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1. Introduction
1.1 Background

Oil prices have been increasingly volatile in the 2000s. They reached extremely high levels in 2008 and
2011-2014 and have caused concern in many car-dominant cities, in particular in oil importing nations such
as Australia and cities like Hong Kong. Unconventional fossil fuels made possible by fracking might have
caused a global collapse in the oil price (Khan 2017), yet prices do not defy the physics of a reduction in
energy return on (energy) invested (EROI) on oil extraction. ‘Peak conventional oil' remains a problem as
transport contributes up to 93% of global oil use and is a main contributor of carbon emissions (International
Energy Agency 2009). The transport sector remains highly reliant on an affordable and constant oil supply.
Many cities have embraced widespread car ownership and usage, in particular, the New World cities of
North America and Australia. At the same time, the Asia Pacific region is experiencing rapid industrialisation
and urbanisation with drastic changes being observed in the past few decades (Marcotullio 2003).
Increased wealth and economic development also bring exponential growth in transport needs. While
municipal policy makers acknowledge the need for sustainable transport, policies to create viable public
transport systems are in conflict with the popular aspiration for western style private transport by means of
car ownership (Barter, Kenworthy & Laube 2003; Hickman & Banister 2014). Figure 1 shows the differing
pace of motorisation: Australian cities are mature automobile cities with steady car ownership growth over
time. Other Asia Pacific cities are generally undergoing rapid motorisation, Japanese cities started earlier
in terms of private motoring, and South East Asia and especially China are now ‘catching up’, due to
increasing wealth and strong aspirations for car ownership. Exceptions are found in certain dense cities
such as Hong Kong, Shanghai and Singapore which have more stringent car control measures and which

have developed efficient mass public transport networks (Cullinane 2003; Han & Seo 2010).
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Figure 1: Trends in motorisation in various selected Asia Pacific cities
(Data source: Brahmanand Mohanty et al., 2012; Kenworthy and Laube, 2001; Kenworthy et al., 1999)

Gilbert and Perl (2012) suggest that the radical changes in transport mode and energy choice concerning
the continual use of oil may spark a ‘transport revolution’ due to the following reasons:

1. Energy security and reducing the risk of international conflict over energy resources (66% of
the world’s oil reserves are located in the Middle East).

2. Climate change and carbon emissions.
Sustainability (oil supplies are finite and are not renewable).
Pollution (airborne emissions from tailpipes, water pollution from oil runoff and solid waste of
disused cars).

Energy security risks remain real as shipping lines for oil transport are vulnerable to disruptions that may
cause a sudden oil supply shortfall (Blackburn 2013). Both Hong Kong and Australia are heavily reliant on
foreign oil supply. It is not for no reason that China is building a land route via Central Asia and a sea route
with stronger military support to maintain oil supply from the Gulf (aka. the One Belt, One Road initiative).
This is also evidenced by Australia’s embarking on a US$38 billion submarine building program, in part to
protect its own off-shore oil and gas infrastructure, and to ensure that shipping lanes can continue to supply
oil to Australia. It remains possible that oil prices rise against, with wide-ranging implications for car-
dependent societies. There is also growing concern among the scientific community about global warming
and sea level rise (Clark et al. 2016), and there is increasing consensus that continued reliance on oil is not
sustainable (Chauvet et al. 2012; Glynn et al. 2014; Newman, Beatley & Boyer 2009; Sovacool 2007). To

phase out oil, a transition in transport energy by promoting alternative fuel has been proposed (Brandt et
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al. 2013). While electric vehicles (EVs) are seen as a likely solution for reducing oil dependence (Stein
2013), a corresponding socio-technical system transition, such as changes in social mobility practices and
infrastructure provision are necessary (Cohen 2012; Dodson 2013; Geels 2012). Even in an aggressive
promotion scenario (China as a case study), with rapid deployment of clean energy and EVs, fuel use and
emission will peak at the soonest in 2030 (Zhao & Heywood 2017). In addition, there are concerns on
battery material (commonly lithium or rare earths) resource supply (Grosjean et al. 2012) and the likely

inequity of EV ownership patterns due to high initial ownership costs (Li, Sipe & Dodson 2017; Wells 2012).

The progress of large-scale replacement of internal combustion engines remains slow, despite various
national efforts over recent decades to promote alternative energy source for vehicles (Rutherford &
Coutard 2014; Warren, Christoff & Green 2016). Path dependence of the continued oil use remains due to
vested interests, century-long investments in oil-related infrastructure and technology, from oil production
(oil wells), oil transport (pipelines, tankers) to oil consumption (automobiles) (Cherp, Jewell & Goldthau
2011, p.2011; Geels 2011; Klitkou et al. 2015). Depending on the global oil supply, the cost of retrofitting
the world’s transport system is gigantic. It might take many decades, given the sheer numbers of oil-based
infrastructure and equipment. With the exception of grid-connected modes (e.g., electric rail), oil is likely to
retain its dominance in most motorised transportation, in particular for automobiles. Apart from energy
supply concerns, policy makers tend to focus on equipment and fleet (for instance, alternative fuel vehicles)
but are not addressing the root of the problem - oil consumptive urban form and infrastructure (Jaccard,
Failing & Berry 1997). Analyses of the extent to which the urban and transportation systems could cope
with such shocks are often based on fuel price elasticity analysis (Becker, Brown & Scharv 1976; Chao,
Huang & Jou 2015; Jung & Yoo 2014; Keyes 1982; Wang & Skinner 1984), which measures the
responsiveness of fuel use to price changes. This approach does not adequately consider the issue of
social equity and spatial disadvantage caused by different levels of transport services provision within a city
(Lucas et al. 2016).

1.2 Emergence of ‘oil vulnerability’

In the recent years during which oil prices rose, the concept of ‘oil vulnerability’ emerged as a forward-
looking concept in dealing with the dual challenges of peak oil and climate change in Australia (Dodson &
Sipe 2007). Qil vulnerability mapping is a particularly powerful tool in identifying areas that require urgent
attention and intervention (Preston, Yuen & Westaway 2011; Reid et al. 2009). The impact of Dodson’s and
Sipe’s (2007, 2008; 2013) research, which spurred public attention on oil vulnerability, demonstrates the
value of mapping based research (Australian Senate 2007; Brisbane City Council 2007; New Zealand
Transport Agency 2008; Queensland Government 2007; Sunshine Coast Regional Council 2010;
Tasmanian Government 2012). Most of the research before were largely limited to Europe, North America
and Australasia. There is scant research into broader international experiences of oil vulnerability at a local

level. To this end, this study aims to create a methodology to extend the analysis of oil vulnerability to Asian
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cities, with the use of commonly available indicators across jurisdictions. This should make a contribution
to international understandings about car dependence and the quality of urban transport systems. This
helps fill the gaps of Newman’s and Kenworthy’s (1989; 1999) research on car dependence and oil, which

used a comparative study of aggregated urban data alone.

