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Abstract: Undoubtedly, climate change and its mitigation have Article history:

emerged as main topics in public discourse. While accessibility Received: February 21, 2020
planning is recognized for supporting sustainable urban and transport Received in revised form: May
development in general, the specific challenge of reducing transport- 11, 2020

related greenhouse gas emissions has rarely been directly addressed. Accepted: August 8, 2020
Traditionally, accessibility is operationalized in line with the user Available online: March 15,
perception of the transport system. Travel-time-based measures are 2021

considered to be closely linked with travel behavior theory, whereas
CO, emissions are not necessarily a major determinant of travel
decisions. Given the changed prioritization of objectives, additional
emphasis should be placed on the environmental costs of travel rather
than solely the user costs. Accessibility analysis could account for this
shift in perspectives by using CO, emissions instead of travel time in
the underlying cost function. While losing predictive power in terms
of travel behavior compared to other implementations of accessibility,
carbon-based accessibility analysis enables a normative understanding
of travel behavior as it ought to be. An application in the Munich
region visualizes the differences between travel-time-based and carbon-
based accessibility by location, transport mode, and specification of the
accessibility measure. The emerging accessibility landscapes illustrate
the ability of carbon-based accessibility analysis to provide new insights
into land use and transport systems from a different perspective. Based
on this exercise, several use cases in the context of low-carbon mobility
planning are discussed and pathways to further develop and test the

method in cooperation with decision-makers are outlined.

1 Introduction

Increasing awareness of the negative and potentially irreversible consequences of global warming has
caused the hierarchy of planning objectives to be reconsidered. Emission reductions in all sectors have
become a top priority for governments around the globe (UNFCCC, 2015). The transport sector
struggles most to achieve emission reduction targets and — in contrast to other sectors — has not suc-
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ceeded in decreasing emissions (EEA, 2019; US EPA, 2019). Environmental objectives seem to be in
conflict with the social and economic benefits linked to mobility (Banister, 2011). Accessibility, deter-
mined by the joint characteristics of the land use and transport systems, could be a suitable concept to
address this challenge.

The first reason for employing accessibility to plan for low carbon mobility options is its intrin-
sic capability to integrate land use and transport planning. Dense and mixed use urban development
can contribute to the goal of greenhouse gas emission reductions, especially if oriented towards public
transport systems (Banister, 2011; Schwanen, Banister, & Anable, 2011). Thus, consideration of land
use configurations and policies is indispensable in promoting sustainable transport (Loo & Tsoi, 2018).
Increased vehicle efficiency will not solve the issue of transport-related emissions if separation of urban
functions, suburbanization, and car dependence prevail (Chapman, 2007). Multimodal mobility behav-
ior, increasingly enabled by innovative mobility services, will not suffice if the level of travel activity, in
particular trip distance, continues to grow (Heinen & Mattioli, 2019). Through the introduction of a
land use dimension, accessibility helps to distinguish between the need to reach opportunities as an end
and the need to travel as a means.

Tackling climate change requires efforts on multiple scales, from local to global (Marsden, Ferreira,
Bache, Flinders, & Bartle, 2014; Ostrom, 2010), and depends on the involvement and interaction of
multiple actors (Geels, 2012). In order to reduce transport-related emissions, not only the impacts of
potential interventions and policies need to be assessed, but also the issue of implementation needs to
be addressed (Lewis, Zako, Biddle, & Isbell, 2018). Even if political decision-makers have succeeded in
defining a suitable framework for low carbon mobility, public awareness, acceptance, and commitment
are equally important (Banister, 2008). Against this background, the second reason for exploring acces-
sibility-based planning approaches to address climate change is their ability to support decision-making
on multiple levels, both spatially and institutionally. Firstly, accessibility analysis is applicable on various
geographical planning scales (Papa, Silva, Te Brommelstroet, & Hull, 2016). Secondly, accessibility can
— given an appropriate implementation — contribute to enhancing discussion and decision-making of
stakeholders across different institutions, disciplines, and levels of expertise (Te Brommelstroet, Curtis,
Larsson, & Milakis, 2016; Wulthorst, Biittner, & Ji, 2017). Complex tools might be needed for further
in-depth analysis, but simpler tools, featuring high transparency and communication value, are most
suitable to explore alternative scenarios in strategic planning (Ford, Dawson, Blythe, & Barr, 2018; Te
Brommelstroet, 2010). While the underlying accessibility metrics might be of varying complexity, ac-
cessibility instruments often produce visual outputs in map format (Papa et al., 2016), which tend to
improve understandability and communicability (Buttner, Ji, & Wulthorst, 2019; Curtis & Scheurer,
2010).

