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Sustainability transitions boundaries has been recognized, but few studies have investigated the temporal change dynamics
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of such systems in the context of strong sustainability. Using Iceland’s mobility sector as a case
study, the effects of significant economic swings and other landscape/innovation developments
from 1995 to 2018 were narrated. The influence of these factors on Iceland’s mobility provi-
sioning, and the associated impact of these changes on the sector’s ecological overshoot and
transport poverty/social externality indicators, were considered. The results showed that Iceland
came close to achieving a just space by the end of the period, but where significant overshoot was
seen throughout. This overshoot fluctuated with the country’s economic booms and busts,
reaching almost 1.5x at its peak as compared to its lowest point. These results identify the need to
reduce the ecological intensity of Iceland’s mobility provisioning.

1. Introduction

The past thirty years of socioeconomic history could be characterized as a time of increased global prosperity and improved well-
being, where one billion people escaped extreme poverty (The World Bank, 2022b). Beneath the surface of these cheery headlines,
however, economic booms and busts and a series of recent systemic shocks have disrupted the lives of billions (The World Bank, 2022b;
Hickel, 2016). Throughout these crises, the top global 1% managed to appropriate 38% of all additional wealth accumulated, while the
bottom 50% only received 2% of this wealth (Chancel et al., 2022). This inequity occurred while the continued exponential growth in
human activity and consumption has led to the simultaneous growth in environmental pressures, bringing humanity to the cusp of
ecological crisis (Steffen et al., 2015).

While the current political economy continues to promote GDP growth-orientated development as the key to increased well-being,
there are those who recognize this paradigm as unsustainable (e.g. Raworth, 2017; Wiedmann et al., 2020; Hickel and Kallis, 2020;
Hickel et al., 2021, 2022). Researchers have presented alternative ‘strong sustainability’ approaches that promote well-being, rely on
eudemonic, needs-based, and sufficiency-orientated well-being perspectives to develop ‘just’ social minima and the necessity for these
needs to be met within ‘safe’ ecological maxima, such as the planetary boundaries (Raworth, 2017; Fuchs et al., 2021; Lamb and
Steinberger, 2017).
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In an assessment of the ecologically ‘safe’ and socially ‘just’ global performance of nations, however, no country was found to be
meeting all its citizens’ needs within the planetary boundaries (O'Neill et al., 2018). Expanding this work temporally, Fanning et al.
(2022) studied the same indicators as O’ Neill et al. (2018) across 140 countries from 1992 to 2015 and found ecological transgression
was occurring at a faster pace than social thresholds achieved. Fanning et al. (2022) and other scientists (e.g. Haberl et al., 2020;
Haberl et al., 2019; Hickel et al., 2018) have suggested that this could be linked to socio-ecological inefficiency of provisioning systems
(e.g. food, healthcare, and mobility systems, etc.), where nations have not been able to meet the needs of their citizens within the
planetary boundaries. Studies have investigated the socio-ecological performance of nations, but these studies have nearly always only
considered the connection between ecological impacts and higher-order indicators such as life expectancy (Dietz et al., 2012; Knight
and Rosa 2011; Lamb et al., 2014; Vogel et al., 2021). Lacking from the literature, however, are system-level temporal perspectives of
how the socio-ecological efficiencies of provisioning systems change over time.

We attempt to accomplish this by studying the socio-ecological performance of mobility systems over time, where mobility rep-
resents an essential provisioning system in modern society (Mattioli et al., 2020) and where the need to tie historical and
socio-metabolic perspectives has been identified in transition literature (Grof} et al., 2022). While mobility itself may not be considered
a basic need, it acts as a non-substitutable prerequisite to access essential services, employment opportunities, and connect with society
(Mattioli, 2016). It has increasingly been seen as a critical intermediate need and incorporated into basic service/need frameworks (e.
g. Rao and Min, 2018; Biichs, 2021; Coote, 2021). Not satisfying basic mobility needs has been recognized for the harm they can cause
in the form of transport poverty (Lucas et al., 2016), aligned with sufficiency (Lamb and Steinberger, 2017) and minimum consumption
notions of justice (Heyen, 2022). Mobility systems cause further suffering in the form of significant social externalities. Traffic fatalities
are the leading cause of death globally for those between 5 and 29 years of age (WHO, 2022). Air and noise pollution associated with
transport activity can further cause significant health impacts (WHO, 2018, 2021; Apte et al., 2012). Environmentally, as global
mobility activity continued to rise, ground mobility systems were accountable for 10.7% of global GHG emissions in 2018, where
increased demand has outpaced environmental efficiency gains, and developing countries are increasingly motorizing (Lamb et al.
2021). Mobility infrastructure and vehicles additionally come with significant materials and embedded emissions (Hertwich, 2021;
Virag et al., 2022; Lettenmeier et al., 2014). Many studies have investigated the sustainability of transport systems, but they have
almost always been unrelated to the thresholds and thus cannot determine when the defined intergenerationally sustainable state has
been achieved (Dillman et al., 2021; Holden et al., 2013).

Transitioning mobility systems has been a notoriously challenging task, as they represent a highly locked-in sector with complex
infrastructures, institutions, and vested interests, which can lead to high path dependency, making them resistant to change (Nzss and
Vogel, 2012; Driscoll, 2014; Mattioli et al., 2020). With the growing recognition of the importance of a just transition and one that
should not be overlooked in efforts for a green transition (Sherriff et al., 2022), an integrated approach which investigates the temporal
developments of both social and ecological performance over time is needed, and answers calls in the literature to do so (Jenkins et al.,
2018; Kohler et al., 2019).

This study, therefore, conducted a longitudinal case study of Iceland’s mobility provisioning from 1995 to 2018, utilizing the Multi-
level Perspective to map landscape, regime, and innovation developments. The aim was to investigate how these changes influenced
the strong sustainability performance of Iceland’s mobility sector.

