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Abstract

Globally, electric vehicles (EVs) are being touted by countries and international
organizations as a key transition technology to decarbonize the road transport sector. Yet,
other researchers have suggested that EVs may not be a silver bullet solution, and public
debates frequently question the embedded environmental impacts of EV’s battery packs,
electricity source, and potential to add to peak load, thus challenging grid systems and
potentially requiring greater electrical generation capacity. EVs can be considered a
technological solution to decarbonizing the urban transport sector, and studies have pointed
out the need to consider both behavioural (demand-side) and technological approaches.

This thesis attempts to address these challenging questions regarding EV integration through
a multi-layered approach in which EVs are assessed at a product and urban level in terms of
greenhouse gas (GHG) emissions and electricity grid peak load impacts. Lastly, the thesis
aims to characterize an intergenerationally ‘safe and just’ urban mobility system to
contextualize the discussion surrounding EVs within a global sustainability framework,
allowing for interpretation of what development pathways may provide the best results in
terms of sustainability.

Intending to expand the conversation surrounding EVs, the results of the thesis suggest that
a large-scale integration of EVs without car fleet reductions and other Avoid-Shift-Improve
strategies may not be sufficient for achieving this intergenerational ‘safe and just’
sustainability. Rather than taking an EV-centric technological approach, it is suggested that
accessibility and behavioural approaches should be equally considered, with the approach
taken relevant to the context of the urban area in question when attempting to decarbonize a
region’s road transport sector. Thus, rather than seeing EVs as a silver bullet, this research
suggests that they should seen as a single potential solution within a suite of solutions that
should be used in the right context (i.e. low carbon electrical grid intensity and situations
where the accessibility, travel distance, and public/active transport modes cannot provide
sufficient mobility provisioning). It is the aim of this thesis that the results of this work can
be used to inform policy makers and urban planners of the value of taking balanced supply-
and demand-side solution approaches relevant to the local context and help them develop
more sectorally-focused policies tied to sectorally characterized ‘safe and just’ state to help
guide the urban mobility sector towards intergenerational sustainability.



Utdrattur

A heimsvisu eru rafkntin farartzeki (EVs) kynnt af londum og alpjodastofnunum sem
lykilteeki 1 umbreytingunni til ad minnka losun i vegaflutningum. Samt hafa visindamenn
gefid til kynna ad rafbilar séu kannski ekki besta lausnin og opinber umrada efast oft um
innbyggd umhverfisahrif rathladna, raforkugjafans og moguleika 4 ad auka a4 hamarksalag
og storka pannig rafmagnskerfinu sem geti krafid meiri raforkuframleidslu. Lita mé 4 rafbila
sem teknilausn til ad draga Ur kolefnislosun 1 flutningageiranum i péttbyli og rannséknir
hafa bent 4 naudsyn pess ad huga ad hegdunaradferdum (eftirspurnarhlidinni) og teeknilegum
adferdum.

bessi ritgerd reynir ad takast 4 vid pessar krefjandi spurningar vardandi sampaettingu rafbila
med marglaga nalgun par sem rafbilar eru metnir & voru- og péttbylisstigi med tilliti til
losunar grodurhusalofttegunda (GHG) og éhrifa 4 hamarksalag raforkunetsins. Loks midar
ritgerdin ad pvi ad einkenna ,,6ruggt og réttlatt hreyfanleikakerfi 1 péttbyli milli kynslooa
til ad setja umraeduna um rafbila i samhengi innan alpjodlegs sjalfbaerniramma, sem gerir
kleift ad talka hvada prounarleidir geta gefid bestan arangur hvad vardar sjalfbarni.

Nidurstodur ritgerdarinnar er &tlad ad baeta vid umraeduna um rafbila og benda 4 ad storfelld
aukning rafbila an pess a0 minnka bilaflota og adrar avoid-shift-improve adferdir geeti ekki
verid naegjanleg til ad nd fram pessari ,,6ruggu og réttlatu® sjalfbaerni milli kynsloda.

[ stad pess ad nota rafbilamidada takninalgun er lagt til ad adgengis- og hegdunaradferdir
verdi jafnt skodadar i samhengi vid vidkomandi péttbyli pegar reynt er ad minnka
kolefnislosun vegasamgangna & pvi svaoi.

bess vegna, frekar en ad lita & rafbila sem silfurktilu, benda pessar rannsoknir til ad rafbilar
séu adeins ein moguleg lausn innan mengis fj6lda lausna sem etti ad nota i réttu samhengi
(p.e. lagt kolefnisrafmagnsstyrkur og adstedur par sem adgengi, fjarlegdir og adrir
flutningsmatar geti ekki veitt negjanlegan hreyfanleika).

Markmid pessarar ritgerdar er ad hagt s¢ ad nota nidurstodur hennar til ad upplysa
stefnumotendur og borgarskipulagsfreedinga um gildi pess ad fara leid sem tekur mid af badi
frambods- og eftirspurnarhlidinni sem tekur einnig tillit til stadbundins samhengis asamt pvi
ad hjalpa peim einstaklingum ad prdéa med sér nalgun sem byggi a sectorally-focused nalgun
sem einkennist af ,,6ruggri og réttlatri“ nalgun sem atlad er ad hjalpi vid hreyfanleika i
péttbyli i att ad sjalfbaerni milli kynsloda.
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1 Introduction

The Brundtland Report (1987) defined sustainable development as, “development that meets
the needs of the present without compromising the ability of future generations to meet their
own needs" (World Commission on Environment and Development, 1987). While this was
not necessarily the start of actions towards sustainability, the publication of this report was
a landmark moment in which sustainable development, its definition, and its importance
were globally agreed upon. Interestingly, this moment marks approximately a midpoint
between the start of what some earth scientists have characterized as the beginning of the
‘Great Acceleration’ (starting in the 1950°s) and current times (Steffen et al. 2004; Steffen
et al. 2015). This ‘Great Acceleration’ and the concept’s defining graphs describe the joint
exponential growth of socio-economic (such as population, real GDP, urban population,
energy use, transportation, and tourism) and Earth System trends (such as atmospheric
carbon dioxide and methane levels, surface temperatures, ocean acidification, and tropical
forest loss) (Steffen et al. 2004). These graphs have been used as evidence by earth scientists
to describe our entrance into the Anthropocene, described as the exit of the Earth’s current
stable Holocene era and the entrance into a new geological epoch in which humans are the
leading cause of global environmental variability (Crutzen, 2016; Crutzen and Stoermer,
2000; Steffen et al. 2007). There have been some debates regarding the formalization of the
Anthropocene as well as its official onset (Finney, 2014; Gibbard and Walker, 2014); the
range typically sits between 1750-1950". These dates correspond with the first noted human-
induced increase in CO> concentrations in Earth’s atmosphere, aligning with both our first
major use of fossil fuels with the steam engine and the beginning of the great acceleration of
socio-economic and earth system trends.

While debates can be had regarding the formalization of an epoch, the importance of these
socio-economic and earth system trends cannot be understated. Rockstrom et al. (2009)
helped put these trends into context through the establishment of the Planetary Boundaries
(PBs), which define a set of environmental thresholds that attempt to delineate the rough
range of ecological state indicators? which, if crossed, could cause non-linear changes to the
Earth System at a continental to global scale. These changes would, in turn, move humanity
out of Earth’s current ‘safe’ state, thus threatening humanity’s societal development (Steffen
et al. 2015). Of the seven PBs which have been quantified, two of them have been assessed
to have already been transgressed, namely, biodiversity and biogeochemical flows, while
two other boundaries are in the danger zone of being surpassed, namely, climate change and
land system changes (Steffen et al. 2015; Raworth 2012).

! There have additionally been arguments made for an Early-Anthropocene approach, in which the first impacts
of humans on the environment such as microbiotic change (Wilkonson et al. 2014) and habitat modification
(Kaplan et al. 2011) can be seen as early as 8,000 years ago, though it has been argued that a changing
stratigraphic epoch should be marked by systemic change to the Earth System, not just as the first markers of
human existence (Zalaseiwicz et al. 2015).

2 Stated as a “rough range” here due to the difficulty identified by Réckstrom et al. (2009) and Steffen et al.
(2015) in defining exact ranges in which non-linear change could occur due to lack of scientific knowledge
surrounding biophysical thresholds, complex systems and associated feedback loops and their potential
interactions, and overshoot uncertainty.



These thresholds have been crossed while, simultaneously, vast international and
intranational social inequities exist (Raworth 2012; Raworth 2017). The disparity between
rich and poor and its relative impacts can be seen in the UN 2020 Gap Report (2020), which
estimates that the top 1% and 10% income earner groups were responsible for 15% and 48%
of global greenhouse gas (GHG) emissions, respectively. Oswald et al. (2020) further
highlight these disparities, estimating that the top 10% income groups use 45% of all the
energy allocated towards land transportation, whereas the bottom 50% of earners only use
10%. Beyond disparate environmental impacts and energy use, income inequality inter- and
intra-nationally has been associated with social injustice and impacts in low-income
communities, including increased violence, illness, and drug use (Wilkenson and Pickett
2012).

Using the ‘safe’ operating space defined by Rockstrom (2009), Raworth (2012; 2017)
connected the PBs and human rights in an attempt to define a ‘safe and just’ operating space
for humanity. First, Raworth utilized the PB framework to define the ecological ceilings
(ECs). Second, she established a social foundation (SF) with 11 social objectives informed
by the Rio+20 conference, the sustainable development goals (SDGs), and the main social
goals aligned with forward-thinking policies at the time for formulation (O'Neill et al. 2018).
Raworth defined the EC as the outer boundary that humanity should not surpass to remain
‘safe’ from dangerous Earth System changes and the SF as the inner boundary as the ‘just’
minimum that all human beings should have access to in order to live a good and dignified
life. Circularly visualizing these ECs and SFs, as shown in Figure 1(a), the results were to
the effect of a doughnut-shaped framework -- hence the name of her book Doughnut
Economics, and framework by the same name -- in which the area inside of the doughnut
depicts an intergenerationally ‘safe and just’ sustainable space for humanity. This interest in
living in a ‘safe and just space’ that allows all to live a good life while not imposing on
others' ability to do the same was additionally formalized in the Sustainable Consumption
Corridor (SCC) framework (Di Guilio and Fuchs 2014; Fuchs et al. 2021). The SCC
framework follows a similar approach to the doughnut economy framework, though it
defines the EC-SF corridor using two straight lines, with the space between them
representing the sustainable consumption space, as shown in Figure 1(b). The SCC
framework focuses on consumption and its link to living a “good” life, where the satisfaction
of needs required to live a “good” life is placed in the context of ECs (Fuch et al. 2021). The
doughnut economy and SCC frameworks aim to integrate our need to live within the PBs
while simultaneously supporting an intergenerationally just world that can meet the needs of
all. Particularly within the SCC framework, the need to de-escalate consumption to stay
within the PBs is often highlighted.
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Figure 1. (a) Raworth’s (2017) illustration of the ‘safe and just’ space for humanity with
the Social Foundation and Environmental Ceiling depicted (image taken from Raworth

2017). (b) illustration of a Sustainable Consumption Corridor (image taken from Dillman
etal. (2021c), adapted from Fuchs et al. 2021).

Within the discussion of PBs and their transgression, climate change has perhaps received
the greatest amount of international focus. From the time of the Brundtland Report, the
International Panel on Climate Change (IPCC) was established and has since published five
Assessment Reports, the first in 1990, and is currently in the midst of the long process of
preparing the 6th Assessment Report (AR6). The AR6 synthesis report will not be published
until 2022, however, the results from the first working group already point towards a dire
need for change to avoid catastrophe due to climate change. It states that unless deep GHG
reductions occur in the next few decades, global warming of 1.5-2°C will be exceeded by
2100, if not much sooner (IPCC 2021). Since the IPCC began publishing its reports in 1990,
total GHG emissions have gone from ~38 Gt COzeq emissions to ~58 Gt COzeq GHG
emissions as of 2018 (Lamb et al. 2021), representing an approximately 53% growth over
this period.

According to Lamb et al.’s estimations, in 2018, transportation emissions accounted for 14%
of global emissions; Figure 2(a) shows how the transportation sector’s emissions have grown
over time, where the sector has seen roughly a 2% annual growth rate since 1990 (with some
short-term variability). Disaggregating the emissions by region, Figure 2(b) demonstrates
that Europe, North America, and East Asia are responsible for a large portion of road
transport emissions (accounting for roughly 60%). Rapid growth can also be seen, however,
in some of the other regions such as Southern Asia, South-East Asia, and Africa. This growth
in developing regions emphasizes the global trend wherein as GDP per capita has risen in
emerging economies, concurrent growth in urban sprawl and motorization has occurred, and
mobility-related consumption has increased disproportionately with income (Wiedmann et
al. 2020). These developments make reducing GHG emissions in the transportation sector a
difficult task as demand continues to rise regardless of increasing pressure to address climate
change, and 92% of the energy used to power vehicles still comes from fossil fuels (Lamb
etal. 2021).
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Figure 2. Global and regional GHG emissions trends for the transport sector. Panel (b)
shows emissions at the years 1990, 2000, 2010, and 2018. International aviation and
shipping is included in panel (a), but excluded from panel (b). (Image and adapted caption
from Lamb et al. 2021)

The European emission profile provides an interesting example of this difficulty, wherein
during the 1990-2018 time period, total GHG emissions from the EU decreased while ground
transport emissions increased by roughly 20% during the same period (Lamb et al. 2021;
EEA 2021). Additionally, similar to the inequalities at a global scale when it comes to
disproportionate impacts by wealthy populations and externalities felt by less wealthy
populations, at the European level, from 1990 to 2015, 27% of emissions were associated
with the consumption of the top 10% wealthiest Europeans, which is equal to the emissions
associated with the poorest 50% of Europeans (Gore and Alestig 2020). Sectorally, the
transport sector sees social inequalities as well. For example Ivanova and Wood (2020)
identified that across all European income percentiles ground transportation accounted for a
sizable share of total per capita consumption emissions (often the largest category), but the
lowest income quartile spent a disproportionate share of their income on transport, pointing
towards fuel poverty issues, likely associated with a locked-in need for personal vehicles
and high fuel costs (Middlemiss 2017). The benefits of transport systems additionally are
often seen by the wealthier portions of society, while the less fortunate tend to have to
disproportionately face the externalities associated with transport such as lack of
accessibility to opportunities, freedom of movement, health externalities, and financial and
community-related impacts (Lucas and Jones 2012).



Looking beyond the human and psychological toll caused by the Covid-19 pandemic, some
academics have noted the opportunity presented by the pandemic and associated recovery
plans to tackle some of the challenges associated with decarbonizing the road transport
sector, and doing so in such a way that would promote a just transition (Markard and
Rosenbloom 2020; Schwanen 2021). While not captured in Lamb et al.’s (2021) estimations,
the impacts of Covid-19 and associated lockdowns showed that rapid reductions in mobility
could occur with sufficient political will, despite the noted difficulty of decarbonizing the
sector (Schwanen 2021). In fact, road transport was the sector which led to the greatest
decrease in emissions globally during the first six months of the pandemic (Liu et al. 2020).
Some studies have suggested that the pandemic and its implications could potentially
provide the disruptive systemic shock required (Markard and Rosenbloom 2020) for the
societal and political will to generate an accelerated non-linear socio-technical transition
discussed in innovation literature (Geels 2002; Geels et al. 2017a). For the road
transportation sector, socio-technical transition studies have considered the electrification of
transport and integrated e-mobility as well as remote working as niche innovations that could
lead to changes to the existing socio-technical systems which could represent movement
towards a low-carbon transition (Geels et al. 2017b).

1.1 Focus on EVs

Such changes would be in line with the 2030 Agenda, approved by all member countries of
the United Nations, particularly SDG 11: Sustainable Cities, target (11.2) to “provide access
to safe, affordable, accessible and sustainable transport systems for all, improving road
safety, notably by expanding public transport, with special attention to the needs of those in
vulnerable situations, women, children, persons with disabilities and older persons” (U.N.
2021). The International Energy Agency (IEA) (2020), has additionally discussed
transforming ground transportation-related GHG emissions through the use Avoid-Shift-
Improve (ASI) strategies for transport, as described by Creutzig et al. (2018), such as reduced
travel demand, shifting transport modes, and reducing energy/emission intensity of transport
modes. In terms of technical solutions, however, electric vehicles (EVs) are often touted as
a leading solution, and the IEA has called for an even faster uptake of them to mitigate the
emissions associated with combustion vehicles (IEA 2020). Thus far, of all the transport
targets set by the IEA, EV growth rates represent one of the few that are currently being
achieved. Battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs)
together have seen more than the annual 36% growth rate required to stay on track for the
IEA’s Sustainable Development Scenario (SDS), where the IEA estimates that 13% of the
global car fleet will need to be electric by 2030 to achieve significant gains in transport
decarbonization (IEA 2020). This global ambition to spur EV development has led to the
establishment of the EV 30@30 initiative, where currently 14 countries have committed
(with the number growing) to having 30% of new vehicle sales being EVs by 2030 (Clean
Energy Ministerial 2019). This ambition can also be seen in the European Commission’s
Sustainable and Smart Mobility Strategy (2020), the first goal of which is to have 30 million
zero-emission vehicles on European roads by 2030, which as of 2019 would represent ~6%
of the vehicle fleet (ACEA 2021). While the importance of expanding more sustainable
transport modes and making them more accessible is highlighted in the strategy, the
electrification of ground transport fleets is a leading solution discussed in the plan.



Zooming in further to the Nordic region within Europe, this region has seen some of the
highest integration rates of EVs, largely due to their implementation of some of the most
aggressive pro-EV policies globally, with the primary objective being the decrease in the
direct emissions from transport. For example, Norway has put forward the goal of having all
light vehicle sales be zero-emission vehicles by 2025 (Norwegian Ministry of Transport and
Communications 2016) and Iceland, Denmark, and Sweden have stated similar goals for
2030 (ICCT 2021). Further examples include policies such as reduced vehicle taxes for EVs,
public support for charging infrastructure, and registration tax exemption, amongst other
policies (IVL Sweden 2021), which aligns with the success in terms of integration rates seen
so far in the Nordic region, with Norway, Iceland, Sweden, Denmark, and Finland globally
in first, second, third, fifth, and sixth in terms of EV percentage of stock EVs, at 17%, 6.2,
3.6%, 2.4%, and 2.3%?, respectively, as of 2020 (IEA 2021).

1.2 Urban perspectives

Zooming in further, with a majority of transportation occurring within cities, where it has
been estimated that, globally, 60% of all kilometres travelled occurs within an urban context
(Rode et al. 2014), the importance of taking an urban perspective when discussing
transportation is particularly relevant. This holds especially true as urbanization rates
continue to rapidly increase; as of 2007 more than 50% of the global population lives in
urban areas, a figure which is predicted to reach 68% by 2050 (Ritchie and Roser 2018).
With urban areas supporting an ever-increasing portion of the global population and, with it,
a greater amount of mobility, how cities are structured to facilitate this transportation is an
important aspect to consider when discussing mobility-related environmental and social
impacts. Urban form and development are inherently related to the urban area’s
transportation infrastructure and vice-versa, and thus how a settlement takes its shape and
the efficiency of its transportation system plays an important role in understanding the
mobility patterns of the urban area (Rode et al. 2014). It has been shown that population
density and transport energy use in urban areas are highly related, where more dense cities
are significantly more likely to use less energy for transport per capita than less dense cities
(Newman and Kenworthy 2015).

Given urban areas’ important position as population centres and transportation system
facilitators, cities and municipalities can play an important role as macro-level actors by
setting policies and working to ensure that urban developments support sustainable
development. For example, the Covenant of Mayors, an initiative of over 9,000 municipal
authorities in over 57 countries, requires a commitment to reduce emissions from the
partnering municipality by 40% by 2030 and to set climate action policies, with guidance
provided for how to set effective climate action plans (EU Covenant of Mayors 2016).
Another example is the C40, a network of nearly 100 of the largest cities with the goal of
halving the emissions of these concentrated population centres by 2030 (C40 2021). These
examples highlight the agency that cities can show on a global scale. Focusing further on
urban mobility, urban centres have additionally been called to establish Sustainable Urban
Mobility Plans (SUMPs) with the push to do so initiating in the EU, and multiple studies
have reviewed these SUMPs in terms of best practices and comprehensiveness (May 2015;
Cirianni et al. 2017; Kiba-Janiak and Witkowski 2019). In May’s (2015) review, however,

3 These numbers represent only BEVs
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amongst other SUMP challenges, it was found that limited scenario generation skills and
understanding were seen in modelling decarbonization development pathways and that this
often led to an overemphasis of supply-side solutions. Recent efforts have been seen
however by cities such as Amsterdam (2020) and Barcelona (2021) to adopt localized
doughnut economy frameworks which would support a more intergenerational perspective
to help shape urban policies that reflect Raworth’s ‘safe and just’ sustainability thinking.