This paper is organised as follows. A literature review is presented in Section 2 to further explain the
concept of oil vulnerability and to develop a conceptual framework for this research. The scope of the paper
and the justification for the choice of Brisbane and Hong Kong is then provided in Section 3. The methods
are outlined in Section 4, including the choice of variables for analysis. The results are then provided in
Section 5, with a discussion of the patterns of oil vulnerability identified in the two cities, by sub-region
statistics and in city-wide mapping outputs. The paper concludes in Section 6, with a brief reflection on

contributions, limitations and on future research directions.

2. Literature Review of oil vulnerability and car dependence studies

Research into oil vulnerability, or fuel price related impacts on urban transport, is mostly undertaken at
three major levels. The first is using the entire city or urban area as the unit of analysis. Key examples are
Newman and Kenworthy’s (1989) work in establishing the relationship between population density and
estimated fuel consumption per capita. Studies at this level are adept at making international comparisons,
but are less able to show the internal spatial differences within an urban area. On a microscopic scale, a
number of studies looked at disaggregated data, usually treating households or persons as the unit of
analysis (Berry et al. 2016; Mattioli, Anable & Vrotsou 2016; Mayer et al. 2014). This level of analysis can
establish the level of fuel stress (fuel expenditure minus disposable income) or the response to fuel price
changes (elasticity). The drawback is cost and lack of spatial information - large sample surveys are
expensive to conduct, and the microdata of household expenditure surveys offered by government
statistical agencies usually does not provide the location of the respondent due to confidentiality. In the
period of heightened oil prices since 2005, urban scholarship has seen renewed interest in oil prices. A new
form of study has looked at an intra-urban scale, which treats a census tract area as a unit of analysis. This
was first pioneered by Dodson and Sipe (2005), and in this study they created the recent notion of ‘oil
vulnerability’. Their study is likely the first to use fine grained census tracts to construct composite indicators
as a measure of the potential impacts of rising fuel prices on households. The method has also been
adapted by various authors and in a number of locations, as outlined in Table 1. The advantage of using
composite indicators for oil vulnerability is that it allows comprehensive spatial analysis of oil vulnerability

at intra-urban scale.



Table 1: Selected spatial-geographical oil vulnerability studies operating at intra-urban scale

Source (I&c:’cua:tﬁ) Main Approach | Exposure Adaptive Capacity Sensitivity
Dodson and Brisbane. Composite index 1. Proportion of Not specified 1. Socio-economic
Sipe (2007) Sydney, with mapping households with two or status (SEIFA
(VIPER Melbourne more motor vehicles; index)
Index) (Australia) 2. Journey to work (JTW)
car modal share
Dodson and Brisbane. Composite index 1. Proportion of Not specified 1. Mortgage
Sipe (2008) Sydney, with mapping households with two or Median Household
(VAMPIRE Melbourne in more motor vehicles; Income
Index) (Australia) 2. Journey to work car
modal share
Fishmanand | Melbourne Composite index 1. Average weekly fuel 1. Mode share including 1. Average personal
Brennan (Australia) with mapping use public and active transport. income
(2010) 2. Percentage of non-
automobile weekday
travel (all trips)
Runting etal. | South East Composite index 1. Weighted average JTW | 1. Proportion of non- 1. Socio-economic
(2011) Queensland, with mapping distance on road motorised access to public status (by SEIFA
(Australia) and dimension network transport index)
table 2. Car ownership (= 2)
3. JTW by car
4. Weighted average JTW
distance
Biittner et al. Munich Composite index 1. Munich: Vehicle-km per | 1. Total number of accessible 1. Munich: Average
(2013) (Germany) with mapping capita jobs monthly income
and Lyon 2. Lyon: Per capita 2. Within one hour by public 2. Lyon: Unemploy-
(France) commuting distance by transport at ment rate
private car 3. Peak time
Akbari and Toronto Composite index 1. Proportion of Not specified 1. Median household
Habib (2014) | (Canada) with mapping households with two or income
more motor vehicles; 2. Prevalence of low
2. Carmodal share of all income after tax
trips
Lovelace and | Yorkshire and | Spatial 1. Average proportion of 1. Distance to employment Not specified
Philips (2014) | Humber microsimulation individual’'s energy centre;
(‘Hybrid (United and mapping budget spent on 2. Proportion of work trips
vulnerability Kingdom) commuting made by car
index’)
Rendall etal. | Christchurch Activity modelling | 1. Average household car | 1. Estimation of average 1. Median income
(2014) (New Zealand) | and mapping ownership ‘minimum’ required
(VOILA Index) 2. Energy consumption transport energy
costs (by odometer) consumption
Marshall and Denver, Multimodal fuel 1. Estimated household 1. Mode share including 1. Median income
Henao (2015) | Colorado cost modelling income spent on public and active transport.
and scenario commuting
analysis of higher | 2. Drive-alone Mode
fuel price Share
scenarios 3. Driving (tour) distance
(Leung et al. South-East Composite index 1. Average number of 1. Proportion of active and 1. Median weekly
2015) Queensland with mapping motor vehicles owned public transport mode share | 2. household income
(Australia) and dimension per dwelling; 2. Proportion of area within 3. Socio-economic
table 2. CQil-based fuel use of 400m of public transport status (by SEIFA
low occupancy vehicles stop ranked by level of index)
per commuting trip service on weekdays
3. Average commuting Walkability indices

distance

Employment density
Proportion of area within
400m buffer of electric
transport corridors