This potential is not yet fully exploited, since emissions are seldom explicitly considered in ac-
cessibility analysis and planning. Environmental objectives are often addressed indirectly, for example
when trying to minimize the gap between accessibility by car and accessibility by other modes that are
considered to be more sustainable (Salonen & Toivonen, 2013). Accessibility measures in these and
many other applications are based on the uses and perceptions of the people. Consequently, travel costs
are operationalized as internal user costs, typically represented by travel time (Cui & Levinson, 2018). In
contrast, emissions are not necessarily a major determinant of individual travel decisions, but represent
a normative, politically defined constraint to travel activities. The plea for reinventing seemingly invari-
able concepts, thus enabling new rather than habitual ways of thinking in the context of climate change
(Schwanen, 2019), might as well be transferred to the accessibility concept. In this paper, we propose
an alternative conceptualization of accessibility, dominated by an environmental perspective instead of a
user perspective. More precisely, travel time is replaced by CO, emissions as the relevant travel cost. Mul-
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tiple studies have compared accessibility implementations based on different cost components (Biittner,
2017; Cui & Levinson, 2018; El-Geneidy et al., 2016), impedance functions (Higgins, 2019; Vale &
Pereira, 2016), behavioral foundations (P4ez, Scott, & Morency, 2012) or indicator types (Kwan, 1998).
However, to the best of our knowledge, the partially conflicting perspectives of the user and the environ-
ment have never been directly compared. In order to determine whether this reinvention provides new
insights compared to traditional implementations, both approaches are compared and contrasted using
the Munich region as a case study. A review of the theoretical considerations underlying the accessibility
concept and its operationalization follows in section 2, the presentation of the implementations in sec-
tion 3, and a discussion of the application potential of carbon-based accessibility in section 4. Conclu-
sions and future research paths are outlined in section 5.

2 Perspectives on accessibility

In this paper, accessibility is defined as the number of opportunities within acceptable reach of a given
place (Te Brommelstroet, Curtis, Larsson, & Milakis, 2016), where acceptable could refer to either a
user perspective (section 2.1) or an environmental perspective (section 2.2). The objective of the analysis
determines the relevant perspective as well as the appropriate operationalization of accessibility.

2.1 The user perspective

The user perspective is centered on how (potential) travelers experience accessibility. There are different
manifestations of this viewpoint in how accessibility is conceptualized and measured. In fact, it can be
related to all four components of accessibility, as defined by Geurs and Van Wee (2004): the land use,
transportation, temporal, and individual component.

One central aspect of the land use component is the spatial distribution of destinations, represent-
ing relevant activities or opportunities (Handy & Niemeier, 1997; Pdez et al., 2012). Different types of
opportunities can be analyzed, most of which are assumed to provide some benefit to individuals (e.g.,
job opportunities). Destination potentials can be weighted by their attractiveness or value for the user
and classified according to their characteristics, which make them particularly relevant (or irrelevant) for
a specific group of travelers.

Much-cited papers describe the transportation component as determining the effort (Geurs & Van
Wee, 2004) or ease (Handy & Niemeier, 1997) of traveling for an individual. Consequently, travel costs
in accessibility measures are often purely internal, typically measured in travel time or generalized costs,
as experienced by the traveler (Cheng & Bertolini, 2013). Such implementations are useful to analyze
the attractiveness and affordability of different transport modes for the user (ElI-Geneidy et al., 2016).