1.3 Knowledge gaps

With the importance of transportation emissions discussed and the global desire to transition
towards EVs shown, it is then important to understand where knowledge gaps exist when
considering EVs to be a sustainable solution. While nations and international initiatives have
highlighted the imperative of transitioning to EVs, in the discourse surrounding EVs
uncertain consumers and EV opponents exist. Central to their criticisms are the
environmental impact of the battery packs required to produce EVs and the electricity source
used to power the EVs (Olsson 2019; Ortar and Ryghaug 2019), thus creating lack of trust
of the environmental benefits, which has been identified as a barrier to EV uptake
(Biresselioglu et al. 2018). While there have been a plethora of EV Life Cycle Assessment
(LCA) studies performed to assist in answering these concerns, large variabilities exist
between studies, thus making cross-study comparisons a challenge (Marmoroli et al. 2018).
Additionally, an overview of the methodological differences which have led to these studies
has been understudied (Hawkins et al. 2012).

Considering the life cycle impacts of EVs at the urban level, the market which mass-market
EVs hope to serve, the GHG mitigation potential of EVs has additionally been called into
question, where multiple studies have questioned the ability of EVs to meet the carbon
targets set by different cities/countries (Milovanoff et al. 2021; Shafiei et al. 2019; Hill et al.
2019). This is especially true when considering the direct and indirect impacts of
transportation scenarios, which are often missing in the literature (Chester and Horvath 2009;
Chester et al. 2013). Additionally, with calls to utilize ASI strategies for more sustainable
development in transport, research gaps have been identified regarding the siloed approaches
taken in studies, where too often studies either look at the mitigation potential of
technological changes (such as EV integration) or behavioural changes (describing demand-
side solutions such as decreased travel demand or a shift towards public and active transport
modes), but rarely both (Brand et al. 2019; Creutzig et al. 2018; Anable et al. 2012). This
further connects to the shortcomings identified in SUMPs, where supply-side solutions were
often over-emphasized and skills in developing scenarios were found to be lacking (May
2015). Beyond GHG emissions, understanding the importance of pathway development at
the urban level is relevant in terms of energy demand, where the IEA (2020) has estimated
that a key shortcoming in the EV transition is the ability for electrical grids to support this
increased demand. While studies have explored the potential grid-level impacts of EVs on
the peak load, there is a lack of studies that look into the subsystems, which many consider
to be more vulnerable to capacity issues than at the larger system level (Brady and O'Mahony
2016; Liu et al. 2011; Clement-Nyns et al. 2011; Short and Denholm 2006; Waddell et al.
2011).

Lastly, from a ‘safe and just’ global sustainability perspective, there are calls to develop
sectoral approaches to SCC and doughnut economy frameworks in the research (Fuchs et al.



2021). Further, in O’Neill et al.’s (2018) paper, which attempts to assess the ability to
achieve social thresholds whilst remaining within the PBs, they highlight the need to more
effectively characterize social and physical provisioning systems - and mobility systems
represent a key urban social provisioning system with significant physical infrastructure and
impacts. This call supports concerns voiced in planetary boundary and sustainable indicator
works in which the link between the two fields are almost always missing, representing a
lack of ability to appropriately measure movement towards a ‘strong sustainability’ state and
vice-versa where the state may be defined but are lacking relevant measurements of
performance against the threshold (Fang et al. 2015; O’Neill et al. 2018; Holden et al. 2013).

1.4 Multi-scale Approach

The structure of the identified research gaps lent itself to a layered perspective, which this
thesis used to formulate a multi-level approach to address them, as shown in Figure 3. At the
first level, to address some of the most commonly cited product-level concerns surrounding
EVs, this work identified the exploration of the life cycle GHG emissions associated with
EVs as compared to internal combustion engine vehicles (ICEVs) and the potential reasons
for the variability between individual EV LCA studies as a relevant first step. At the next
level, with the identified need to assess the urban-level life cycle GHG emissions of EV
integration whilst understanding the life cycle GHG implications between behavioural and
technological developmental pathways, this thesis oriented its urban level research interests,
as shown in Figure 3. These urban-level research interests additionally seek to understand
the implications of different EV penetration rates on the electrical grid both at a system and
subsystem level. Lastly, with the need for greater characterization of sectoral social
provisioning systems, this work seeks to explore these issues through the lens of the urban
passenger mobility sector. Through this lens, this thesis additionally oriented its research
interests such that feedback could be provided on sustainable urban mobility (SUM)
indicators to provide a greater perspective on how a sector-based SCC can be characterized
to address the research gaps discussed.



Perspective Research Interests

Product-level * How do the life cycle GHG emissions of EVs compare to that
of ICEVs?
ta\ +  What are the primary sources of variability?
Urban-level * What are the life cycle implications of an EV-focused

technological development as compared to a shared and low-
mobility behavioral developmental pathway?

t‘ﬁ.\ HHE m + How will different rates of EV integration affect the peak-load

on a city’s electrical distribution system and sub-systems?

Global intergenerational
sustainability

How can the ecological ceiling and social floor of a city’s urban
mobility system be characterized?

What reflections can be made on sustainable urban mobility
indicators and other sustainable urban mobility measurements
through an environmentally-socially integrated ‘safe and just’
perspective?

Figure 3. The multi-scale perspective taken within this research (with doughnut image
taken from Raworth 2013)

1.5 Research questions

It is clear that, globally, society needs to reverse the trend of growing GHG emissions
associated with the urban road transport sector if we hope to avoid transgressing the climate
change PB. At a global, regional, and country level, EVs are considered a key technical
solution to mitigate the GHG emissions associated with urban transport. Yet, comparative
LCA studies which have been performed on EVs against ICEVs have shown varied results
in terms of EVs’ mitigation potential due to the production emissions associated with EVs
(Hawkins et al. 2013) and the electricity source powering the EVs (Marmorli et al. 2018).
Thus, addressing the research gaps and concerns regarding the LCA impacts of EVs -- both
at a product and urban level -- seem particularly relevant. The need for this research is further
heightened by the identified siloing of behavioural and technological approaches when
assessing urban mobility system transformations and the overemphasis on supply-side
solutions seen in the literature and SUMPs. Lastly, with calls to improve the characterization
of social provisioning systems and sectoral approaches being suggested, this thesis thus
seeks to address these knowledge gaps to develop a more nuanced approach to understanding
the implications of EV integration. By understanding their direct and indirect emissions,
potential grid impacts, relation to behavioural approaches, and urban developments, this
thesis seeks to further discussions surrounding EVs and contextualize them in the frame of
an intergenerationally sustainable urban mobility system subject to the regional context.

The goal of this approach is to develop an informed understanding of systemic life cycle
impacts of EV integration to move the argument from whether EVs are capable of mitigating
climate change impacts, to in what context this would occur, by how much, understanding
what other pathways exist, and assessing whether this is aligned with inter and intra-
generational sustainable development. Further, it can help understand if the promotion of
EVs could potentially lead to a further socio-technical lock-ins of passenger vehicles and car
dependence (Henderson 2020; Mattioli et al. 2020), potentially presenting another example
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of climate-focused policies and incentives leading to adverse social outcomes (Lamb et al.
2020) and/or need satisfier escalation (Brand-Correa et al. 2020).

Therefore, in an attempt to answer these questions and investigate the research gaps
identified and their implications more deeply, this research took a multi-scale approach
surrounding the topic of EVs, with the three research questions (RQs) of this thesis posed
as:

RQ1: What is the direct and indirect decarbonization potential of EVs at the product
level?

RQ2: What is the direct and indirect decarbonization potential of EVs at the urban
level (informed by a product-level life cycle perspective), and how will their
integration potentially affect the electrical grid due to additional peak load?

RQ3: How can an intergenerationally sustainable ‘safe and just’ urban mobility
sector be characterized?

These RQs can be seen as a coalescence of the multi-scale questions presented in Figure 3.
As such, this thesis will also employ the multi-scale approach illustrated in the figure to
answer them.

With the posing of these RQs, this thesis seeks to address the research gaps identified and
provide value on multiple fronts. In answering RQ1, this thesis aims to provide insights for
LCA researchers to provide more consistent and transparent methods to reduce uncertainty
within EV LCA works. Additionally, through the quantitative results, the goal was to provide
the context needed regarding the mitigation potential of EVs at different electrical grid
intensities to provide data needed for more informed discussions surrounding the use of EVs
in different grid contexts.

This information becomes further relevant for RQ2. At the urban level, the work in this thesis
can be used by urban and electricity system planners to understand the implications of EV
integration and different development pathways both in terms of GHG emissions as well as
impacts on the peak load. This combined perspective provides context for two of the most
relevant discussions surrounding EVs which are often assessed individually.

Lastly, by answering RQ3 and taking an intergenerational ‘safe and just’ sustainability
perspective, this thesis hopes to aid policymakers and urban planners in characterizing what
a ‘strong sustainability’ state could look like for the transportation sector. This type of
research can assist urban planners, policymakers, urban transport researchers, and city-level
sustainability initiatives (such as the Covenant of Mayors and C40) as urban populations
continue to grow and the world continues to transgress the PBs whilst social needs are still
not being met globally (Raworth 2017). For example, in O’Neill et al.'s (2018) country-level
assessment of doughnut economy performance, they found that no country has successfully
met all of their inhabitants' basic needs whilst staying within the PBs. In their concluding
statements of this assessment, they remarked, “If all people are to lead a good life within
planetary boundaries, then our results suggest that provisioning systems must be
fundamentally restructured to enable basic needs to be met at a much lower level of resource
use. [...] It is possible that the doughnut-shaped space envisaged by Raworth could be a
vanishingly thin ring.” This work thus places a focus on the urban transport sector as a
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provisioning system and attempts to understand how effectively EVs can mitigate the level
of resource use and emissions within the perspective of moving the urban transport sector
into Raworth’s doughnut. With cities such as Amsterdam and Barcelona beginning to
implement doughnut economy policies to understand their ability to exist in a ‘safe and just
space’, to make these policies more operational, sectoral level approaches and frameworks
will be needed. These can then be used to provide greater guidance to SUMPs and city
climate action plans to align with global intergenerationally sustainable approaches.

By answering the three proposed research questions, this thesis aims to provide the
information and frameworks needed to take a more granular sectoral approach to social
provisioning whilst working to remain within Earth’s carrying capacity by focusing
specifically on the urban road transport sector and interpreting what the role a niche
innovation, in this case EVs, has in helping to achieve intergenerational sustainability. This
will hopefully allow for more integrated environmental and social perspectives, through
which the resources and impacts associated with mobility-related social provisioning
systems and their potential developmental pathways can be explored quantitatively and
qualitatively. Additionally, by answering RQ3, through the provision of an integrated
environmental and social characterization of a mobility-focused SCC this thesis aims to
assist policymakers in avoiding the risk of implementing environmental policies which can
cause negative social externalities, the potential of which has been shown to occur at times
in Lamb et al.’s (2020) review of ex-post social implications of different environmental
policies. This work will thus hopefully assist city-level policymakers and urban planners in
thinking about how to restructure mobility systems through an informed system-level
perspective aligned with intergenerational sustainability as opposed to a solution-focused
perspective (such as an EV focus), such that the best suite of solutions is selected, whether
that be through EV integration or other means.

With the value proposition defined, how to answer the RQs becomes the next relevant
question. First, the following section will define the scope of the thesis, the data used, and
the methodology of the thesis as a whole, along with the individual methods and research
design of each constituting paper as relevant to the thesis. Next, the main results of the thesis
are explained, and then similarly, the relevant by-paper results which provide the basis for
the main results are described. The by-paper explanation of the research design and results
are provided in the context of the thesis such that rather than summarizing each paper they
provide the details of each paper relevant to the conclusions of the thesis. Lastly, the
interpretation of the results can be found in the discussion section, ending with concluding
remarks.
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2 Scope, data, and methods

To describe the multi-scale approach taken in this thesis, first the scope, data, overarching
methodologies, and research design followed by each study will be described. These sections
will describe methods used across the thesis at an overarching level as well as a paper level,
where relevant to the thesis.

2.1 Scope

Figure 3 illustrates the multi-scale approach taken to answer the research questions posed in
this thesis. Table 1 describes the research carried out at each level, where the papers
presented in Table 1 reflect the simplified structure shown in Figure 3 and describes their
methods and relevance to the associated RQ.

This multi-scale approach was taken to develop a layered spatial and systemic understanding
surrounding EVs. Thus, it is worth clarifying the specific scope of the study here, where the
focus of this work was on the direct and indirect emissions and grid impacts from the urban
passenger ground transport sub-sector. The focus on this sub-sector was chosen to
understand more granularly the role of EVs in satisfying urban passenger transport demand
and the greater urban passenger ground transport provisioning system. Thus, while the
environmental importance and impact of freight, shipping, air transport, etc. are
acknowledged (Savy and June 2013, Czepkiewicz et al. 2019), it was considered outside of
the scope of the study, because the needs which are being served by these sub-sectors are
different from the market which mass-market EVs are intended to serve. Both the direct and
indirect life cycle GHG impacts associated with EVs and the urban passenger transport sub-
sector were included in the scope due to their identified importance and identified often
lacking perspective in the literature. However, it is worth noting that this was limited to the
vehicles themselves, as the inclusion of environmental impacts from infrastructural changes
is notably difficult, albeit important (Chester and Horvath 2009).

With the importance of taking a life cycle perspective on the different transportation options
noted, at the product level, Paper I reviewed LCA studies to a) develop a greater
understanding of EV LCAs and their contexts and reasons for variability, and b) to
qualitatively assess the product level life cycle GHG benefit of EVs as compared against
ICEVs using meta-analysis to provide a product level understanding of EVs. With the greater
understanding of the direct and indirect GHG implication of EV use provided by Paper I, at
the next level, Paper II and III then attempted to understand the urban-level implications of
EV integration, using Reykjavik, Iceland’s capital city, as a case study. Paper II continued
the assessment of GHG emissions, however, it took a more critical look at contrasting
technological and behavioural development pathways which are often assessed in isolation
(Creutzig et al. 2018), in which EV integration represents the technological approach and
movement towards other transport modes and reduced transport demand represent the
behavioural approach. Building off the knowledge gained through Paper I, Paper II
considered both the direct and indirect GHG implications of these two pathways. Paper III
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then considered the implications of EV integration in terms of potential peak load and
associated impacts to the local transmission and distribution system at a city level. At the
final level, Paper IV then took a global perspective in an attempt to understand the role that
urban mobility has to play in intergenerational sustainability. To do so, the Planetary
Boundaries were used to develop the Ecological Ceilings, and needs-satisfaction theory was

used to develop mobility-focused Social Foundations.

Table 1. Connections between each paper and relevant research questions posed within
the thesis and the associated implications of each paper

Scopeof | Product level? Urban level Global level
assessment
Paper Paper | Paper 11 Paper 111 Paper IV
Data Metadata from LCA Metadata from Paper I, | UniSysD IS model, Literature-based
literature review UniSysD_IS model, transportation survey
transportation survey
Methods This paper performed | The Story- and- An activity-based This paper proposes an
an LCA review and a | Simulation approach approach was used in initial framework for the
meta-analysis of the was taken for the this paper to develop a | development of sectoral
LCA results from the | normative/backcasted travel and charging SCCs, thus the
papers across the scenario development in | behaviour model methodology was
review. this paper in which disaggregated by established in this
Environmental behavioural, substation service framework to create an
breakeven points and | technological, and areas to assess peak example for a first
their calculations are | mixed pathways were load impacts at an characterization of an
additionally discussed | assessed using electrical grid and sub- | SCC for an urban
in the paper. Reykjavik as a case system level using mobility sector.
study. Reykjavik as a case
study.
Relevance | RQ1 Through the RQ2 Through the RQ2 Through the RQ3 With a lack of
to RQ LCA review, greater | quantitative modelling activity-based precedence for a defined
context can be given | of the technological and | modelling taken, this intergenerationally
to comparative EV behavioural paper was able to sustainable ‘safe and
LCA results, and the | development pathways | elucidate the potential | just’ mobility system,
meta-analysis thus the direct and indirect impacts that increased | this paper aimed to take
provided quantitative | emission benefits and EV integration could a first step towards
results of potential drawbacks of the two have on the electrical answering RQ3 through
EV environmental approaches could be grid, which is an framework development
benefits according to | considered. additional impact of following similar
relevant contexts. import when approaches found in
considering supporting | ecological economic
the development of research.
EVs

4 It is worth noting that Paper I analyze the performance of the product, in this case the vehicle itself, within
the context of different grid intensities, both at the national level and across grid intensities. The product level
remains as the scale of interest however, as the logic of this approach is to understand under which contexts
the emission profile of a product itself changes.
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The scope of the thesis varied geographically. Iceland and its capital city, Reykjavik, saw a
significant focus. The city provides an interesting case study for this thesis with its focus on
EVs, where it has a highly decarbonized electrical grid, some of the highest levels of car
ownership in Europe, and Iceland has the second-highest penetration rate of EVs (23%)
globally behind Norway (56%)°> (IEA 2020). While Reykjavik may not provide a
representative case study for many current global cities in terms of GHG intensity of the
local electricity grid®, it does, however provide an interesting future reference point in terms
of how many cities are aiming to develop, with aims to decarbonize their associated
electricity grids as well as electrify their car fleets. Thus, Reykjavik can illustrate a best-
case, future state example for other cities.

Paper I took a broader European perspective, where environmental breakeven points were
mapped across Europe, though the discussion did place a focus on end-case countries in
terms of electrical grid intensity and associated country policies when it comes to EVs, with
Iceland providing a good example of a country with a low emission intensity electrical grid
and supportive EV policies. Paper II and III assessed city level aspects of EV integration and
development pathways, using Reykjavik as a case study. Paper IV had no geographical
scope, but did discuss the spatial complexity for defining a sector-focused SCC.

2.2 Data

The data used within each study varied. Paper I reviewed 19 EV LCA studies to develop a
dataset providing qualitative characteristics of each study as well the life cycle emissions by
phase for 71 different vehicle-grid condition combinations (including ICEV comparators).
Papers II and III utilized a Gallup travel activity survey which had a total of 6,059
respondents who logged 23,666 travel activities, with the origin, destination, and transport
mode data (Gallup 2017). The Gallup (2017) survey data was weighted in such a way that it
reflected the actual Reykjavik population in terms of gender, age, and place of residence to
ensure representativeness. Both papers additionally made use of the results from the
UniSysD IS model for electrification rate parameters in different scenarios (Shafiei et al.
2015; Shafiei et al. 2019). Paper II made further use of the data set developed in Paper I as
well as other published data such as LCA of differing vehicle types, benchmarking to other
literature and cities, as well as online datasets provided by Statistics Iceland (the National
Statistical Institute of Iceland). Paper IV sought to establish a framework for sectoral SCC
development and thus did not use any data sets. When attempting to apply indicators to the
environmental and social thresholds developed in the study however, a SUM indicator set
developed by Sdoukopoulos et al.’s (2019) review was used in which the study collected
2,264 indicators from 78 SUM indicator studies and provided the 47 most commonly used
SUM theme/indicator sets in the literature. These SUM indicators were then applied to the
mobility sector-focused SCC developed in Paper IV and assessed for their relevance to ECs
and SFs, providing a platform for discussion for the future development of SUM indicators
and sustainability indicators in general.

3> This number includes both BEVs and PHEVs

® Where the carbon intensity of Iceland’s electricity grid which supplies Reykjavik’s electricity, is
approximately 20 gCO2eq./kWh, as compared to the E.U. average, which was estimated to be around 450
2C0O2eq./kWh (with these numbers supplied from the data within Paper I)
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Due to the importance of the transportation sector in global, regional, and national GHG
emission inventories and humanity’s continued transgression of the climate change PB,
GHG emissions were this thesis’ primary unit of assessment when considering the
environmental impacts of EV integration. This thesis, however, also assessed the potential
additional peak load added by EV integration and, through the SCC development in Paper
IV, additional environmental impacts and social issues were considered in the EC and SF
development.

2.3 Methods

This section describes the methodologies utilized for the multi-scale approach taken within
this thesis. With this approach in mind, it was determined that the most logical procedure
was to first provide a brief overview here of how the compilation of the methods served to
answer the overarching RQs. Next, the methods and research design relevant to the thesis
were described on a paper-by-paper basis in the following subsections, where the individual
papers attempt to address the RQs of the thesis for each level in the manner described in
Table 1. The results of these methods combined thus derived the overarching results for the
multi-scale approach taken in this work..

Therefore, from a broad perspective, with an interest in understanding both the direct and
indirect GHG emissions associated with EV use both at the product level and at the urban
level, a holistic, multi-scale perspective is prevalent throughout the thesis. Paper I performed
an LCA review and meta-analysis to compare EVs to diesel and petrol vehicles at a single
product level. Paper II then used these results as a portion of the data used to model the direct
and indirect GHG emissions from varying transport modes and vehicle types. This approach
was taken to provide a more holistic perspective of GHG emissions compared to many
urban-level assessments which frequently only consider the direct emissions associated with
transport thus providing an incomplete picture of the global GHG emissions associated with
the urban mobility systems (Chester and Horvath 2009; Chester et al. 2013). Further, to
provide an urban-level perspective, this thesis additionally made use of two scenario
analyses to allow for a temporal urban-level viewpoint as well. Paper II used the Story-and-
Simulation (SAS) approach for scenario development, described in greater detail in Call-out
Box 2. Paper III utilized different EV tax scenarios from Shafiei et al.’s (2019) to assess the
impact of different levels of EV integration. These scenario approaches both performed
temporal assessments from 2020-2050 to assess the long-term impacts associated with
different levels of EV penetration rates. Lastly, the SCC framework was used to develop our
indicator framework, which was used to take the first step in operationalizing a sector-
focused SCC, in this case framing the SCC for the urban mobility sector. Using this SCC
perspective, the results from Paper II were converted to a per capita basis to give a better
understanding of different development pathways towards global, intergenerational
sustainability in the transport sector.

