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Abstract: The role of sustainable mobility and its impact on society and the environment is evident
and recognized worldwide. Nevertheless, although there is a growing number of measures and
projects that deal with sustainable mobility issues, it is not so easy to compare their results and,
so far, there is no globally applicable set of tools and indicators that ensure holistic evaluation and
facilitate replicability of the best practices. In this paper, based on the extensive literature review,
we give a systematic overview of relevant and scientifically sound indicators that cover different
aspects of sustainable mobility that are applicable in different social and economic contexts around
the world. Overall, 22 sustainable mobility indicators have been selected and an overview of the
applied measures described across the literature review has been presented.

Keywords: sustainable mobility; indicators; evaluation; transportation; sustainable and resilient
urban environment

1. Introduction

Over recent years, sustainability of urban environments has become one of the key challenges
of our time and a remarkable upsurge of concern about it can be observed through scientific and
non-scientific literature. Considerable efforts have been invested in several methodological challenges
that range from trying to define sustainable development itself [1-3] to designing indicators that can
be used to monitor it [4-6]. Many literature sources refer to sustainable development indicators at
national levels [7,8], while only a few take a deeper look at the city level [9,10], and although they
all recognize the role of sustainable mobility, this topic is mainly partially covered [9,11] over the
dispersed contexts and approaches, while holistic and systematic overview is still missing.

The aim of this paper, based on research at Ghent University commissioned by World Business
Council for Sustainable Development (WBCSD), and co-creation and the reviews by expert groups
and panels working within the framework of the development of SMP2.0 toolbox of the WBCSD, is
to give systematic literature review of sustainable mobility indicators at urban environment level.
To do this, besides the three sustainable development pillars (g—global environment, g—quality
of life and e—economic success), we have added m—mobility system performance to create four
dimensional space a = (g, 4, e m) across which indicators are positioned. In addition, when reviewing
sustainable mobility indicators across literature, we were guided by the principles of neutrality and
transferability, meaning that when facing different indicators addressing the same issue, we tried
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to highlight those that are technologically neutral (meaning that they do not favour nor disfavour
upcoming or existing, traditional, technological solutions), transportation mode neutral (that they do
not favour nor disfavour between transportation modes) and economic development neutral (they have
the same level of applicability across cities in different stages of economic development). In this way we
aimed at summarizing sustainable mobility indicators across literature to a set that can be applicable
and replicable in different cultural and socio-economic contexts, facilitating the transferability and
scaling up of successful sustainable mobility measures and policies worldwide. In addition, when
applicable, the highlighted indicators are translated into relative measures (to avoid the impact of city
size on the final results) and rated on the zero to ten scales (to ensure uniformity). Special attention has
been given to the input data availability, so that indicators with freely available and reliable input data
(e.g., from statistical databases) are preferred, as they do not require additional funds for data collection.
This was done to support equal opportunity for research groups, city’s authorities and industries
worldwide in applying the highlighted indicator set. In addition, a hierarchic literature review process
followed, meaning that, for each indicator topic, firstly documentation of worldwide organizations
(e.g., United Nations) was reviewed, then region-wide organizations (e.g., European Commission,
Asian Development Bank) documentation, then recent research project results and scientific papers.
This was done to ensure full literature coverage, but also to provide a holistic overview of sustainable
mobility indicators.

In the following sections, we first describe the concepts of sustainability and sustainable mobility,
which provide the conceptual framework for the selection of indicators for sustainable (urban) mobility
(Section 2). In Section 3, a measure is selected for each individual indicator. This happens in two steps:
first, the frequently applied measures in literature are summarized, from which a preferable measure
is selected by means of a SMART (Specific, Measurable, Achievable, Relevant, Timely) evaluation.
Section 4 concludes by describing the further application of these measures within a global evaluation
methodology for sustainable urban mobility.

2. Dimensions and Indicators of Sustainable Urban Mobility

WBCSD formulates the process of developing urban sustainable mobility as follows: “The ultimate
goal is to accelerate and extend access to safe, reliable and comfortable mobility for all whilst having
zero traffic accidents, low environmental impacts, affordability, and reduced demands on energy and
time. The movement of people and goods would be facilitated, contributing to a more prosperous and
resilient society by creating new values and businesses, and a positive environmental and economic
growth cycle”. To formulate sustainable mobility indicators that measure potential solutions to enable
cities to better implement sustainable mobility solutions makes part of that ambition” [12].

The ambition formulated by WBCSD reflects a holistic and dynamic approach of urban sustainable
mobility, widespread in academic literature [13,14].

The most cited and authoritative author is David Banister. In his key article “The sustainable
mobility paradigm”, he argues that “policy measures are available to improve urban sustainability
in transport terms but that the main challenges relate to the necessary conditions for change. These
conditions are dependent upon high-quality implementation of innovative schemes ... ” [13]. He
develops the contrast between conventional transport planning and the sustainable mobility approach.

Some crucial differences are that the conventional planning focuses on physical dimensions
(infrastructure) in terms of mobility and the resulting (car) traffic, while a sustainable mobility approach
primarily considers social dimensions, in terms of accessibility and people, either in/on a vehicle or on
foot. The accessibility is not only relevant for the transportation system, but even so impacts land use,
where compactness and functional diversity contribute in creating accessibility. This has impacts on
several aspects of transport planning. One can say that conventional planning considers a street as a
“road”, while a more sustainable approach considers it as a street. In these terms, conventional planning
strives to minimize travel time and thus to speed up traffic, whereas sustainable mobility attempts
to realize reasonable and reliable travel times which may require slowing down movement. For the
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evaluation of the transportation system, conventional planning results in an economic evaluation in
terms of flows and delays. The sustainable mobility approach prefers a broader Multi-Criteria Analysis
to take into account also environmental and social concerns [13].

Based on the sustainable mobility approach described by D. Banister, the proposed indicator
set was structured around four dimensions. The first three are according to the wide-spread TBL
(Triple Bottom Line) concept [15], which focuses sustainable development on the harmony between
people, planet and profit (or prosperity [16]), namely:

e  Global environment (§)—though the impact of urban mobility on global environment exceeds
the city limits, cities have moral and in many cases binding obligations (e.g., environmental
conventions) to limit the global impacts;

e  Economic success (¢)—refers to the contribution of mobility to the welfare of the city;

e  Quality of life (g)—refers to the impacts of mobility on the social aspects of city life, including
safety and health.

The performance of the mobility system (m) itself is added as a fourth dimension. This fourth
dimension aims to obtain a holistic approach, starting from the performance of the mobility, described
in a comprehensive and systemic way: the mobility system consisting of three markets or arenas in
which mobility decisions can be situated [17].

The “mobility system” includes freight as well as persons being moved or moving around in the
city area. It includes all modes relevant for city traffic (motorised and non-motorised, public as well
as private modes): inland ships and boats, helicopters, trains, light trains and metro (underground),
trams and busses, different types of cars, motorbikes and mopeds, bikes (e-bikes as well as regular
bikes), and last but not least, walking. It includes also all levels of decisions to be taken by individuals
and organisations including businesses “demanding” mobility as well as by actors offering mobility
(city government, public and private organisations offering mobility services).

In the conceptual model, representing the interactions within the mobility system approach
represented in scheme (Figure 1), three levels of mobility performance are distinguished:

- Travel: refers to the need and the ability to move around in the city to participate in an activity
(such as shopping), to provide the goods to make the functioning of the activity possible and to
move the products of an activity towards other places.

- Transport refers to the transfer of goods and people from one place to another. Transport is
performed via different transport modes, modes referring to different forms or organisation
(e.g., public versus private), different types of infrastructure (road, rail, waterways and air
transport) or different types of vehicles (car, train, tram, moped, bike, efc.).

- The transport of goods and people requires vehicles and infrastructure. The word traffic is used
to describe the actual movement of vehicles across the infrastructure (or the parking of vehicles
on dedicated infrastructure).

The differentiation between travel, transport and traffic is not only relevant for academic research:
it refers to different “markets” (or arenas) in which different types of actors are confronted with certain
types of demand and supply decisions within the mobility field. A complexity is that these three
markets are interrelated (Figure 1), meaning that certain mobility solutions offered by the transport
business within one of these markets might affect—intentionally or unintentionally—the performance
in the other markets.
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Figure 1. Indicators of mobility (from [18]).