ok w




Research into ‘oil vulnerability’ has improved since Dodson and Sipe’s 2005 study. Recent research
uses more sophisticated methods, such as minimum energy accessibility modelling (Rendall, Page &
Krumdieck 2014) and spatial microsimulation (Lovelace & Philips 2014). However, it is more data intensive
and requires a great deal of specialist knowledge to perform analysis. Vehicle fleet efficiency (Li, Sipe &
Dodson 2017, 2013), multimodal transport costs and transport affordability (Li, Dodson & Sipe 2015;
Marshall & Henao 2015; Mattioli, Lucas & Marsden 2016) dimensions have also been recently added to
this domain of research. These studies largely show similar socio-spatial vulnerability patterns, with outer
suburban areas owning less efficient motor vehicles and were most affected. Apart from methodological
and scoping refinements, there have been conceptual developments in drawing mature vulnerability fields,
including climate change (Measham et al. 2011), disaster management (Birkmann 2007; Cardona 2007)
and development aid (Alwang, Siegel & Jorgensen 2001; Chambers 1989; Watts & Bohle 1993). The
concepts from these prevailing accepted frameworks of vulnerability could provide useful guidance in
conceptualising oil vulnerability variables, considering that oil vulnerability research at the urban level has
not been fully defined previously. A commonly used framework established by the Intergovernmental Panel
on Climate Change (2001, p.388) has been adapted as a framework in recent oil vulnerability research. In
this study, oil vulnerability is defined as ‘the degree to which an urban system is susceptible to, or unable
to cope with, adverse effects of oil price variability and extremes’. Three major components are proposed

for oil vulnerability as represented graphically in Figure 2:

(Qil supply, oil price variability) (Transport, Landuse, Socio-economy, Governance)
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Figure 2: A proposed framework for oil vulnerability research
(Adapted from Marshall et al. (2010))

These include:
e Exposure (E) represents to what extent energy related events are able to affect the urban system.

It is usually measured by oil consumption variables, such as car ownership or distance of travel.
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o Sensitivity (S) represents the degree to which an urban system is affected by both energy and non-
energy drivers. It is often measured by social variables, such as income or socio-economic
wellbeing.

e Adaptive capacity (AC) represents the ability of an urban system to change in a way that makes it
better equipped to manage its future exposure and/or sensitivity to oil price influences. Adaptive
capacity can be short term or long term and can include capacity for substituting mobility for other

means of communication.

These components have been used in previous oil vulnerability studies but have not been stated
explicitly. Exposure (usage of oil consumptive modes) and sensitivity (income levels, disadvantage or house
ownership pressures) have been widely included in previous research efforts. However, adaptive capacity
has not been adequately included in most previous studies. Public transport access was considered by
Runting et al.’s (2011) research, using a short Euclidian buffer to public transport stops, but with no
consideration of service quality. Active transport was considered by Rendall et al.’s (2014) method to
estimate the ability to use active travel to reach activity destinations (e.g., shops and services) but this
requires intensive computing methods and good quality activity location datasets. The effect of long term
resilience on a city’s oil vulnerability, such as the effects of urban policy and infrastructure, are difficult to

measure quantitatively.

3. Scope of Study

This study aims to expand oil vulnerability mapping to international comparisons, using variables that
are closely related to oil-related transport costs in urban areas. The chief rationale is that non-urban areas
should not be considered within the scope of research due to lack of critical mass for public transport
provision, and hence should be treated differently. Definitions of ‘urban area’ differ, ranging from population
size, density, administrative or political boundaries or economic function (Cohen 2006). In a transport study
context, Newman and Kenworthy’s (1989; 1999) international city comparison study defined an urban area
as a “large, fairly contiguous built up area”. In more recent studies, with better improvements in geographic
datasets, Mees (2009) was able to ‘reconstruct’ urban areas based on smaller census tracts to allow more
accurate inter-urban comparisons. This study adopts the same approach by selecting Asian Pacific cities
that have available ‘block level’ datasets comparable across jurisdictions. The urban areas of Hong Kong
and Brisbane are chosen as two cases for international comparison because of comparable data availability
at fine grained census level. The two cities provide a contrasting example of how a city with low oil
vulnerability might look using previously tested mapping methods, as compared to a more car-dependent
city. Both cities have experienced similar fluctuations in petrol price (Figure 3), despite the level of fuel tax
in Hong Kong being much higher than in Brisbane. In 2014, Hong Kong's average unleaded petrol price
was at a US average for unleaded petrol, at US$2.06 compared to Australia’s US$1.23 (German Society

for International Cooperation 2015).
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Figure 3: Average fuel price of Brisbane and Hong Kong, 1999 to 2015

(Hong Kong Consumer Council 2015; Queensland Government Statistician’s Office 2015)

The other similarities and differences of the two selected study cities are outlined in Table 2. Both Hong
Kong and Brisbane are heavily influenced by British rule, are relatively young cities (only nearly 200 years
since founding). The institutions and governance exhibit certain similarities and there is no language barrier
in obtaining and analysing the datasets. To allow intercity comparison, this study will compare the urban
census blocks of the two cities together, which differs from previous oil vulnerability intra-city studies, as no
inter-city comparison attempts have been made. Considerable emphasis is put on ensuring that
measurements are comparable. To allow a fair comparison between cities, only census tracts that are of
urbanised nature are considered. In order to define ‘urban-ness’, Australia uses minimum threshold
population as an urban definition, which is known as the Linge criteria (Australian Bureau of Statistics
2011a; Linge 1965). The advantage of this criteria is its relative objectivity and consistency. There is no
urban definition found in Hong Kong. We apply the following urban definition in the smallest census blocks

of both cities for delimiting urban extent, which is based on the Linge criteria:

e Those which have a population density greater or equal to 100 persons per sq. km. and a dwelling
density greater or equal to 50 dwellings per sq. km.; or

e Those which have a population density greater or equal to 200 persons per sq. km.

Figure 4 shows the urban extent of the study areas based on this criteria. Large urban area blocks with
no significant resident population, such as airports, heavy industrial facilities and seaports are excluded.
Another delimiting issue is the scope of the outer border. Like many major cities, both Brisbane and Hong
Kong have neighbouring urban settlements bordering them. In the case of Brisbane, the urban area extends
to the entire South East Queensland (SEQ) region from the Gold Coast in the south to Noosa in the north.

Pleasant weather and interstate ‘sea-change’ migration have helped SEQ’s population growth. Commonly,
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the Greater Brisbane area includes large swathes of peri-urban area to the north of Redcliffe, which falls
within ABS’s urban definition. Hong Kong borders the Special Economic Zone of Shenzhen and forms part
of the Pearl River Delta in the Guangdong province - an industrial powerhouse and a fast-growing megacity
region. However, due to a history of British rule, Hong Kong is unique in that it has borders with the adjacent
mainland of China. Immigraton controls are in place at the respective borders and the cross-border flow of
labour is not entirely free. However commuting for jobs or education across borders is rising due to
increased economic activity across the Hong Kong-Shenzhen border.