2.3.1 Paper I: Methods and research design
Dillman, K. J., Arnadéttir, A., Heinonen, J., Czepkiewicz, M., & Davidsdottir, B. (2020).

Review and meta-analysis of EVs: Embodied emissions and environmental breakeven.
Sustainability, 12(22), 9390.

16



Corrections to Paper I (P1)

Dillman, K. J., Arnadéttir, A., Heinonen, J., Czepkiewicz, M., & Davidsdottir, B.
(2021). Correction: Dillman et al. Review and Meta-Analysis of EVs: Embodied
Emissions and Environmental Breakeven. Sustainability, 13(9), 5195.

Received: 23 September 2020 / Revised: 30 October 2020 / Accepted: 10 November
2020 / Published: 11 November 2020

Given the multi-scale approach of this thesis, the first step was to understand the product
level environmental impacts of EVs to answer the question of if EVs could provide a suitable
substitution to combustion vehicles. While EVs are commonly touted as a sustainable
technological solution, previous studies have identified consumer concerns surrounding
environmental impacts and resource use associated with the manufacturing of batteries and
the source of the electricity powering EVs (where, when hoping to implement a sustainable
solution the goal is not to simply displace fossil fuel use from the vehicles themselves to the
use of fossil fuels in the electricity grid) (Egbue and Long 2012; Kumar and Alok 2020). To
answer these questions, it is important to assess the entire life cycle of the compared vehicle
types to understand where in the value chain and to what extent environmental impacts are
occurring. Life Cycle Assessment is the primary assessment method used to perform this
type of analysis. Call-out Box 1 describes the LCA method in greater detail.

Call-out box #1: Life Cycle Assessment

The concept of Life Cycle Assessment developed at its core in the interest of trying to
understand if Product A or Product B leads to greater environmental impacts throughout
the product’s entire value chain. The concept took its form throughout the 1970s and 1980s
as a method to perform the “compilation and evaluation of the inputs and outputs and the
potential environmental impacts of a product system throughout its life cycle” (Guinee et
al. 2011). First standardized in 1997 by the International Organization for Standardization
(ISO) with updates made to this formalized framework since (Finkbeiner et al. 2006),
LCA has become a globally accepted tool for environmental assessment’. Figure 4
illustrates the assessment phases performed within an LCA, in which first the goal of the
assessment and its scope are defined.

The goal and scope definition stage is important for establishing the functional unit (the
unit of assessment for the product/service being assessed), the scope of the assessment,
such as allocation procedures, which life cycle phases are to be included (i.e. cradle-to-
grave vs. cradle-to-gate, etc.), which impacts will be considered, assumptions, limitations,
etc. With the goal and scope of the LCA established, the life cycle inventory (LCI) of the
product/service can be developed through data collection and inventory analysis, in which
the material, energy, and waste flows for each process within the life cycle are collected
and assessed. With the LCI developed, the Life Cycle Impact Assessment can then be
performed, where the inputs and outputs of the LCls are connected to LCA databases and

7 While LCA has primarily been used as a form of environmental assessment, life cycle thinking and assessment
is also commonly used in Life Cycle Costing (LCC) as a form of life cycle economic assessment, and more
recently to assess social impacts through Social Life Cycle Assessment (S-LCA). Moreover, a more recent
development has been the transdisciplinary Life Cycle Sustainability Assessment (LCSA) method,
incorporating environmental, social, and economic assessment all into the same assessment (Guinee et al.
2011).
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the impacts of them are then applied to different impact categories where the results can
then be interpreted as midpoints (which are cumulative categorial impacts of the different
emissions, such as acidification or global warming potential) and endpoints (which can be
described as the final estimated impacts in the cause-effect chain, such as to impacts to
human health or forests for example). Finally, as an iterative process, the final step within
the LCA process (and one that should be performed throughout the process) is the
interpretation of the results, to provide the context and systemic understanding for the
work performed in the LCA to ensure alignment with the project's goal and scope.

/ Life cycle assessment framework \

STy
Goal
and scope
definition
— Direct applications:
-Product development
and improvement
[nventc_:ry Interpretation
analysis - Strategic planning
S 1
-Public policy making
-Marketing
Impact
assessment -Other

o

Figure 4. Phases within Life Cycle Assessment (Image taken from ISO 2006)

There have been a plethora of LCA studies performed comparing the environmental impacts
of EVs and ICEVs, with a wide amount of variability. While other EV LCA review studies
had been performed (Hawkin’s et al. 2012; Nordelof et al. 2012), these works reviewed
studies 1997-2013, and with the rapid pace of technological developments, it appeared an
updated review was needed. Marmiroli et al. (2018) provided an updated review, however,
they placed a large focus on the electricity sources within the studies reviewed and
highlighted the important role the modelled electricity source played in the final LCA results
for EVs and the lack of methodological consistency found in the studies. With the focus on
electricity sources, Marmoroli’s research lacked a greater description regarding additional
discrepancies between EV LCA studies, some of which were identified by Hawkin’s et al.
(2012) and Nordelof et al. (2012), making it unclear if learning had occurred in the field due
to the work of these reviews.

Paper I thus defined two research objectives® to address these research gaps (Dillman et al.
2020):

8 Where research questions (RQs) are being used to signify the research questions posed by this thesis, and
research objectives (ROs) are being used to the describe the research goals defined in the comprising papers,
with the hyphenation used to represent the paper associated with the RO.
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P1-RO1: How do the existing published LCA studies comparing EVs® and ICEVs,
1.e., petrol or diesel vehicles, differ?

P2-RO2: How do the GHG intensities of the electrical grids across Europe affect
EVs’ environmental effectiveness?

Paper I used a systematic LCA review methodology to answer P1-RO1, and using the data
collected through the systematic review, and meta-analysis was then performed to answer
P2-RO2.

LCA Systematic review

A systematic review is the performance of a transparent and unbiased literature review using
a clearly defined methodology. It can be done for a variety of purposes, such as providing
critique, synthesizing information, generating opinions, or discussing data under different
contexts (Neely et al. 2010). With the research goal of gaining a deeper understanding of the
product level impacts of EVs and the causes for variability between EV LCA studies, a
systematic review was the methodological approach selected, following an approach
developed by Zumsteg et al. (2012) specifically for LCA reviews, which was adapted from
the medical field’s widely used PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) method (Moher et al. 2009). Following this methodology, Paper I was
able to provide commentary on the three primary causes of variation and bias between LCA
studies.

LCA meta-analysis

With the qualitative systematic review used to answer P1-RO1, Paper I then answered P1-
RO2 through the use of LCA meta-analysis using the articles and supporting context
provided by the review. First established by Glass (1976), meta-analysis refers to a method
of “analysis of analyses”, in which a large data set of results from individual studies can be
integrated and analyzed statistically, answering new questions with a large set of secondary
data. One of the challenges associated with performing a meta-analysis with LCA data can
be the “harmonization” of the data due to the potential of different scopes and parameters
used within the different studies (Arvizu et al. 2011). This challenge was also a strength of
Paper I, as data harmonization allowed for the analysis of previously-incomparable data,
thus supporting a novel assessment of the LCA data. This harmonization was performed by
extracting disaggregated life cycle phase emissions from each study, and ensuring all
assessments were converted to gross emissions [where if the data was provided using the
functional unit, the results (often provided in gCO2e/km) were then converted by multiplying
the per functional unit results by the lifetime of the vehicle (kilometres)]. Each life cycle
phase then had its own data set per vehicle type. Using this data, multiple GHG
environmental breakeven points were calculated to answer P1-RO2.

Additionally, a Monte Carlo Simulation was run in python using the meta-data extracted
from the review as statistical data to estimate the probability that an EV would lead to less
life cycle emissions than a comparable ICEV over the lifetime of the vehicle. Using a normal
distribution of the life cycle emissions for each phase, the total life cycle emissions per
vehicle type were simulated 100,000 times across a range of electrical grid GHG emission

% It is worth noting that all references to EVs within Paper I refer to battery electric vehicles (BEVs); while
plug-in hybrid electric vehicles (PHEVs) and fuel-cell electric vehicles (FCEVs) are an interesting field of
study, they were considered outside the scope of Paper I
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intensities to determine the probability that an EV would lead to less life cycle GHG
emissions than the compared ICEV.

2.3.2 Paper II: Methods and research design

Dillman, K., Czepkiewicz, M., Heinonen, J., Fazeli, R., Arnadéttir, A., Davidsdottir, B., &
Shafiei, E. (2021d). Decarbonization scenarios for Reykjavik’s passenger transport: The
combined effects of behavioural changes and technological developments. Sustainable
Cities and Society, 65, 102614.

Received 7 September 2020; Received in revised form 16 November 2020; Accepted 17
November 2020; Available online 22 November 2020

With the product level implications of EVs understood, discerning their urban level
mitigation potential in decreasing transportation emissions and the role they have to play in
urban development was the next topic of interest. With the vehicle life cycle thinking
comprehension provided by Paper I, the importance of considering both direct and indirect
GHG emissions when considering urban scale GHG emissions from the ground
transportation sector was clear, a perspective which has been noted as lacking in national
and urban inventory estimates in the literature (Chester and Horvath 2009; Croci et al. 2017).
Often, when estimating the direct emissions associated with transport, a production-based
approach is taken in which only the emissions which occur in the location under
consideration are included, which can lead to carbon leakage and displacement of emissions
to other locations (Seto et al. 2014). Thus, through a life cycle perspective, a consumption-
based approach can be taken and disaggregated by direct and indirect emissions providing a
broader perspective between the city and national inventories and the additional
consumption emissions associated with the transport sector.

Many modern discussions surrounding approaches to transport decarbonization
development follow essentially three development pathways, namely, low mobility, shared
mobility, and e-mobility (Holden et al. 2019). These pathways generally fit the Avoid-Shift-
Improve strategies, respectively. In the literature, the Avoid and Shift strategies broadly
comprise what is referred to as demand-side solutions, and the Improve strategy is
commonly referred to as supply-side solutions, where EVs are often considered the leading
supply-side solution for urban transport!®. However, as pointed out in the literature, IPCC
analysis and other published transport GHG assessments often place a larger focus on
technological approaches as opposed to behavioural approaches (Creutzig et al. 2016;
Creutzing et al. 2018). While this may occur for a variety of reasons -- including the
prominence of specialization in technological developments, the easier quantification and
modelling of technological developments, or the less challenging political implication of
implementing technologies versus behavioural/lifestyle changes -- it is clear that two
approaches are often siloed in future-looking environmental assessments (Creutzig et al.
2016; Brand et al. 2019 KeyBer and Lenzen 2021).

19 These two supply- and demand- side categories were labelled as behavioral and technological approaches in
Paper I, respectively and thus will be referred to as such in this thesis.
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Thus, taking the two direct/indirect and behavioural/technological perspectives into account,
Paper II developed the following research objectives, using the city of Reykjavik as a case
study:

P2-RO1: Develop storylines that act as plausible decarbonization pathways for
Reykjavik’s urban mobility sector.

P2-RO2: Perform both a direct and indirect GHG analysis for the city’s daily travel
demand, disaggregated by the passenger vehicle, bus, and Mobility-as-a-Service
fleet.

P2-RO3: Perform decomposition analysis determining which factors played the
largest role in increasing or decreasing emissions within each scenario

Reykjavik provided an interesting case study for both Paper II and this thesis given its focus
on EVs, where the city has a highly decarbonized electrical grid, some of the highest levels
of car ownership in Europe, and Iceland has the second-highest penetration rate of EVs
globally behind Norway.

When developing scenarios to model different development pathways from a certain
perspective, there are essentially two approaches that can be taken: 1) forecasting (which is
more typically paired with explorative approaches) and 2) a backcasting approach (which is
typically a normative approach) (Van Vuuren et al. 2012). Whereas forecasting attempts to
understand what is likely to occur using previous data and expected changes, backcasting is
used to deduce how a desirable future could be attained (Robinson 1990). Alternatively,
backcasting is a useful approach when dealing with complex, long-term issues such as
technological development and societal changes (Dreborg 1996) and is particularly useful in
sustainability assessments when attempting to understand how a societal transition towards
a desired outcome can be achieved (Vergragt and Quist 2011). Thus, to understand the
“What-if” implications of long term behavioural and technological development pathways,
backcasting was the approach used within Paper II.

To interpret the impacts of long-term societal and technologically change scenarios as well
as understand what political, societal, and behaviour forces would be required to achieve the
backcasted scenarios of interest, the dual challenge existed of developing both a quantitative
model and qualitative storylines that are consistent with each other. To harmonize the
linguistic descriptions of the scenarios and the quantifications of the storylines, the Story-
and-Simulation approach was used. Call-out Box 2 describes this approach in greater detail.

Call-out box #2: Story-and-Simulation Approach

The Story-and-Simulation (SAS) approach was formalized by Alcamo (2001; 2008), and,
in his proposal, he suggested a 10-step iterative process for qualitative storyline and
harmonized quantitative model development. The goal of the SAS methodology was to
synergize the benefits of linguistic storylines and quantitative models for the development
of better scenarios.
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The benefit of qualitative storylines rests with their ability to take a multitude of
viewpoints and perspectives and put them together into understandable storylines that can
potentially provide a more engaging communication about the future than solely
quantitative models. They are useful for the development of complex and long-time scale
possible futures that may be difficult to manoeuvre towards solely using numbers without
the added descriptions. The drawbacks of storylines, however, are by definition their
inability to capture quantitative results and the difficulty in reproducing them, a keystone
of the scientific method (Pedde et al. 2019).

Quantitative models on the other hand have the benefit of providing oft-desired numerical
results which are considered to be more transparent due to the ability to trace the variables
and equations which lead to the results, which additionally allows for reproducibility.
Their weakness lies, however, at times in the false-knowing provided by the exact
numbers in which quantitative results are often expressed and in the assumptions made
within the model, which derived by the modeller could lack a realistic reflection of what
would actually occur, following Box’s (1987) aphorism, “all models are wrong but some
are useful”.

Between quantitative and qualitative scenario approaches, there exist hybrid approaches
such as fuzzy set models/theory, storylines interspersed with quantitative data, system
dynamic models supported by qualitative data, Cross-Impact Balance, and of course the
SAS approach. These hybrid methods seek to take advantage of the benefits of both
quantitative and qualitative approaches, though all with their own pitfalls. The challenge
then exists in selecting the best approach for the task at hand.

Two of the most notable pitfalls of the SAS approach are reproducibility and conversion
problems. The reproducibility problem arises from the difficulty in reproducing the results
from qualitative storylines and stakeholders, where there will always be a deficit from the
entirety of the implicit knowledge within all stakeholders who assist in developing the
scenarios and the information contained within developed storylines (Alcamo et al. 2008)
and due to the lack of explicitness inherent in narratives (Pedde et al. 2019). There are
techniques available and studies performed to address the reproducibility issue such as
mental models, causal diagram development, and other such methods for group model
building (Rao Mallampalli 2016; Voinov and Bousquet 2010). These, however, can
quickly become overly complex to the point of meaningless and thus modellers and
stakeholders should work to ensure as much transparency whilst maintaining as much
meaning as possible.

The second problem, that of conversion, can be described as the difficulty in harmonizing
the linguistic qualitative storylines and quantitative modelling, where a consistent
conversion from verbal description to numerical data proves to be a difficult task (Pedde
et al. 2019). This difficulty presents itself in both directions, in which converting scenario
textual descriptions of changes to numerical data lacks transparency and, as well, when
the numeral results of the model are prepared, converting them into a logical storyline of
results again lacks reproducibility and transparency. Solutions to the conversion problem
include translation keys and centre-of-gravity modelling, amongst others as a way to
categorize defined verbal descriptions into numerical values (Alcamo 2008).

Even with these pitfalls, the SAS approach has proven to be a robust approach used in a
variety of global GHG emissions and energy transition models (Li et al. 2015). To develop
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a normative set of backcasted scenarios that would reflect socio-economic, political, and
technological changes, in Paper II it was thus decided that SAS would be the approach of
choice, and an adapted version of Alcamo’s 10 step process was used, as shown in Figure

Figure 5. Steps in Paper II followed to perform Modified from Alcamo’s (2008) SAS
method. Image taken from Paper 1.

A two-axis approach guided the development of storylines that explored the comparative
impacts of strictly behavioural, technological, and integrated approaches. Greater detail
surrounding the scenarios both qualitative and quantitative can be found in Paper II. Figure
6, however, provides an illustrative look at where the scenarios modelled fit along the

23



behavioural and technological development pathways with a brief description of the major
changes occurring in each scenario.

Higher urban density / PT & active travel-oriented lifestyles
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Figure 6. The 2-axis behavioural/urban form and technological changes framework and
mapped scenarios within it. Image taken from Paper 1.

After developing scenario storylines, the next step was to quantify the emissions from the
urban passenger mobility sector for each scenario. To avoid redundancy, this thesis guides
those interested in reviewing the calculations in greater detail to Paper II within this thesis,
and for this summary, Figure 7 provides a conceptual depiction of the calculations.
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Figure 7. Model of modified Kaya identity direct GHG estimations for a transportation
sector combined with indirect GHG emission calculation methodology. This model
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conceptually grouped the 2-axis behavioural/urban form and technological changes
framework used within this study

The direct and indirect emissions associated with the Tank-to-Wheel (TTW) and Well-to-
Tank (WTT) emissions were estimated using the Kaya identity, a well-established top-down
approach for estimating GHG emissions (Kaya, 1989). Paper II additionally estimated the
embedded emissions associated with car fleet turnover using the life cycle phase emissions
estimated in Paper I as well as results from additional studies (such as life cycle impacts of
different bus types, etc.). The direct emissions estimate from urban transport was associated
with the TTW emissions and the indirect emissions estimate was composed of the WTT,
production, and disposal emissions.

The blue box in Figure 7 illustrates behavioural changes induced by changes to urban form
and lifestyles such as reduced travel demand, increased shared/active transport modal shares,
increased utility factors through ride-sharing and increased public transport ridership, and
levels of car ownership (which is a key determinant of annual car purchases and disposals).
The green box encapsulates the Kaya identity variables associated with technological
changes within Paper II, namely fleet composition, emission factor, and the production and
disposal emissions, with all variables per vehicle type by mode type. The small graphs near
each variable show the variable direction (increase or decrease) that would lead to less GHG
emissions.

Lastly, to fulfil P2-RO3, a decomposition of the results was needed. The well-established
Log Mean Divisia Index (LMDI) method developed by Ang and Liu (2001) was used to
perform the decomposition. While the details of the calculations can be found in Paper II,
worth noting in this summary is the novel adaptation of the LMDI, which was required due
to the addition of sums between the TTW, WTT, production, and disposal emissions, where
a layered LDMI process was required. The change in emissions from each of these emission
categories had to be decomposed separately and then added together to estimate the final
change in emissions from year 0 to year ¢. This was an additional step that had not been seen
in previous LMDI examples or literature.

2.3.3 Paper III: Methods and research design

Dillman, K. J., Fazeli, R., Shafiei, E., Jonsson, J. O. G., Haraldsson, H. V., & Davidsdottir,
B. (2021a). Spatiotemporal analysis of the impact of electric vehicle integration on
Reykjavik's electrical system at the city and distribution system level. Utilities Policy, 68,
101145.

Received 6 April 2020; Received in revised form 16 November 2020; Accepted 16
November 2020, Available online 31 December 2020

With the understanding provided by Paper Il of the GHG emissions associated with the urban
mobility sector and development pathways, Paper III then sought to investigate another city-
level impact associated with EV integration and market development, namely, the impact of
EV integration on the city’s electrical grid and, in particular, their potential impact to the
city’s peak load. Reykjavik was again used as a case study, due to the city’s already relatively
strong market presence of EVs globally, political support of the necessary infrastructure
development (Ministry for the Environment and Natural Resources 2020; City of Reykjavik
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2016), and a small-enough population that allows more rapid infrastructure changes as
compared to more heavily-populated locations.

Multiple studies have noted that much of the focus surrounding the impact of EV!!
integration to a city’s distribution system typically emphasizes the peak load impacts to the
system as a whole and the electrical capacity to support the added demand. However, there
is a growing consensus in the literature that impacts to local distribution networks (i.e.
substations and other sub components of an electrical system) will likely be overwhelmed
before the aforementioned systems (Short and Denholm 2006; Liu et al. 2011; Clement-
Nyns et al. 2011; Waddell et al. 2011; Brady and O’Mahony 2016). Thus, with Reykjavik
looking towards a variety of EV-supporting tax incentives, Paper III established its research
objective as:

P3-RO1: The performance of a case study on the impact of the integration of EVs
impacted by different pro-EV policies on the electrical grid at a system and
subsystem level, temporally and spatially.