For each of these dimensions, literature research was done, in order to define a set of indicators,
covering all relevant aspects, as illustrated in Figure 1. This resulted in a list of 22 indicators (Table 1).

Table 1. The list of 22 sustainable mobility indicators.

Indicators for the Sustainability of Urban Mobility Short Name Dimension
Emissions of greenhouse gases GHG Global environment
Energy efficiency Energy efficiency Global environment
Net public finance Public finance Economic success
Congestion and delays Congestion Economic success

Economic success
Economic success

Economic opportunity
Commuting travel time

Economic opportunity
Travel time

Mobility space usage Space usage Quality of life
Quality of public area Public area Quality of life
Access to mobility services Access Quality of life
Traffic safety Safety Quality of life

Noise hindrance Noise hindrance Quality of life

Air polluting emissions Air pollution Quality of life
Comfort and pleasure Comfort and pleasure Quality of life

Accessibility for mobility impaired groups
Affordability of public transport for poorest group
Security
Functional diversity
Intermodal connectivity
Intermodal integration
Resilience for disaster and ecologic/social disruptions
Occupancy rate
Opportunity for active mobility

Accessibility for the impaired
Affordability
Security
Functional diversity
Intermodal connectivity
Intermodal integration
Resilience
Occupancy rate
Active mobility

Mobility system performance
Mobility system performance
Mobility system performance
Mobility system performance
Mobility system performance
Mobility system performance
Mobility system performance
Mobility system performance
Mobility system performance

The result is a set of indicators which combines “classic” criteria, such as greenhouse gas
emissions or noise hindrance, with more innovative criteria, such as affordability of public transport
or accessibility for deficiency groups. This needs to result in a more integrated approach of evaluating
urban mobility, enabling the evaluation of the current mobility system, but also allowing the assessment
of possible actions towards more sustainable mobility.
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3. Methodology for the 22 Indicators

After the selection of the indicators, a methodology needs to be defined for the evaluation of each
indicator in an objective and quantified way. Therefore, the SMART methodology was selected, as it
requires that the selected indicator set needs to be:

e  Specific, evaluating exactly the mobility aspects which are relevant for sustainable mobility;

e complete (covering the whole range of sustainable mobility, including all relevant types of mobility
users, transport modes, mobility impacts, efc.);

e  Measurable with sufficient accurateness, based on Attainable data, i.e., on existing data or easily
collectable data (in order to create a methodology which is applicable for cities of varying size,
region or development),

e  have the capability (sensitivity) of detecting relevant changes in sustainability (either ongoing
progress, either due to specific projects), both positive and negative, in a time-based way
(allowing a frequent update in order to monitor evolution);

e technology neutral, i.e., not excluding or monopolizing specific type(s) of solution;

e scalable, i.e., indicator evaluation must be independent from city size. Therefore, most indicators
are related (population, geographical area, etc.).

Another methodologic limitation is that air transport and shipping are excluded from the
methodology, as in most cities (the sustainability impacts of) these modes are beyond the scope
of urban governance.

In the following paragraphs, the 22 indicators are outlined, subsequently giving an overview of
measures applied in the current practice as found in literature, before evaluating and selecting the
most suitable indicator in view of sustainable urban mobility.

3.1. Emissions of Greenhouse Gases

3.1.1. Overview of Applied Measures

The intention of this indicator is to evaluate the total emissions of greenhouse gases by all
passenger and freight city transport modes, and several types of measurements for this can be found in
literature. The obvious one would be to measure the total emission of greenhouse gases by the whole
city’s mobility system for a given period (e.g., per day or year) and while some sources only consider
the emission of CO, [19-21], others advise to take the variety of greenhouse gases into account [22].
The greenhouse gases include several types of gases with different climate impacts and most often
each of them is converted into CO; equivalents, according to the Global Warming Potential (GWP) [23].
The GWP describes the cumulative effect of a gas over a time horizon (usually 100 years) compared
to that of CO,, and due to the global impact of greenhouse gases, usually the total well-to-wheel
production of CO; is considered [23].

The main objection to measuring the total emission of greenhouse gases is that this would not
meet the requirement of being scalable, as larger cities would have higher total emissions than smaller
ones. Therefore, the emission of greenhouse gases needs to be scaled and is often expressed in relation
to the size of the population, as either amount of CO; per capita [20,24,25] or CO;-equivalents per
capita [21,26-28], or per unit of GDP [23].

3.1.2. Selected Measure

As mentioned above, the absolute total of greenhouse gas emissions is not comparable between
cities of different size, so one of the scaled measures is needed. Relating to the GDP of the city is not
relevant when considering urban mobility, as it would only consider the economic value of mobility,
omitting e.g., the social importance of mobility. Relating emissions to the population considered is
more relevant, as the purpose is to fulfil the population’s mobility needs with the smallest impact
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possible. Finally, it is preferable to include all types of greenhouse gases in the evaluation by converting
each type to CO,-equivalents.

This leaves the total annual well-to-wheel emission of CO,-equivalents per capita by urban
transport as the best measure for this indicator. This measure can be calculated by a summation of the
emission of greenhouse gases, converted to CO,-equivalents, over the different transport modes and
vehicles brands for different fuel types.

3.2. Net Public Finance

3.2.1. Overview of Applied Measures

This indicator expresses to which extent the urban mobility system is financially sustainable,
by comparing the net result revenues and expenditures related to city transport.

A remark to start with is that in definitions of net public finance, sometimes there is a thin line
between revenues and expenditures of the transport system and the transport sector. For example,
European project REFIT [29] defines the share of the Gross Value Added generated by transport as
a possible measure, indicating the direct contribution of the transport sector to national economy,
where transport includes all activities related directly and indirectly to the use of vehicles, vessels and
aircraft and of related infrastructures (highways, inland waterways, railways, pipelines, port facilities,
airports, warehouses, efc.) for the movement of goods and passengers. There is a need to clearly define
the “mobility system” to be considered. Parameters, such as the total employment in the transport
sector [29] are relevant for the transport sector, but not for the urban mobility system. Government
revenues from transport related taxes and charges, net of transport related subsidies are uniform units
for the net public finance, but needs scaling in order to be comparable between cities [29,30]. This can
be attained by expressing the net public finance related to the Gross Domestic Product (GDP). Other
measures for the economic impacts of transport investments are the return on investment (ROI) or
payback time [31,32].

3.2.2. Selected Measure

The net public finance is directly measurable as the net result of the government’s and other
public authorities’ revenues from transport related taxes and charges minus investment, operational
and other costs, per unit of GDP.

3.3. Congestion and Delays

3.3.1. Overview of Applied Measures

This indicator calculates the impact of congestion and delays in the urban mobility system.
Literature mentions congestion as one of the most important goals for improving the sustainability of
mobility [33-36] and different ways to measure this impact, from different points of view. Measures
from the user’s perspective consider the size and impact of delays (e.g., time lost in congestion), while
other methods measure the extent of congestion, either in time (during which period of the day does
congestion occur) or in space (which part of the network suffers from congestion). Finally, a more
complex indicator combines these time-related and spatial indicators.

The first class of measures focuses on people’s exposure to congestion and delays, and thus on
the time lost in congestion:

e The total annual amount of time lost is an intuitive measure, but needs scaling in order to
be comparable between cities of different sizes, e.g., in terms of time lost in traffic congestion
per capita, per road user or per road kilometre [37] or per auto commuter [38].
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e Average commute travel time partially reflects congestion and delays [37], but is not specific
as a higher commute time may have others causes (e.g., different spatial structure, with longer
commute distances). Therefore, this measure overlaps with other indicators like “functional
diversity” and “commute travel time”.

e  The ratio between peak period travel times and off-peak travel times is a very direct measure
for congestion impact, although definitions differ. Some (“travel time rate”) only incorporate
reoccurring delays (normal congestion delays), while other (“travel time index”) also take into
account incident delays (e.g., traffic crashes) [37-39].

e  Travel time reliability is expressed as the ratio between the mean travel time and its standard
deviation [40].

Other measures focus on the time dimension of congestion. These measure the period (percentage
of the day) during which congestion occurs. A derived measure is the percentage of peak period travel
(per vehicle or per person) which occurs under congested conditions, the “Travel time in Congestion
Index” [37].

Yet, another perspective is the network level, indicating which proportion of the road network is
affected by traffic congestion.