A person’s range of accessible opportunities might be reduced due to the limited time available in
between activities that are fixed in space and time. The temporal component of accessibility represents
these individual spatial-temporal constraints (Geurs & Van Wee, 2004).

Handy and Niemeier (1997) criticize loose consideration of the user perspective, arguing that ac-
cessibility measures should be determined by the uses and perceptions of the travelers, rather than the
assumptions of the analyst. This comes along with a need for more disaggregate measures, focusing on
(groups of) individuals as the unit of analysis. The individual component of accessibility acknowledges
that persons have different characteristics, capabilities, and preferences (Geurs & Van Wee, 2004), en-
abling a more accurate depiction of the travelers viewpoint. However, even in aggregate implementa-
tions, accessibility is typically operationalized from a user perspective, albeit based on what the analyst
assumes reasonable rather than on the users’ actual perceptions and preferences (Pdez et al., 2012).
Clearly, the user perspective is particularly suitable for social evaluations, whereas its applicability for
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environmental evaluations is limited. In order to build upon accessibility analysis for a much-needed
reduction in transport-related emissions, a shift in perspectives is required.

2.2 The environmental perspective

Especially in recent years, objectives related to climate change and emission reductions have been given
high political priority. This shift in priorities needs to reflect in methods aimed at supporting decision-
making, such as accessibility analysis (Kinigadner, Biittner, & Waulthorst, 2019). Contrary to the user
perspective, which focuses on internal costs and benefits of individuals, the environmental perspective
focuses on the external costs of travel to be borne by the environment and society in general. The en-
vironmental perspective is often treated implicitly in accessibility analysis. For example, if accessibil-
ity levels by carbon-efficient modes match the accessibility levels by carbon-intensive modes from a
user perspective, this is associated with more sustainable travel options (Benenson, Martens, Rofé, &
Kwartler, 2011; Bertolini, Le Clercq, & Kapoen, 2005; Salonen & Toivonen, 2013). However, such
implementations are not tailored to greenhouse gas emission reduction objectives and do not explicitly
consider the environmental costs of travel activities. In the following, two options for more directly
introducing an environmental perspective into accessibility analysis are outlined.

The first option is to quantify environmental impacts as an outcome of accessibility analysis. The
user perspective determines the relevant opportunities based on their attraction factor and the individual
costs involved in reaching them. The environmental perspective evaluates the external costs associated
with traveling to these opportunities. However, greenhouse gas emissions are not only influenced by
characteristics of the land use and transport systems, but also by individual characteristics, such as gen-
der, age or income (Barla, Miranda-Moreno, & Lee-Gosselin, 2011). Consequently, a more solid and
disaggregate behavioral basis is required for more accurate quantification of emissions or emission sav-
ings. Data requirements and complexity are clearly a downside of this approach, especially with increas-
ing consideration of the individual component.

'The second option for incorporating environmental impacts, in particular CO, emissions, into ac-
cessibility analysis is to weight opportunities based on the environmental costs of travel. In other words,
environmental impacts serve as an input for the calculation of accessibility levels rather than an output
of user-based accessibility measures. Referring back to the four components of accessibility addressed in
section 2.1, the shift in perspectives from the user to the environment occurs with respect to the trans-
portation component. A user viewpoint might still be applied to the land use component in order to
select relevant origins and destinations.

Even though CO, emissions might to some extent influence travel choices (Salonen, Broberg,
Kyttd, & Toivonen, 2014), the environmental impacts of travel are not necessarily evident to the users
and expected to be much less determining than internal costs, such as travel time. Clearly, this results in
a loss of behavioral basis with respect to the operationalization of accessibility. However, the proposed
approach makes it possible to define normative accessibility standards and compare these standards with
the actual situation. In this paper, we distinguish between “descriptive” and “prescriptive” accessibility
measures (Pdez et al., 2012). In the first case, the analysis is based on realized or assumed travel behavior,
typically informed by travel behavior statistics and surveys. In the second case, the implementation is
based on normative definitions of how people should (be able to) travel, which is decoupled from ob-
served behavior.