Accomplishing the research objective at multiple levels of spatial granularity required an
appropriate assessment method. Figure 8 provides a conceptual overview of the temporal
and spatial requirements for different assessment types (Daina et al. 2017). The top-right
quadrant represents the spatial and temporal scale needed to assess both city and distribution
level grid impacts and reflects the obvious need to consider the daily load added by EV's that
could potentially impact the peak load on a distribution system.
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required

Figure 8. Spatial aggregation levels and time resolution in EV use models required by the
analysis purpose (image and caption from Daina et al. 2017)

Reviewing the field of methods for such an analysis, it was clear that a short-period model
was needed for the desired spatial and temporal granularity. With the Gallup (2017) activity-
based survey data available with over 23,000 activities and 6,000 respondents from the
Reykjavik area, an activity-based model was determined to be the most appropriate method

11t is worth noting that in Paper III the impact of both EV and PHEYV integration were taken into account.
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for the analysis. With the method of assessment selected, the next step was to operationalize
the assessment method. Paper III provides greater detail on the method followed, however,
Figure 9 provides a flow chart of the analysis performed, and a synopsis of the method
follows here.

Penetration rates derived from
UniSyD_IS model according
to policy scenario

@ Scaled According | UniSyD_IS
to scenario
: s estimated
() | otestionot | 0 —
Survey data %—l‘é\\l;'l BEV Shminlload
' /] charging penetration profile caused
by BEV
Sum activities profile x rate .
@ for Total Trip _ +
Distances N ";’H";{‘/ PHEV 5-min load
charging penetration > profile caused
profile L rate by PHEV
Created per disaggregated substation @
service area according to SOC, battery @
capacity, and home arrival time

Figure 9. Flow chart of the activity-based approach. (Image taken from Paper III).

First, the Gallup (2017) activity survey data was analysed to develop the activity-based
model. This model was then adapted to develop a 5-minute BEV and PHEV charging profile,
where according to the total travelled per each respondent’s trip chain of activities upon
arriving home, the state of charge of the modelled BEV/PHEV’s battery was estimated and
the necessary charge time and electricity demand determined according to the model’s
assumed charger capacity. An assumption of uncontrolled home charging for all users was
used to develop a worst-case scenario. This assumption was intentionally used to consider
where and when grid risks could occur without charging behaviour intervention as opposed
to attempting to model the exact potential charging profile. Subsequently, according to the
city’s estimated fleet size (allocated by substation service area population) and BEV/PHEV
penetration rates per policy scenario, estimated using Shaffiei et al.’s (2015; 2019)
UniSyD _IS system dynamics model, the S-minute load profile from BEVs and PHEVs were
determined. Summing these two load profiles, the total load profile from EV integration was
estimated.

2.3.4 Paper IV: Methods and research design

Dillman, K., Czepkiewicz, M., Heinonen, J., & Davidsdottir, B. (2021c). A Safe and Just
Space for Urban Mobility - A Framework for Sector-Based Sustainable Consumption
Corridor Development. Global Sustainability, 1-42.

Received: May 31st, 2021 / Status: Manuscript Accepted with Major Revisions

With the urban-level perspectives provided by Papers II and III, the field of Sustainable
Urban Mobility (SUM) indicators was identified as the next potential field of interest for
study, with a potential desire for performing a case study on Reykjavik to assess how
sustainable the city’s current mobility system is and how the integration of EVs plays a role
in improving these indicators. However, upon review of relevant studies and over 250 SUM
indicators, a clear pattern emerged in which, while many measurements of different facets
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of sustainability in the transport sector existed, there was a clear lack of a definition of an
intergenerationally sustainable state for the urban mobility sector (Dillman et al. 2021b).
Holden et al.’s (2013) SUM indicator initiative echoed these findings, where they highlight
the importance of the use of thresholds as opposed to rate of change indicators and where
they emphasize, “Changing a non-sustainable state to a less non-sustainable state is positive,
but the result cannot be regarded as sustainable”. Exploring this further, it became clear that
an intergenerationally sustainable system state for the urban transport sector had yet to be
defined. Identifying this gap in the literature, the research objectives for Paper IV were
defined as:

P4-RO1: Provide a first iteration towards developing a framework assessing the
progress of the transformation to a ‘safe and just space for the urban mobility sector’
bound by an integrated ecological ceiling and a social foundation

P4-RO2: Through the framework developed in ROI1, provide commentary on
existing SUM indicators and their general lack of connection to thresholds.

The first step towards answering these questions presents the obvious question, what does it
mean for an urban mobility system to be intergenerationally sustainable? To answer this
question, Paper IV looked towards the ‘doughnut economics’ (Raworth 2012; 2017) and
SCCs (Di Guilio and Fuchs 2014; Fuchs et al. 2021) frameworks for inspiration.

With humanity’s transgression of the Planetary Boundaries (Steffen et al. 2015) and the
approach of ‘Peak Everything’ (Heinberg 2010), there is growing consensus in some
academic circles that the only way forward is one of ‘strong sustainability’. This will require
reduced consumption in absolute terms (Lorek and Fuchs 2019) as well as the de-escalation
(Brand-Correa et al. 2020) and degrowth (Spagenburg 2014) of economies, institutions, and
need satisfaction/consumption behaviour such that we can consume within the EC’s
presented by the PBs. In this line of thinking, it is clear that, to define an intergenerationally
sustainable state, the presence of an EC is necessary.

Intergenerational sustainability additionally contains the equally important social pillar.
Building off the UN’s Universal Declaration of Human Rights objectives of “relieving
people of the fear of poverty and deprivation” and the “recognition of the inherent dignity
and of the equal and inalienable rights of all members of the human family is the foundation
of freedom, justice and peace in the world” (UN, 1948), there has been significant work done
to develop Social Foundations such that all humanity would have the ability to live such a
dignified life (e.g. ILO 2011; Raworth 2012; Spagenburg 2014; Lucas et al. 2016; Fuchs et
al. 2021). Pereira et al. (2016), for example, has mapped what such social justice approaches
exist for the transportation sector.

Integrating these two thoughts, it was determined that an intergenerationally sustainable
urban mobility sector would consist of an EC and SF relevant to the environmental impacts
of the mobility sector and the social implications of urban passenger transport. There exist
examples of the applications of integrated EC/SF frameworks globally (Raworth 2012;
Raworth 2017; Millward-Hopkins et al. 2020), at a country level (Dearing et al. 2014; Rao
et al. 2019), and at a city level (Raworth et al. 2020). There additionally have been calls to
develop sector-level ‘safe and just’ spaces (Fuchs, et al. 2021). The EAT-Lancet
Commission (2019) provided such an example of what could be viewed as a ‘safe and
healthy’ space for the nutrition sector. Many studies have identified mobility as a key
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lifestyle sector that could have the greatest ability to reduce GHG emissions (Akenji et al.
2019; Ivanova et al. 2020; Shigetomi et al. 2021), but there have not been any studies
developing an SCC for the mobility sector. Additionally, while multiple studies explain
SCCs conceptually and their importance (Di Guilio and Fuchs 2014; Spagenburg 2014;
Fuchs et al. 2021), how to operationalise the concept sectorally becomes more ambiguous.

Thus, Paper IV established an initial concept for the characterization of a sector-based SCC,
illustrated in Figure 10. For greater detail of each step, please refer to Paper IV.

Review of key sector related
sustainability issues

/\

With consideration of:
Ecological Ceiling domain definition Social Floors domain definition + Sectoral aspects
(Planetary Boundaries) {Needs Theory) + Spatial aspects

* Temporal aspects

Review of sector-relevant indicator research

Selection of EC associated Selection of associated social
environmental indicators indicators
Assessment of
‘ interlinkages ’
Development and estimation of Development and estimation of
associated thresholds associated thresholds

Figure 10. Framework for the development of a sector-based Sustainability Consumption
Corridor (Image and capital taken from Paper IV)

As a first step towards sector-based SCC development, following thoughts on SCC
development by Fuchs et al. (2021, pgs. 48-49), a review of key sector-related sustainability
issues was suggested to gain a greater systemic understanding of the relevant social and
environmental impacts of the sector, with an understanding of the materiality issues, life
cycle impacts, relevant actors, and needs and satisfiers which exist within the sector. The
next step was then to place these issues within the context of ECs and SFs. The PBs act as a
useful framework for establishing an EC, though Paper IV discusses the variety of challenges
associated with spatially, sectorally, and temporally applying them. In this step, the
environmental impacts relevant to the sector explored during the review can then be applied
to the PBs to establish a set of relevant environmental domains to which the thresholds can
be applied.

In this step, the same process should be followed for establishing the SF. Unlike the EC,
however, there are no PBs or globally agreed-upon SFs which can act as an endpoint for all
sectors. For example, GHG emissions across sectors all impact the climate change PB,
however, while Raworth (2012) did provide a set of SFs, they are global and spread across
many sectors, making it difficult to provide granular SF guidance. Paper IV describes these
issues in greater depth, but of note here is SFs’ capacity to be more quantifiably difficult due
to challenges measuring well-being as opposed to parts per million in the atmosphere, such
as is the case for climate change. Additionally, worth expanding upon is the approach to
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address the difficulty in developing the SFs to understand what is needed to sectorally
provide a ‘dignified” and ‘good’ life. Many of the discussions surrounding the development
of a SF are based on the understanding that all humans have the right to a dignified life and
to have their basic needs met. Well-being, needs, and needs satisfaction are both ancient and
currently relevant fields of study, and thus Call-out box 3 describes some of the historical
and differing fields of thought on the topic.

Call-out box #3: Well-being, Human Needs, and Needs Satisfaction

The desire to understand human happiness and well-being has been a central thought
within the human experience, one that has been questioned, interpreted, and explored for
thousands of years (Pawelski 2013). Through this prolonged investigation, two relatively
distinct central viewpoints of happiness have emerged, the hedonic and the eudaimonic
perspectives. From a hedonic point of view, the goal of life and derived happiness stems
from the maximization of pleasurable and minimization of painful experiences
(Kahneman, 1999; Diener 2000). Some utilitarian perspectives from the likes of Bentham
suggest that a good society itself is built from individuals' self-interest and desire to
maximize their own pleasures (Ryan and Deci 2001). This thought of utility aligns with
classical economics’ association of needs satisfaction to individual utility (Smith, 1776).
However, more modern neoclassical economics (with some exceptions) has slowly
disassociated this connection to human needs and needs satisfaction, instead equating
utility to the satisfaction of ‘wants’, where the difference between a need and want is no
longer distinguishable (Georgescu-Roegen 1973; Lux and Lutz 1988). Where needs can
be seen as finite, human wants are often seen as infinite and insatiable, where elasticity
can attempt to measure a willingness to pay regardless and use this as a scale to identify a
need versus a want (McConnell 1981, p.23; Anderton 2000, p.3). This insatiability can be
perceived through the modern economy’s turn towards an economy of bigger, faster,
farther which has thus escalated resource and energy use, which have led humanity
towards its current environmental predicament (Lamb and Steinberger 2017).

Countering the hedonic point of view is the eudaimonic perspective, which finds the
search for happiness through the fulfilment of desires to be a misdirected effort of human
existence, and that rather happiness is distinct from well-being, and the pursuit of well-
being is the more virtuous direction (Fromm, 1981). From the eudaimonic perspective, the
fulfilment of every desire may not lead to the improved well-being of an individual, and,
thus, while hedonic pleasure may correlate with eudaimonic well-being, they are not
always aligned (Waterman 1993). While there are multiple interpretations of eudaimonic
well-being, all of them incorporate a perspective of certain unquestionable human needs,
which allow for physiological health and additional aspects of self-realization and social
fulfilment and inclusion, and are approaches which differ significantly from the hedonic
perspective (Ryan and Deci 2001).

Through this perspective and its acknowledgement that humans inherently have a set of
finite attainable needs, two questions present themselves: 1) What are these inherent
universal needs? 2) How do we satisfy these needs such that eudaimonic well-being can
be achieved? There have been multiple sets of needs provided by the literature to answer
the first such as Maslow’s (1943) well-known hierarchy of needs [for examples of needs
sets see: Max-Neef et al. (1991); Nussbaum and Sen (1993); Di Giulio and Defila (2019);
Doyal and Gough (1991); Costanza et al. (2007)]. While the number of needs, their
hierarchy of satisfaction, and their definitions may differ, all of them acknowledge a finite
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set of needs that can be met which would allow for eudaimonic well-being. For example,
using Goyal and Gough’s (1991) needs perspective (which was the perspective employed
in Paper IV), basic needs (e.g., critical autonomy, physical health) are differentiated from
intermediate needs (nutritional food, appropriate healthcare, etc.), which are then distinct
from needs satisfiers (transport, friendship, employment, etc.).

What kinds of satisfiers are available and employed answers the second question posed,
and how effectively they satisfy people’s needs is largely dependent on structural aspects,
such as social relationships, institutions, infrastructures, etc. (Mattioli 2016, Gough 2017).
The satisfaction of existential human needs, such as hunger and thirst, included in all needs
theory discussions undoubtedly requires some form of consumption. This is where
consumption choice and access to choice play a role, and how needs are satisfied intersects
with sustainability considerations (Brand-Correa and Steinberger 2017; Gough 2020). For
example, in Brand-Correa et al.’s (2020) work, they use the private car as an example of
escalating need-satisfaction, where previously transport needs may have been met by less
energy and material intensive means such as electric trams in one example by Brand
Correa et al., private cars have increasingly been seen as a need in order to meet transport
needs. This greater requirement of a private car represents an escalation of needs
satisfaction, as the satisfaction of the need requires a greater amount of materials and
energy than previously sufficing choices. This example serves to illustrate the relevance
of well-being, needs theory, and needs-satisfaction to sustainability discussions.

From the economic perspective, the eudaimonic well-being viewpoint thus counters the
idea of an infinite set of bigger, better, faster, and more wants and instead places a focus
on the sufficient meeting of needs required to live a ‘good life’. This idea of sufficiency
aligns with the degrowth movement (Kallis 2011; Kallis et al. 2012) and the decoupling
of GDP and well-being (Kubiszewski 2013). Thus, by challenging the modern economic
paradigm of indefinite GDP growth, an economic model based on eudaimonic well-being
can focus on the meeting of human needs without indefinite consumption, frequently
making this the perspective of choice in SCC discussions.

SCC and good life studies often relied upon the eudaimonic perspective due to its focus on
well-being and self-actualization through the satisfaction of human needs. Taking this
viewpoint, we suggest the application of needs satisfaction theory relevant to the mobility
sector, an approach which has been noted as lacking in the literature for the mobility sector
(De Vos et al. 2013). It is recognized that there are limitations to the approach, both for the
use of needs theory in general, as well as its application in studying mobility. Similar to the
critiques of Maslow’s hierarchy, where doubt is cast on the pure objectivity of human needs,
other such approaches to develop universal needs can be subject to critique regarding their
ability to subjectively consider social and cultural interaction with said needs (Trigg 2007),
to incorporate gender and age differences in needs (Hofstede 1984; Tay and Diener 2011)
and to differentiate individualist versus larger collectivist and community needs perspectives
(Hofstede 1984; Cienci and Gambrel 2003). Further, specifically for mobility, deciphering
between needs and wants can be challenging, where mobility is not always derived demand,
but can also have its own intrinsic value [whether for speed, admiration of beauty or nature,
etc. outside of trips considered mandatory for maintenance, see Mokhtarian and Salomon
(2001)].
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However, needing a place to start to take the first steps towards developing a more actionable
sectoral SCC, we used the eudaimonic approach as the basis for development. It was
suggested that this sectoral perspective should additionally take spatial, temporal, and
cultural aspects (amongst others) into account when developing the SF, as well as the EC,
though particularly for the SF as setting the SF can be quite nuanced in terms of what is
considered sufficient according to these different contexts. This holds especially true for the
mobility sector, which does not satisfy a need in itself, but rather provides the means for
people to meet their needs. As such, making generalizations towards an approach to transport
in the different contexts is particularly difficult. For example, what may be an acceptable
distance in a sprawled context could vary significantly from a highly dense context.
Alternatively, different levels of car ownership may be considered acceptable, particularly
in different Global South and North contexts. The results of this work for the mobility sector
will be discussed in the following section.

With the ECs and SFs established, Paper IV was then interested in characterizing the SCC
through the use of indicators. A published set of SUM indicators from Sdoukopoulos et al.’s
(2019) review was used to take a first step in doing so, associating these indicators to the EC
and SFs. This provided a good context for discussing indicators relevance to the associated
thresholds and issues with indicators which could potentially have competing goals in certain
contexts (i.e. the use of car ownership both as a social indicator indicating accessibility as
well as an environmental indicator, where an increase would represent greater environmental
impacts). Examples of the thresholds and potential indicators were then provided as the final
results to give a final characterization of the SCC.
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3 Results

The results of the four papers which comprise this thesis are reviewed here following the
multi-scale approach presented in Figure 2, where first the product level results are
discussed, followed by urban level results, and concluded with the global intergenerational
perspective provided by Paper IV. With the multi-scale results reviewed, these results were
then integrated to provide the overarching results of the thesis. Finally, for greater detail, the
individual results from each paper relevant to the thesis are then described.

3.1 Main Findings

Starting at a product level, while the review in Paper I found room for improvement in EV
LCA methodologies (such as methodological, goal, and scope differences; varying
assumptions and contextual differences; and different levels of data availability and
granularity of the data between studies) the results of the meta-analysis were quite
conclusive. EVs were found to generally have higher production emissions than ICEVs, and
electricity grid GHG intensities played an important role in determining the final life cycle
GHG emission outcomes of an EV. It was seen that EVs in nearly all grid contexts
outperformed ICEVs, especially petrol vehicles: in the EV-diesel comparison, only in 6
countries across the EU -- namely Estonia, Latvia, Poland, Greece, Cyprus, and Malta -- was
it found that using the current electrical grids, EVs would on average lead to more life cycle
GHG emissions'?. However, at higher grid carbon intensities, the GHG benefit from EVs
becomes increasingly marginal. For example, whereas the emission disparity in Iceland was
estimated to be approximately 22 and 40 tCO2eq., meanwhile, Germany was estimated to
only have an emission disparity of 4 and 21 tCOeq. for diesel and petrol vehicles,
respectively. Thus, without continued electrical grid decarbonization, purchasing an EV vs
a diesel vehicle in Germany would see marginal benefits from changing over to EVs. This
is not to say that EVs would not provide GHG mitigation potential, but rather that according
to the grid context, it is important to consider the extent of the mitigation that EVs can
provide. A temporal assessment of these environmental breakevens relevant to the assumed
annual use of the vehicle and decarbonization targets of regional grids was out of the scope
of the study but would be a good area of future study.

Zooming out to the urban sector, GHG and grid impacts were the two primary urban
perspectives investigated within Paper II, as they represent some of the most commonly
discussed urban level implications of EV integration. From a GHG perspective, it was shown
that, at an urban level, EVs could greatly decrease direct emissions due to the absence of
direct (TTW) emissions. However, at higher car fleet sizes and associated turnover, this
decrease in direct emissions could be partially offset by the increase in indirect emissions
due to the higher embedded emissions from production emissions identified at the product
level. This was shown in Paper II, where even in the Reykjavik scenario -- a city with a
highly decarbonized electric grid providing a near-best case scenario for indirect energy use

12 Using an estimated lifetime of 184,000 kilometres, the average lifetime for EVs and ICEVs across the review

33



impacts (WTT) leading to maximum GHG mitigation during the use phase when considering
the direct and indirect emissions associated with EV integration -- the final result was similar
and slightly worse to that of a more behavioural approach. Additionally, through Paper III it
was shown that greater rates of EV integration without controlled charging will lead to
increased grid impacts. This can lead to less grid reliability and a need for greater system
capacity.

Following the exploration of urban level impacts, RQ3 then sought to understand how a SCC
could be characterized for the passenger urban mobility sector and considered potential
domains and indicators to define such a corridor. Paper IV developed a framework to
accomplish this research goal and suggested an initial set of domains for the ECs and SFs,
provided feedback on existing SUM indicators, and assisted in characterizing a mobility-
focused SCC. This work provided multiple interesting results. First and of key importance
was the identification of the weakness of SUM indicators’ current lack of threshold ties and
the existence of a subset of indicators with conflicting sustainability goals, often relevant to
the context of their implementation. Second was the sector-relevant characterization of the
EC and SFs, which has been called for in the literature (O’Neill et al. 2018), where the ECs
were characterized using the PBs and the SF using a needs-satisfier chain approach.