Iceland serves as a case study worthy of international interest due to the acute economic volatility seen during the study period and
the influence of these developments on the transport sector. Since the 1990s, the country saw significant economic booms and busts,
most famously during the banking crisis, which pushed Iceland into the deepest recession seen in any developed country within the
past 50 years (Johnsen, 2014), after which the country bounced back to become one of the most affluent countries in the world per
capita (The World Bank, 2022). This economic volatility provides a graphic example of international interest due to the associated
rapid changes to mobility stocks and activity, allowing for an investigation into the environmental and social impacts (Ulfarsson et al.,
2015). Further, with the car-orientated, sprawled urban form experienced by most of the country’s population (Collin-Lange, 2014),
and a prevailing strong car-orientated mindset (Heinonen et al., 2021), Iceland can act as an international example of the challenges in
achieving mobility-related social foundations within the planetary boundaries under such a configuration. Particularly with the
country having some of the highest rates of EV penetration globally, this makes the conversations regarding the co-benefits of an
EV-centric route timely and relevant to the case study, whereas, in other countries, EV markets are still in their early stages (IEA, 2022).
Lastly, the country’s capital, Reykjavik, has consistently accounted for approximately two-thirds of the country’s population from
1995 to 2018 (Statistics Iceland, 2022b). With the country’s small relative size and homogenous populations, this allows studying the
urbanizing effects of Reykjavik and the city’s development to act as a good proxy for the rest of the country, which would be
significantly more difficult in a country with a dispersed population and diverse urban forms. It is worth noting that Iceland can often
be considered a geographic, demographic, and economic outlier due to its relatively small, geographically isolated population with
high GDP per capita relative to other nations. We address these limitations in Section 3.3 in the Methods and Materials section.

This work makes a set of academic contributions. First, this case study provides both an explicative narrative and an empirical study
of the socio-ecological performance of a provisioning system, answering calls in the literature for such investigations (Hickel et al.,
2022; O'Neill et al., 2018). Second, while other studies have looked at transport poverty (Upham et al., 2022) and transitions in the
mobility sector in Iceland (Lin and Sovacool, 2020; Shafiei et al., 2017; 2018; 2019) and elsewhere (e.g. Geels, 2018; Hillman and
Sandén, 2008), no study has bridged these fields in Iceland or in another Nordic welfare economy. Quantitatively studying (transport)
justice over time through a socio-technical lens marks a contribution to a significant research gap (Jenkins et al., 2018; Kohler et al.,
2019). Third, this work adds to the socio-technical literature by providing an interesting and illustrative case study of rapidly changing
consumption behaviour and socio-technical system development under volatile conditions and times of change/innovation (e.g. EVs,
tourism boom) (Duffy et al., 2017; Keeling, 2020). Such volatility could potentially aid in interpreting beneficial/detrimental
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relationships between macroeconomic developments and provisioning/ecological impacts (Geels, 2018).

This paper is organized as follows. First, the analytical framework we employed to answer the research question, where we
conceptually bridge socio-technical transition and provisioning system theory, is described. The defined ‘safe’ and ‘just’ space for
Icelandic mobility was then described, with supporting information provided in the Appendix. The results narrate a socio-technical
review of developments in Iceland’s mobility provisioning system and connect them to its strong sustainability performance. The
discussion provides a discourse on the influence of developments, on multiple levels, which influenced mobility stocks and activities
which in turn influenced sustainability performance. The importance of connecting socio-technical study methods and strong sus-
tainability concepts was then discussed, with the final section concluding.

2. Analytical framework

In this section, we provide a theoretical background for provisioning system/ecological economic and Multi-level Perspective
(MLP) concepts, discussing their limitations. We then argue for bridging these concepts and explain the application of this bridged
framework in our work. The Methods and Materials section details the case study and data used to employ this framework.

2.1. Overview of provisioning systems

Provisioning systems, as defined by Fanning et al. (2020), transform resources to meet human needs and capabilities, converting
resources like minerals and fossil fuels into material stocks such as roads and vehicles. The demand for these services results in a social
metabolism for the system (Schaffartzik et al., 2021). In the case of mobility, transport and accessibility serve as the means to satisfy
basic needs like physical health and social participation, as described in the Introduction and elucidated by Mattioli (2016). The
required transport activity to satisfy these needs (and wants), outside of active transport modes with limited reach, requires energy,
which to date has been heavily fossil fuel dependant (Lamb et al., 2021). The growth of these activities and supporting infrastructures
in turn lead to both environmental (e.g. GHG emissions, land use change) and social externalities (e.g. air pollution, traffic injuries,
noise, etc.) (Dillman et al., 2022). The socio-ecological efficiency of these systems can be described according to their ecological in-
tensity of well-being, i.e. how efficiently they convert ecological resources (and outputs) into well-being outcomes.

As illustrated in Dillman et al. (2023), the provisioning system framework lends itself to other ecological economics concepts such
as Sustainable Consumption Corridors (Fuchs et al., 2021) or Doughnut Economy perspectives (Raworth, 2017), where the system
inputs and outputs can be tied to ecological maxima tied to planetary boundaries or other ecological limits (Rockstrom et al., 2009) and
social minima connected eudemonic or other such attempts to measure objective well-being (Lamb and Steinberger, 2017; Wiedmann
et al., 2020). The strength of such frameworks is the ability to define sustainable system states as opposed to solely relative sus-
tainability directions (Holden et al., 2013; Dillman et al., 2021).

The shortcoming of these frameworks, however, is that while they perhaps implicitly consider change dynamics, they are less
explicit in discussing system change and reconfiguration over time, where this temporal aspect is of key interest in our study. Second,
while they are effective in capturing strong sustainability states and socio-ecological outcomes, they do not implicitly address exog-
enous landscape and innovation changes which can potentially influence these socio-ecological outcomes. Particularly since moving
these systems towards a sustainable state will necessitate substantial reconfiguration (changes to policy, practices, states, and tech-
niques, as well as their connections to other provisioning systems), prominent scholars have identified the need for research that would
foster a more profound comprehension of how provisioning systems can reconfigure to improve socio-ecological efficiencies (Fanning
et al., 2020; Hickel et al., 2022).