Table 2: Key urban characteristics of Greater Brisbane and Hong Kong

Key Differences

Greater Brisbane

Hong Kong

Total population (2011) 2,003,499 7,070,388
Urbanised population (%) 1,930,767 7,053,701
(2011) (96.4%) (99.8%)
Total area 5,904 km? 1,104 km?
Private vehicle per 1000 613.40 50.08
persons
Mode share of low occupancy | 93.09% 28.07%

vehicles (private cars)

Annual transport energy use
per person

31.6 gigajoules

6.5 gigajoules

Urban form and density

Dispersed and low

Compact and high

Society and culture

A new world European society with
dominant Western culture but also
increasingly multicultural due to
sustained global immigration. Indigenous
rights and awareness also growing in
recent decades.

Dominant Chinese population and society but
with significant British and Western cultural
influences due to prolonged British
administration. English widely used as
business and official language.

Development expansion
space

With room for further expansion but
controlled by regional planning

Constrained by natural geography with limited
room to expand. Future large-scale
development most likely by sea reclamation
or redevelopment of existing urban areas.

Planning governance

4 local councils (Brisbane, Logan,
Redlands and Moreton Bay) with strong
Queensland State Government
involvement under the South East
Queensland Regional plan

Hong Kong Special Administrative Region
Government as a ‘quasi-city state’ (Kirby
1997) with British-based planning legislation.
Increasing cooperation with the mainland
Chinese government on cross-border
coordination.

Borders

No border controls to neighbouring
areas

Border and immigration controls along Hong
Kong-China border.

Natural geography

Coastal city separated by Brisbane
River, some outlying islands but largely
undeveloped

Coastal city separated by a wider Victoria
Harbour, numerous outlying islands, some
highly populated and connected by bridges or
tunnels.

Built-up area (%)

840 km? (14.2%)

264 km? (14.9%)

Average per-capita income:

US$47,124

US$55,167

Year founded by British
settlement

1825 (Australia - federated in 1901)

1842 (ended in 1997 due to sovereignty
change)

Human development index

0.933 (very high)

0.891 (very high)

Motorised transport modes

Bus, rail, ferry, car

Bus, rail, ferry, tram/light-rail, car

(Source: Australian Bureau of Statistics, Hong Kong Census and Statistics Department, Brisbane City Council, Hong Kong

Transport Department, UITP Millennium Cities Database for Sustainable Transport, United Nations)
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To delimit the size of urban extent and in order for it to be comparable with the more ‘compact’ Hong
Kong, the outer parts of Brisbane’s metroplitan area are excluded in this study. Another scoping issue is
that this paper examines passenger transport only. The main rationale is that the potential reduction of
passenger transport is easier to achieve than freight transport - by organising trips collectively in public
transport. Another consideration is a practical one, as urban freight is still not as adequately understood as
passenger transport and there is limited data available (Cui, Dodson & Hall 2015). The oil vulnerability of

freight transport will be useful for future research, but is beyond the scope of this analysis.

4. Methodology

This paper is an advancement in previous studies as the vulnerability conceptualisation is better defined
and the indicators are sensitivity tested. A number of commonly available urban and transport variables are
chosen to reveal and visualise oil vulnerability. The ideal measure of oil vulnerability in urban transport is
using the proportion of fuel expenditure of disposable income. This data at fine spatial scale is not available
in either Australia or Hong Kong, which necessitates the use of proxy variables. We have collected a
number of variables and tested their suitability in order to measure oil vulnerability in both cities. Table 3
lists the data oil vulnerable variables and the rationale for their inclusion. Each component is explained
further in the following sub-section regarding the justifications of inclusion based on previous literature and

considerations during the course of this research.

Table 3: Oil vulnerability components and the variables used

Vulnerability Variable Rationale
Component
E1) Proportion of the use of low occupancy vehicles as | To estimate oil consumption and a proxy of
Exposure the usual mode to work low occupancy vehicle ownership
P E2) Estimated average commuting distance To estimate oil consumption of a necessary
trip and a proxy to vehicle distance travelled
. S1) Proportion of households with low income To estimate the inability to pay for increased
Sensitivity . S
transport costs due to higher oil prices
AC1) Proportion of area within 400m of public To estimate the ability to use public transport
transport stop ranked by level of service in weekdays instead of driving low occupancy vehicles
. AC2) Percentage of area within 400m buffer of electric | To estimate the ability to use non-oil based
Adaptive ! . . .
. public transport stops (For this case. railways and public transport
Capacity . .
tramways, includes stops under construction)
AC3 ) Proportion of mode to work by active transport To estimate the ability to use active modes
(walk or cycle)

4.1 Exposure (E)

This component measures the risk of exposure to increasing oil prices. Variables selected for this
component are largely similar to those used by Dodson and Sipe (2007). The mode share of low occupancy
vehicles (LOV) to work is the main variable used in determining car use and hence oil consumption. Car
ownership has been previously considered in most prior oil vulnerability studies. However, this variable is
not available in Hong Kong’s census. While estimated car ownership data is available in the Hong Kong
Government’s Household Travel Survey, it is not detailed enough to compare with Australian census data.
Instead, the journey to work (JTW) flow weighted average commuting distance based on JTW matrices of
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the 2011 Censuses of Hong Kong and Australia is used, a similar approach of Runting et al’s. (2011). Both
sets of data are from 2011, and EVs were not popular in either city at that time, therefore the use of
commuting distance as a proxy for fuel use is still feasible. An area’s average distance is the summation of
each JTW flows from origin to destination then multiplied with the respective network distance to
destinations. The JTW data is only available at a district level census block (Statistical Area Level Two
(SA2) in Australia and District Council Constituency Areas in Hong Kong). The shape of this census
geography level is directly overlayed onto other smaller blocks for an approximation of commuting distance
value. While this may cause problems in the issue of modifiable areal unit, this is the only comparative data
available for this study. To reflect commuting to areas adjacent to the study cities, especially at the
periphery, the commuting flows to the surrounding areas are included. For Brisbane, this includes the whole

of SEQ, and for Hong Kong, this includes trips to neighbouring urban areas, i.e., Shenzhen and Macau.