A drawback of the above measures is that some need a uniform definition of “congestion’
(e.g., in terms of speed reduction) or of a “peak period”. Also, most of the above measures cover
only certain aspects of the congestion problem. Ideally, a congestion measure should incorporate the
congestion level, the time period and the network extent of traffic congestion. This has led to more
complex indicators, considering which part of the urban road network suffers from which level of
congestion during which part of the day. As calculations are based on (big) traffic data, methodologies
have been developed and applied by major companies in this field, leading to the INRIX index [41],
the TomTom Congestion Index [42] or the IBM Commuter Pain Index [43]. IBM Commuter Index aims
at covering all types of “pain” felt by commuters, which includes congestion but even so pollution,
road condition, etc. It is therefore much broader than traffic congestion and thus not specific for this
single indicator. A last consideration is that most indicators are applicable to public transport as well as
to car traffic. For public transport, delays can be defined as the average distance between the average

7

actual travel time and the scheduled travel time [44].

3.3.2. Selected Measure

The yearly delay per car commuter is a direct reflection of the congestion impact, which is
attainable based on floating car data or traffic model results. However, it does not incorporate during
which share of the day period or in which portion of the road network traffic congestion occurs.

As stated above, a congestion measure should incorporate the congestion level, the time period
and the network extent of traffic congestion. This requires the more complex methods, from which
INRIX index and Tom Tom Congestion Index are more specific. For this reason, the application of a
similar approach is most suitable for evaluating congestion and delays for car traffic. For public
transport, a similar methodology should be applied by comparing actual travel time with the
scheduled times.

3.4. Economic Opportunity

3.4.1. Overview of Applied Measures

This indicator intends to quantify the direct economic contribution from the city transport sector
to the welfare of the metropolitan area. Obvious ways of measuring this are the share of employment
in the transport sector (%) [30,45], the share of the population which is employed in the transport
sector [46], the percentage of the Gross Domestic Product (GDP) [45,46] or the Gross Value Added
(GVA) [47], which is created by the transport sector. The Transport Service output Index (TSI) is a more
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specific measure of the volume of services performed by the for-hire freight transportation sector [47],
and therefore covers only a part of the transport sector.

A more specific definition uses the public revenues from taxes and traffic system charging as the
measure [30], but this covers only the public part of the transport sector. Therefore, this measure is
more relevant for the indicator on the net public finance of the mobility system.

The Location Quotient (LQ) calculates the relative strength of an economic sector X in a
metropolitan area, compared to the national situation, as the ratio between the share of employment
(employment in sector X/total employment) for the metropolitan area and the national share [46].

3.4.2. Selected Measure

The main considerations for the selection of a measure are the attainability (availability
of—uniform—base data) and specificity (representing the complete transport sector) of the measure.
For these reasons, the share of the Gross Value Added (GVA) to the city transport and storage sector is
chosen as the measure for economic opportunity.

3.5. Commuting Travel Time

3.5.1. Overview of Applied Measures

Commuting travel time is recognized as an important sustainable mobility indicator across
the literature [35,48-50], mainly as an economic aspect of sustainable mobility [51,52] but also as a
part of accessibility analysis and the role of public transport in a more sustainable modal shift [53].
This indicator evaluates the time needed to commute from home to work or to an educational
establishment (for students).

The obvious measure for this indicator is the average commuting travel time [9,54]. This measure
should include the total door-to-door travel time, which means that travel time by car should include
normal delays and time needed for parking, while travel time by public transport should include
the travel time from one’s origin to a transit stop, waiting time for a transit vehicle, travel time
on-board, time required for transfers during the trip and travel time from a transit stop to one’s
destination [55,56].

A derived measure is the average travel time per 10 km journey [57]. This excludes the effect
of trip length, and puts the focus on the average commuting speed and thus on the performance of
the mobility system. Another way of expressing (the perception of) the commuting travel time is
monetarized value of the commuting travel time [58]. This conversion is done by means of the Value of
Travel Time (VTT), referring to the cost of time spent on transport, including waiting as well as actual
travel time. VIT includes costs to consumers of personal (unpaid) time spent on travel, and costs to
businesses of paid employee time spent in travel. Research on VIT has differentiated values to reflect
the impact of qualitative factors such as comfort, convenience and reliability. Using these corrections,
the monetarization gives a heavier weight to waiting time or travel time spent in congestion, or a lower
weight to travel time used efficiently (e.g., reading or calling). The Travel Time Index is the ratio of
the average peak hour travel times to the average free flow travel times [59]. This however is more
a measure for the delays during the peak periods than for the total travel time. The same goes for
Travel Time Predictability (the difference between the expected and the actual travel times) and the
Travel Time Variability (the measured variance in actual travel times) [60]. A last possible measure is
the percentage of commute journeys that are within a certain range of the mean commuting travel
time [61], but this again is more a measure for reliability than for the actual travel time.

3.5.2. Selected Measure

The indicator for commuting travel time is closely related to other indicators, such as congestion
and delays and access to the mobility system. Therefore, the chosen measure should specifically
represent the total travel time, and not the uncertainty (reliability) of the travel time. The most basic,
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and yet most relevant, indicator is the average actual commuting travel time. It can be collected from
several sources (travel survey, floating car data) and has the lowest risk of overlaps with the indicator
for congestion and delays. Note that the measure should include travel time for commuters of all
available transport modes.

3.6. Mobility Space Usage

3.6.1. Overview of Applied Measures

This indicator represents the proportion of land use, taken by all city transport modes, including
direct (e.g., roads, rails) and indirect uses (e.g., parking space).

A very direct measure is the total surface of the road network (and other modes), but this measure
depends strongly on the size of the city and needs to be scaled, which is possible by converting it
into the road surface per capita [62], or into the share of the total area which is occupied by mobility
infrastructure [29,63,64]. Another way of scaling, which differentiates between modes, is relating the
space use to the amount of users per mode (square metre per user) [65]. Alternatively, the size of the
network can be expressed by the total length of the road network, resulting in similar measures like
the network density (road length or road surface per square kilometre) [66] or the road length per
capita [67].

A more complex method also takes into account the time dimension, multiplying the surface
taken by the time it is used (expressed in square metre hours) [68]. This allows a logic integration of
direct and indirect costs for different modes. For example, for car commuting, 8 h of vehicle parking is
included, while no parking is needed in case of walking or public transport [69].

3.6.2. Selected Measure

In order to have a complete overview of this indicator, the selected measure should include all
modes, and should cover both direct and indirect costs. Indicators limited to car traffic (road network)
are therefore unsuitable. Measures including the time usage of the surface are interesting, but need
detailed and specific input data, which requires additional data collection (surveying). Therefore,
the selected measure calculates the amount of square metre of direct and indirect mobility space usage
per capita.

3.7. Quality of Public Area

3.7.1. Overview of Applied Measures

The quality of the public area describes the presence of streets and squares in the city that offer
opportunities for individual contact and social interaction, and that have a good image. It is clear that
this quality covers a wide range of aspects, which all have separate measures of quality.

A recurring aspect is the presence of green in the city, expressed as the percentage of green space
(public parks) in relation to the city area, or in relation to the population (green area per capita) [70].
A critique is that this measure only accounts for the size of the green areas, but not their quality. This is
covered in the Green, Public space and heritage Indicator (GPI) [71], which calculates the percentage
of the green or public spaces and local heritage in need of improvement. Another important aspect
is the presence of facilities for walkability, such as pedestrian areas, traffic-calmed areas, car-free
paths, dropped curbs and disabled facilities, and children- and pedestrian-friendly design of public
spaces [72]. However, these measures have already been taken into account for the indicator about
opportunities for active modes. Finally, also the quality of the roads is a part of the quality of
public areas, quantified as the percentage of roadways which are in good condition [70]. However,
this indicator is not relevant (and even counterproductive) for the purpose of this indicator, the
opportunities for social interaction in public spaces. Even so, this indicator is closely related to the
indicator for space usage for mobility facilities.
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As all above measures concern only certain aspects of the quality of public space, there still is a
need for an indicator which evaluates the quality as a whole. This can be realized by means of the
reported social usage of streets and squares, and the subjective appreciation of the quality of public
area [73].

3.7.2. Selected Measure

Most measures do not meet the requirement of being a specific measure for this indicator, as only
partial aspects are measured. Therefore, the selected measure is the reported satisfaction about the
quality of the public space in the city in a satisfaction survey among the population.