Integrating these results, first at an urban level, it can be seen that increased integration of
EVs (as compared to a BAU scenario with ICEV prominence) without fleet size reductions
will lead to decreased direct emissions, increased indirect emissions (due to the higher
embedded emissions identified in the product level assessment), and an increased peak load
(among other impacts to the electrical grid), which could stress the electrical distribution
system. Worth inspection within this integrated perspective is the importance of not just EV
integration rates, but also total fleet size. A decrease in total fleet size would decrease the
negative impacts associated with EV integration from both the GHG and electricity demand
perspectives. For example, from the GHG perspective, a smaller vehicle fleet would lead to
subsequently less vehicle turnover, which would lead to fewer EVs needing to be produced
and thus fewer indirect emissions. From the grid impact perspective, the impacts to the grid
are, of course, due to the gross amount of EVs charging their batteries, not the rate of
integration. Thus, the smaller the vehicle fleet, the greater levels of integration rates could
be seen without leading to additional impact. A similar connection could be made with travel
demand and travel mode shares. As shown in Paper II (particularly in the S2-behavioural
change scenario, which isolates these transformations), reduced travel demand and increased
model share of public transport and active transport modes would lead to less GHG
emissions. Further, if one were to consider the travel behaviour model developed in Paper
I11, if this model were to consider greater use of public transport, active transport modes, and
decreased travel demand and travel distance, this would likely be associated with less
passenger vehicle and energy use (and for the model EV and electricity use), thus leading to
less charging overlap and peak load impacts.

From the intergenerational sustainability perspective, these results highlighted the mutual
need to bridge the fields of sustainable urban mobility, Earth system, and social provisioning
studies. This bridge is relevant to this thesis both from an environmental and social
perspective. Environmentally, the discussion surrounding EVs rarely includes
intergenerational sustainability or the ability for EVs to allow humans to reside within the
‘safe space’ identified by the PBs. This makes the discussion surrounding the direct and
indirect environmental impacts of EVs all the more relevant, because GHGs do not consider
international borders, and while many urban and national plans discuss the need to address
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direct GHG emissions, staying within the PBs requires addressing global GHG emissions.
For example, while placing thresholds on each of the domains (and sub-domains) was
considered to be out of the scope of Paper IV, Figure 11 combined adapted results from
Paper 11'* and placed them within the context of the level of consumption estimated by
Akenji et al. (2019) that would keep warming below 1.5°C. This provided an interesting
context for the Reykjavik case study, where it could be seen that, in almost all scenarios
except the radical change scenario, the urban mobility sectors’ consumption took significant
percentages of a consumption budget that would allow for staying below 1.5-2C warming.
For example, the results illustrated in Figure 11 estimate that by 2050, according to the EV-
focused technological scenario, a person's transport consumption would consume nearly
their entire 1.5°C friendly consumption budget (where the darkening red boxes represent this
budget), leaving no room for emissions from other consumption sectors such as nutrition,
housing, and goods and services. These results are only enhanced when one considers that
additional electrical system capacity that would be required to support larger EV fleets.
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Figure 11. Estimated annual direct and indirect emissions from passenger transport per
capita for each development pathway scenario considered in Paper II. The darkening pink
boxes represent the threshold range of total per capita consumption emissions'* during the
associated year estimated by Akenji et al. (2019) that would allow for warming below
1.5°C.

Additionally, within this context of ‘safe and just’ sustainable urban development, the
definition of the SF provides an interesting context for discussion. Firstly, the social and
justice implications of high levels of EV integration need to be considered. For example, in

13 These adapted results divide the annual direct and indirect emissions from the associated year published in
Paper II by the estimated population to get per capita direct and indirect GHG emissions (tCOzeq./pers.)

14 For all consumption sectors, not just mobility, where determining the sectoral allocation of emissions over
time was considered to be outside of the scope of this paper.
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Sovacool et al.’s (2019) energy justice assessment of the EV transition in Norway, injustices
were found at the micro scale (increased car use leading to congestion, pollution, parking
problems, avoidance of walking/cycling, and lack of infrastructure in rural area), meso scale
(diversion of taxes from public transport, expansion of roads into environmentally sensitive
areas, (greenwashing of national policy), and at the global scale (poor labour conditions
foreign resource extraction, hazardous waste streams, exporting of dirty cars). Furthermore,
the greater integration of EVs and associated energy demand from EV use can additionally
lead to increased local grid costs if smart-charging strategies are not integrated (Wangsness
and Halse 2021), potentially leading to increased transportation costs and energy/transport
affordability/poverty (Mattioli et al. 2017).

Thus, with the dual environmental and social implications surrounding EVs, the
conversation needs to move beyond the technological. Discussions surrounding the social
need for transport and urban form perspectives are needed to supplement the often-lacking
context of these issues in EV studies. In Paper IV’s development of a mobility-focused SF,
alternatively, a more directional approach was taken to mobility, where before thinking
about technological solutions and mobility systems, it was considered that accessibility
should be enhanced before enhancing mobility (where enhancing the first would work to
reduce the latter). This needs satisfaction approach highlights the disparity and potentially
errant perspective being taken in many international environmental transport initiatives
which place a disproportionate focus on EVs. Figure 12 illustrates these two differing
directional approaches within a needs-satisfier chain perspective, where it shows that taking
an EV centric perspective is essentially taking a 4th order need-satisfier perspective.
Alternatively, taking the accessibility approach described in Paper IV, starting from the basic
need and moving down the line, if the solution were solved further up the need chain there
could be less of a need for private vehicle transport and the potential for de-escalation could
exist, as illustrated in Figure 12. De-escalation in this case refers to a decrease in material
and energy use required to satisfy transport and the associated need that the transport system
is servicing. This approach to transport has implications across the thesis, where the
behavioural approach taken in Paper II can be more easily compared to the accessibility
approach in which first travel demand and modal shares were addressed and then emissions
factors, as opposed to the opposite through the more EV-focused technological approach.
These integrated results will be interpreted later in the Discussion section, and the following
subsections will provide a detailed overview of the results from each individual paper, which
led to the conclusions of these integrated results.
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Figure 12. Adapted needs-satisfier chain adapted from Paper IV with additional transport
system related aspects incorporated

3.2 Paper I results

3.2.1 Qualitative review results

Paper I provided both a qualitative assessment from the LCA literature review as well as
quantitative results from the meta-analysis to understand the product level implications of
EV use. Through qualitative assessment performed during the review and data collection
process, three primary categorized sources of variation between studies were identified:

1 Methodological, goal, and scope differences between studies
2 Varying assumptions and contextual differences
3 Different levels of data availability and granularity of the data

Previous EV LCA reviews (Nordelof et a. 2014; Hawkins et al. 2012) had identified the lack
of clear goals disclosed in EV LCA studies, and, providing further depth, Paper I’s review
found differing life cycle phases and characterizing details within the life cycle phases across
studies, illustrating not just varying or lack of goals, but the persistence of this issue within
the scope setting process as well. In particular, noticeable differences in scopes were related
to the inclusion of end of life and the requirement for battery replacement within the life
cycle of an EV. The latter issue has a significant impact on the final life cycle emissions
associated with an EV, and these issues together highlight the uncertainty within EV LCAs
and the EV sector, in general, surrounding the EOL of EVs. Of additional importance
highlighted within Paper I regarding this first category of sources of variation was the
different approaches observed within life cycle phases between studies. Across the review,
articles provided significantly different levels of detail regarding the approach taken within
life cycle phases, and significant variations were found of what was included in them (for

37



example the inclusion of road maintenance within the maintenance life cycle phase), which
could potentially be an important source of variability in LCA results between studies.

The second identified category of sources of variation was the variation in assumptions and
contextual differences between studies. In particular, the electricity source, production
location (and associated location GHG electrical grid intensity), battery capacity, assumed
vehicle lifetime, and energy efficiency were variables that saw significant variation between
studies. Paper I provides a detailed overview of the observed differences between studies of
each of these variables.

The last categorized source of variability identified between studies was the levels of data
availability and granularity between studies. The lack of data availability in EV LCA studies
was identified in Hawkins et al.'s (2012) review, and Paper I’s review found a continuation
of this issue in studies since the publication of Hawkin et al.’s review. While it is understood
that LCA studies may contain some confidential information, the total lack of data
availability makes reproducibility and use of LCI data near impossible. Other weaknesses in
the disclosure of LCA data in the studies included the aggregation of emissions within
studies, and this can be seen particularly in the aggregation of the battery pack emission data
within the production emission life cycle phase, which then makes it infeasible to tease out
the production emissions from the battery pack which would allow for relevant and
important analyses surrounding battery pack environmental impacts.

3.2.2 Quantitative meta-analysis results

Following the qualitative results provided by the review in Paper I, a set of quantitative
analyses were then performed. To reduce redundancy, this thesis guides the readers to the
results section of Paper I to see the full array of quantitative results associated with the meta-
analysis. This section does, however, discuss some of the interesting quantitative results
derived in Paper I through the operationalisation of the meta-data, which provided a product
level comparison of EVs vs ICEVs.

First, through the meta-data collected during the review process, a statistical data set was
generated for each life cycle phase by vehicle type (EV, diesel ICEV, petrol ICEV). This
resulting data set supported the common assumption that EVs have higher production
emissions than comparable ICEVs, where the average production emissions per EV were
estimated to be 64% and 77% higher than the compared petrol and diesel ICEV,
respectively.

With this statistical data set prepared and using a consistent source for GHG intensities of
European national electric grids which incorporated electricity trading, multiple GHG
environmental breakeven calculations were then performed to provide EV versus ICEV
product level comparisons. In these product level comparisons, it was determined that of the
two comparators, diesel ICEVs were environmentally more competitive with EVs as
compared to petrol ICEVs. Across Europe, where the lowest and highest GHG intensity
electricity grids used could be attributed to Iceland and Latvia, respectively, it was found
that in only in Cyprus, Poland, and Latvia, and only for a diesel comparator, the life cycle
emissions of an EV were estimated to be higher than those of an ICEV over the full life cycle
of the vehicle (assuming a lifetime of 183,894 km, the average amongst all studies
reviewed). Paper I additionally provided “emission disparity” results, which estimate the
difference in final life cycle emissions of an EV against the ICEV comparator in each country
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assessed. These calculations prove useful in understanding the resulting lifetime benefit (or
cost) of using an EV versus an ICEV and, depending on the GHG intensity of the country’s
electricity grid ,whether this difference is significant or marginal.

As a sensitivity analysis, using the statistical dataset provided by the meta-analysis, a Monte
Carlo simulation was performed as described in the methodology section, where the
probability that an EV would lead to less life cycle emissions than the compared ICEV was
mapped across the spectrum of electrical grid GHG emission intensities, shown in Figure
13.
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Figure 13. Monte Carlo simulation of the probability that EVs lead to lower life-cycle
emissions than ICEVs for different electrical grid greenhouse gas (GHG) emission
intensities. The blue line is compared to diesel and the red compared to petrol (Image and

caption taken from Paper 1)

The qualitative and quantitative results in Paper I assisted in providing the product-level
perspective necessary to begin answering the research questions of this thesis, in which the
GHG implications of EV use were estimated and an understanding behind the drivers of
GHG impacts and contextual differences between studies was developed. With an
understanding of the product level impacts, with a research goal of understanding EVs’ role
within urban transportation systems, this research then turned its sights towards urban level
perspectives.

3.3 Paper 1II results

The first perspective of EV/technological versus behavioural development pathways is
interesting because while Paper I was able to provide results that can characterize the impact
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of switching an EV out with an ICEV, private vehicles are not the only transportation
alternatives that exist. Alternative transport modes can additionally serve transportation
needs, and thus at an urban system level, the question extends beyond a simple replacement
of ICEVs with EVs. Additionally, through the understanding of vehicle life cycle emissions
at a product level and the importance of considering embedded emissions, both direct and
indirect emissions were incorporated within the study. Exploring these implications, Paper
IT investigated this field of enquiry through the development pathway scenarios derived
following the methodologies described in Section 2.2.

The full qualitative descriptions of each scenario developed in the SAS can be found in Paper
II. For the purposes of this thesis, this section highlights the results from three of the six
scenarios, namely: the technological change scenario (S3), which focused on EV integration;
the urban structural change and lifestyle change scenario (S2), which focused on low and
shared mobility; and the radical change scenario (S6), which incorporated both a rapid
transition to EVs as well as a strong focus on shared and low mobility. In terms of annual
total GHG emissions associated with both direct and indirect emissions, the S2 and S3
scenarios performed similarly, though more rapid decreases were seen in the S2 behavioural
scenario due to lower fleet changeover requirements. However, through the decomposition,
the reasons behind this result could be seen, and they were drastically different between the
two scenarios. The S3 technological scenario with high levels of EV integration led to higher
cumulative indirect GHG emissions than even the BAU scenario due to the higher embedded
emissions associated with EVs, but offset this increase in indirect emissions with a large
reduction in direct GHG emissions due to the high rates of vehicle electrification in a location
with a highly decarbonized electric grid. Conversely, the S2 behavioural development
scenario saw decreases in both direct emissions, through the greater use of public transport,
active transport modes, and reduced travel demand, and indirect emissions through fleet size
reductions. The S6 radical scenario took advantage of both technological and behavioural
developments to lead to the greatest cumulative GHG reductions by nearly a factor of two
as compared to the next best pathway in terms of decarbonization.

3.4 Paper III results

The second perspective of interest and oft-noted as a concern for the uptake of EVs is the
impact of EVs on the grid, both at a city and distribution level (Milovanoff et al. 2020).
Paper I1I thus performed a spatio-temporal analysis, estimating the additional peak load that
EV integration would cause at these two granularity levels according to different policy
scenarios which would lead to varying levels and rates of EV integration. The results of this
work showed that in the worst-case scenario, uncontrolled home charging EVs would
certainly add to the peak load at both spatial levels, with the maximum peak load at the grid
level estimated to increase by 43-58%, 55-92%, and 67—114% across the different levels
of EV integration caused by the policy scenarios. Additionally, using a specific substation
as an example (using the substation which would receive the most disproportionately large
amount of the load), the maximum peak load on that substation could potentially increase
by as much as 29-39%, 47-76%, and 58-95%. These different rates of electrification could
lead to different system costs at the distribution level, where Paper Il estimated that the NPV
of the system costs required to ensure reliability in the grid would double from the lowest
integration rate as opposed to the highest integration rate scenario. Additionally, the greater
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electricity demand associated with these higher peak loads would require greater electricity
supply and system capacity.

3.5 Paper IV results

With the product and urban level perspectives provided by the results of Papers I-11I, EVs’
role in improving the sustainability of an urban transportation system was investigated.
These results were solely directional, however. While they may describe the movement
towards a more sustainable state, lacking is the definition of a sustainable state itself. How
would it be known if a sustainable state had been achieved? And what does it mean for an
urban transportation system to be “intergenerationally sustainable"? These questions were
the second research objective of this thesis and the results of Paper IV took the first steps
towards answering them.

Figures 14 and 15 were provided in Paper IV, but are worth re-examining to provide context
for a discussion here and within the following sections. Figure 14 displays the EC which was
established with the domains assessed to be relevant to the transportation sector defined.
With the knowledge gained from the EV LCA literature review, studies of urban level
impacts from the transportation sector, and further literature review, Paper IV attempted to
map the sector-relevant environmental impacts to different PBs and their spatial impacts
(with acknowledgement of the interrelated aspects of the PBs). It can be seen that the direct
and indirect emissions related to transport were split, and their impacts were associated with
output-based thresholds. Additional domains defined by the PBs included land system
changes, biosphere integrity, and fresh water use, which were respectively related to
transport systems issues such as land-use change (i.e. road construction), biodiversity
impacts (i.e. wildlife collisions, fragmentation), and impacts to freshwater (impermeability).

By defining this ceiling, the logic is that from a consumption perspective, as an example, the
sum of the direct and indirect emissions from transport should remain below certain per
capita value (or national total) such that if everyone abided by such a system that humanity
would remain within the gross carrying capacity of Earth’s Systems, in this example, that
being climate change and the ppm threshold of the climate change PB (Rockstom et al.
2009).
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Domain/State
Domains

Output Based Thresholds [Climate change
(global), Biogeochemical flows (local),
Ocean acidification (global), Atmospheric
aerosol loading (global), Stratospheric
ozone depletion (global), Air pollution

(local)]

Land-system
change (local)

Biosphere
integrity (local)

Fresh Water Use
(local)

Ecological
Ceiling

Figure 14. Framework for developing indicators of the environmental ceiling in the
sustainable consumption corridor for mobility. While presented in the figure as distinct, it
is understood that overlaps between impacts across the domains exist

In addition to taking a first step in defining a mobility sector-focused EC, Paper 1V
additionally set out to establish the SF for the mobility sector. Figure 15 shows the results of
this work, where using a eudaimonic perspective/sufficiency approach to SF development
and relevant aspects of transport poverty, the mobility-focused SF was constructed, with
accessibility poverty, mobility poverty, and exposure to transport externalities acting as the
primary SF domains.

Mobility-focused Social Foundation

Domain

Definition

Exposure to transport
Accessibility Mobility externalities
Ability to travel via having access to, The outcomes of]

Ability to reach essential services
and opportunities within means,
i.e., at reasonable time, ease, cost

usually motorised, travel modes,
related services or infrastructures
within means, i.e., at reasonable
time, ease, cost

disproportionate exposures to
the negative effects of the
transport system

Sub-domains Systemic Access to
accessibility: |Individual mobility: Agcess to trayel
accessibility: Xl(;[ges sp emf(i)cf Road traffic  casualties,
Essential The ability to transport, (c.g., chronic diseases and Fleaths
services and|Having access to]travel certain public transport, frqm trafﬁg related air and
opportunities [essential services|amount (e.g. in bicycle, shared noise pollution
being and opportunities |terms of travelled car, private car)
accessible distances)
Order of need]lst Physical health (basic need),
satisfiers (intermediate |2nd (intermediate 3rd (travel) 4th (travel |[non-hazardous physical
(Mattioli 2016, |needs -|needs - individual) modes) environment  (intermediate
Gough 2017) systemic) need)
Poverty and L . Mobility poverty, i.e., the lack of :
social exclusion|Accessibility poverty, ie., the (usually motorised) transport; Exposure to transport
approach difﬁcp_lty of reaching ce_rtain key exterr}alities, disproportionate
(Lucas et al. activities at reasonable time, ease T ¢ affordability. i.c. inabili negative exposures to the
2016) and cost ransport atfordability, 1.¢, nability transport system itself

to meet the cost of transport

SOCIAL
FLOOR

Figure 15. Framework for developing indicators of the social foundation in sustainable
consumption corridor for mobility. While presented in the figure as distinct, accessibility
and mobility indicators overlap (Lucas, et al. 2016).

Accessibility poverty is associated with the lack of ability to reach essential services and
opportunities with reasonable time, cost, and ease. Accessibility was suggested as the first
domain following a needs-satisfier chain approach (based on Mattioli 2016; Gough 2017),
where before addressing the mobility system, which in itself does not address any basic (such
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as health or social participation) or intermediary needs (such as income, nutrition,
healthcare) and can rather be considered the means to achieve these primary needs, it was
considered that access to these needs be prioritized first. This means that before considering
how to maximize the potential for movement, which has the potential to escalate need
satisfiers, first how to enhance the ability to access these needs-satisfying goods and services
should be considered (Handy, et al. 2002). This serving of higher-level need satisfiers has
directly and indirectly been a growing perspective in mobility and urban planning lines of
thinking (Mattioli 2016, Lucas, et al. 2016; Simon 2016). With accessibility addressed, the
mobility system can then be examined, where mobility poverty could then be described as
the lack of access to sufficient mobility infrastructure, services, or travel modes with
reasonable time, cost, and ease which would allow one to access available basic services.
Separate (though still with some overlap) from these two interrelated domains is the final
domain of the externalities associated with the transport sector, such as chronic disease and
illness caused by air pollution, traffic casualties, and noise pollution which can impact a
population’s ability to live a dignified, healthy, and safe life.

Paper IV then associated an established indicator set (Sdoukopoulos et al. 2019) to these
domains, the results of which can be seen in greater detail in the article. These associated
indicators were connected to the domains of the ECs, SFs, or both, and their strength of
relation to the domain (direct or indirect) and sustainable direction (i.e. determination of if
an increase or decrease of the indicator would indicate movement towards a more sustainable
direction) were assessed. This indicator association exercise provided the basis for
discussion surrounding SUM indicators, where a subset of indicators was identified, such as
car ownership rates, which had conflicting environmental and social sustainable directions.
For instance, in the car ownership example, environmentally, reduced car ownership would
reduce emissions associated with the production of vehicles and fewer cars on the road,
however, socially, in some studies car ownership is seen as a factor that should be increased
to improve mobility. These results highlight the importance of taking an integrated
environmental and social perspective when developing indicators as well as speak to the
need for developing thresholds and SCC relevant indicators as a novel way to measure
sustainability in mobility systems.
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4 Discussion

This discussion first addresses how the thesis answered the research questions.
Subsequently, a broader interpretation of the integrated results is provided, highlighting the
importance of urban perspectives and the value of contexts when discussing EVs from an
environmental, socio-political, geographical, and socio-technical perspective. These
interpretations are then synthesized before reviewing some of the barriers related to the
different development pathways discussed in the thesis and evaluating the validity and
reliability of the study. Lastly, the future research identified by the study and some
concluding remarks are provided.