2.2. Overview of the multi-level perspective

To address these shortcomings, we introduce socio-technical transition theory, particularly the multi-level perspective (MLP) to
study change dynamics and socio-ecological system performance over time (Geels and Schot, 2007). A common method employed to
study such change dynamics within the transition literature, which this paper will focus on, is the multi-level perspective (MLP)
(Markard et al., 2012). The MLP integrates findings from various literatures to analyse the complex dynamics of socio-technical
change, encompassing three levels: niches, socio-technical regimes, and the socio-technical landscape. The strength of this
approach is that this allows for the examination of the interactions amongst niches, socio-technical regimes, and landscapes, and aids
in identifying windows of opportunity for radical innovations, understanding the barriers to their success, and designing targeted
interventions for fostering technological transitions that lead to more sustainable and efficient systems (Geels and Schot, 2007;
Markard et al., 2012).

Yet, two limitations in the transition literature exist that we address here. The first is that transition studies often focus on ‘green’
transitions but almost entirely rely on the assumption that the studied transition will lead to lower environmental pressures while
failing to measure the scale of change in environmental pressures or social impacts and proximity of the changed system to a strong
sustainability state (Geels et al., 2015; Feola, 2020). Second, socio-technical transition studies often struggle to consider “socio-eco-
nomic problems as such poverty, inequality, problems in democratic accountability, happiness” associated with the transition under
study (Geels et al., 2015; Geels, 2019). This can lead to challenges for example when determining which technology to prioritize to
promote a sustainability transition, or which transitions could be considered ‘more’ sustainable due to the lack of clarity in terms of
defined sustainable states and the ability to benchmark to them (Susur and Karakaya, 2022).
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2.3. Conceptually bridging the two frameworks

In an effort to address these limitations, this study aims to integrate ecological economic concepts, such as provisioning systems and
sustainable consumption corridors, with the Multi-Level Perspective (MLP) framework. By explicitly examining the evolving dynamics
of regimes (which we equate to provisioning systems) over time, we can consider factors such as changing user behaviour, mobility
culture, technological advancements, business innovations, and policy conditions. Analysing regime developments using diverse
qualitative and quantitative sources enables the construction of data-driven narratives that trace the transformations of the regime in
question over time.

Positioning the regime as a provisioning system and connecting it to a contextually developed Sustainable Consumption Corridor
(SCC) allows for the visualization of both ecological impacts and social outcomes throughout time. These measurements can be then
used to assess socio-ecological efficiency. Combining these results, a bridged approach such as we suggest can a) provide the context
for understanding why socio-ecological performance changed and b) measure how landscape, regime, and innovation changes in the
system led to various socio-ecological outcomes, more than either approach thus far has been able to do individually. Furthermore,
grounding the MLP in strong sustainability contexts can aid researchers in moving beyond the capitalist paradigm of unbridled capital
and economic growth, which often underpins transition studies (Antal and van den Bergh, 2014; Gillingham et al., 2016; Feola, 2020).
This approach mitigates the boundary problem often encountered in socio-technical transition studies. By adopting a life cycle
perspective and integrating social and environmental issues, we propose a method for more objective boundary setting and bench-
marking when comparing transitions. While not a panacea, this represents a step forward (Susur and Karakaya, 2022).

Finally, we operationalized this bridged framework by performing a socio-technical review of Iceland’s mobility system
(1995-2018) and mapped developments in an adapted MLP framework, visualizing all the mentioned dynamics at the end of the
review for interpretative purposes (Fig. 5). After describing the contextually developed SCC, we measured the socio-ecological effi-
ciency of Iceland’s mobility provisioning. The MLP narrative, with its focus on change dynamics and evolving contexts, enriched the
strong sustainability approach by providing insights into how different factors interact and influence socio-ecological outcomes.
Conversely, the strong sustainability approach enhances the MLP by embedding it in a framework that quantitatively evaluates
ecological impacts and social outcomes, enabling a more comprehensive assessment of system performance. By examining both the
narrative of how provisioning has evolved and the quantitative assessment of strong sustainability, we could more effectively interpret
the impact of these changes and identify potential pathways, and supportive transitions, to achieve a safe and just system state.

3. Methods and materials
3.1. Socio-technical review

Placing our framework in the context of the study, with the research goal of studying the temporal change dynamics of Iceland’s
mobility provisioning and the strong sustainability outcomes associated with these changes, we first performed a socio-technical
review of Iceland’s mobility provisioning. This review studied academic papers, policy documents, textbooks, and books to develop
timelines of system-level developments, and collected empirical data on changes to key indicators (such as vehicle stocks, GDP, road
infrastructure investment, etc.) over the study period (1995-2018). At the end of the review, we coalesced our findings into a temporal
depiction within our adapted MLP framework in an attempt to illustrate the relationships between various landscape, regime, and
innovation level developments, similar to previous studies (e.g. Gingrich and Krausmann, 2018; Geels, 2018). The next sub-section
then describes how strong sustainability performance was assessed.

While national developments are the focus, Reykjavik will often be the point of focus regarding urban development, due to its

Table 1
Threshold and performance indicators, threshold value, and indicator source for the ecological ceilings and social foundations used in this study.