3.8. Access to Mobility Services

3.8.1. Overview of Applied Measures

This indicator shows whether people have sufficient access to the urban mobility services, in order
to fulfill their travel needs.

A first type of measures evaluates the access to specific modes. For cars, this can be expressed by
the percentage of people that have a private motor vehicle available for their use [74,75]. For public
transport, a logical indicator is the percentage of the city’s population living within a certain range of a
public transport stop. This range may be expressed as a straight distance from the stop or as walking
time from the stop [76]. Also, park-and-ride lots can be included in a similar definition. The ranges used
in various sources are similar, e.g., a range of 400 m is used in [46,77]. The PTALs (Public Transport
Accessibility Levels) method applies a maximum walking time of 8§ min or a maximum walking
distance of 640 m for buses, while rail and light rail services allow a maximum walking time of 12 min
and a maximum walking distance of 960 m [78]. A second approach is to measure the accessibility
of specific destinations, for example expressed by the percentage of the employment within a certain
range (e.g., 0.4 miles) of a transit stop [74]. Similarly, [79] defines employment accessibility as the
number of job opportunities and commercial services within a 30-min travel distance of residents.

Transport for London’s PTALs method [78] combines these approaches by evaluating the
accessibility of specific destinations by public transport. It includes:

e Walking times from specified point(s) of interest to all public transport access points
(bus stops, rail stations, light rail stations, underground stations and Tramlink halts) within
pre-defined catchments.

e A measure of service frequency by calculating an average waiting time based on the frequency of
services at each public transport access point.

e A reliability factor of the public transport services.

Haase [80] describes a similar model-based evaluation method for public transport taking into
account the accessibility of key services (such as hospitals, schools, retailing, financial services, efc.)
by public transport, resulting in the Transport Accessibility Index. For active modes, the Active
Mode Accessibility (AMA) [81] evaluates the proportion of activities that can be reached by active
modes (walking, cycling, and public transport) alone, given the population demographics of the study
area [79].

3.8.2. Selected Measure

Access to mobility is obvious for car owners. Problems arise mostly for non-car owners, who are
designated public transport for their needs. Therefore, this indicator should focus on access to public
transport. The PTALS method is a very complete evaluation of public transport services, but creates

overlaps and double-counting with other indicators such as “congestion and delays”, “comfort and
quality in city transport” and “security in city transport”. Therefore, the measure for this indicator
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should focus on the first part of the PTALs methodology, the walking access from home and key
destinations from public transport stops.

Therefore, the selected measure for “access to the mobility system” is the percentage of the
population living within a distance of 400m from a public transport stop (or 800 m from a rail transport stop).

3.9. Traffic Safety

3.9.1. Overview of Applied Measures

This indicator should reflect the damage caused by road and rail accidents in the city.

The most obvious measurement for traffic safety is the absolute number of traffic fatalities [82-84],
or traffic injuries [85]. In order to be comparable between cities, the number needs to be scaled, e.g.,
per 100,000 inhabitants, and a standardized definition of traffic fatalities and traffic injuries needs to be
applied worldwide. Some definitions are found in literature:

e  Road traffic accident: an accident which occurred or originated on a way or street open to public
traffic; which resulted in on or more persons being injured; and where at least one moving vehicle
was involved [85].

e  TFatalities caused by road accidents: drivers and passengers of motorized vehicles and pedal cycles,
as well as pedestrians, killed within 30 days from the day of the accident [11].

e Injured [85] is any person who was not killed but sustained one or more serious or slight injuries
as a result of the accident:

e Serious injuries: Fractures, concussions, internal lesions, crushing, severe cuts and laceration,
severe general shock requiring medical treatment and any other serious lesions entailing detention
in hospital.

e  Slight injuries: Secondary injuries such as sprains or bruises. Persons complaining of shock, but
who have not sustained other injuries, should not be considered in the statistics as having been
injured, unless they show very clear symptoms of shock and have received medical treatment or
appeared to require medical attention.

Another possible measurement uses an index representing traffic injuries or fatalities, compared
to a base year value [27].

3.9.2. Selected Measure

The proposed index is not withheld as a good measurement, as it reflects the evolution of traffic
safety, rather than traffic safety itself. For example, for cities which already have taken measures and
have improved their traffic safety, it will be hard to make further improvements and obtain a good
score for this measurement.

The measurements of traffic injuries give a more complete view of the traffic safety, compared to
measures based on traffic fatalities only, but have the drawback of standardization.

Another issue is the reliability of accident data, which decreases for less heavy accidents. This is in
favour of using a measurement based on traffic fatalities only (which are usually well reported by traffic
police, hospitals, insurance, etc.). The uncertainty increases for (serious and minor) traffic injuries.

Based on these considerations, the selected measurement is the annual number of traffic fatalities
per 100,000 inhabitants.

3.10. Noise Hindrance

3.10.1. Overview of Applied Measures

This indicator expresses the impact of the noise, generated by city transport, on people’s
well-being. Several types of measurement are applied, which can be divided into three types.
Noise levels measure the absolute level which the city’s inhabitants are exposed to, while hindrance
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measures to which extent people actually report negative impacts by the noise. Finally, investments in
noise abatement are used as proxy indicator for the level of hindrance.

e  Measuring noise levels is a complex matter on its own, where a range of measures is applied,
taking into account the levels for different frequencies, at different moments and locations, for
different aggregations. Frequently used scales are L. (considering the energetic equivalent of the
noise signal), L4 eq (taking into account people’s different sensitivity for different frequencies) and
LpEgn (taking into account people’s different sensitivity during day, evening and night period) [86].
Lpgn is mostly used in terms of noise hindrance, because it combines the noise levels in daytime
(D), evening (E) and night (N), incorporating the higher sensitivity to evening and night noise.
However, Lppy is not directly measurable in the field, like Le; or La,eq (Which on the other
hand require measurements for long periods and a sufficient number of locations in order to be
representative [86]). Lpgy is often derived from traffic noise models [87].

e Noise hindrance is a more subjective measure, as the level of hindrance depends on external
factors [88], including person-related variables (age, years of employment, duration of stay at the
accommodation during the day), house-related variables (orientation of windows of living room
and/or bedroom, floor) and neighbourhood-related variables (noise levels as equivalent noise
level L, for the daytime and nighttime periods, the maximal nighttime noise level L4y, traffic
flow during day and during the night). Possible measures for noise hindrance are:

O  The percentage of people annoyed by traffic noise [86,89] is the most direct indication.
It can be gathered by surveying inhabitants, or can be estimated based on the noise levels
in the city. Other methods to scale the annoyance is to calculate the ratio of the number of
people annoyed by traffic noise to the number of passenger-kilometres (for person traffic)
or ton-kilometres (for freight) [86,87].

O  The percentage of the population which is exposed to noise levels exceeding a certain
limit value [90].

O  The percentage of the city area which is exposed to noise levels exceeding a certain
limit value [90].

e Investments in noise abatements can be measured by the budget allocations to noise abatement [86]
(with preference for spending on noise control at the source), indicating the level of awareness
and concern about noise annoyance. Measures can be taken at the source (road) or at the receptor
(building), leading to indicators like:

O  Percentage of roads with noise abatement (e.g., silent surfaces, noise barriers) [91]

O  Percentage of houses with noise abatement (e.g., noise insulation, presence of a quiet
side) [91]

It should be noted that the above measures do not take into account the actual need for noise
abatement. For example, areas with high noise levels should not be a problem if not nearby any living
areas, or roads without noise abatement are acceptable if they carry low amounts of traffic.

3.10.2. Selected Measure

Absolute noise levels have the benefit of being objectively measurable, or can be calculated
by means of computer models. However, it is hard to define one single noise level for a complete
city, as the result depends highly on the selected measurement location(s). Covering a complete
city would require an extensive measurement campaign, which would still be hard to standardize
between different cities (wWhere, when, how to measure?). Measurements on noise annoyance have the
advantage of taking into account people’s exposure to high noise levels. High traffic noise levels are not
necessarily harmful, if no inhabitants are exposed to them. Therefore, this type of measurement is the
most representative for this indicator. However, the indicator requires an extensive survey, or a traffic
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(noise) model to estimate the hindrance, based on so-called dose-effect relations. Proxy indicators
like investments in noise abatement are very indirect measurements, and seem less reliable. Another
problem is that the measurement already selects the type of measures to be taken, e.g., measures of
traffic calming or speed reduction have no influence on this measurement.