4.1 Addressing the research questions

Electric vehicles' perceived global role as a key enabling technology for the decarbonization
of the transportation sector is continuously expanding. This political focus alongside
technological developments have led to a rapid increase in global EV fleet size where, as of
April 2021, twenty countries had already announced electrification targets and/or ICEV bans
(IEA 2021). With these policies established to decrease GHG emissions and other
environmental impacts (such as local air pollution), the importance of understanding the
environmental implications of their uptake is paramount, particularly as public debate often
leads to questions about their environmental mitigation potential (Linda 2019; Ortar and
Ryghaug 2019). This thesis thus investigated the implications surrounding EV uptake with
three primary research questions:

RQ1: What is the direct and indirect decarbonization potential of EVs at the product
level?

RQ2: What is the direct and indirect decarbonization potential of EVs at the urban
level (informed by a product-level life cycle perspective), and how will their
integration potentially affect the electrical grid due to additional peak load?

RQ3: How can an intergenerationally sustainable ‘safe and just’ urban mobility
sector be characterized?

This thesis addressed these research questions through a multi-scale approach in which first
EVs were assessed at the product level through a review and meta-analysis of comparative
EV/ICEV LCA studies. The results from this first level showed that throughout Europe in
almost all grid contexts EVs would provide climate change mitigation benefits as compared
to petrol and diesel vehicles, though the extent of the mitigation potential is highly
determined by the grid intensity, particularly when compared to diesel vehicles, which were
found to have lower life cycle impacts than their comparable petrol counterparts.

Answering RQ2, at the urban level, through the scenario analysis performed in Paper II, for
the Reykjavik case study (which represents a near best-case scenario for EV implementation
in terms of the provision of low-carbon electricity), the results showed that with uncontrolled
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fleet growth, an EV techno-centric approach would result in a similar if not worse GHG
scenario than a behavioural development pathway focused on demand-side solutions.
Additionally, more rapid integration rates of EVs without fleet size control will also likely
lead to greater grid impacts and require sooner preventative action (and reactive, if not
appropriately addressed) by electrical grid operators. These results provide the answer to
RQ2 in which it can be said that EVs certainly have life cycle GHG mitigation potential, but
primarily at the product level. When considered in the urban context, answering RQ2, where
public transport and active modes could potentially act as substitutes, their benefits are less
obvious when considering direct and indirect emissions. The same can be said when it comes
to potential impacts on the electricity grid due to added peak load. These results reflect other
studies, which have shown that EVs alone may not help countries and regions achieve set
climate targets (Sager et al. 2011; Shafiei et al. 2019; Milvanoft et al. 2021).

Answering RQ3 of how an intergenerationally sustainable urban mobility sector could be
characterized, Paper IV took the first step towards this goal, characterizing both an EC and
an SF for an urban mobility-focused SCC. The integrated results showed the importance of
placing the urban mobility sector within the context of an SCC. For example, as shown
Figure 11, the importance of including environmental thresholds in the development of
decarbonization pathways can be seen, where, when considering the direct and indirect
impacts of the scenarios, the challenge of remaining within the SCC becomes increasingly
obvious -- especially when considering the need to incorporate other consumption sectors
into these boundaries. From a social perspective, by taking a needs-based approach, this
additionally helped provide an important perspective for transport development, where,
when mapping the needs-satisfier chain, it was made clear that an EV-centric approach
addresses the ‘means’ (to the end) as opposed to first addressing the ‘end’ (basic need and
accessibility to its satisfier) itself.

4.2 Interpretation

In answering and interpreting the answers to the research questions, it was determined that
first some elucidation surrounding urban form and accessibility perspectives and the
importance of context within the interpretation of the results were needed. While a plethora
of additional perspectives could be added to the interpretation of the results, the inclusion of
these perspectives was deemed relevant, firstly, given the importance of the accessibility
approach in both the overarching results of the thesis as well as the surrounding discussion.
Secondly, the same could be said of the importance of context within the results, where, for
example, the Reykjavik case studies performed at the urban level in this thesis represent a
context of a sprawled urban setting with a high GDP per capita, supportive EV policies, and
a highly decarbonized grid, amongst other defining features. Thus, when interpreting the
results this context becomes largely important, as will be discussed in the following
subsections. With these added perspectives, the final interpretation is provided, followed by
barriers to some of the different socio-technical development approaches discussed in this
work to provide a further understanding of the limitations to some of the approaches
discussed.
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4.2.1 Urban form and accessibility perspectives

Urban populations are expected to grow both in gross terms as well as in terms of the
percentage of the human populace living in an urban context. In tandem with this growth,
urban land area is expected to double in just the next 20 years (Rode et al 2014). In response
to this growth, many international initiatives have pushed densification as a key promoter
of greater urban sustainability and economic development (World Bank 2009), with the three
benefits identified being reduced car travel and associated impacts, more efficient urban land
and infrastructure use, and more inclusive, vibrant communities (Turok 2011). However,
increasingly research surrounding city densification is coming to show that density for
density’s sake does not seem to be the right answer (Simon 2016). On the one hand, it has
been largely shown that increased density leads to reduced car ownership, and lower rates
of car ownership can be connected to reduced transport emissions and associated energy use
(Ki-moon 2013; Newman and Kenworthy 2015). Greater density additionally can be
connected to the reduced road and other infrastructure requirements per capita (Rode et al.
2014), which can have significant impacts (Chester and Horvath 2009). However, other
studies have identified that increased density does not always reduce car travel, and instead
can increase traffic-related issues such as congestion, parking-related issues, and accidents
(Simon 2016). Socially, the outcome of densification appears to be a mixed bag of results.
While densification has certainly produced beneficial economic outcomes of agglomerated
populations leading to greater employment opportunities, productivity, and efficiency, it has
also been shown to lead to increased cost of living and decreased access to green spaces,
though these results almost always require contextualization (Dempsey et al. 2012). Further,
there is the potential for densification and reduced car ownership to correlate with increased
consumption and consumption changes (Heinonen et al. 2013; Ottelin 2017), such as higher
frequency of flights (Ottelin 2014; Czepkiewicz et al. 2019), which could lead to rebound
effects greater than the offset emissions (where rebound effects will be discussed in greater
detail in Section 4.3.2). In Section 4.2.2, the contextual importance of both urban and urban
mobility contexts will be discussed in greater detail.

Recognizing the shortcomings of a sole density approach, there have been growing
proponents of an accessibility approach, in which, rather than only using density indicators
to measure the efficiency and impact on travel within a city, more holistic social indicators
be included to incorporate factors such as equity, diversity, connectivity, affordability, and
intensity. Thus, rather than just focusing on the development of dense cities, researchers,
urban planners, and governments should be focusing on the development of accessible cities,
which enhance the ability of the city’s inhabitants to satisfy their needs through participation
in necessary or desired activities (Simon 2016). Advocates for accessible cities have thus
called for cities to enhance accessibility through the thoughtful measurement and recognition
of access to public spaces, public/active transport, employment, recreation, community,
affordable housing and transport, as well as the proper power and justice institutions to
support these goals, to complement the focus on densification (Iacono et al 2010; Tahmasb
et al. 2019).

The accessibility approach illustrated by Figure 12 acknowledges an urban transportation
system’s role as a means to an end rather than an end in itself. An urban mobility system is
embedded within the urban form of a city to serve the mobility needs of the city’s
constituents, and how they satisfy those needs is inexorably interrelated to the city and its
development. It would thus be remiss to discuss EVs and the sustainable transformation of
the mobility sector without placing it with the larger dialogue of sustainable cities and urban
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development, particularly since this larger dialogue has been taking a similar direction in the
context of sustainable development.

The goal of an accessibility approach such as the one shown in Figure 12, is to first most
effectively and sufficiently meet the needs of all the city’s populace, where it is recognized
that the urban mobility system is but a subsystem (though an important one), of an urban
system in general. Therefore, urban planning and urban mobility system researchers can set
their sights towards the development of more accessible cities, taking sufficiency and
integrated environmental perspectives into account, moving the co-dependent systems into
a ‘safe and just’ space. Through this multi-layered perspective, this thesis suggests that more
holistic development pathways can be envisioned, where EVs play a role within the larger
vision instead of that of a “silver bullet” solution. What role EVs should play in different
urban settings, however, requires contextualization.

4.2.2 Contextual importance

Cities and their interrelated mobility systems have each historically and spatially developed
in unique pathways in order to provide their inhabitants access to employment, information,
goods, and services. How effective a city is in providing its inhabitants access to these basic
goods and services has been shown to have a direct economic benefit (in terms of GDP per
capita and productivity) through economies of scale, agglomeration, and network effects
(Rode et al. 2014). In the 1970’s and 1980’s, a subset of urban researchers were attempting
to define an optimal size for all cities in which the marginal benefits and marginal costs of
city size would come into equilibrium (Richardson, 1972). However, future research would
come to recognize the futility of defining a single optimum city size, acknowledging that
rather the far more likely solution is that there are infinitely many optimal city sizes
depending on the city in question’s context (Carmagni et al. 2013). Thus, how cities provide
for their citizens vastly differs between cities, where the urban form and characteristics of
the city and its inhabitants, as well as their interrelated environmental impacts, are connected
to factors including population density, urban metabolism, electrical grid emission intensity,
income levels, mobility culture, industrial activity, and urban form, which vary widely
globally. In their goal to decarbonize, cities need to address these contextual differences and
consider them when contemplating development pathways (Kennedy et al. 2014). Through
the interrelated aspects of urban form and urban mobility systems, the latter must similarly
come to terms with these contexts when considering sustainable development pathways.

The importance of these factors will now be investigated in the context of EVs, starting with
the interrelated roles of population density and the car orientation of cities. There is a well-
established link between urban form and energy use from transport (and associated
emissions), largely due to the use of private motorized vehicles. The IPCC has suggested
that through the long and medium-term, more compact cities which support greater use of
public transportation and active transport modes could lead to GHG reduction between 20-
50% compared to 2010 levels, highlighting the benefits of densification in terms of meeting
decarbonization goals (IPCC 2014b). Less dense cities tend to be more car-oriented, where
more dense cities tend to see higher rates of public/active transport mode use. Concerning
development pathways, this should also extend to future states, as described in the scenarios
developed in Paper II, where the development towards a more compact city would likely
lead to increased rates of public transport/active transport modes and vice versa for a less
dense city, where travel modes would increasingly skew towards private motorised transport.
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In the context of EVs, following the results from Paper II and III this would likely mean
smaller car fleet sizes and reduced energy use from EV integration. Conversely, less dense
cities would instead likely have larger car fleets which would require greater vehicle turnover
(and associated EV turnover according to EV penetration rates), leading to greater embedded
emissions and material use in general, and increasingly so with higher EV penetration rates.

These conclusions then expand into the greater conversation around car culture and the
reflection of this cultures in the built environment of cities, where lock-in due to
infrastructure and resistance to car-dominated paradigms may occur. Urban sprawl and the
prevalence of private vehicle-oriented infrastructure can be largely attributed to the
introduction of vehicles and city design around their use. Thus, there have been studies
questioning the integration of EVs, with the fear that this integration without considerations
of fleet size or urban form will cause a continuation of the car-dominated paradigm and run
counter to the goal of sustainable urban development focusing on accessibility and density
(Driscol et al. 2012; Henderson 2020). Other studies have additionally recognized car culture
as a barrier to sustainable urban development, where the historic infrastructure and social
value of car ownership (perceived through status and personal choice) can make the
implementation of densification and alternative transport mode supporting policies difficult
(Fabio 2018; Moody et al. 2021). Lastly, the changeover costs of the existing infrastructure
for low-density, car-oriented and/or sparsely populated areas which have already developed
through urban sprawl can present significant barriers in the forms of prohibitive costs to the
implementation of public transit and densification strategies (Rode et al. 2014). Spatial
discussions can additionally extend to use cases between urban, suburban, and rural, where
studies usually take urban and suburban perspectives and the rural use case is usually left as
a secondary discussion (Kester et al. 2020; Newman et al. 2014). Summarizing these points,
the role EVs have to play in addressing sustainable urban mobility development additionally
needs to consider the car orientation and car culture of the area under consideration,
recognizing the benefits and limits of EV integration.

In the consideration of benefits, the next most obvious factor to consider is the electrical grid
and its carbon intensity for the region of study. Paper I highlighted the importance of
electrical grid intensities and Figure 13 illustrated the electrical grid intensities in which EVs
begin to clearly have an environmental advantage as compared to petrol and diesel vehicles.
Paper III then provided the potential impact EVs could have on a city’s electrical grid.
Extrapolating from this, it is obvious that in gross terms without charging control, EV
integration will additionally lead to increased electricity use and peak demand which will
then require greater electricity system capacity. How countries then meet that capacity and
the ability for renewables to meet this additional need on top of the area's consumption from
other sources needs to be factored in when considering EV integration. Kennedy et al. (2014)
provided a useful chart depicting a 2-axis plot of population density and electrical grid GHG
intensity, highlighting where EVs serve a most applicable role of decarbonization (in their
work identified as cities with grid GHG intensities less than 600 gCOzeq./kWh and
population densities less than 6,000 people per km?, (where the GHG intensity was in line
with the findings from Paper I) as compared to other solutions such as Bus Rapid Transit
systems!®. This assessment was done considering energy use from houses well and thus
lacked the granularity needed for in-depth mobility system guidance. Such breakdowns are

15 With the 2020 Reykjavik population estimated as 224,709 (City of Reykjavik 2020) and an estimated area
of 273 km2 (EDS 2004), this would make the population density of Reykjavik approximately 823 people per
km?.
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useful in developing the conclusions of this thesis, where it is suggested that the
implementation of EVs needs to be contextual.

The last contextual factors considered within this thesis are the political-economic factors of
different cities globally. Many of the previous discussions have been based on evidence from
WEIRD (western, educated, industrialized, rich and democratic) countries. However, with
most of the 21st-century population growth likely to occur in developing countries, it is
worth expanding on the contextual relevance of the Global South in the discussion of
sustainable cities and sustainable urban mobility and understanding to what extent the
findings of this study are transferable. First and foremost, it is worth highlighting the
difficulty in assessing urban and urban mobility systems in developing countries due to
lacking data and largely differing and at times volatile economic, social, and political
systems (Bouttueli and Aguilera 2018). Despite these issues, it can be seen that along with
rapidly growing populations, the rate of urbanization in developing countries is also rapidly
increasing, and this movement towards urban centres can potentially lead to crowding and,
while dense, adverse social outcomes may occur through the development of ‘squatments’
and ‘slums’ where access to basic needs and services are limited rather than enhanced,
countering the benefits touted by densification advocates (Huchzermeyer 2011; Simon
2011). From a mobility system perspective, historically it can be seen that developing
countries have had lower rates of motorization and higher use of public, active, and informal
transport modes of different forms (Bouttueil and Aguilera 2018). More recently though, as
developed countries have approached what has been termed peak car for a variety of
suggested reasons (lifestyle changes, anticar policies, digitalization), developing countries,
especially China, have seen rapid rises in rapid motorization, and coupled environmental
impacts, approaching that of their developed country counterparts as they close the economic
gap between the two (Kutzbach 2009; Bouttueil and Aguilera 2018, Steffen et al. 2015). This
change of incumbent transport modes to motorization and associated urban form changes (or
lack of supporting changes, leading to increased congestion) may additionally cause social
inequities, particularly with the historic infrastructure often developed in favour of the ruling
and elite classes. If access to transport services is disparate between classes, income
inequality can be exacerbated due to insufficient and unequal urban transport accessibility
(Simon 2016). Further enhancing these inequalities, car ownership has been linked to
household income (Whelan 2007; Woldeamanuel et al. 2009), and the inability to afford a
car can then be a limiting factor of accessibility as well, where in disadvantaged communities
there have been signs of forced car ownership to gain access to opportunities (Boisjoly et al.
2021). While these issues are being related to the Global South, the are also very relevant to
some of the income and other inequality conditions found in OECD countries such as the
U.K., Germany (Mattioli et al. 2017), the U.S. (Curl et al. 2018), and Iceland (Heinonen et
al. 2021).

EV studies additionally have often focused on developed countries and China, where they
see the highest fleet sizes and penetration rates, thus also lacking a Global South perspective
(Rajper and Albrecht 2020). However, given the increasing urbanization and motorization
rates occurring in developing countries, it is equally important to understand the role of EVs
in both contexts. Indeed, the context of EV expansion in developing countries has additional
factors to consider, such as differing grid contexts and affordability concerns (though as will
be discussed in Barriers to EV integration section, affordability concerns persist in both
developing and developed countries). As developing countries, and particularly those which
are rapidly developing, close the income gap between themselves and developed nations,
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without evidence of economic-environmental impact decoupling occurring, so too have their
GHG emissions and environmental impacts developed. As of 2018, OECD and non-OECD
countries saw 22% and 47% use of coal and 27% and 21% use of renewables, respectively
(IEA 2021). This greater use of coal by developing countries highlights the importance of
understanding the electrical grid context of EV use, particularly as electrical capacity will
need to continue to meet the rapidly growing electrical demand seen in developing countries
(as opposed to the stagnating demand seen in OECD countries) (IEA 2021). Except for
China, however, EVs have seen very little penetration or rising interest in developing
countries (IEA 2021), though Rajper and Albecht (2020) do discuss the importance of two-
wheeled electric vehicles in developing countries. While the barriers to EV uptake, in
general, can be attributed to multiple technological, infrastructural, political, and financial
causes (Liao et al. 2015), particularly in developing countries, at a state level, the political
ability to provide subsidies and invest in infrastructure, and at a household level, the
affordability of purchasing and operating, can be particularly limiting (Rajper and Albecht
2020). In conclusion, when considering the integration of EVs, the political economy and
grid infrastructure of the region should also be contextualized to understand the
environmental, economic, and political feasibility.

4.2.3 Synthesis

All the different factors just discussed can create different path dependencies and
development patterns. Following this line of thinking, this thesis suggests that with the
interrelated role of urban form and transportation systems, when it comes to
decarbonization/sustainable development pathways, there is no optimal development
pathway. Rather, it holds that, using the SCC as a framework for the development towards
a sustainable urban mobility system, a unique context-informed pathway should be
developed according to the conditions of the urban area. Through such a contextual
development with a focus on accessibility and awareness of ecological ceilings, the pitfalls
of EV integration could be avoided and their benefits maximized.

If one were to think about the adapted Kaya identities in Figure 7, one could first ask, taking
accessibility into account, if there is demand generated for this activity and if the city
provides the means for it such that each citizen can live a good life. Once established, one
can then ask, how can one take part in this activity? Can they attend digitally, or do they
need to travel? If they do need travel, urban planners and policy makers could then look at
the different variables. What type of push and pull policies and urban form changes could
be implemented to affect these variables? What is the extent of the change that these policies
could make? And which would have the greatest effect? The effect of this thinking is similar
to that illustrated in Figure 16, where this thesis has imagined these questions in the form of
a lever panel in which the current positioning of each variable is relevant to the current
conditions of the specific variable in the urban centre’s current state and the ability to move
each lever is subject to each city’s contextual ability to change this variable according to
technology, culture, economic ability, geography, etc. Thus, with this mental framework,
city planners could consider different development pathways, and researchers and modellers
could assist in determining the potential costs and benefits (environmental, social, and
economic) of each approach, and use the SCC framework for guidance towards a ‘safe and
just’ space for the urban mobility sector.
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Figure 16. lllustration of mental schema for interpreting an urban area’s current urban
system and the levers (adapted from the ASI approach and Kaya identity for transport) to
develop more sustainably (or less so, i.e. towards a less efficient sprawl), where the black
boxes represent the hypothetical maximum or minimum ability for policies (or lack of
them) to move the specified factor in a specific direction

Synthesizing this perspective and the accessibility approach direction taken in Figure 12, in
the multi-scale approach about EVs’ role in decarbonizing the urban mobility sector, its
potential additional effects, and the context of global intergenerational sustainability, it is
the claim of this thesis that EVs certainly can act to reduce GHG emissions as compared to
ICEVs in the right contexts, but that this substitutional view is limiting. Rather, why mobility
is needed should be first be examined, where determining how to increase the accessibility
to goods and services that provide the means for a good life should be prioritized. Then, the
mobility sector can be assessed, and in this view, EVs have a role to play, but how large of
a role is contextually dependent and should incorporate both direct and indirect
environmental impact within the lens of the planetary boundaries and the social foundation
where all citizens should have the right to live a good and dignified life as well as the access
to achieve this.

This conclusion and its ramifications are therefore a relevant response to the current
dominating international narrative discussed in the introduction: while just recently the
importance of ASI strategies have been noted by international works and initiatives such as
the IEA and EU, an unbalanced focus is still placed on supply-side, technological, and often
EV-centric approaches, which has also been seen at the urban-level through urban mobility-
related climate policy making. Furthermore, these initiatives rarely discuss the context and
methods in which ASI strategies can and should be implemented at the urban level, where a
suite of solutions are discussed, but it is rarely discussed where and when they would be
appropriate to introduce. Additionally, the idea of connecting these developments to
intergenerational global sustainability defined by a ‘safe and just’ space is part of a nascent
field of research and policy work.