4.2 Sensitivity (S)

In other prevailing oil vulnerability studies, income levels were often chosen as a sensitivity measure.
For an international city, care is taken to allow comparison in spite of constant fluctuations of currency
exchange and varying purchasing power. To make a better comparison, we focus on low income
households as a ‘sensitivity’ variable. The cut-off of low income level was set at HK$10,000 monthly and
AU$400 weekly, which is approximately US$321 and US$427 weekly at 2011 exchange rates. This
difference averages out the higher wage levels in Australia compared to Hong Kong. Using this cut-off, the
mean value of low income household percentage is around 8% for both cities, with a similar frequency
distribution. The main aim of this approach was to allow identification of spatial variation of those less able
to pay for future impacts. Testing with other income cut-offs exhibited similar spatial patterns. Figure 5

shows the spatial patterns of the Exposure and Sensitivity variables in both cities.

4.3 Adaptive Capacity (AC)

We focus mainly on short term adaptive capacity in this study. Faced with longer term stress, residents
in cities may have long term adaptations, such as relocating, selling/changing vehicles, or reducing car
travel. It would be more difficult to estimate the propensity of these long term responses. For relocation to
closer to work or activity destinations, this is not easy as both Brisbane (61%) and Hong Kong (53%) have
fairly high rates of home ownership (Australian Bureau of Statistics 2011b; Hong Kong Census and
Statistics Department 2011). Our focus therefore falls on alternatives to car use. Runting et al.’s (2011)
study included a simple buffer of public transport stops with a 1km distance buffer, which is a crude measure

of public transport service and accessibility.
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Figure 5: Potential impact of oil prices: Exposure and Sensitivity variables in Brisbane (top) and

Hong Kong (bottom)

With increasing proliferation of public transport data and GIS analytical capacities, it is possible to

estimate public transport service level by its frequency and span (Antrim & Barbeau 2013; Keller 2012). In

this study, we developed a public transport level of service (PTLOS) method, pilot tested in South East
Queensland by (Leung et al. 2015). The following equations are used for this index:

PTLOS=Averagdrequencycorex Effectiv8panof Servicex ServicedDaysin a weel

Whereas:

AveragErequency

PeakFrequenc§ycorexOffPeakFrequencycore

2

EffectivSpanof Service Hourswithregulamerviceavailablef eachday

(Note: services with frequency less than 2 hours are not regarded as a regular service)

The estimation of public transport frequency scores is based on a scoring system in Table 4.
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Table 4: Public transport level of service (PTLOS) scores for variable AC1
(Adapted from Pitot et al. (2006))

Frequency (minutes) PTLOS Score
less than 5
10
15
30
60
more than 60

=IN|WwhlOW|®

The PLOTS requires detailed route and stop data which is available for both study areas. The PTLOS
score measures public transport usability in two ways: 1) summation for an estimated total routes passing
a stop in a day (both the weekdays and the weekend are estimated) regardless of needing a transfer to
reach final destination and 2) the best level of service for the stops along a route without a transfer, and
more attractive to users. A composite index of the two values is used which reflects the level of service of
public transport by span and frequency and provides a city-wide measure of public transport availability.
The routes are assigned with a PTLOS value, which is spatially linked to the stops, as shown in Figure 6.
The Network Analysis in ArcGIS software, creates a walkability estimation by pedestrian shed analysis.
The threshold of 400m is used, which is a widely adapted standard used in various jurisdictions as a
reasonable distance for accessing public transport by foot (Daniels & Mulley 2013). While a score of 6 is
the maximum attainable score for less than 5 minute frequency services for 24 hours and 7 days, it is not
actually attainable even in Hong Kong. The best stops in Hong Kong attained a score of 5 while Brisbane
only has a maximum score of 4. The percentage of the areas covered by the PTLOS score is used to form
variable AC1. While this method does not measure the monetary and time cost of actual origin and
destination, it is an adequate measure for this research for a general estimation of whether an area is
covered by a usable public transport service which provides alternative mobility to a car (Walker 2012). In
addition, to reflect electric rail-based transport as oil free modes, a measure of a 400 metres buffer from
electrified railway stops is included as variable AC2 (Figure 7). Variable AC2 also includes rail stops that
are under construction. Previous Australian research (Lenzen 1999) estimated the direct and indirect
energy use of various modes at a broad level (i.e., national or city-wide). This paper aims to estimate the

energy use and household burden of oil fuel at a smaller census block level.
This paper also uses based on census data to represent the propensity of use active travel by including

mode share of walking or cycling trips to work as AC3. Most of the areas with high AC3 score are located

in denser urban centres, or outlying islands in some cases, where employment is closer to residence.
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Figure 6: The estimated PTLOS score for each transport stop within the urban extent of Brisbane
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Figure 7: Adaptive capacity variables of Brisbane (top) and Hong Kong (bottom)
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4.4 Summary statistics of the variables and composite oil vulnerability (OV) measure

The summary statistics of city-wide and local area variation within each city are shown in Tables 5 and

6 respectively. Hong Kong stands out with very low levels of LOV mode share to work, significantly better

public transport service and rail transport infrastructure, when compared to Brisbane. The overall

commuting distance and prevalence of low income are similar for both cities. Yet for both cities, average

small area mode share to work by active transport is low, at only 5.22% and 9.01% respectively. The

patterns are concentrated for Brisbane’s city centre, and are more dispersed for Hong Kong.

Table 5: Summary statistics of oil vulnerability variables

City Area Mean S.D. Min Max
Greater Brisbane
E1 - To work by LOV (%) 71.95 13.31 12.05 100.00
E2 - Average commute distance (km) 13.42 45.43 4.87 34.50
S1 - Low income (%) 9.70 7.04 0.00 55.78
AC1 - Area coverage of PTLOS score 1.23 1.14 0.00 4.00
AC2 - Area with electrified public transport (%) 61.60 37.46 0.00 100.00
AC3 - To work by active modes 5.22 6.97 0.00 63.44
Hong Kong
E1 - To work by LOV (%) 10.23 10.79 0.00 47.01
E2 - Average commute distance (km) 14.36 6.32 6.57 34.18
S1 - Low income (%) 7.66 5.45 0.00 50.16
AC1 - Area coverage of PTLOS score 3.17 1.63 0.00 5.00
AC2 - Area with electrified public transport (%) 76.92 34.03 0.00 100.00
AC3 - To work by active modes 9.01 8.24 0.00 41.71
Table 6: Mean values of oil vulnerability variables (before standardisation)
by the broad internal divisions of Hong Kong and Brisbane
E1 E2 S1 AcC1 AC2 AC3
Area with
Avg. Area iy
To work by Low- Electrified To work by
Area LoV %c_)ntlmute Income é;rci_vggage of Public Active Modes
% istance % core Transport %
(km) (1-5) %