As a result, the selected indicator is the percentage of the population, annoyed by traffic noise.

3.11. Air polluting Emissions

3.11.1. Overview of Applied Measures
The impact of urban traffic on air quality can be measured at several levels:

e  The fuel consumption is proportional to the resulting emission, so the total fuel consumption
by the mobility system can be considered as a proxy for the impact on air quality [92]. Derived
indicators are fuel consumption per vehicle-kilometre or per person-kilometre, but these express
fuel efficiency, rather than emissions of air pollutants [93]. Fuel consumption per capita or per
GPD are better alternatives [92].

e  The total amount of emission of air pollutants by the mobility system is the most direct measure [92,94].
A complexity for this type of indicator is the presence of several types of polluting emissions
(NOy, PM, NO3y, SO,, ozone, VOC, efc.). Therefore, it is necessary to either consider several
pollutants separately; select one pollutant as determining for this indicator or aggregate different
pollutants into one measure. The latter is for example possible by converting pollutants into
“emission costs” by monetarizing the impact of different pollutants [95]. Furthermore, total
amounts of air polluting emissions would have the problem of being scale-dependent: values are
not comparable between cities of different size or between different areas within a city. The total
amount of emissions needs to be scaled.

O  Road transport emissions per GPD (e.g., emission of PM, NOx) [92]
O Road transport emissions per capita (e.g., emission of PM, NOx) [92]

O Road transport emissions per passenger-kilometre or per freight-ton-kilometre
(e.g., emission of PM, NOy) [92]

e  Finally, the resulting concentration of pollutants in the environment is a direct indication of a
city’s air quality. The concentrations can be evaluated in several ways:

O  Direct measurements of the concentration level of pollutant(s) like PM10, PM2.5, O3, SO,
NOy, ... [22,26,96-98]

O % of the population that is exposed to air pollution levels exceeding the EU limit values
set for the protection of human health [99]

O Number of times per year that limit values for selected air pollutants are exceeded [25]

3.11.2. Selected Measure

Measures based on fuel consumption do not consider one important aspect of cleanliness of the
vehicle fleet (e.g., installing filters in vehicles to reduce emissions would have no effect on this measure,
as the fuel consumption would be invariable). This aspect could be incorporated by considering the
average age of the fleet or by evaluating the average level of maintenance of vehicles, but these are
very indirect measures which are hard to quantify. Therefore, these indicators are considered to be
incomplete and not suitable for our purpose. The main drawback of measures based on concentration
levels of pollutants is that it is impossible to distinguish the contribution of the mobility system to
the air quality. Further analysis and interpretation would be necessary to make a correct assessment.
As a result, a measure based on total emission levels is selected. In order to incorporate the different
type of air pollutants, a measure is chosen which aggregates different pollutants to a total monetary
cost. However, scaling is necessary to eliminate the size of the considered city or area. Therefore,
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the total emission cost should be scaled. Because of the interest in urban mobility, scaling by the
population number is the most likely way of scaling.

As a result, the selected measure for this indicator is the total tailpipe harmful emission cost per
year per capita.

3.12. Comfort and Pleasure

3.12.1. Overview of Applied Measures

This indicator evaluates the physical and mental comfort of transport and services for all users.
In literature, comfort and pleasure is measured for different transportation modes (e.g., [100] for
car users, [101-104] for walking) and target groups (e.g., [105] for commuters), but all are based on
reported satisfaction in a survey.

The main issue is the survey methodology and the selection of aspects to be dealt with in
the survey:

e  For example, Steg [100] compares the attractiveness of the car and public transport by comparing
both modes in regards to 17 aspects: arousal, comfort, convenience, freedom, stressfulness, control,
status, sexiness, pleasure, various experiences, flexibility, independence, security, traffic safety,
cosiness, travel speed and price.

e In [105] people were asked about pleasant and unpleasant experiences in transport. For pleasant
experiences, five categories were created: scenery, listening to music or reading, flexibility
(not being stuck in traffic), the presence and behaviour of others, and the mere enjoyment of the
travel activity (I like cycling, walking, etc.). Analysis was undertaken to assess how the sources of
pleasure and displeasure varied between users of various transport modes. Danger was a worry
especially for cyclists and pedestrians, while fewer car users worried about safety and no public
transport users. Delays were particularly salient issues for public transport users and drivers,
whereas inconvenience was an issue for pedestrians and cyclists. The most unpleasant experience
for drivers also tended to be related to traffic queues. For cyclists, unpleasant experiences were
mainly caused by other road users, and for public transport, they were mainly related to provisions.
For pedestrians, the main sources of displeasure were provisions (overgrown, unlit paths and
a lack of safe crossings) and the sheer volume of traffic causing noise, pollution, and danger.
The most pleasant experiences of respondents did not vary as much between different mode
users, as the most unpleasant experiences. Beautiful scenery was relevant for all commuters.
Users of public transport and drivers were more likely to mention music and literature as sources
of pleasure, and cyclists and pedestrians were more likely to say that they simply enjoyed the
activity itself.

e  For the attractiveness of walking, [103] focuses on features of urban spaces, as aesthetic attributes,
the convenience of facilities for walking (sidewalks, trails), the accessibility of destinations
(stores, park, beach) and perceptions about traffic and busy roads. Giles-Corti et al. [104] also
evaluates walking attractiveness, but finds other measures, like shade along paths (%), lawns
irrigated (%), presence of walking paths (%),presence of sporting facilities, adjacent to ocean or
river (%),presence of water features (%), quietness of the surrounding roads, presence of lighting
(%) and presence of birdlife (%).

3.12.2. Selected Measure

As most of the found measures are difficult to attain, evaluate only partial (unspecific) aspects
of the indicator, and /or omit the appreciation by the mobility users, most of the cited measures do
not meet the requirements of a good measure. Therefore, the selected measure for this indicator is the
average reported satisfaction about the comfort of the city transport and the enjoyability of traveling
within the city area. A satisfaction survey should enquire about the perception of several aspects of
the comfort and enjoyability of the transportation system, but also the relative weight given to the
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several aspects. This allows a final evaluation taking into account the relative importance of each of
the aspects of enjoyability and comfort.

3.13. Accessibility for Mobility Impaired Groups

3.13.1. Overview of Applied Measures

Existing methods in literature are based on satisfaction surveys among specific target groups,
such as wheelchair users [106], disabled people [107] and elderly people [108]. One more general
approach can be found in [109]. Therefore, the most crucial consideration for this indicator is the
selection of mobility impaired groups to take into account. For example, there is no single definition
for a “disabled” person, and, moreover, this meaning in a medical sense is different from the social
sense [106]. This selection of the target groups is also relevant for the aspects to be covered by the
indicator. For example, [106] lists the main problems, as reported by wheelchair users in open-question
surveys: impossibility of accessing public buses, too many people on pavements, entrance to shops,
lack of dropped curbs, high curbs, steps, uneven surfaces and non-adjacent dropped curbs. The survey
towards elderly people [107] evaluates 5 categories: physical barriers, orientation and warning
(relevant for blind and visually disabled), bus stops and shops, orderliness, benches and chairs.

3.13.2. Selected Measure

In accordance with common practice, this indicator is measured by the average appreciation of
the convenience and comfort of the city transport, as reported by the target groups by means of a
survey. Selected target groups for the survey are elder people (65+), people with (registered) visual
disabilities or reduced mobility and pregnant women.

3.14. Affordability of Public Transport for Poorest Group

3.14.1. Overview of Applied Measures

The affordability indicator evaluates the ability of transportation system users to pay for their
transportation needs [110]. A consideration is the extent of the indicator, whether it should cover
only public transport cost [111], or should also include private transport [27,110,112] In the first case,
transportation cost only includes public transport fares, while in the second case also fixed costs
(like vehicle depreciation, insurance, finance charge, license fee) and variable costs (like fuel and oil,
tires, maintenance, user fees) are incorporated [110].

In order to evaluate affordability, the transportation cost should be compared to the available
transportation budget. Some sources used the per capita income as a reference [110,112], while other
refer to the total after-tax income [27].