EC/ Threshold/Performance Threshold value (unit) Description Indicator

SF Indicator source

EC1 Household transport 0.81 tCO2eq. cap 'y ~ ! Akenji et al. (2021) for the 2030 threshold and Clarke et al. OECD,
consumption based GHG (2017) for Iceland’s consumption-based footprint composition  Statistics

emissions Iceland

EC2 Material Use 0.75 tonnes of material Lettenmeier et al. (2014); Ivanova et al. (2016) OECD,
consumption cap ' y ! Statistics

Iceland

SF1 Accessibility 8,000pkm cap ! y~! AND Derived from survey to develop contextual value (Heinonen OECD,
400,000 ISK income cap ! et al., 2022) Statistics

month™? Iceland
SF2 Affordability 20% Derived as average of thresholds suggested by previous studies ~ Statistics

(10-25%). Iceland

SF3 Traffic Fatalities 1.73 fatalities per 100,000 people  Derived from UN SDGs (2015) using Iceland’s 2015 5-year OECD,
moving average of 3.47 fatalities per 100,000 people Statistics

Iceland
SF4 Noise Pollution 5.7% Derived using similar method as for SF3. In 2015, 11.4% of the Statistics

population reported as having been bothered by noise. Iceland

SF5 Air pollution Spgm 3cap 'y ! World Health Organization (2021) OECD
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proportional importance and documented history in the Icelandic context. Throughout the study period, the capital area accounted for
60-64% of the country’s population, allowing Reykjavik to act as a good proxy for developments in the other urban areas of Iceland
(Statistics Iceland, 2022a). Lastly, it is recognized that the space available here is, of course, not sufficient to capture the full nuance or
passing of all events relevant to Iceland’s mobility sector, but rather this work seeks to characterize the study period to build the
temporal study context needed to interpret changes in the system’s sustainability performance.

3.2. Socio-ecological indicators

For the sake of brevity, we shortly describe the socio-ecological indicators used in the study here, derived from previous studies
(Dillman et al., 2021; Dillman et al., 2023), which are shown in Table 1. For expanded descriptions, we guide readers to the appendix.
In the Appendix, we describe in greater detail how the thresholds and indicators were selected and measured, as well as the
multi-criteria decision analysis (MCDA) approach we took to weight the indicators. We followed an expert-driven survey approach to
develop a contextually relevant sustainable consumption corridor (SCC), which defines this work’s safe and just space for mobility,
following approaches suggested in the literature for SCC development (Dillman et al., 2021; Fuchs et al., 2021) and sustainability index
studies (e.g. Waas et al., 2014).

For the ecological ceilings, GHG emissions and material use were the indicators selected. For GHG emissions, a per capita threshold
based on previous research was used as the threshold for limiting global warming to 1.5 °C (Akenji et al. 2022), which was found to be
aligned with the IPCC’s AR6 report (Heinonen et al., 2022). A consumption-based approach, allocated to households incorporating the
direct and indirect emissions from transport, was taken in this work to integrate the impact of consumption behaviour and provi-
sioning. For material use, per capita material use thresholds were taken from Lettenmeier et al. (2014). These two indicators were
chosen for ecological ceilings as two of the most relevant environmental impacts of ground transport (Ivanova et al., 2016), as well as
due to the measurability and data accessibility criteria required when selecting indicators (Sdoukopoulos et al., 2019). It is important
to note that these are both per capita indicators, and thus changes in them don’t necessarily reflect changes in absolute impacts.

To measure social achievement, we used five social indicators derived from previous works studying minimum consumption,
transport poverty, and mobility externalities (Lucas et al., 2016; Mattioli et al., 2017; Dillman et al., 2021; Dillman et al., 2023; Gupta
et al., 2022), which followed previous ‘safe’ and ‘just’ assessments (e.g. O’Neill et al., 2018; Raworth, 2017) and other social justice
frameworks (Rammelt et al., 2022). This selection included two needs satisfaction indicators (accessibility, affordability) and three
social externalities indicators (traffic fatalities, noise pollution, air pollution). For each indicator, we state the value estimated to be
representative of the minimum requirement to live a ‘good’ life in Iceland. We recognize the limitations and potential subjectivity of
these values in the Discussion but strived for these to be as objective as possible through the use of eudemonic well-being frameworks
(Lamb and Steinberger, 2017).

3.3. Limitations

Before moving into the results, we wanted to first recognize some limitations to our approach. First, regarding the socio-technical
review, due to the interest in bridging this field and socio-ecological performance, and the need to capture both landscape and regime-
level development, the review was necessarily brief. Second, while Icelandic policy documents are increasingly being translated into
English, many historical documents can only be found in Icelandic, and while the research team had some Icelandic knowledge, this
inherently makes search protocols more difficult.

For the socio-ecological performance, significant data limitations exist in Iceland regarding modal share, accessibility to public
transit, and other environmental footprint data such as ecological footprints, therefore necessitating the omission of some of these
indicators or the use of proxy indicators (e.g. the use of total mobility to measure accessibility). For the indicators used to measure
socio-ecological performance, a couple of points are worth mentioning. First, while the ecological thresholds were presented as static
absolute targets (i.e. the GHG threshold being a 2030 target for GHG emissions), where this is necessary for developing a consistent
benchmark, in reality, these thresholds are dynamic targets. Thus, though presented here as static, readers should recognize the closing
window of the ecological overshoot targets (particularly for GHG emissions) (Guinée et al., 2022). Second, the social indicators were
established with the goal of contextual relevance, where the setting of an appropriate amount of transport needed to have sufficient
accessibility (Rammelt et al., 2022; Millward-Hopkins et al., 2020; Holden et al., 2013), or appropriate spend on transport (Litman,
2021) are inherently subjective and context-specific, though the selection was based on objective needs-satisfaction approaches.
Additionally, due to the challenges associated with establishing eudiamonic thresholds for aviation mobility consumption, we selected
our scope to only consider ground mobility, but aviation is an increasingly important driver of mobility-related environmental impact,
both for Icelanders and globally (Czepkiewicz et al., 2018, 2019), and the limitations of only considering ground mobility requires
recognition.