This research can thus hopefully provide a timely perspective for urban transport researchers,
urban level initiatives and planners, and regional/national policy makers towards a more
nuanced approach to sustainable urban mobility development. By avoiding an
overemphasized approach based on a single solution (in this case EVs), the approach
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suggested in this thesis can hopefully avoid O’Neill’s et al.’s (2018) fear of Raworth’s
doughnut economy becoming an unachievable vanishingly thin ring in which social
provisioning systems are not capable of servicing our needs whilst maintaining earth
systems’ stability due to a lack of consideration of embedded impacts and contextual factors.
Rather, this work hopes to provide a basis for the de-escalation of need satisfiers in the urban
transport sector. Through the SCC perspective put forward by Paper IV, social provisioning
systems can be characterized and assessed, and developmental pathways informed by the
urban centre in question’s context developed, such that pathways can be derived where the
social provisioning system can provide as great of a service level as possible whilst
decreasing material and energy intensity. Such an approach could hopefully inform future
studies and initiatives, where, for example, climate policies and particularly sectorally
focused policies such as SUMPs, could be linked to social outcomes and to EC thresholds,
which have been noted as missing (Lamb et al. 2020; O’Neill et al. 2018). This would work
to breach the intellectual dead-end identified by Grossman et al. (2021) in which explicit
interlinkages between social and ecological transport research are often missing. This work
could thus provide a basis for further implementation of such doughnut economy approaches
now being seen in cities such as Amsterdam and Barcelona at a more granular sectoral level,
which could allow for improved management and targeted policy setting.

4.2.4 Barriers

Within this greater interpretation of the results of the study, it would be remiss to not consider
the barriers in implementing the variety of urban form, urban mobility, and technological
transformations discussed in this work. As illustrated in the mental level panel diagram
shown in Figure 16, the ability to move a variable in a certain direction is subject to the
existing barriers for such a developmental change. This becomes relevant to this thesis,
because to assume that a movement in one direction is as straightforward as development in
another direction can be misleading. Barriers may exist for a variety of cultural,
infrastructural, political, geographic, technological, and economic reasons, amongst others.
Thus, three primary developmental barriers to some of the concepts discussed in this thesis
are reviewed, with an understanding that this is not an exhaustive list but rather those most
relevant to the thesis.

Barriers to EV integration

Given this paper’s primary focus on EVs, barriers to EV integration will be the first topic
considered. These barriers can be technological, political, social, infrastructure-related, and
economic. Examples of each can be seen in the expanded list in Table 2. In an evolving
market such as EVs, the impact of these barriers in different regions and contexts make it
difficult to predict the rate and potential of EV integration. For example, technological
developments could lead to significant range increases and reduced battery costs, which
could likely lead to more rapid rates of integration than would occur without these
developments. Additionally, as climate concerns continue to grow, the urgency felt by
governments to support EV developments could continue to increase, leading to greater
subsidies and support for infrastructure. Considering developments (or non-developments)
and their implications, it is important to understand the existence of these barriers when
modelling the impact and potential of EV uptake.

53



Table 2. List of barriers to EV integration by barrier category (adapted from Adhikari et
al. 2020; Berkeley et al. 2018)

Barrier category Barriers
Technical Barriers Range-related concerns

Lack of charging infrastructure

Lack of evidence from a new technology
Availability of EV model options
Limited or uncertain battery lifetime
Charging time

Political Barriers Government financial and policy support
EV education awareness

Social Barriers Lack of EV general knowledge

Lack of environmental knowledge

Lack of EV product knowledge
Aesthetics and social perceptions
Infrastructure Charging infrastructure,

Barriers Home-charging housing related infrastructure barriers (i.e. apartments vs. single
homes)

Repair/maintenance expertise

Supporting domestic industry

Electrical grid and capacity related concerns

Economic Barriers Purchase price

Battery replacement

Charging costs

Resale value concerns

Income levels relative to transportation costs (and EV costs)

Barriers to densification/accessibility

While the World Bank and other international institutions have hailed densification as a key
sustainability approach to urban development (Simon 2016), barriers and challenges
associated with densification/accessibility approaches have been identified, as displayed in
Table 3. Highlighting some of the key barriers, while there are sustainability interests in
limiting sprawl and reducing car dependency, as discussed in Section 4.2.2, there exist
certain social desires for suburban lifestyles and car culture mentalities that can challenge
these developments. Additionally, there are business interests in maintaining the status quo,
where automotive, construction, and real estate developers (which often represent powerful
actors) have proven resistant to change (Rode et al. 2014). This further relates to economic
challenges surrounding decades of sunk-in costs of developing suburbanized car-centric
cities which would require significant urban redevelopment to densify. Mattioli et al. (2020)
further provide a systematic overview of the dominant political-economic influences on car
dependence and the transport sector which make movement towards less car-oriented
societies difficult. They suggest that the political-economic, industrial, and cultural
structures identified by them which relate to the factors discussed above are part of a system
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of feedback loops which have led to the current regime of car dependence and carbon lock-
in. Furthermore, fragmented governance, siloed governance, and lack of linkages between
urban and national transport and climate policies can create challenges associated with
management and oversight towards more densified development.

Table 3. List of barriers to densification by barrier category (adapted from Herndndez-
Palacio 2018; UN Habitat 2019; Mattioli et al. 2020)

Barrier Barriers

category

Environmental | Loss of green space
Barriers

Potential loss of local environmental quality due to decreased access of natural lighting
and ventilation

Intensification of local environmental issues such noise and pollution

Potential reduction of local environmental services provided by nearby green areas
Social Barriers | Population growth (or shrink)

Potential decline in the quantity and quality of children and elderly friendly spaces
Preferences for suburban lifestyles and car ownership

Increased perception of social tensions and conflicts

Car dependence

Public transport provisioning (or lack of)

Institutional Conflicting interests of industry, public planning agencies, and private urban developers
Barriers Administrative fragmentation

Scarcity of resources (technical, economic, human)
Legal frameworks and procedural traditions

Economic Pre-existence of large sprawled peripheries and massive sunk investments in their
Barriers infrastructure (both housing and transportation infrastructure)

Complex and costly urban renewal and brownfields redevelopment processes

Scarcity of space to the location of large business dependent on parking facilities to
operate

Decrease in affordable housing

Barriers to implementation of ecological ceilings

The previous barriers and challenges discussed all represent obstacles to making directional
movements towards sustainable development. Measuring and implementing policies that
define and establish intergenerationally sustainable thresholds, however, presents additional
challenges. Living a ‘safe and just’ life requires living within the Earth’s carrying capacity
as described by the PBs, but humanity seems ill-suited to meet this challenge. In Kallis et
al.’s (2018) review of degrowth literature, it was acknowledged that the abandonment of
economic growth as a key political agenda seems “impossible”. The current capitalist socio-
economic system does not leave space for progress without growth, but the current trajectory
that we are on as shown by the Great Acceleration graphs and our current and impending
transgressions of the PBs highlights the limits to this growth. Ecological economists have
argued that GDP, resource use, and environmental impacts cannot be absolutely decoupled
(Kallis 2018; Hickel and Kallis 2020; Wiedenhofer et al. 2020; Haberl et al. 2020).
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Some may argue that efficiency of production can be done to avoid this, and while some
relative decoupling has occurred, focusing only on increased efficiency does not consider
scale, which is propagated by increasing global population, income, and even greater
consumption due to the increased efficiency (Daly 1977; Blake 2014). For example, even
when the Covid-19 outbreak forced humanity to restrict its movement and provision of
services, emissions only dropped by ~6% in 2020 (Tollefson 2021). Thus, it appears that as
the current dominating neoliberal agenda continues, the impacts of the prevailing global
system seem likely to continue without significant intervention.

The most recent publication of Working Group I from the IPCC’s Sixth Assessment Report
has shown that without additional climate policies, even if all the NDC’s from the Paris
Agreement are met, 1.5-degree warming is still likely to occur by 2050. And the only
scenarios which would not hit 1.5-degree warming would require significant removals of
GHGs by the end of the century using yet unproven technologies (KeyBer and Lenzen 2021).
KeyBer and Lenzen (2021) have noted, however, the IPCC’s assumption of continued GDP
growth in all scenarios without considering degrowth scenarios. Degrowth is a concept that
runs counter to the current socio-political regime and seeks to transform society such that
resource use and throughput are drastically reduced (Kallis et al. 2018). However, it has been
noted that these approaches face significant political and social barriers, where the lack of
public knowledge around these pathways and the consistent growth imperatives of states
make considerations of such approaches nearly infeasible (Kallis et al. 2018; Wiedman et al.
2020). Additional barriers to the degrowth paradigm include the potential for the approach
to impact the availability of affordable housing, options for mobility, and employment where
the need for these basic services requires increased development. A last barrier to consider
as well is advertising, where the current neo-liberal conditions under which much of the
global economy operates are often empowered by the in-charge capitalist regimes (which
often have a disproportionate influence and an imperative to further drive consumption)
(Pirgmaier and Steinberger 2019; Alexander 2015; Sanne 2002). Such challenges to these
regimes are why socio-technical transitions refer to movements such as a change to a
degrowth approach as disruptive, due to the threat they present to the economic and business
positions of the existing regimes (Geels et al. 2017).

This is particularly relevant to the transport sector, where the “specific character of
domination” of the automobile industry upon society is difficult to argue (Urry 2004), with
the total car fleet already beyond 1 billion vehicles (Sousanis 2011). The environmental
ramifications of this domination were already elucidated upon in the Introduction section of
this thesis. Thus, the discussion here will move forward with the acknowledgement that car-
dependent regimes are a key-enabler for escalated need-satisfaction and the associated
difficulty in decarbonizing and reducing material and energy use in the transport sector
(Mattioli 2016). Instead, elucidated here will be the challenges associated with implementing
an ecological ceiling for the transport sector, due to automobile dependence and the
surrounding socio-technical system, which has shown itself to be an autopoietic system and
notoriously locked-in due to features of the system (Urry 2004; Mattioli et al. 2020). As
noted by Mattioli et al. (2020), the transportation sector continues to this day to be a
paradigmatic example of a sector in which improvements in efficiency have been offset by
activity growth, first identified by Griibler (1998). This activity growth has been a symptom
of a socio-technical system of interrelated enabling actors and systems -- which have been
discussed throughout this thesis -- that include, but are not limited to, the powerful
automobile manufacturers and surrounding industries, car culture and associated perceived
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social value, transportation infrastructure lock-in, ties to the energy industry and supportive
pro-car policies and political systems (which can be attributed to the economic value of the
sector amongst a variety of other reasons) (Mattioli et al. 2020; Mattioli et al. 2016). This
system of interrelated factors acts as a barrier to the ability to move towards an
intergenerationally sustainable urban mobility system which can exist within the PBs
because of its interdependence generating lock-in. Research focused on understanding how
to unfasten this weave of aspects to generate a socio-technical transition has been an
imperative and one that will undoubtedly continue as this change-resistant issue continues
to present itself.

Limitations and weaknesses to the Planetary Boundaries framework

Relevant to the discussion surrounding the barriers associated with the implementation of
ecological ceilings is the consideration of some of the limitations and weaknesses associated
with the PB framework itself. While the framework has been discussed globally and
championed rhetorically, it has been limited in its inclusion in international policy works.
Whilte it has, at times, guided the formulation of policy -- such as the Rio +20 outcome or
the 2030 Agenda, which put forward the SDGs -- it is seen as having important limitations,
which can be loosely categorized as economic, political, and scientific (Pickering and
Persson 2019; Bierman and Kim 2020).

Perhaps most related to the discussion surrounding the barriers to implementing ecological
ceilings are the economic concerns/weaknesses. One of the primary implications of the PBs
is the need to limit human pressures on them, which are ultimately tied to human production
and the global economy representing this production. Thus, to stay within the PBs the need
to limit economic growth is paramount, though, as discussed, this movement away from a
growth paradigm is near impossible. One particular additional perspective worth adding is
the global economic inequality implications associated with limiting economic growth,
where the thought that economic growth of developing countries could and should be
restricted (many which are the least responsible for humanity’s transgression of the PBs) and
associated potential development makes international environmental negotiations involving
the PBs more difficult (Linnér and Henrik 2013). Degrowth literature attempts to emphasize
that it does not demand (or focuses on) restricting growth in developing countries, rather it
aims at contracting economies in the global North and allowing room for growth elsewhere
(Hickel 2018; Hickel 2020). However, at times this nuance can be lost and international
debates frequently run into these “right to development” hurdles (Gupta 2012; Caney 2009).

These debates interconnect to the second category of limitations to the PBs discussed here,
namely, politics. It has been suggested that the expert-driven nature of the framework is
undemocratic and lacking in its participatory approach (Pickering and Persson 2019), and
this can thus make it politically contentious, with some fearing its ability to disenfranchise
the masses by scientists and technocrats (Eckersley 2017). These fears of centralization and
control can be largely tied to the governance implications associated with using the PBs as
a guiding framework (Biermann 2012). SCC and similar frameworks thus suggest
participatory frameworks to assuage these fears.

The multiple layers of the PBs (with some being local, regional, or global) and the need to
address them at these different levels while simultaneously requiring global cooperation
make operationalizing and governing them at a global scale a significant hurdle (Saunders
2015). This global cooperation only gets made more challenging when differing risk
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perceptions exist as well, where what can be perceived as an acceptable change can vary by
country, particularly at differing levels of development (Galaz 2012). These varying risk
perceptions can make setting globally agreed-upon targets difficult, thus making global
action plan setting even more complicated. While there have been a multitude of studies that
suggest different governance structures to address these issues, attempting to cover them
now is outside the scope of this thesis but can be found elsewhere (Saunders 2015; Galaz
2012).

The final category of concerns regarding the use of PBs can be considered to be of the
scientific variety. One of the most commonly noted limitations, even identified by the
authors of the Rockstrom et al. (2009) paper which set the boundaries, are that they are
inherently expert-driven and normative, connected to perceptions of human risk in the sense
that they identify states humanity likely would not want (Kallis et al. 2019). It is not to say,
however, that the Earth would not be able to undergo such changes nor that they would
unquestioningly cause inhospitable conditions for humanity (Steffen et al. 2011). This
expert-driven process thus makes it obvious that these numbers are more estimates than exact
boundaries (Molden 2009), with some papers even suggesting that exponential shifts in
terrestrial systems have not been seen in previous evidence (Brooks et al. 2013). The second
primary scientific concern surrounds the use of the PB framework and its potential to lead
to misinterpretations of their meaning and potential to impact policy. One of the most
commonly cited examples is the selection and use of the phosphorus boundary, where two
issues with phosphorus are commonly discussed, one being the impact on water systems and
the second to the limit to the amount of phosphate rock available for use of fertilizers. Yet,
in this example, the PBs do not distinguish between thresholds and limits and this lack of
distinction can lead to differing responses. For example, where the phosphorus PB only
measures phosphorus flow to water systems, defining the PB as a threshold would lead to
responses to the address water table pollution. Yet with phosphate being a finite resource, a
PB represented as a hard limit would rather look towards a more rationed consumption,
which may have been argued to be equally relevant when discussing phosphate use
(Carpenter and Benntr 2011; Lewis 2012). Additionally, the aggregation of local and
regional impacts may misrepresent our performance, where for example the portion of land
we have already impacted is significant and can be hidden in the aggregated number (Brooks
et al. 2013). Treating them as a single unit could lead to misgovernance, as using an
aggregated global number could reduce local political will (Lewis 2012). Furthermore, the
omission of other planetary issues such as planetary plastic pollution could lead to political
agendas with sustainability gaps on issues that still affect our well-being. Thus, some studies
have suggested that, while useful, researchers and policy makers should proceed with
caution when operationalizing the PBs (Lewis 2012). The last scientific limitation noted here
are the onto-epistemological implications of the PB framework itself and recognition of the
limitations of human knowledge. Rockstrom et al. (2009) themselves recognize that “The
knowledge gaps are disturbing”, in relation to humanity’s current ability to analyze the risks
and uncertainties associated with the setting of global thresholds and understanding their
implications. Hughes et al. (2013) further stress this point, where while it is acknowledged
that a precautionary approach is warranted to avoid a potential disaster, certainty about
tipping points can rarely be proven until the changes already occur. Thus, debates on either
side about planetary tipping points are based on limited knowledge and should be discussed
as such, though the logic of the precautionary approach persists, where the dangers of
increased carbon emissions, for example, are widely accepted though the tipping points
uncertain (Brook et al. 2013; Lenton and Williams 2013).
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Challenges and barriers to the implementation of social foundations

The barriers and challenges just discussed encompassed the challenges in implementing the
ecological ceiling for humanity to live in a ‘safe’ space. Included in both Raworth's
Doughnut Economy and the SCC framework, however, is not just the ability to live in a
‘safe’ space, but also a ‘just’ one. However, similar to defining an ecologically safe space,
and perhaps even more so, defining a just space can be a daunting task. While there has been
work to more clearly move from high levels of needs and capabilities to more specific decent
living standards (see Rao and Min 2018 and Milward-Hopkins et al. 2020), this work is still
in rather nascent stages.

Further, in the broader justice literature, the definition of justice and the implications of
different forms of justice can lead to at times ambiguous and diverging solutions which can
make the implementation of a social foundation difficult. In Bierman and Kalfagianni’s
(2020) framework to allow for empirical assessments of justice for a variety of uses, though
they used it to assess global sustainability policy documents, they reviewed five definitions
of justice (namely: the capabilities approach, liberal egalitarianism, cosmopolitanism,
libertarianism, and critical perspectives, which still only represent a broad yet incomplete
subset of justice perspectives). Each of these definitions have their own historical use and
countering debates, and when placed together within the assessment framework, they present
arange of divergent core perspectives for assessment such as serving the interests of nations
vs. global society, personal obligations vis-a-vis others, and rational vs. moral arguments,
free market vs. welfare provisioning (of different varieties), and global institutions vs.
libertarianism, amongst others. Their work takes no stance on which perspective is correct,
and rather was a framework to assess which approaches are being taken in global policies.
Their case study using this framework on the UN 2030 Agenda for Sustainable Development
(2015) made it clear why justice is such an elusive subject, where even though terms justice
and equality are widespread throughout the document, their application of justice approaches
is inconsistent. In their assessment, they found that the Agenda rhetorically seemed to take
a cosmopolitan approach to justice, yet in terms of political mechanisms, there appeared to
be a more soft-libertarian leaning, likely due to the nature of international negotiations with
differing global perspectives of justice. This can be seen as well in Réckstrom’s (2021) work,
where globally differing perspectives of risk tolerances and ecological justice could lead to
different conclusions of what would be considered a just space for all, versus what might be
considered just for ‘most’ amongst other interpretations of ‘just’ risk.

Moving this debate down to the transport sector, Pereira et al. (2017) performed a
distributive justice assessment of the mobility sector, similar to Bierman and Kalfagianni
(2020), using a similar, though not entirely overlapping, subset of five justice approaches.
They found that in transport justice studies in general there was a lack of conceptual clarity
of justice (similar to the findings of Bierman and Kalfagianni in terms of policy documents),
and that this lack clarity made cross-study comparisons of transport justice studies difficult.
Pereira et al.’s conclusions, however, were that a dialogue of Rawls’ egalitarianism and the
capability approach should be used when considering distributive justice in the transport
sector, with accessibility as the factor which should be distributed. Yet, as discussed by Paez
et al. (2012), accessibility indicators themselves represent a field with significant
inconsistencies, where there is often an unclear distinction between those indicators
measuring what ought to be, and what is. Additionally, the appropriate distance to access
each service has been seen to an arbitrary measurement, often derived from previous
literature. Furthering this discussion to transport poverty, in Mattioli et al.’s (2017)
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discussion deciphering between transport poverty and energy poverty, inconsistencies and
difficulties in determining a social foundation for transport poverty additionally proved to
be a challenging task. Adding to this the cultural and contextual differences between regions
and different transport modes available which define many of these indicators, the challenges
of setting a social foundation in general show themselves, especially for the transport sector
since it does not represent the satisfaction of a need in itself. Addressing justice is an
important task however, both for normative and policy reasons, where a democratic and
well-developed just approach can hopefully reduce policy resistance or dissent amongst
different populations groups as well as accelerate change (Schwanen 2021). Schwanen
(2021) has thus suggested that when attempting to address these cultural and contextual
sustainability transitions in transport, the approach should focus on distributional, procedural
and recognition justice should be had, to accelerate these transitions with minimal social
friction due to the inclusive and democratic approach that should be taken.

4.3 Evaluation of the study

Within every study, there are inherent limitations, and this study is no different. Within each
of the papers that constitute the basis of this thesis, the limitations of the individual study are
discussed and for brevity’s sake, will not be repeated here. Therefore, for those interested in
the limitations of the individual results from each paper, this thesis guides the reader to the
discussion sections of each, where the limitations related to the associated paper’s findings
can be found. Alternatively, discussed here is the reliability and applicability of this study,
through the context of the interpretation of the results of the four papers and positioning
them within the literature. Breaking these interpretations into three key perspectives, the
scope of the study and its implications, systemic changes, and rebound effects are discussed,
all of which could potentially impact the validity of the results.