A last consideration is the target group for this indicator. As affordability is particularly important
for low-income and disadvantaged groups, World Bank calculates affordability for the bottom quintile
of the income distribution [111]. Therefore, their evaluation is not based on the real transportation
spending (which may be limited because of the affordability), but on a calculated public transport cost,
based on a public transport use of 60 trips per month during 12 months per year with a typical trip
length of 10 km [111].

3.14.2. Selected Measure

The measure should be able to compare the affordability to fulfil one’s basic transportation needs
by public transport. In this view, it is opted to select a measure which is based on public transport cost
only. In order to reflect the required budget for basic activities, the cost for typical public transport use
should be calculated. To be specific to the actual target group of the indicator, the focus should be on
the lower income groups.
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As a result of these considerations, the measure for this indicator is the ratio between the cost
for 60 relevant public transport trips and the average monthly household income, calculated for the
poorest population quartile.

3.15. Security

3.15.1. Overview of Applied Measures

Security covers the risk for crime in mobility. For this indicator we refer to [113], which
summarizes a large number of security parameters. A first type of measures describes the actual
number of incidents affecting the security. European project SUMMA [113] states that security suffers
from offences against property, offences against passengers and offences against operatives. The annual
number of incidents per 1000 inhabitants or per 1000 km of roads are possible measures. This can be
specified into specific types of offences (e.g., vehicle thefts). A closely related measure is the financial
cost because of incidents (e.g., damage because of vandalism, cost of stolen goods, etc.). A second
type of measures represents the initiatives taken to improve security in transport. In a general way,
this can be measured by the total annual investment in security, expressed in € per kilometre (for roads
or public transport), € per passenger (public transport), € per ton of freight. Other indicators quantify
the availability of specific security measures, such as the presence of police (measured by the daily
opening hours of the police station), of guards (number of guards per passenger or per ton of freight,
number of controls by guards per day) or of video surveillance cameras (density of cameras per square
km, e.g., for a train station or a freight deposit facility). A resulting measure is the response time,
the time it takes security guards to arrive at the location after being called. A third type registers the
reported satisfaction by inhabitants by means of a survey, e.g., about the perception of security at night
or when travelling alone.

3.15.2. Selected Measure

The first type of measures gives a direct indication of incidents and the resulting security.
However, it requires a good registration of incidents, which may pose problems. A typical issue
is the underregistration of smaller incidents, although these may have an important impact on people’s
perception of security. The second type has important limitations, as most measures concentrate on a
specific type of solution, and do not include the effectiveness of the solution. Therefore, the third type
of measure is selected, being the reported satisfaction about security in transport.

3.16. Functional Diversity

3.16.1. Overview of Applied Measures

The indicator on functional diversity measures the mobility impact of the city’s spatial structure.
Large monofunctional areas (housing, industry, commercial activities) urge people to travel for other
activities. Mixing several functions within one area creates proximity, allowing people to realize more
activities with travelling less frequently or for shorter distances. The measure for this indicator should
describe how well different functions are spatially intermixed.

A simple measure, which focuses on the two main functions of housing and employment, is
the ratio of jobs to housing [21]. At the metropolitan scale, the ratio of jobs to housing is usually
close to 1, but neighbourhoods often have a large imbalance between jobs and housing, meaning that
people have to commute further to work, to other neighbourhoods. A limitation of this measure is
that no other functions are taken into consideration. These other functions are incorporated in the
Function Mix model (MXI) [114], which expresses the mix of functions in terms of the percentage
of dwellings, work places and amenities, measured in square metres of the total gross floor area.
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For a more detailed evaluation, formulas based on entropy are applied, e.g., in the spatial Shannon
Index [115-117]. The entropy is calculated as

S, [Prop (i) x In (Prop (i))]
In (k)

Entropy = 1)
where i represents one urban function, k represents the total number of functions, and Prop(i) represents
the proportion of function i (measured in area) in the total functional area. Two problems of this
approach are that it delivers the maximum value for equal proportions of all urban functions, which is

unrealistic, and that it gives equal importance for all instances of the same function across the study
area [21].

3.16.2. Selected Measure

The entropy-based approach is preferred, as it allows taking into account more types of urban
functions. The required spatial data is detailed, but is presumably available in urban planning
administrations of larger cities. If the spatial data are less detailed, the formula remains applicable by
distinguishing fewer different functions.

3.17. Intermodal Connectivity

3.17.1. Overview of Applied Measures

This indicator evaluates the availability of different mobility subsystems, and their ability to
function as a whole. Therefore, it evaluates the (quality of) intermodal transfers within the urban
mobility system. Note that this has two closely related aspects: one is the physical existence of
the intermodal activities, and the other is the quality (comfort) of the interchanges. Because of the
importance of both aspects, two separate indicators have been defined. “Intermodal connectivity”
covers the first aspect, describing the availability of intermodal interchanges. The next indicator on
“intermodal integration” describes the quality of intermodal transfers.

Different types of interchanges can be considered within this indicator, depending on the
characteristics [56,118]:

e  Volume of passenger and activities

e  Number of interfacing routes

e  Number of interfacing modes

e  Physical configuration

e Investment in facilities

e  Transit centre type (community, regional, or other)

e  Whether or not it is a joint development with commercial use of the facility.

For the definition of “modal interchanges”, it is important to distinguish which means passengers
may use to arrive at a transit station, such as bus, shuttle, taxi, and paratransit services as well as
personal automobile, bicycling, walking, or other transit modes. Station design should include features
necessary for providing convenient access to the station by all common modes of transportation,
where each mode has its own requirements. Typically, the last mode of transportation before boarding
the transit vehicle is walking. The design process should ensure seamless and safe movements of
pedestrians as they interact with other modes at the station. Measures exist for the connectivity within
the transit network (e.g., [119,120]). The latter report three indices to measure intermodality at high
speed rail stations. The “intermodal time” for a specific mode is defined as the summation of the times
required for this mode to reach every other mode at this station. The “intermodal integral time” and
is calculated as the summation of the intermodal times for all modes per station. The “intermodal
entropy” reflects how unbalanced different modes are. If the intermodal times for all the transportation
modes are the same, the entropy reaches its maximum value, while it decreases in cases of imbalance.
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Four aspects of connectivity are defined in [121]: co-ordination and co-operation, information,
pricing and ticketing and timetabling. It describes some accessibility and interconnectivity indicators,
mostly with gravity-based formulas. The Interconnectivity Ratio is the proportion of the access
and egress time to/from the network to the total trip travel time, as the access and egress time are
the weakest part of a multimodal chain and their contribution to the total travel disutility is often
substantial. Finally some indicators describe “centrality” of a node within a network, such as the
Degree of Centrality of a node or the Closeness Centrality. However, it remarks that interconnectivity
indicators are unable to capture the manifold dimensions of co-modality. Most indicators are network
indices, not considering the quality of interconnectivity.

3.17.2. Selected Measure

The above measures all focus on the connectivity between different types or levels of transit
modes, on a network levels. This type of intermodal connections is important for the users, as the
transfer is determined by the schedules of different routes or operators. However they don’t consider
the connections with car (park-and-ride, kiss-and-ride, shared car systems), bike (bike-and-ride, shared
bike systems) or walking. In order to take all available modes into account, a new measure has been
proposed, calculating the density of intermodal interchanges (number of interchanges, relative to the
surface of the city). Interconnection points include interchanges between two different public transport
modes (e.g., bus, tram, metro, train), park-and-ride facilities, stations or stops providing shared bikes
or organized bike parking, etc. Nodes get a weight of (m—1), with m representing the number of
interconnecting modes.

3.18. Intermodal Integration

3.18.1. Overview of Applied Measures

The indicator on “intermodal integration” is closely related to the previous indicator for
“intermodal connectivity”. Where the “connectivity” describes the physical opportunities of intermodal
transfers, this indicator focuses on the ease and comfort of transfers.

The research within the framework of the EPIC project [122] gives a detailed insight into the
quality of transit stops and stations. It distinguishes three perspectives:

e the passengers/users are the clients who use stops, stations, and transit transfer facilities

e transit operators control the design and operation of the stop or facility

¢ neighbouring communities/businesses & residents, who have a stake in the facility that may be
largely unrelated to its utility to transit users.