Lastly, the generalization potential of Iceland needs to be put into context. Iceland is a country isolated geographically with a
relatively small population with an economy that is not highly diversified with an independent small currency. Thus, the banking crisis
was able to have an outsized impact as well as more easily take on financial risks many times the size of the country’s GDP (Johnsen,
2014). The country’s small independent currency subject to inflation and exchange rate volatility heightens the Icelandic economy’s
volatility (Thorgeirsson, 2018; Gylfason and Zoega, 2018). Therefore, while other countries may experience economic volatility, it is
likely to more acute in Iceland, but, of course, this volatility is what made it an interesting case study.
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4. Results

The results section first presents the socio-technical review of the developments of Iceland’s mobility sector, setting the scene for
the study. With the context for the socio-ecological performance developments provided, the socio-ecological results are presented as
an illustration of the effect of socio-technical developments on Iceland’s mobility provisioning and its socio-ecological efficiency.
Lastly, with historical developments tracked, we then peered into the future to investigate how various development pathways could
impact the socio-ecological efficiency of Iceland’s mobility sector.

4.1. Socio-technical review of passenger ground transport in iceland from 1995 to 2018

In performing the socio-technical review of Iceland’s mobility system, four time periods were identified in the study period that saw
unique development stages. In the following subsections, these periods are described, and data which provided a good representation
of the time were shown. It should be noted though that these graphs are shown in each period, they also describe the entire study
period and were provided for context over the 1995-2018 period and should be interpreted as such.

4.1.1. From the great depression to 1995

Before World War II, Iceland was still suffering from the Great Depression. The war acted as a catalyst for rapid change in Iceland.
British and American occupation brought increased employment and economic opportunity, as the foreign armies could pay
comparatively large sums for work. This influx of money transformed the country after the war. This development was aided by the
entrance of cars and machines brought by the occupying forces, which were largely absent before the war but became plentiful post-
war (Valsson, 2003). Car ownership rates rapidly rose, allowing for a sprawled urban development desired by the rapidly urbanized
rural folk who had come to Reykjavik to work during the war, which also aligned with the fashionable urban design thinking of the
time. From roughly 1945 to 1965, Reykjavik’s population grew by approximately 70%, while the capital’s urban area grew by 700%
(Valsson, 2003). In the 1960s, a renewed effort to develop a comprehensive plan for the city was made, resulting in the 1962-1983
Master Plan based on Scandinavian low-rise apartment suburbs, American-based traffic modelling schemes, land use separation, and
the core assumption that every household should own an automobile (Reynarsson, 1999). This led to a vicious cycle of sprawl, with
increasingly large road infrastructure developed, requiring the pullback of buildings, leading to further sprawl. This pattern continued
in the 1970s and 1980s, where car-orientated lifestyles became the norm and policies were implemented, affording the car special
privileges. As Iceland increasingly commercialized and globalized in the 1980s, 1990s, and 2000s, shopping malls and big box grocery
stores further aided in a car-focused development (Valsson, 2003). By 2005, from the 1940s, Reykjavik’s population density had
declined from 120 inhabitants per hectare to 36 (Mathiesen and Zaccariotto, 2014).

i. 1995 — 2002: A globalizing Iceland

The beginning of the study period was a time of rapid change in Iceland. The country had just entered European Economic Area
(EEA) in 1994, and an era of globalization, neoliberalization, and commercialization was in full swing (Skaar Viken, 2011). The
banking system became privatized, currency markets opened, and live foreign TV channels could air in the country for the first time.
This period also followed shortly after the 1992 Rio Conference on Sustainable Development, and the Icelandic population was
increasingly starting to recognize some of the social externalities associated harm with car-orientated development, such as noise and
air pollution (Reynarsson, 1999). Iceland would go on to publish their first framework for sustainable development in 1998 and a new
regional plan for Reykjavik, both with clearly stated goals to reduce car dependence, urban sprawl, and distance between homes and
work, while increasing land use mix and the use of public transit and active modes (Government of Iceland, 1998; ; Valsson, 2003).

Conflicts between economic development, associated consumerism, and environmental visions in the mobility sector would sur-
face, however, where the commercialization of the times led to a further prominence of shopping centres and park-and-shop grocery
stores. These developments would lead to additional investments to increase road capacity and, contradictorily, were even part of the
urban plan which set out to reduce car dependency (Valsson, 2003). As shown in Fig. 1, car ownership rates increased by 26% during
the period, leading to increased mobility activity (Statistics Iceland, 2022a; OECD, 2022). This has a positive impact on accessibility,
but this continued sprawl may have created the need to travel greater distances itself.

ii. 2003 — 2008: The rise to crisis

The failure of the sustainable mobility policies to have the intended positive environmental effects continued into the next period.
Unbeknownst to those at the time, a new era of speculative investing had begun. Easy access to borrowing left banks competing to
invest in increasingly high-risk investments (Danielsson and Zoega, 2009). This fuelled a real-estate bubble in Iceland, where unre-
alistic housing demand forecasts outpaced population growth, fuelling a construction boom (Mathiesen and Zaccariotto, 2014).

To compete for attractive investments, municipalities in Iceland made amendments to the Master plan, encouraging further
speculative housing developments. During the six years leading up to the crash, Reykjavik’s urban footprint expanded by 25%,
exacerbating sprawl (Mathiesen and Zaccariotto, 2014). This paired investment craze and tossing of the plans was also seen in the
transport sector, where over 220 km of roads and nine cloverleaf interchanges were built, while only 3 km of bike lanes were developed
(Mathiesen and Zaccariotto, 2014), with the large sums invested in road projects during this time shown in Fig. 2 (Statistics Iceland
2022a). Excess consumption behaviour extended to households where car ownership increased in tandem during this time as shown in
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Fig. 2. Road infrastructure investments (left axis) and average household spend on new vehicles (right axis) in Iceland from 1995 to 2018.