Greater Brisbane 71.95 13.42 9.70 1.23 61.60 5.22
Brisbane 66.35 10.69 9.44 1.62 64.19 6.90
Ipswich 82.65 16.56 9.99 0.68 51.01 3.13
Logan 83.54 17.74 10.96 0.64 53.89 219
Moreton Bay 78.99 17.09 9.02 0.83 49.45 3.06
Redland Bay 72.44 17.20 13.05 0.52 54.83 3.41

Hong Kong 10.23 14.36 7.66 3.17 76.92 9.01
Hong Kong Island 13.12 9.71 5.95 3.83 89.27 10.94
Kowloon 6.58 9.81 9.03 4.00 73.01 11.14
New Territories 11.56 20.43 8.33 2.23 66.63 5.94
Lantau 3.61 24.51 1417 0.88 22.18 10.90
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Table 7: Correlation of the variables used for the oil vulnerability composite indicator

Brisbane E1 E2 81 AC1 AC2 AC3
E1 1 593 -298* -475* -207* -719*
E2 593 1 -083* -505* -166* -479*
S1 -298* -083* 1 184 073* 218™
AC1 -475% -505* 184 1 409" 447
AC2 -207* -166* 073 409 1 104
AC3 -719* -479* 218™ 447 104 1
Hong Kong E1 E2 s1 AC1 AC2 AC3
E1 1 090 -486* -343* - 127 -450*
E2 090 1 077 -571* -150* -333%
S1 -486* 077 1 069 087 360
AC1 -343* -571* 069 1 508" 4127
AC2 -127 -150* 087 508 1 230™
AC3 -450* -333* 360" 412+ 230% 1

Note: (**) Correlation is significant at the 0.01 level (2-tailed)

The inter-relationship of the variables is significant, as shown in Table 7’s correlation analysis. E1’s
variables are more correlated in Brisbane than in Hong Kong, which reflects Brisbane’s car dependence.

Other variables are more similar across cities, albeit with local variations.

4.5 Composite indicator construction and sensitivity analysis

The composite vulnerability score is based on the conceptual framework shown earlier, which is:

Vulnerabit =E+S-AC

Equal weighting is adopted. This approach is acceptable when there is insufficient understanding of
underlying processes to assign meaningful weights (Cutter et al. 2003; Tate 2012). There is no fuel
expenditure data at census tract level available for both cities. Composite metrics such as this are useful in
bringing together ‘incommensurable’ variables. However, a limitation of a composite indicator is the
apparent ‘subjectiveness’ of the indicator development process (OECD 2008), as the results would be
largely determined by the choice of variables. The normalisation, or weighting of variables has been tested
for sensitivity in previous composite indicators (Cherchye et al. 2006; Freudenberg 2003; Hudrlikova 2013;
Sharpe & Andrews 2012). For this study, the normalisation and variable weights are relatively simple and
are not tested. We have undertaken sensitivity tests on the effect of the inclusion of variables. Table 8
shows five sets of composite indicators, in which Set 5 has the most variables and is considered to be final.
The minimum and maximum values of the change in percentile ranking of the set (1-100) caused by the
progressive inclusion of each set are used to generate the sensitivity value. Table 9 presents the sensitivity
level of variable inclusion, sorted by the internal broad area divisions in both cities, and the spatial detail of

variable sensitivity is mapped in Figure 8.
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Table 8: Composite indicator sets for progressive sensitivity testing

Set No. Variables included
1 zscorB 1+ zscor81
(Baseline)
2 zscor®&l+zscor8 FzscorA C]
3
zscork 1; ZSCOVE2+ zscor8kzscorACl
4 zscorB 1+ zscork?2 zscorA ClHzscorAC2
+zscor8
2 2

8 zscorlB 1+ zscork?2 zscorACH zscorA C2+zscorA C3

) +zscor8
(Final) 2 3

Table 9: Internal division sensitivity level of variable inclusion effects
of Brisbane and Hong Kong

Sensitivity of the variable inclusion effects
of the five sets
Average Shift of

Minimum Maximum

Area percentile rank of all Shift Shift
areas
Greater Brisbane 17.80 0.00 69.85
Brisbane 20.11 0.00 69.85
Ipswich 15.56 0.04 58.18
Logan 13.55 0.02 63.86
Moreton Bay 16.61 0.29 65.07
Redland Bay 12.40 0.22 49.18
Hong Kong SAR 16.34 0.53 75.34
Hong Kong Island 6.88 0.84 39.87
Kowloon 7.55 0.73 48.04
New Territories (Excluding Lantau) 27.62 0.53 75.34
Lantau 48.58 11.51 72.62

To our best knowledge, indicator choice sensitivity analysis has not been conducted in previous oil
vulnerability studies. As this study only uses equal weighting and a limited number of variables, we believe
that this sensitivity analysis is sufficient. More complex methods (e.g. Monte Carlo), are not necessarily

warranted.
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The average shift in ranking due to variable inclusion is about 16 to17 ranks out of 100 in both cities.
Also, most inhabited areas are not subject to significant change after variable inclusion from the baseline
(E1+S1). Brisbane is more sensitive to variable inclusion in inner areas and to public and active transport
variables (AC1-3). Brisbane’s indicators are more affected in areas with better public transport and in dense
urban locations. Whereas in Hong Kong, outer urban areas differ more, especially when variables such as
E1 (car mode share to work) and E2 (average distance of work) are included. The next section presents
the final results based on the final Set 5 Composite Indicator.

5. Results and Discussion

5.1 Patterns of oil vulnerability in the two cities

Figure 9 maps the spatial distribution of the composite oil vulnerability based on Set 5, with values
visualised by standard deviation breaks of -2.5 to 2.5 with intervals of 1. Advancing from previous studies
(Dodson & Sipe 2007; Runting et al. 2011) the figures provide more detailed analysis and allow direct
comparison across the two cities. The population share of the same values of each level for the broad areas
of both cities is shown in Figure 10. The mapping and population analysis of composite oil vulnerability are
able to reflect the spatial variation of higher car dependence, commuting distance, low-income areas and
public transport services. The produced maps show nuanced patterns largely based on the central
peripheral arrangement of both cities, yet Hong Kong’s outer new towns in the New Territories (e.g., Tuen
Mun, Yuen Long, North District and Tai Po) are adequately served by heavy rail or light rail. Hong Kong’s

oil vulnerability is much less than Brisbane’s across all its regions, with the exception of the outlying areas.