In the view of this indicator, the passenger/user is the most relevant. Survey results ranks
different quality aspects from higher to lower importance for this group:

e  “Security and safety”

e  “Connection and reliability”

e  “Facility Access” and “Information”
e  “Amenities”

One could say that the first two are necessities for a well working interchange, while the
others define the surplus quality. Practical guidelines for the design of intermodal connections
are summarized in [123]. Aspects to be considered include:

e  The station platform (e.g., boarding and alighting area, platform dimensions, presence of a shelter,
benches, fences, furniture, ... );

e Signage (e.g., wayfinding to and within the station, video monitors, maps, kiosks, travel
information, etc.);



Sustainability 2016, 8, 29 19 of 30

e Facilities (e.g., intermodal connections for pedestrians, bicyclists, paratransit, kiss-and-ride,
park-and-ride, etc.).

It is important to note that this indicator goes beyond the purely infrastructural design of transit
stops and locations. For example, also door-to-door travel information, integrated ticketing services
and integration of long-distance travel with the last urban mile (e.g., rent-a-bike) are aspects of
intermodal integration [124]. Similarly, [125] distinguishes spatial connectivity (at the station scale, the
station neighbourhood level, the municipality level and the regional level) and operational connectivity
(coordination and collaboration among operators, authorities, etc.).

Quality of an efficient transport interchange requires that it does not only function as a node
within the transport network, but also as a place [126]. The first requires optimization of the transfer
time, the second puts emphasis on the (quality of the) waiting time. General guidelines are formulated
in order to improve the design, operation and management of an urban transport interchange:

e  Reducing waiting time (transfer distances, co-ordination between operators, etc.);

e  Making the interchange easy and reducing the users' stress levels (travel information, signposting, etc.);

e  Making the stay more comfortable (external and internal design, air quality, temperature and
noise, information displays, etc.);

e Improving the use of time in the interchange (services and facilities, availability of a telephone
signal and Wi-Fi, shops, efc.).

3.18.2. Selected Measure

The above descriptions of quality of intermodal interchanges clearly demonstrate the wide range
of relevant aspects, each of which can be measured by specific measures. However, no unique
measure is found to measure the integral quality of the whole mobility system. Moreover, there still
is the subjective appreciation of how the users perceive this quality. For these reasons, the selected
measure is the reported quality of interchange facilities between different transport modes referring
to the integration of organization of the subsystems and the physical quality of the interchange
facilities. This information is collected in a satisfaction survey among both users and non-users of
intermodal connections.

3.19. Resilience for Disaster and Ecologic/Social Disruptions

3.19.1. Overview of Applied Measures

Measures for resilience in literature cover two aspects of resilience. One is resilience to extreme
weather events (heavy rainfall, windstorm, hurricanes, droughts, etc.), which regularly occur in the
current and in the future climates, even though likelihoods and intensities may be modified. The second
is resilience to long-term climate change, which influences average weather conditions, and thereby
can reduce infrastructure service quality, quantity or reliance, and can require infrastructure retrofit.
Given the purpose of the indicator set, measuring the sustainability of the city’s urban mobility system,
the focus is on the current mobility system, and therefore the focus is on the first aspect of resilience,
the capability to face sudden perturbations from hazards. An important concept in this matter is
the robustness of a transportation network. Robustness measures how well a network can function
after sudden impacts on the network (i.e., network links being temporarily eliminated). The gamma
index [110] is a measure, purely based on the network geometry. It is a network connectivity index,
relating the actual number of links in the network to the maximum number of possible links. A higher
gamma index means that on average more connections are available between two links, and thus that
it is more likely that if a connection fails, an alternative connection remains available. The Network
Robustness Index (NRI) [110] is a derived measure, which also takes into account the traffic volume
and traffic capacity of a link. Apart from checking if there is an alternative connection, it also checks
if the free capacity of this alternative(s) is sufficient to adopt the traffic from the original link. If not,
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congestion occurs and travel times will rise. The total loss of vehicle hours because of disruptions
at different locations are a measure for the robustness [127]. Another type of measure for resilience
measures the financial impact of resilience. An example is the maintenance and repair cost, caused
by extreme weather events [128]. However, this is an indication for the gravity of the weather events,
rather than for the network resilience. Aspects of robustness can also be expressed in financial
terms, e.g., the reduction in economic value due to infrastructure perturbation, the economic losses
in case of an infrastructure perturbation, or the number of persons at risk in case of an infrastructure
perturbation [129]. Retrofit costs include the monetary costs needed to make the transportation
network (more) resilient to sudden weather events. A related measure is the planned time required for
completion of retrofit actions [129].

3.19.2. Selected Measure

Most of the mentioned measures have drawbacks. Robustness indicators are more theoretical
quantities, requiring the availability of a traffic model. Retrofit measures are more relevant for long
term resilience towards climate change, but not for the intended resilience to short term hazards.
Therefore, a new indicator is proposed, representing the ability of the transport system for urgent
evacuations of the city population due to a disaster or disruption. This is expressed by the best possible
evacuation time in hours, calculated as the total of:

e the emergency response time;

e the reaction and information time on possible evacuation directions;

e theactual evacuation time, based on the hourly evacuation capacity, i.e., the available road capacity
to cross the city border or crucial screen lines in the city (such as a river).

3.20. Occupancy Rate

3.20.1. Overview of Applied Measures

This indicator intends to quantify the average load factor of all modes of city transport, both for
passenger and freight transport. Occupation is the ratio between the actual performance of the mobility
system per period and per direction (i.e., the number of persons travelling on a road or on a public
transport line, the amount of freight transported on a road or line) and the maximum capacity [130].
The maximum capacity of a route or line is obtained as the product of the running way capacity
(vehicles per hour per direction) and the vehicle capacity (passengers per vehicle). This definition can
be applied for car traffic, bus, tram or train traffic. Note that for public transport the vehicle capacity
equals the number of seats plus the number of standing places (estimated as the available area for
standing, divided by the average area per standee) [130]. Derived measures differentiate the average
car occupancy by time of the day (all day car occupancy versus AM peak or PM peak), by purpose,
by trip distance, etc. [131]. For public transport operations, rough estimations can be calculated over a
longer period, as the total number of passengers carried during a period, divided by the total number
of vehicles licensed in that period, and divided by the number of days in the period [132]. The load
factor [133], the ratio of the average load to the total vehicle freight capacity (in tons or volume) has a
similar meaning for freight traffic. It can be applied for any kind of freight vehicle (truck, van, train
wagons, ships, aircraft) [133,134]. A method to calculate the occupancy rate on a network level is to
calculate the ratio between the total transport performance (passenger-kilometres or ton-kilometres)
and the supplied vehicle-kilometres [135]. This measure can for example account for higher capacity
vehicles resulting in fewer vehicle-kilometres travelled for a given amount of freight transported [136].

3.20.2. Selected Measure

Elements in the choice of a measure are that all transport modes should be covered by the measure,
for person and freight transport. Therefore the selected measure is a weighted sum of the average load
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factors for car traffic, for public transport and for freight transport, weighted by the total amount of
kilometres driven by the different transport modes.

3.21. Opportunity for Active Mobility

3.21.1. Overview of Applied Measures

The indicator expresses how good the city creates friendly conditions towards walking and
biking in the city. Two types of measures are found in literature. One focuses on the measures
taken to promote walking and cycling, while the other uses the revealed walking and biking travel
behaviour of the population. The first type consists mainly of measures of the (quality of) pedestrian
and cycling infrastructure. In a broad sense, this can be expressed as the ratio between the length of
the pedestrian and bicycle networks and the total road network length [137]. An objection could be
whether specific facilities are always required in order to offer a comfortable walking/cycling network
(e.g., in local streets with low traffic speeds and volumes). Therefore, [138] uses a more strict definition,
by measuring the share of pedestrian areas, traffic-calmed streets and car-free paths as a proportion of
the total length of the city network of roads and footways. A similar measure looks at the presence
of dropped kerbs at pedestrian crossings and of disabled facilities at signal-controlled junctions, as
a proportion of the total number of measures needed [138]. The second type quantifies the revealed
use of walking and biking within the urban travel behaviour. A logical indication is the percentage of
trips which are done by walking or cycling. Some sources incorporate walking and biking into one
indicator [139,140], while others calculate separate indicators for the share of trips by walking and by
cycling [21]. A slightly different definition focuses on short trips, calculating the percentage of short
trips which are done by walking or cycling [141]. As a reference for the definition of “short” trips, limit
values are mentioned: typically walking trips are no more than two miles and bicycling trips are no
more than five miles [141]. Another measure for active mobility is the percentage of the population
that walks or cycles on an average day [79]. A more ambitious variation of this definition looks at
the percentage of the population that walks or cycles sufficiently for fitness and health purposes
(i.e., at least 15 min per day according to World Health Organization) [137]. A last possible measure is
the average distance travelled by walking or by bicycle [137,142].