Fig. 1 and the average price of a new vehicle purchase rose by almost 50% during this period (Statistics Iceland 2022a). Two positive
social developments would occur over the period, however, where both air pollution exposure and road fatalities began to decrease
after the government put its first law in place to measure and begin addressing air local air pollutants in 1998 (Alpingi, 1998). Sig-
nificant infrastructure investments were also made to connect all population centres with >200 inhabitants with paved roads to in-
crease road safety (where previously many gravel roads still existed) (Johannesson and Sigurbjarnarson, 2012). These changes can be
seen in the Appendix.

iii. 2009 — 2012: Austerity after the crash and before the tourism boom

This rise in prosperity reversed rapidly in October 2008, however, when Iceland’s three major banks all collapsed in the same week.
(Danielsson and Zoega, 2009). Inflation rose to 16%, and with it came reduced purchasing power, lowered wages, and unemployment
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(Ulfarsson et al., 2015). After years of unbridled prosperity and consumption, (transport) behaviour rapidly had to change in the face of
a new reality.

Icelanders began travelling less, seeing public transport in a more positive light and working from home more often (Ulfarsson
et al., 2015). Those in the suburbs were more intensely affected due to forced car use and were more likely to reduce their trip fre-
quency (Ulfarsson et al., 2015). This consumption behaviour changed both at the government level, where Fig. 2 shows the decline in
spending on infrastructure projects after the crash, as well as at the household level. Fig. 3 shows the change in household vehicle
purchase behaviour, where the number of new vehicle registrations decreased by approximately two-thirds and the average weight of a
new vehicle dropped by nearly 500 kg from 2008 to 2009 (Icelandic Transport Authority, 2022), as Land Cruisers were swapped out for
Suzuki Swifts' (Gasnier, 2009; Gasneir, 2010).

vi. 2013 — 2018: Recovery: The rise of tourism and EVs

Towards the end of the previous period, several developments occurred that would come to define the final period described here.
First was the eruption of Eyjafjallajokull in 2010, which ironically caused one of the most significant stoppages of air traffic since WWII
but would play a role in influencing the rapid rise in air travel to Iceland (Keeling, 2020). In 2011, WOW Air opened, a low-cost air
carrier which provided routes connecting North America and Europe. Alongside Iceland Air, Icelandic airlines began promoting
Iceland as a hub and stopover destination. Paired with the rise in global tourism and Iceland’s scenic landscapes, tourism in Iceland
would rapidly rise, as shown in Fig. 4, where, by its peak in 2018, more than two million tourists would visit Iceland, equating to
almost six times the island’s population (Statistics Iceland, 2022a). This influx of tourists led to a booming economic recovery for the
country, and soon, consumption would again begin to rise, as seen in Fig. 3, where the number of new vehicle registration would
surpass even the times before the crash.

Before this peak, the City of Reykjavik established its new city plan in 2014, setting a vision for Reykjavik’s future development,
which would again focus on increased urban density, mixed land use, and promoting active and public transport modes (City of
Reykjavik, 2014). This time, however, there were two additional pathways considered. The first was that the goal focused on reducing
traffic during peak periods as opposed to just further increasing road capacity. The second was the option of emission-free vehicles.
Where historical efforts to decarbonize transport through densification and reduced car ownership in Iceland could largely be seen as a
failure (Sovacool et al., 2018), electrification provided a mass market path to decarbonization (Shafiei et al., 2017; Dillman et al.,
2021). Previous efforts could not lean on new energy technologies which allowed for continued car ownership, whereas instead efforts
to reduce GHG emissions in transport relied on a transition to diesel vehicles (Icelandic Ministry for the Environment, 2007), as shown
in Fig. 4, which did not exactly represent a niche innovation by this time.

v. A brief look beyond 2018

In broad strokes, after 2018, the four primary developments which would influence Iceland’s transport sector include the crash of
WOW Air, the continued rise of electric vehicles, the discussions surrounding the development of a Bus Rapid Transit system, and, of
course, the Covid-19 pandemic. First, the crash of WOW Air in 2019 had a significant impact on the Icelandic economy that had begun
to specialize in tourism, leading to a 14% contraction in tourism that year (Central Bank of Iceland, 2022). Second, electric vehicles
would continue to gain prominence, whereby in 2021, 64% of new vehicle registrations were EVs (BEV or PHEV) (EEA, 2022). Third, a
Bus Rapid Transit (Borgarlina) system has been proposed in Reykjavik that could significantly promote greater shares of public
transport in travel modes and aims to support nodal densification in Reykjavik. Full funding for this project has not yet been confirmed,
however, and it would not be completed until after 2026, so its impacts are still largely uncertain though some early estimates of its
potential effects have been made (Mannvit, 2020). Lastly, were the effects of Covid-19. During the pandemic, mobility was one of the
sectors that saw the greatest reductions in consumption, and global tourism was decimated (Keeling, 2020). It further influenced how
people get to work (or work remotely) and has since lowered public transit mode shares globally (Zhang and Zhang, 2021).

Fig. 5 synthesized the developments across periods discussed in the socio-technical review and mapped them according to the MLP
framework. The purpose of this image is to show how landscape changes (such as the banking boom and crisis), internal system
changes (e.g. policies), and innovations (e.g. EVs) influenced Iceland’s mobility provisioning system. The discussion will use this image
as a reference in its review of Iceland’s socio-technical developments connected to the socio-ecological performance of the system’s
provisioning.

4.2. Socio-ecological performance over study period

With Iceland’s mobility system’s landscape, regime, and innovation developments described for context, how these developments
influenced sustainability performance over time was assessed. Using the indicators specified in the methodology and the socio-
ecological performance measured as described in the Appendix, Iceland’s mobility sector’s proximity to a ‘safe’ (below the red ver-
tical line) and ‘just’ (above the green horizontal line) space over time was illustrated in Fig. 6. Rapid social achievement was seen from
1995 to 2003, with a slight decrease in ecological overshoot. This would change between 2003 and 2008, where while social

1 Where the models labelled here represent the most purchased vehicle in 2008 and 2009, respectively.
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Fig. 4. Number of incoming flight passengers by residency, Icelandic or Tourist™ (left axis), and the vehicle fleet composition (right axis) in Iceland
from 2002 to 2018.

achievement rose during the period, rapid consumption would lead to a much more significant rise in ecological overshoot, reaching a
peak of almost 4.5 in 2006, leading to an ecological intensity which outpaced improvements in social provisioning. After the economic
crash, from 2009 to 2013, social progress and ecological overshoot would similarly stagnate due to austere economic and transport
activity reductions. This would start to change towards the end of this period, as the final period began, where economic recovery
would lead to further strides in social provisioning whilst ecological overshoot would similarly rise.