4.3.1 Scope

In the multi-scale approach taken in the study, EVs were first studied at a product level. At
this product level, it is worth identifying that the results only incorporated results from
medium-sized passenger vehicles, as identified in the selection of the review material in
Paper 1. This approach was taken to avoid increased variability in the results due to the
incorporation of multiple vehicle types. This, however, lacks the conversation around SUV's
(and also light vehicles), which in the EU and China are the fastest-growing market segment
and are already the largest market segment in the U.S. (IEA 2021). SUVs have been noted
for their higher embedded emissions and resource use and lower efficiency than smaller
vehicles due to their increased size and material use (Karaaslan et al. 2018), thus mentioning
their exclusion is relevant.

With the urban level as the core spatial perspective of this thesis, and, particularly, the study's
focus on urban-level passenger ground transport, it is highly relevant to place these scopes
into the correct context. This scope was chosen intentionally since cities can act as key
macro-level actors and they are increasingly housing a growing percentage of the global
population. Additionally, from a social perspective, in the interest of understanding how EVs
fit into the larger role of mobility as a basic public service and means to satisfy human needs,
focusing on passenger ground transport based on urban travel demand was deemed to be
justified, where freight and flights were considered outside of the scope of the study.
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The importance of the environmental impacts of these exclusions is not lost on this study,
particularly given the impacts of freight both in terms of GHG emissions as well as the
potential grid impact of attempting to electrify a freight fleet. In particular, for GHG
emissions this again may represent an underestimate, where Savy and Burnham (2013)
estimated that the exclusion of freight could lead to underestimates of up to 50% in urban
transport estimates. Further studies have additionally identified the importance of transport
infrastructure emissions (Chester and Horvath 2009), which, in the context of this study,
could include roads, charging infrastructure for EVs, and the life cycle emissions associated
with supporting electrical infrastructure that could be required to maintain the electrical grid
with increased EV demand. Additionally, when considering the difference between
behavioural change scenarios that suggested increased densification, the infrastructure
emissions required to facilitate increased densification could be a significant source of
emissions (Pomponi et al. 2021). Lastly, this study only considered emissions from intra-
urban transport and did not consider transport between cities nor air transport. These
emissions are still relevant to the transportation sector, where it has been seen that,
particularly for urbanites, transportation emissions from air travel are increasing rapidly and
becoming a growing portion of city dwellers’ transportation emissions (Czepkiewicz et al.
2019). Lastly, the previously mentioned exclusion of SUV's additionally extends to the urban
level GHG assessment, and thus the impact of higher car fleet sizes which was identified as
a key factor in the increased indirect GHG emissions could potentially be underestimated.

Therefore, in terms of scope, readers must understand the scope of the results and their
potential shortcomings, where this study focused specifically on mid-sized vehicles in the
urban ground passenger transportation sector, which was considered to be the relevant and
achievable scope of the study. This understanding can be broken into 1) how the limitations
and boundaries of this scope affect the actual results of the study and 2) how they affect their
interpretations and implications. In terms of actual results, the omission of SUV's represents
a simplification and could potentially lead to an under-representation of both the direct and
indirect urban-level GHG emission estimates (where SUVs have lower fuel efficiencies and
higher material use in production) in the results in Paper II. The rest of the identified scope-
relevant limitations refer more to how the results can and should be interpreted. For example,
the results of this thesis should not be used to characterize the GHG profile of the greater
mobility sector, where freight, flights, and long-distance transport serve different purposes
than serving local travel demand, which was the focus of this study. Additionally, the lack
of life cycle emissions associated with infrastructure (including roads, potential electrical
grid and capacity expansions, EV charging infrastructure, bus stations, etc.) and urban form
changes represent often difficult to quantify impacts at the urban scale and make comparing
the GHG implications of certain development pathways more challenging. Thus, while these
changes were established as outside of the scope of the study, this study acknowledges the
uncertainty associated with actual GHG emissions of urban sprawl as opposed to a more
densified form (where one may require greater road provisioning and the other greater
redevelopment and high-rise development) as well as EV infrastructure expansion. The more
future studies can incorporate the additional impacts of these infrastructural changes, the
more accurately the GHG implications of different development pathways can be
characterized.

It is additionally worth noting the potential shortcomings associated with the scale leap from
city to global sustainable mobility taken in this study. With the emphasis placed on cities,
the risks of taking a methdologically “cityist” approach present themselves (Angelo and
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Wachsmuth, 2015). With too tight a focus placed on the city itself, isolated from the larger
national, international, and in the other spatial scale, hyper-local contexts, the narrowed
focus of cityism can lead to unrealistic conclusions being drawn, due to the potentially
significant impact of these surrounding contexts. Further, with the blurred lines of what
delineates a city as a specific site and the surrounding space, where Brenner and Schmid
(2015) even argue the ‘urban’ to be more a theoretical abstraction than a concrete object, a
cityist approach can even struggle in capturing its own scale appropriately. Where a city, in
the sense of a governing entity, may be define itself within strict geographical limits, urban
activities rarely act within in these limits, and such a distinct focus on the city as opposed to
the urban (or lack of distinction) presents a risk of further missing context within its own
approximate spatial scale. These issues extend for global comparative urban studies which
threaten to devalue the highly varied contexts of the individual cities, often lacking a means
to normalize the results (Robinson, 2016). Angelo and Wachsmuth (2015) acknowledge that
there is nothing inherently wrong with the cityist approach, but rather the lack of
acknowledging its limitiations in the literature to be the most pressing issue. Thus, it is worth
noting in this work Reykjavik’s multi-scaled existence as a city within Iceland, a country
which is part of the European Economic Area, and thus subject to the context of both of
these conditions. For example, mobility, urban, and policies implemented at the
supranational E.U. level could lead to impacts on Reykjavik and the city’s mobility system,
as the city does not exist in isolation of these factors.

4.3.2 Systemic changes

Whilst evaluating this study, the limitations of what can be understood on a systemic scale
also needs to be considered, particularly when considering the long-term temporal aspects
associated with scenario modelling in this study. Included within this grouping are systemic
changes associated with Covid-19 (and potentially future unknown pathogens),
technological developments, and changing political landscapes, though these are but a few
of the most relevant systemic changes amongst a long list of changes that could potentially
impact the results of the study.

The first of these changes involves Covid-19 and the potential long-term societal changes it
and future pathogens may bring. The pandemic caused significant changes to both local and
long-distance travel behaviour, though the longevity of these changes remains to be seen
(Siddique et al. 2021). Additionally, what changes will continue forward are difficult to
predict. While many expect remote working to continue beyond the pandemic, thus leading
to less commuting and energy consumption from transport, it may also lead to less
inclination to take public transport in the short term, leading to greater private vehicle use
(Zhang and Zhang 2021). How these trade-offs will affect travel patterns and associated
emissions in the long term remains to be seen, and thus could potentially impact the validity
of the results as travel behaviour in both Paper II and Paper III were modelled from a pre-
covid travel behaviour survey (Gallup 2017). This does not even take into the potential
changes to urbanization and densification that these changing behavioural patterns due to
the pandemic may bring. Future works should thus take these potential changes into account
when modelling travel behaviour in the future.

Many of the transformations which allowed society to transition to the “new normal” of
teleworking and digital schooling were enabled by technology that perhaps would not have
been available just a decade or two ago. The pace of digitalization and modern technology
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development and its ability to impact urban development has shown itself in the smart city
movement and is likely to continue. How technology will transform the transportation sector
in the long-term is difficult to model and predict, where many of the Mobility-as-a-Service
and shared vehicles (Cruz and Sarmento 2020; Sperling 2018), last-mile solutions (Miles et
al. 2016), and Automated Vehicle (AV) technologies (Hancock et al. 2019) are still in
nascent stages, and how they will affect the transportation sector remains to be seen.
Additionally, surrounding EVs and alternative vehicles, batteries, smart charging, vehicle-
to-grid (Heinisch et al. 2021), and vehicle-to-X technologies (Kobashi et al. 2020), energy
efficiency, and other alternative fuel developments (such as hydrogen and biofuels) will
further impact the pace at which decarbonization in the transportation sector occurs, both for
passenger vehicles as well as for heavy-duty vehicles such as busses and trucks (IEA 2019;
IEA 2020). While technological developments were considered within Paper II’s models,
these are, of course, subject to a significant amount of near unavoidable technological
uncertainty. Larger macro-level developments in the energy sector in general, which supplies
the necessary energy for transport, both renewable and nonrenewable, are additionally
subject to both technological and economic developments (such as wind and solar
installation costs, energy storage technology developments, fossil fuel price fluctuations,
etc.) that could also impact the rate at which renewable energy technologies are adopted as
well as affect the uptake of EVs (where, for example, volatile fossil fuel prices could either
encourage or discourage EV purchases). These developments could impact both the rate of
integration of EVs in these studies as well as change the modal shares of travel behavior
within Papers II and III, thus adding additional layers of uncertainty to the results.

Changing political landscapes could additionally impact the results of the study in the sense
that they could alter the political will to achieve some of the developments discussed in the
study as well as what might actually occur as compared to the scenarios. With the newest
IPCC (2021) and WMO (2021) reports emphasizing the increasing likelihood of hitting
1.5°C warming within this century, it could be that as the impacts of climate change continue
to grow, what was once considered to be politically infeasible may quickly become
mainstream as the general public increasingly demands action from their respective states.
Alternatively, however, nationalism/populism (Kroll and Zipperer 2020; Marschall and
Klingbiel 2019), polarization and politicization of environmental agendas (Sintov et al.
2020), and potential geopolitical strife, disagreements, and refusal to negotiate could lead to
weakened international cooperation and political will, as seen in the U.S.’s withdrawal from
the Paris Agreement (Zhang et al. 2017). Further, large scale socio-technological changes
would, if not require, certainly lead to, transitions from the incumbent dominant regimes
who may not want to cede their held powers to newcomers within this transition and even
have vested interest in stopping them, such as multi-national corporations (i.e. the fossil fuels
industry). These power relations and how they may resist these transitions, influence
politicians, and change over time could have a great impact in our abilities to make such
strong-state sustainability transitions (Brand et al. 2020). Such issues could hamper the
international climate agenda and slow sustainable development geared policies and
associated socio-technical transitions, such as the integration of EVs (Pirgmaier and
Steinberger 2019).

4.3.3 Rebound effects

Additionally important when evaluating the study is the potential for rebound effects. In the
field of environmental study, rebound effects are the potential unintended consequences of
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certain policies or shifts in consumption which can lead to negative impacts through
increased consumption or emissions (Ottelin 2016; Allan et al. 2009). Brockway et al. (2017)
further categorize these rebound effects into micro and macro economic rebound effects,
which describe the static (such as income, substitution, embodied energy, and re-spending
effects) and dynamic (such as economy-wide and transformational effects) changes rebound
effects can have on the economy, respectively. Such rebound effects from systemic changes
were broken up here into the two categories: 1) those which could potentially impact the
results of the study, and 2) those which could potentially be seen outside of the scope of the
study that readers should be made aware of.

In the first group of rebound effects which could potentially impact the results of the study,
a first example can be connected to an efficiency-related/velocity-related rebound effect,
whereby more efficient public transport modes such as high-speed trains might actually lead
to greater travel demand (Spielmann 2008). Such an efficiency-rebound effect could
potentially be seen economically as well, where, for example, as fuel efficiency improves
and the cost per kilometre of driving decreases, the greater driving demand may be, leading
to increased consumption (De Borger et al. 2021). Both such effects could lead to
misrepresentation in the temporal models, where the rebound effects caused by technological
and efficiency improvements could lead to greater consumption than expected based on
current trends.

In the second grouping of rebound effects, which may not be seen in the scope of the study
but could still be relevant to the results, a first example also includes an economic
perspective; taking either an EV or greater public transport/active transport mode centric-
approach, as affordability of transport goes up and urban dwellers spend a proportionally
lower share of their income on transport, their ability to spend and consume more rises. If
this freed-up money is then spent on goods/services with a higher environmental impact, this
could lead to increased effects. Conversely, densification and reduced car ownership (and
reduced associated costs of ownership) may lead to other rebound effects such as the greater
taking of flights and other forms of consumption (Czepkiewicz et al. 2018; Ottelin et al.
2017). Lastly, from a global intergenerational sustainability perspective, when considering
potential per capita environmental ceilings, urban transport is only one consumption sector,
where, for example, Akenji et al. (2019) included additional sectors such as nutrition, goods
and services, and housing. One potential rebound effect and risk of considering only one
sector is that from the perspective of an EC, if one were able to decrease their impacts
towards the EC in one sector, this may be used as a justification to increase it within another
consumption sector, rather than attempting to minimize the impacts as possible. With these
rebound effects identified, it is thus important for future studies both focused on the mobility
sector as well as other consumption sectors and other environmental assessments to consider
the different relevant rebound effects and their implications associated with densification,
EV integration, and the changing economics of the transportation sector which can affect
consumption.

4.4 Future research directions

Considering the findings, limitations, and barriers identified by this thesis, there remains a
wide range of future research to address these issues. Individually, each paper within has
identified areas for future research regarding their specific fields of study, and thus, for the
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sake of redundancy, this paper will guide the readers to those papers for greater detail
regarding the individual topics of the papers. Alternatively, this work will take a broader
perspective, integrating the combined results from all the studies to suggest which areas of
future research the holistic results suggest. Taking this approach, three general interrelated
fields of future research of particular interest were identified.

4.4.1 Integrated transformation pathway development and
mapping

The first area of future study identified was the development of a multi-criteria decision
assessment (MCDA) and/or system dynamics tools for decarbonization as well as more
holistic sustainability pathway development, which would consider environmental and
social criteria within the context of an SCC. Additionally, with the discussion surrounding
the importance of context in path dependence and different types of lock-ins (Rode et al.
2014; Mattioli et al. 2020), yet in line with Figure 16, the extent to which these lock-ins exist
according to regional contexts are often unknown. This research thus suggests an approach
in which ASI and social provisioning strategies are considered across sectors (similar to
Akenji et al. 2019; Ivanova, et al. 2020), and their potential effectiveness/ability to be
influenced be assessed according to the regional context (such as accessibility, population
density, electrical grid GHG intensity, the potential for EV integration, etc.). Performing
such an assessment using LCA meta-analysis, policy assessments, and policy pilot studies,
an MCDA and/or system dynamics model could be developed such that SCC compliant
development pathways could be suggested. State and city officials, urban planners, and
researchers could use such assessments to develop adaptive plans according to their regional
contexts. Such models taking this regional context and data are rare, and through robust and
flexible development of the work, adaptable regional insights into SCC pathway
development could be provided, which would be a useful addition to the research. Such
developments in ASI and social provisioning strategies, their connection to lifestyle
footprints and environmental impacts and their potential for sustainable development at
different spatial levels national/subnational have been called for in the literature (Akenji et
al. 2019). These works should follow a participatory approach and the inclusion of diverse
stakeholders to ensure a democratic process with greater success of implementation
probability as suggested by SCC works and other social justice literature (i.e. Fuchs et al.
2021; Pereira et al. 2016; Schwanen 2021).

4.4.2 Sustainable consumption’s contextual relevance

Taking the contextual relevance discussed, this study has found that a greater understanding
is needed surrounding sectoral trade-offs and different international contexts in discussions
surrounding sustainable consumption corridors (and the implied effects of
intergenerationally sustainable consumption), especially between the global south and global
north (Wiedman et al. 2020). The barriers to the implementation of SCCs and setting
ecological ceilings have been discussed, and taking these into account, future research can
seek to understand which drivers can move societies towards an SCC and elucidate what
behaviour and technological changes would be needed across sectors to achieve
intergenerational sustainability. If the GDP growth imperative was abandoned as a goal to
achieve movement into the SCC, what would this mean for the economy and social stability?
Additionally, how would GDP growth abandonment affect the social outcomes of
developing countries? What level then would be just to respectively restrain developed and
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developing countries environmentally to ensure PB alignment whilst at the same time
allowing for socially acceptable outcomes in both categories of countries? How would these
changes then impact the economy and social stability (see Biichs and Koch 2019)? How
would it affect trade and the global south? How does the impact of each sector change
according to the local and regional contexts (i.e. can a country with lower energy grid GHG
intensity equitably have greater transportation emissions?)? While degrowth and other such
literature have discussed these questions qualitatively, quantitative assessments
understanding these trade-offs and their connections to our ability to live within an SCC at
a sector level have been limited [though examples such as Jackson and Victor’s (2016) work
exist at an economy-wide scale] and may miss some of the sectoral granularity which could
provide greater insights for decision making.

4.4.3 Development of SCC-relevant indicators

An extension of the considerations surrounding future research of SCCs is the development
of sustainable consumption relevant indicators and thresholds, both from environmental and
social perspectives as well as from an integrated perspective of the two. Environmentally,
underrepresented in SUM indicator literature is a focus on the scale of impacts and their
relations to the PBs, not just efficiency or incremental improvement (Holden et al. 2013).
While a plethora of environmental SUM indicators exist, the lack of connections to
thresholds tends towards ‘weak sustainability’ or a more a directional movement towards
sustainability as opposed to attempting to reach an intergenerationally sustainable state.
Thus, this research suggests that there should be a greater focus on understanding the
mobility sector's role within the PB’s and when integrated with other consumption sectors
and emissions sources. A research gap exists in understanding what role the mobility sector
can and could play in the consumption profile of a region, and how that may change in
different contexts. Indicators that connect to these thresholds can assist in providing the
numbers necessary to make these types of assessments. From the social perspective, while
accessibility indicators have been discussed for some time (Morris et al. 1979; Koenig, 1980;
Chen et al. 2011), as Paez et al. (2012) point out, the distinction between how things are and
how things ought to be are often lost. As Péez et al. point out, studies often silo these two
approaches, which makes tying the two together difficult, signifying a lack of connection
between indicators (of how things are) and thresholds (of how things should be).

An additional challenge to such a normative approach is determining what would define an
acceptable level of SFs such that it would suggest the ability to live a ‘good and dignified’
life. Research is increasingly considering the provision of Universal Basic Services, which
incorporates transport as a basic service (Coote, 2021). Thoughts about transport justice
similar to the approach taken by Pereira et al. (2017) could be combined with social
sustainable urban mobility indicator works in an attempt to link just approaches and the
measurements of these issues. Future research could investigate these topics through various
participatory and stakeholder approaches to ensure procedural justice and to understand the
needs and requirements of different user groups in different contexts (Schwanen 2021).
Translating these needs to more granular SFs and indicators would then assist in developing
a more granular and useful SF.

Lastly, the SCC perspective presents an opportunity for the creation of integrated
environmental-social indicators for different sectors. This integrated perspective can tie
together the ECs and SFs such that the two become interrelated for different sectors, for
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example, in the mobility sector, through the creation of indicators that describe the GHG
emissions associated with access to a certain service. This added perspective shift could
assist in determining what level of access to services and mobility would be needed to stay
within the ECs as well as measuring the performance of the system. Integrating these
perspectives could work to push past the intellectual dead-end identified in transport studies
(Grossmann et al. 2021), where social justice transport studies often identify the
environmental shortcomings seen in the works and the same occurs vice-versa in
environmentally-focused transport studies.
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5 Conclusion

This thesis took a multi-scale approach to understand the role that EVs could play in the
development of a sustainable urban mobility system and then placed their developments
within the much broader context of intergenerational sustainability through the use of SCCs.
With the international focus on utilizing EVs as a leading solution to decarbonize transport
and at times consumer uncertainty surrounding the ability for EVs to lead to environmental
benefits, this thesis first focused on understanding EVs’ GHG impacts on a product and
system level. This work found that at a product level, within almost all electrical grid GHG
intensity contexts and low to medium contexts for petrol and diesel cars, respectively, EVs
led to less life cycle GHG emissions, where the scale of the difference was dependent on the
intensity of the grid. However, at an urban systems level, due to the higher embedded
emissions associated with EVs, from a perspective incorporating both direct and indirect
emissions, in the case study performed on Reykjavik (which represents a near best-case
scenario for EV use in terms of life cycle GHG emissions), it was found that a behavioral
transformation with greater use of public and active transport would lead to similar if not
less cumulative GHG emissions than a technological EV-centric GHG development
pathway. Additionally, this work showed that this greater incorporation of EVs would lead
to greater electrical demand and peak load impacts if car fleet size and charging are not
controlled.

Addressing the RQ3 regarding the characterization of a mobility-focused SCC led to
developments that provided a good context for discussing the implications of the results from
Paper I-1II, where it was made clear in the integrated results that if intergenerational
sustainability is to be achieved, a perspective shift will be required. While many national
and international urban transport decarbonization initiatives tend to pose the question of,
“how can we transform our mobility system to incorporate this solution (EVs) to become
more sustainable?”, this thesis suggests that this line of questioning is directionally flawed.
Instead, with the goal of intergenerational sustainability in mind, the question should rather
be posed as, “how can we transform and utilize a suite of solutions (EVs, public transport
and public transport modes, urban transformation, digitalization) and incorporate them into
the urban mobility system to maximize accessibility and minimize environmental impacts?”’
Rather than leading with the fix and solution and using that to define the system state (which
could potentially lead to further lock-in of car dependency), this thesis suggests the reverse,
where first the desired system state should be defined, and then, according to the context of
the system, the correct and relevant set of solutions be implemented.
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