3.21.2. Selected Measure

The second group of indicators has the disadvantage that data about walking behaviour are hard
to collect. Most traffic models insufficiently cover walking behaviour, and collecting additional data
requires an extensive traffic survey. The first group of indicators is generally easier to establish, but
has the limitation that they only measure the infrastructural quality, and not the actual use of this
infrastructure. Besides, the measures mentioned restrict to specific aspects of this quality. The first is
very general in terms of “pedestrian and bicycle networks, while the second focuses very narrowly
on pedestrian areas, traffic-calmed streets and car-free paths. Therefore, a own interpretation of this
definition is selected as the measure for this indicator in terms of the total length of roads and streets
with sidewalks and biking lanes, of 30 km/h zones (or 20 miles/h zones) and of pedestrian zones,
related to the total length of the city road network (excluding motorways).

3.22. Energy Efficiency

3.22.1. Overview of Applied Measures

The primary interest of this indicator is the total road sector energy consumption [143,144], which
can be defined as the total energy used in the road sector including petroleum products, natural
gas, electricity, and combustible renewable and waste. Note that this definition focuses on road
transport, although other modes (e.g., rail) seem equally relevant for this indicator. In order to add
up different energy sources they are converted into oil equivalents, indicating the quantity of oil
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needed to procure the same energy content to the system. The main issue is how to scale this energy
consumption in order to reach a measure which is comparable for cities of different sizes and structures.
Often the energy use is related to the Gross Domestic Product (megajoules or kilowatt-hours per unit
of GDP) [144-146], but this unity depends strongly on the economic profile. The road sector energy
consumption per capita [143,147] or per kilometre [27,144] (passenger-kilometre for person traffic,
ton-kilometres for freight traffic) are more specific measures for energy efficiency, as they directly
relate the inputs (energy consumption) and outputs (transportation of people and freight) of the urban
mobility system. A last option is expressing which share of the city’s total energy consumption is
dedicated to the road sector [143]. However, this measure is highly related to the city’s (economic)
profile, e.g., cities with a high industrial energy consumption will obtain better results for this measure.
A last remark concerns the well-to-wheels efficiency of the transportation sector. Distinction is made
between the well-to-tank efficiency (the efficiency of the system to convert a primary energy source
to useful energy to be stored on board of the vehicle) and tank-to-wheel efficiency (the efficiency of
the propulsion technology to convert the primary energy stored in the vehicle to useful power to
the wheels). The result of both is the well-to-wheel efficiency. Joint Research Center [148] explicitly
mentions that the total well-to-wheel efficiency is used, while for the other sources it is unclear whether
well-to-wheel efficiency is calculated, or only the tank-to-wheel part.

3.22.2. Selected Measure

It is important that the selected measure focuses on energy efficiency (rather than energy
consumption) of the urban mobility system (independent of the city’s economic or urban profile).
This means that it should not only consider road traffic, but even so other modes (rail, tram, etc.). The most
suitable measure in this view is the total energy use by urban transport per passenger-kilometre and
per ton-kilometre, calculated on an annual base over all modes.

4. Discussion and Conclusions

The selected measures for all of the indicators make the core of the evaluation methodology for
sustainable mobility. For each of the indicators, data are gathered in order to calculate the measure
value as defined. The selected indicator measures can be divided into five groups, according to the
type of data gathering needed for the evaluation of the indicator.

¢ Indicators based on existing databases concern parameters for which authoritative international
sources need to be used (e.g., emission factors for different types of vehicles), of for which
national or city-specific date are more relevant (e.g., about public finance for urban transport).
The following indicators are partly based on coefficients from external databases: Emissions of
greenhouse gases (GHG), Energy efficiency and Air polluting emissions. Other indicators are completely
(or mainly) based on city- or region-specific databases that are expected to be available because
they have to be reported in the frame of monitoring the more general (apart from mobility)
performances of cities, regions or national economies. It concerns: Net public finance, Economic
opportunity, Traffic safety (city or regional /national database), Affordability of public transport for the
poorest group. Note that also the calculation of some other indicators requires some city-specific
data, e.g., population, surface of the city, efc.
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e A second group of indicators is based on a population survey. This goes for the indicators for
public perception of specific aspects of the mobility system: Commuting travel time (if no traffic
model is available), Quality of public area, Accessibility for mobility-impaired groups, Comfort and
pleasure, Security and Intermodal integration. The surveys for most of these indicators cover the total
population, except for the survey on Accessibility for mobility-impaired groups, for which the survey
addresses elderly people (65+), pregnant women and physically and visually disabled. Some
indicators also require data on the distances travelled with different traffic modes. If these are not
available via traffic modelling or in existing databases, a survey has to be carried out to obtain
this type of data. This is the case for the Emissions of greenhouse gases, Energy efficiency, Congestion
and delays and Air polluting emissions.

e  For a part of the indicators, traffic models are proposed as methodology: Emissions of greenhouse
gases (GHG), Energy efficiency, Air polluting emissions and Occupancy rate. Also, the congestion
and delays indicator is partially based on data representing distances travelled, which is to be
obtained via traffic model calculation (or existing databases, e.g., for public transport). If cities
do not have a traffic model available, alternatives include referring to data obtained in earlier
traffic model studies or executing a survey (see above) to obtain the distances travelled with the
different modes from a representative sample of transport users (both persons and freight). Model
output values to be collected for indicator calculation are vehicle-kilometres. Many models also
directly generate emissions and energy consumption (for road traffic).

e A fourth type are the indicators based on GIS (Geographic Information System). Many cities
dispose of a GIS-system in order to manage spatial (social and geographical) data. Indicators
evaluated based on (analysis of) spatial data are: Resilience to disaster and ecological/social disruptions,
Congestion and delays, Mobility space usage, Access to mobility services, Intermodal connectivity,
Functional diversity and Opportunity for active mobility.

o  Field surveys are limited to Noise hindrance, which requires sound level metres at selected locations.
Congestion and delays can also be partly based on field surveys (with a floating car methodology
at selected corridors during peak hours). Public transport delays may be obtained as raw data
from public transport companies. For road traffic, a less time consuming and costly way is to
rely on the data obtained from online requests by route planners (apps) based on real-time traffic
conditions for the corridors to be studied, resulting in travel times during peak conditions being
combined with travel times in off peak conditions.

With the gathered data, each indicator can be “measured” by a value as defined. In a next step,
a scale is defined for converting each measure value into a score between 0 and 10 per indicator.
For example, the indicator on traffic safety is measured by means of the fatality rate, the number of
traffic fatalities per 100,000 inhabitants. This is converted to a score on a scale where a fatality rate of
0 fatalities per 100,000 inhabitants corresponds with a score of 10 points, and a rate of 50 fatalities per
100,000 inhabitants results in a score of 0 points. For example, the city of Rio de Janeiro with a fatality
rate of 16.7 fatalities per 100.000 inhabitants [149] would obtain a score of 6.7 points. In a last step,
the separate indicator scores will be aggregated into a global score for the urban mobility system.

The resulting methodology can be applied for several purposes.

e  Self-evaluation of a city’s mobility system: what is the global score, and what are the strengths and
weaknesses? This results in a specific “city profile” which can be visualized in e.g., a spider chart.

e  Monitoring: a regular update of the score shows the evolution of (aspects of) the sustainability of
the urban mobility system, showing the impact of measures taken.

e  Policy assessment: estimating the impact of a planned (package of) mobility measure(s) on each
of the indicators, gives insight into the global sustainability of the proposed mobility investments.

e  Benchmarking with other cities: evaluating how the partial and total scores compare to other
cities. This allows the city to set (realistic) targets for its future development.
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e  Backcasting: alternatively, the methodology assists in exploring what changes need to be realized
to reach the set goal(s) for the (total or partial) sustainable mobility score(s): which indicators
allow large improvements, is it sufficient to focus actions on a limited number of indicators, or is
a broader approach needed?

As a next step, the methodology is currently being implemented by the World Business Council
for Sustainable Development for a range of cities. This serves as a test-case for the practical applicability
of the methodology and as a validation of the (preliminary) results.
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