Despite longer average commuting distances, Hong Kong’s transport passenger tasks are mostly carried
by energy efficient rail transport, with the exception of the outlying islands. These islands rely on ferry
transport which is also oil vulnerable. This study did not examine ferry transport thoroughly but it has
attracted some local concerns in Hong Kong due to high oil prices and ferry fares increased (Hong Kong
Legislative Council 2015). In Brisbane, outer urban development is mainly facilitated by highways, with
railways playing a more limited role. The frequency of train services is often only every 30 minutes, while
Hong Kong is able to provide metro-style services to much of the population, with a frequency less than 10
minutes, and even less than 3 minutes at peak hours on some lines. Geographically, it should be noted that
Hong Kong and Brisbane are both separated by water features. However, Hong Kong already has three
cross-harbour rail links between Hong Kong Island and Kowloon. An additional crossing, the Shatin to
Central link is expected to begin operations in 2020. The Tung Chung Line also connects the urban core
via Lantau Island to the airport. Brisbane’s rail network is shaped radially but with only one railway crossing
across the Brisbane River. This creates a bottleneck, severely restricting the ability to run trains with higher
frequency. To address this, a new Cross River Rail project is expected to commence works in late 2017,
and to be completed by 2024. Other than railways, in Brisbane, a 23-km long network of bus rapid transit

(known as the Busway) is an important piece of public transport infrastructure (Tanko & Burke 2013).
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Hong Kong does not have such dedicated busways, but has a streetcar double-deck tramways in Hong
Kong Island and a light rail network in the northwest New Towns. In terms of fuel for buses, the Brisbane
City Council has adopted a policy of purchasing only compressed natural gas (CNG) buses. Hong Kong'’s
minibuses and taxies are mostly powered by liquefied petroleum gas (LPG, an oil refinery by-product).
While the use of gas-based fuel offers some oil resilience, their prices are still subject to oil price

fluctuations, and both finite fossil fuels are interacting each other in the commodity market.

5.2 Housing costs and spatial mismatch

The cost of housing should also be considered alongside transport, and fuel costs, as evident in some
oil vulnerability studies (Cao & Hickman 2017; Dodson & Sipe 2008; Li, Dodson & Sipe 2017). The issue
of housing cost is complicated, as the level of burden varies for renters and mortgage buyers. Despite the
absence fine grained spatial data on housing cost or land value, household expenditure surveys can shed
some light in this respect. Table 10 shows the respective transport and housing cost share to total
expenditure of 18 major districts in Hong Kong. Similar district (SA3) level data for Brisbane is not available,
but the overall metropolitan area expenditure data is available for comparison with Hong Kong’s. The
residents living at “green” coloured less oil vulnerable zones in Hong Kong (in particular Hong Kong Island
and Kowloon) are spending a much higher proportion in housing. Even so, Hong Kong has imposed
territory-wide standards requiring major housing (including public ones) and population intensive activity
centres to be located within 500m of major public transport stations or interchanges with properly planned
walkway systems. Up to 70-80% of the city’s population is covered by this 500m service area (Hong Kong
Planning Department 2014). Hence, Hong Kong’s outer urban areas still have lower oil vulnerability when
compared to Brisbane, despite the latter’'s recent policies to promote higher density with ‘integrated
transport with land use’ as outlined in the South-East Queensland Regional Plan (Queensland Government
2009). As evident from this study’s mapping results in Figure 9 and expenditure share in Table 1, Brisbane’s
higher share of transport costs might be compensated by the lower housing costs, but this represents high
oil vulnerability risks in an event of oil supply shortfall and also unsustainable transport.
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Table 10: Comparison of Transport and Housing Costs with Oil Vulnerability Indicators

Transport Housing Cross-city

Area District c Composite

ost Share Cost Share Oi o

il Vulnerability

(% of total household (S.D.)

expenditure) (lower is better)
Central & Western 7.60 44.50 -3.64
x TEB Wan Chai 8.90 45.60 -3.36
T % Eastemn 5.80 39.50 -2.25
Southern 7.40 31.80 -2.24
Sham Shui Po 11.50 30.90 -2.69
s  Kowloon City 7.10 35.00 -2.40
§ Wong Tai Sin 6.70 28.80 -2.29
&  Kwun Tong 7.20 28.80 -3.26
Yau Tsim Mong 6.60 38.80 -3.12
Kwai Tsing 7.80 26.20 .77
@ Tsuen Wan 7.50 33.10 -1.13
S TuenMun 9.10 2540 -0.16
Z,E: Yuen Long 10.50 23.70 -1.18
~ North 13.30 24.90 -1.99
§ Tai Po 13.20 28.00 -0.78
Sha Tin 7.70 32.90 -1.93
Sai Kung 8.80 34.70 0.10
Islands 8.00 28.70 0.81
Hong Kong Overall 8.30 32.80 -2.01
Greater Brishane Overall 12.00 27.60 0.38

Transport and housing cost data obtained from Household Expenditure Surveys (2009-10) of Hong Kong Census and Statistics
Department and Australian Bureau of Statistics

5.3 Urban transport solutions to oil vulnerability

The exposure and sensitivity to oil vulnerability data used in this study are based on 2011 Census data.
Recently, developments in alternative fuels (e,g. electrification or biofuels) offer a promising solution for
reducing oil consumption in transport. Despite the call for rapid transition of EVs in private vehicles, it is
compounded by significant infrastructural costs and equity concerns. EVs should be part, but not the entire
solution to reduce oil use (Riesz et al. 2016). While not analysed in our oil vulnerability mapping due to lack
of EV ownership data, it should be noted that Hong Kong has implemented tax waivers for EV purchase
and has permitted buildable area bonus for incorporating EV charging carparks (Hong Kong Environment
Bureau 2011). Future oil vulnerability studies should consider these latest developments. Meanwhile, the
avoid-shift-improve approach has been recognised as an effective way to reduce oil use simultaneously
(Dalkmann & Brannigan 2007; Schipper & Marie-Lilliu 1999). For the avoid-approach, reducing oil use by
controlling car dependence not only helps in addressing oil vulnerability, the benefits also include improving
air quality, saving valuable urban land from car parking provisions, and creating the opportunity for physical
activity. This is achieved in part by high fuel taxes and parking restrictions in Hong Kong (Barter 2014;
German Society for International Cooperation 2015). Transport and land use planning based on non-oil
public transport is also imperative in reducing oil vulnerability. Overall, both Hong Kong’s and Brisbane’s
peripheral areas are seen to be more vulnerable due to higher car use, and lower socio-economic status.
Increasing the proportion of new dwellings that are built in the central areas of the city, especially in

Brisbane, would be helpful. But low adaptive capacity could be improved by widespread provision of public
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transport into suburban areas. Public transport need not be expensive and costly and could be improved,
given the current inefficiencies in existing systems. Improved transit networks that maximise the existing

fleet can reduce oil vulnerability further, particularly in Brisbane (Mees & Dodson 2011).