5. Discussion

This work used socio-technical transition theory to narrate and quantify changes to Iceland’s mobility provisioning system from
1995 to 2018 while mapping the system’s proximity to the defined ‘safe’ and ‘just’ space. Fig. 6 showed how over the entire study
period, Iceland’s mobility provisioning never entered this space, though by the end of the period it was close to entering the defined
‘just’ space. The linkage of these two results is a first data point which supports O’Neill et al. (2018) hypothesis, that current
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provisioning systems are currently not satisfying the needs of its citizens within ecological limits. Iceland’s mobility provisioning far
exceeded the set ecological ceilings while having close, though not fully, achieving the contextually defined ‘just’ state. This work
provides insight into the tie between the economic landscape and mobility stocks/behaviour, and how these, in turn, influence social
achievement and ecological overshoot. These findings illustrate the strength and importance of combining socio-technical transition
frameworks with strong sustainability for improved clarity on the whys and hows of a just energy transition.

5.1. Socio-technical developments and socio-ecological performance

The socio-technical review provided insights into all three levels of the MLP. First, it illustrated the significant impact economic,
broader policy, and unexpected (shocks) landscape developments can have on a regime and its socio-ecological performance. Iceland
provided an excellent case study for studying the influence of economic changes on a system due to the high economic volatility seen
from 1995 to 2018. Iceland’s rapid liberalization, banking boom and bust, and final economic recovery due to an explosive rise in
tourism, could all be seen in Iceland’s mobility transformations. For example, where Iceland’s liberalization led to cheaper goods,
accessibility and affordability of transport rose with higher vehicle ownership rates (Huijbens and Porsteinsson, 2010). As healthy
economic growth gave way to excess, however, spikes in vehicle weight and costs as well as investment in sprawling infrastructure led
to increased ecological overshoot with low social gain. Economic hardship after the banking crisis led to a plummet in new vehicles,
their average weight, and to a lesser extent, transport behaviour (Ulfarsson et al., 2015). This rapid rise and fall of economic well-being
and consumer behaviour drew two interesting conclusions. First, it provides an example of the varying elasticities between
needs-satisfying activities and need-satisfiers (Brand-Correa et al., 2020), where, after the crash, mobility needs still needed to be
satisfied, and transport activity only saw a small dip. Whether these needs were satisfied by a Land Cruiser, or a Suzuki Swift, proved to
be more malleable. This has far-reaching implications in terms of the ability to de-escalate need-satisfiers. Regarding this point, while
we were not able to investigate this more deeply in this work, worth note is that once larger or less efficient vehicles are purchased,
they then become part of the evolving stock, and thus the influence of purchases of vehicles such as SUVs during a time of economic
peaks can then come to influence sustainability outcomes long into the future (Jacobsen and van Benthem, 2015). Second, this drop in
consumption aided in reaching the lowest point of ecological overshoot over the study period, but not by much, and this is notable
because it took one of the greatest economic crashes in history to reach this point. While the effects of this economic crash led to a
drastic year-by-year drop in overshoot, its effect was neither permanent nor close to sufficient in its ability to enter a ‘safe’ mobility
space (as shown in Fig. 6). This is reminiscent of Covid’s drastic, yet insufficient, in terms of the time and scale of environmental impact
reduction in the transport sector (e.g. Rojas et al., 2022).

The effect of exogenous “shocks” such as Covid on the regime was another interesting finding, where events, such as the Eyjaf-
jallajokull eruption that aided in promoting a massive tourism boom that led to economic recovery and rebounding consumption, were
found to have significant system impacts. This reinforces transition theory which points to shocks as regime-changing catalysts (e.g.
Hermwille, 2016; Simpson, 2019). Lastly, other landscape developments, such as EU-level policies and climate change concerns, had
significant regime development impacts. For example, where the share of diesel vehicles in Iceland’s vehicle fleet went from ~10% to
~40% from 1995 to 2018, or to mitigate GHG emissions, Iceland’s established incentives to increase EV uptake which we have noted
for its success in terms of penetration rate (Government of Iceland, 2019).

Second, the review showed how provisioning systems (regimes) can change over time. The rise and fall of ecological overshoot
associated with vehicle stock changes (in the form of high/low new vehicle purchases and new vehicle weight) and changes in
transport behaviour illustrate how changes in the system itself affect ecological outcomes. Further, policies at the regime level, such as
those with the goal of decreasing traffic fatalities or air pollution were shown to be effective in determining social outcomes. The
results also reinforce findings on the challenges involved with overcoming infrastructural lock-in, however, particularly in the mobility
sector (e.g. Naess and Vogel, 2012; Driscoll, 2014; Klitkou et al., 2015; Seto et al., 2016; Mattioli et al., 2020). In terms of changes that
can occur, transitioning vehicles was found to be easier than transitioning infrastructure and car dependence in this case study. Since
the 1990s, Icelandic planning and policy documents have stated goals to increase urban density, public transport use, and reduce car
ownership rates (Valsson, 2003; Government of Iceland, 1998), yet the data presented in this work illustrate the failure in achieving
these goals, where car ownership rates refused to decline while rates of EV ownership increased exponentially. Driscoll et al. (2012)
saw the potential for this in the wake of the EV transition and their predictions that the EV transition would serve to reinforce a
car-centric development by appearances has come true (Dillman et al., 2020b). These results reinforce the finding of other transition
studies that policymakers cannot steer transitions by force of will against cultural practices, neoliberal growth agendas, and legacy
systems (Smith and Stirling, 2007; Geels et al., 2015). For example, where Pichler et al. (2021) found that EU automotive policy
industrial policy at best may serve to improve the efficiency of transport systems, but at worst conserves the unsustainable configu-
ration of the automobile-dominated mobility regime, leading to the relative but not strong sustainability direction we have discussed
as needed to remain within the planetary boundaries.

