as the colum variable (see below). This is indicated by
selecting YES or NO answer (Step C). For NO answers, the participants were asked to move on to the next
row variable.

Confidarica

1 Column Variable Confidence
] Row variables influences SD-01 (Global) of +/- in judging
3 column variables H: Population > 13 billion by 2100 |M: Population 8-13 billion by 2100 I Population < 8 billion by 2100 judgments strengths
4
£8 SD-01 Population (Global) Impacting Column Var (Y/N): l Yes CellE5
H: Population > 13 billion by 2100 o
{No

M: Population 8-13 billion by 2100
L: Population < 8 billion by 2100

Q Select if Variables are Influencing? |
T

10 Reason(s) for judgment of the influence  H|[Type Here]
1 of row variable in the target variable: M|[Type Here]
L |[Type Here]
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If the answer is YES, the participants would consider thestatds of the row variablene at a time (e.g.
H, M, L). They were asked how each -state of the row variable directly influence the respective end
states of the column variable (Step D).

Column Variable Confid Confid
Row variables influences SD-01 lation (Global) of +/-
[M: Population 8-13 billion by 2100 |L: Population < 8 billion by 2100

in judging
strengths

column variables 1 by 2100 judgments

SD-01 Population (Global)
H: Population > 13 billion by 2100
M: Population 8-13 billion by 2100
L: Population < 8 billion by 2100

ImpactingJfoiumn Var (Y/N):

Reason(s) for judgment of the influence
of row variable in the target variable:

[Type Here]
[Type Here]
[Type Here]

5D-02 Urbcization (Global) i (Y/N)-
= s sssppatsssnsvannRRnney T
H:> oy Lo T AT ooy T »|-2: Strong (discourage) K It
5 M: £/-70% by 2050 and 70-80% by 2100 =
< 60% by 2050 and < 70% by 2100

s +3: Very Strong (encourage) I

. +2: Strong (encourage) [
= +1: Weak (encourage)
0: No Influence

-1: Weak (discourage)
-2: Strong
-3: Very Strong

H [[Type Here] =

M‘[Type Here] v
In this example, cell D15
capture the score in which
the high pathways of global
urbanization (H: > 70% by

M three end-statesH (High), M
(Medium) and L (Low)
pathways, together they will
form a 3x3 matrix.

+3: Very Strong (encouraqe)

2050 and >80% pop livingin
urban) is impacting the high
pathways of global
population (H: Population >
13 billion by 2100)

+2: Strong (encouraqe)
+1: Weak (encourage)
0: No Influence

-1: Weak (discouraqe)
-2: Strong (discourage)

Selectif the influence is +
(i.e. encourage) or - (i.e.
discourage) and choose
the corresponding
strength (1,2 or 3)

-3: Very Strong (discourage)

Definition of + and; (Encouraging, No Influence, Discouraging)
1 Positive score (+) imchates that the enestate from the row variable is encouraging (or promoting
or supporting) the engtate from the column variable.
1 Negative score-) indicates that the endtate from the row variable is discouraging (or inhibiting
or hindering) the engstate from the column variable.
I QBSNRQ &O02 NB -shate is neftter-egicauradirg Bor @isédrraging; in other words, the
end-state in the row variable has no influence directly on the-state in the column variable.

Definition of Weak, Strong @WVery Strong influences (Ordinal value: 1/2, or 3)

1 Weak (Ordinal value: +1): The change in your likelihood judgment for the pathway of the column
variable is > 0% but < 10% (for a regression model of the two variables, similarto r2 > 0 but r2 <
0.1)

1 Strong (Ordinal value: +2): The change in your likelihood judgment for the pathway of the
column variable is between 10980% (for a regression model of the two variables, similar to r2
>0.1but r2<0.3)

1 Very Strong (Ordinal value:-8): Thechange in your likelihood judgment for the pathway of the
column variable is > 30% (for a regression model of the two variables, similar to r2 > 0.3)

The example above shows the Row variableO3MJrbanization (Global) is impacted by the Column
variable $-01, Population (Global). Each cell indicates how one-staik from the row variable is
expected to directly impact one erstate of the target variable. For example, cell D15 is the influence
score of-2, which suggests the high pathways for Urbaniza{@lobal) (i.e. H: >70% by 2050 and >80%

by 2100) would strongly discourage the high pathways of Population (Global) (i.e. H: Population > 13
billion by 2100).
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After they recorded their influence judgments, they would record the confidence about theiwens

(Step E). There are two confidence scores shown on column H and I. Column H refers to the confidence in
the direction or sign (+ of) of direct influence judgements on the same row. Column | refers to the
confidence in the strength or magnitude (sed, 1, 2 or 3) of direct influence judgments on the same

row.

1 Column Variable Confidence Confidence
2 Row variables influences SD-01 lation (Global) of +/- in judging
3 column variables H: Population > 13 billion by 2100 |M: Population 8-13 billion by 2100 L: Population < 8 billion by 2100 judgments strengths
LE]
RE8 SD-02 Urbanization (Global) Impacting Column Var (Y/N): Yes
15 H: > 70% by 2050 and > 80% by 2100 -2: Strong (discourage) 0: No Influence +2: Strong (encourage) 2[ 2
16 M: 60-70% by 2050 and 70-80% by 2100 -2: Strong (discourage) +1: Weak (encourage) +1: Weak (encourage) 2 2
17 L: < 60% by 2050 and < 70% by 2100 +1: Weak (encourage) -1: Weak (discourage) -1: Weak (discourage) 5 (Accepted) 3
4
18
. s 3
19 Reason(s) for judgment of the influence H|[Type Here] Rate your confldence]udgment of+or—
20 of row variable in the target variable: M|[Type Here]  judgments under column H and the strength of 11 (Guess)
2 Liype Herel | the jmpact under column |

Confidence is measured using 5-point Likert scale 5 (Accepted)

where score 5 indicates that your judgment is a 4
fact that is accepted in the field, and score 1
refersto guess. 3

1 (Guess)

After answering steps B through E, the participants were asked to provide their reasons for judgments.
Reasoning can be based on the consensus of their field, theory, empirical fiidgigal conclusion, or
individual personally justified belief. After participants articulated their reasons, it means that they have
completed inputting their judgment for one variable (Step F). Then, the participants would repeat steps B
to G (Step G).

In the second part of the questionnaire, experts were asked to provide judgments of direct influences
upon global scenario elements (specifically population, carbon intensity and urbanization). The procedure
to their judgment is the same with axception that the row variable (their area of expertise) now acts

as the source of direct influences on the column variables, which are the global variablés: (SD
Population (Global), S@2: Urbanization (Global), S19: Carbon Intensity (Global)).
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