Gilbert and Perl’s (2007) argument for the use of electricity grid-connected rail to address oil vulnerability
is also supported by the oil vulnerability mapping results. Figure 11 shows indicative rail development plans
for the two cities. Hong Kong’s plans to further pursue rail-based investment, as indicated in the latest
Railway Development Strategy 2014 (Hong Kong Transport and Housing Bureau 2014). Whilst the SEQ
2031 Transport Plan indicates further expansion of railway infrastructure across SEQ, funding is more
limited and uncertain (Queensland Government 2011). Unless these planned railway expansions are
commenced, Brisbane is likely to remain oil vulnerable for some time to come. Hong Kong uses value
capture of station air-rights or adjacent land to help fund railway network expansion, known as the ‘rail plus
property’ (R+P) model (Cervero & Murakami 2009; Mass Transit Railways 2014). Only recently, Australian

cities are beginning to explore value capture as a way to finance public transport (Mulley et al. 2016).

Beyond public transport, perhaps active transport should also be considered to replace motorised work-
related trips. This would require matching locations of jobs and residential areas closely, as mode share of
active travel for commuting is low in both cities. We believe active transport should be considered more in
future research. More sophisticated GIS-based planning tools have been developed in order to gain an
understanding of the propensity to cycle in the UK (Lovelace et al. 2011) and crowdsourced information
from mobile phone ‘apps’ has been proven to show ‘hotspots’ of active transport (Heesch et al. 2016).

To give a brief outline of current active transport policies of the two cities - Brisbane appears to be more
‘pro-active’ than Hong Kong. This is evidenced by on-going public investments in cycling infrastructure such
as the CityCycle bike sharing scheme (Fishman et al. 2015) and an expanding network of Veloways
(Heesch et al. 2016). Yet cycling mode use remains highly concentrated near the Brisbane CBD, and the
usage rate of CityCycle is comparably low compared to European schemes (Fishman, Washington &
Haworth 2013), perhaps due to mandatory helmet laws in Australia. Hong Kong'’s transport policy generally
discourages cycling in core urban areas and sees cycling more of a recreation or local commuting mode in
the New Territories (Hong Kong Legislative Council 2012). This is finally changing with a plan for the
expansion of cycling tracks (but largely in the New Territories) and the introduction of new, dockless bike-
sharing schemes in various new towns in the New Territories (Sun 2017). These scheme are modelled on
similar schemes in Mainland China, which are run by mobile phone activation and payment (Phillips & Yao
2016). It should be noted that the topography of Hong Kong is more difficult than that of Brisbane. This
therefore poses greater challenges for a city-wide cycle network. Figure 12 shows a map of the location of
existing and planned cycling track networks in Hong Kong and Brisbane. Other innovative solutions in
addressing energy use in cities are work travel substitution by information technology (Alizadeh 2012), or

even reducing work hours, as suggested by King and van den Bergh (King & van den Bergh 2017). To
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make an account of these possible ways to reduce oil use, perhaps the broadband internet penetration into

households, or reported telework behaviour, should also be considered in future endeavours in oil

vulnerability mapping.
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5.4 The ‘ultimate’ future of cities under threat by oil use

Another issue to take into consideration in research into oil vulnerability should be beyond the use of oil
for movement, but also the impacts of climate change caused by it. Even a relatively ‘oil-proof’ coastal city
like Hong Kong could be significantly affected by possible future sea level rise, according to Clarke et al.
(2016). Overlaying our proposed oil vulnerability maps for urban transport with potential areas which will be
affected by mean sea level increase could depict another very ‘real’ consequence of oil dependence. This
is not just a risk to residential property, but also potentially disruptive or damaging to transport infrastructure.
Ironically, in both cities, waterfront properties are highly sought after by the wealthy, and who are more
likely to drive their own cars.

6. Concluding Remarks

The key contributions of this paper are theoretical (contribution to the energy debate), methodological
(international comparison, the new approach to estimating oil vulnerability and reproducibility in other cities)
and practical (identifying oil vulnerability and therefore, possible solutions). The novel methods of this
research highlight the need to provide affordable and energy efficient transport modes, especially in outer
urban areas. The oil vulnerability composite indicator is tested with sensitivity analysis with clear
visualisation of the variable inclusion effects. This research also considers oil vulnerability analysis in a
major Asian city for the first time. By developing common metrics, delimiting urban extent and the use of
small census blocks, the paper shows that comparative oil vulnerability mapping across quite different
urban contexts is achievable. Our approach, using the concepts of exposure, sensitivity and adaptive
capacity to oil vulnerability could be further expanded to other cities, or could even be used to map global
warming impacts. Maybe, a global oil vulnerability index can one day be created if there is enough data, or
further refinements of the methodology to harmonise data differences from various statistical agencies.

As shown in the analysis in this paper, Hong Kong’s urban development style is far less oil vulnerable
than Brisbane’s. Land use and transport policies, such as public transport oriented development should be
considered first before mass private fleet electrification. The hurdles of high capital cost and land acquisition
for high capacity metro-style railways are well justified by the benefits of long term energy savings, at both
household and city wide levels. Despite higher housing costs, it can also be a way to finance rail transport
by value capture. As seen in previous and current studies, oil vulnerability indices are useful - as an
approach in warning policy makers to expedite action. Further research into the verification of actual
transport energy uses and costs can offer more empirical evidence of fuel price impacts. To address this,
statistical tools (e.g., principal component analysis or regression modelling) can be used to develop
empirically driven weights for composite indices, with observed travel or energy use data. As a conclusion,
despite today’s lower prices, research into oil vulnerability should be continued by looking at these

limitations and research opportunities.
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