Against this resistance, more advanced socio-technical regime transition approaches may be needed, where policy, technology, and
business developments should work in tandem to promote cultural changes. In Iceland, this may mean the need for collaborations
across provisioning system components, for example when implementing the planned bus rapid transit system, where coordinated
policy, business, and technological innovation may be required to successfully bring about a public transit transition which has been
difficult to achieve in Iceland (Mattioli et al., 2020; Heinonen et al., 2019).

Lastly, this work showed the influence tangential and inter-regime innovations can have on provisioning. This was seen largely in
the last recovery period, where low-cost flights to Iceland (a business model innovation) and electric vehicle innovations led to an
economic recovery which served to boost both social achievement as well as ecological overshoot. This period showed what perhaps
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would be the start of a “green growth” transition, where GDP growth saw relative decoupling with ecological impact.
5.2. Connecting socio-technical transitions and ‘strong’ sustainability

As a part of a future research agenda, we argue for a transdisciplinary, synergistic bridging of socio-technical studies and strong
sustainability frameworks. If the two fields were written about separately in this work, portions of meaning from each perspective
would be stripped. If this article focused solely on the transformations to Iceland’s mobility regime, there would be a lacking frame of
reference to understand the scale of these developments. The strong sustainability framing gives the means to measure this scale, yet
without the context of the socio-technical developments, the results in Fig. 6 would appear to bounce around without meaning and
void of real-world context. Using socio-technical transition theory to tell the story of Iceland’s mobility sector transition allowed much
deeper insight into why developments occurred than sustainability indices built in a vacuum. Thus, as opposed to the ‘reconfiguration’
perspective (e.g. Geels and Turnheim, 2022; Geels et al., 2015) that socio-technical studies position apart from strong sustainability
perspectives, we instead see transition studies as the how and why of transformations and the goal of achieving strong sustainability as
the what.

The interplay between socio-technical transitions and strong sustainability also reveals the complexity of achieving truly sus-
tainable and just mobility systems. While technological advancements, such as the penetration of electric vehicles, can contribute to
reducing ecological impacts, they alone may not be sufficient to ensure a just transition (Sovacool et al., 2019; Schwanen, 2021;
Dillman, 2021). A more holistic approach that acknowledges the need for transformative changes in infrastructure, culture, and policy
is essential, which explains our bridged analytical approach. For instance, promoting active and public transportation, enhancing
urban planning to reduce sprawl and promote compact development, and implementing policies that discourage excessive car
ownership may be necessary to create a genuinely sustainable and just mobility system. A transition study without grounding in strong
sustainability and missing social aspects may lack the ability to capture such notions (Susur and Karakaya, 2021). Additionally, it is
crucial to consider the potential rebound effects that technological advancements can bring (Feola, 2020; Rietveld 2011), such as
increased energy consumption due to the perceived environmental benefits of electric vehicles (Dillman, 2021; Dillman et al., 2021a,b;
Powell et al., 2022). By integrating socio-technical transition theory and strong sustainability frameworks, researchers and policy-
makers can better understand the underlying dynamics driving change in mobility systems and identify more effective strategies to
achieve just and sustainable transitions.

5.3. Future research

Future research can build on this study by expanding the application of the framework and addressing existing limitations. To
further explore the integration of socio-technical transition theory and strong sustainability frameworks, researchers could study
different contexts and focus on significant transition events, where this study largely focused on the volatile economic landscape
developments, but other studies could focus on more specific and large-scale technological transitions. Additionally, addressing data
limitations and incorporating more diverse socio-ecological indicators can enhance the accuracy of performance assessments, as this
study was limited by the availability of Icelandic data.

Investigating the role of transformative changes in infrastructure, culture, and policy is additionally essential for understanding
how to achieve the strong sustainability transition we suggest is needed. Future studies could further examine other provisioning
systems, such as food or housing, to gain a comprehensive understanding of the underlying dynamics driving change and the potential
pathways for achieving sustainable and just transitions. These expanded directions could serve to on the existing knowledge base,
promoting greater integration of social and ecological aspects into transition studies, as well as contribute valuable insights for pol-
icymakers and stakeholders seeking to foster a just transition of human systems.

6. Conclusion

We conducted this research to understand how Iceland’s mobility provisioning changed over time and how these changes affected
the system’s strong sustainability performance. By combining the multi-level perspective and provisioning system concepts, we
tracked Iceland’s mobility provisioning regime from 1995 to 2018 and explored the dynamics of the country’s development over this
period. Our research established a safe and just space for Icelandic mobility and discovered that although Iceland came close to
achieving the just space, it never entered the defined space. Throughout the study, ecological overshoot exceeded the defined safe
space, which aligns logically with Iceland’s high income and high consumption status. Socio-ecological performance fluctuated
significantly throughout the period, however. We found that economic landscape developments associated with two economic booms
and one economic downturn had a significant impact on ecological performance and, to a lesser extent, social performance. Increased
ecological overshoot coincided with increased mobility activity and new vehicle purchases during economic booms, particularly the
boom preceding the banking crisis where overshoot increased nearly 50% over the two-year period from 2004 to 2006, while the
economic downturn negatively impacted mobility poverty aspects such as accessibility and affordability. Our results demonstrate the
potential synergies of merging socio-technical transition theory and strong sustainability perspectives for just transition studies. By
studying why systems change over time due to landscape, innovation, and internal reconfiguration changes, and how such changes can
impact strong sustainability performance, we can explore the co-benefits or detriments of development pathways. We believe that
applying this approach to other provisioning systems at various temporal and spatial scales is an important route forward in research
aimed at understanding provisioning systems, their change dynamics, and ultimately how their socio-ecological efficiencies can be
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improved.
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