Instead of finding or assessing intervention options with respect to individual user benefits, acces-
sibility indicators using emissions as the underlying travel costs help to explore climate impacts, thus
serving the common good. Cui and Levinson (2018) demonstrate how accessibility-based approaches,
which are not limited to internal travel costs but also include external travel costs, might affect the rank-
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ing of potential interventions in the land use and transport system. However, their results also show that
a full cost assessment is still dominated by monetary costs and travel times, which might underestimate
the value of emission savings. For this reason, we opted for a clear distinction between accessibility analy-
sis based on user costs and accessibility analysis based on environmental costs. The following section
illustrates the accessibility impacts of such a shift in perspectives, where travel time is used as a proxy for
the user perspective and CO, emissions represent the environmental perspective.

3 Comparing carbon-based and travel-time-based accessibility

3.1 Study area and data

Travel-time-based and carbon-based accessibility levels by car and transit are compared using the Mu-
nich Metropolitan Region (MMR) in southern Germany as a study area. The MMR is an alliance of
multiple institutional entities, ranging from public bodies to industry and academia, who collaborate
to address common issues such as mobility (Metropolregion Miinchen, 2020). Of around six million
inhabitants, 1.5 million live in the city of Munich, which acts as geographical and functional core of the
region. A map of the region, presenting the density of workers at their residential location, is shown in

Figure 1.
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Figure 1. Density of workers in the MMR

Accessibility is analyzed on the spatial level of transportation analysis zones (TAZ). The main data
source of the analysis is the official travel demand model of the state of Bavaria (LVM-By). The model
is available in the transport modeling software PTV Visum and provides not only structural data on the
TAZ level, but also transport networks as well as travel demand for both car and transit (Maget, Pillat,
& Walimuth, 2019). Out of 6,659 TAZs in total, 1,918 are located within the MMR. Figure 2 provides
an overview of the data, sources, and process used to calculate zone-to-zone travel times and emissions.
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Transport model for the Free State of Bavaria (LVM-By)
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Figure 2. Process for calculating zone-to-zone travel time and emissions in the MMR

Zone-to-zone travel times by car and transit were directly calculated using a built-in procedure of
PTV Visum. The retrieval of zone-to-zone CO, emissions required editing of the networks as well as ma-
nipulation of the built-in skim matrix calculation. Different values for energy consumption per distance
unit were assigned to all links in the car and transit networks, based on link characteristics which influ-
ence energy consumption. In transit, energy consumption varies by vehicle type and is given in liters of
diesel for buses and kilowatt hours of electricity for trains, tramways, and subways. Since information
on the precise vehicles in operation was unavailable, average energy consumption values for transit in
Germany (DB, 2019) were assigned according to the transit route types given in the LVM-By. The rela-
tive fuel consumption of cars (in grams of diesel and gasoline per km) was retrieved from version 3.3 of
the Handbook Emission Factors for Road Transport (HBEFA, INFRAS, 2017). HBEFA is a compre-
hensive database which provides information on fuel consumption for different fuel types, years, and
countries — in our case for the German fleet composition in 2018. Fuel consumption values per distance
unit are available by traffic situation, which is determined by a combination of the following parameters:
location (urban or rural), road type (e.g., national motorway or residential road), speed limit, and traffic
state (free flow, dense, saturated, stop+go). Road type and speed limit are link attributes in the LVM-By
car network. CORINE Land Cover, a dataset providing the shape and location of urban areas, was used
to differentiate between urban and rural links. The traffic state was assumed to be saturated in urban
areas and free flow in rural areas. Further analysis of the dynamics of carbon-based accessibility levels due
to detailed spatial and temporal variations of traffic states represents an interesting perspective for future
research, but requires high-quality congestion data.
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Relative values per kilometer were converted to absolute values based on the respective link lengths.
Energy and fuel consumption were converted to carbon dioxide equivalents (CO, ) using the corre-
sponding conversion factors. For reasons of simplicity, we use the term CO, in this paper, except for
when we are speaking of mathematical units. For the car network, an average of diesel and gasoline emis-
sions was calculated based on the German fleet composition in 2018. Since emission budgets would be
assigned on a per-person basis, vehicle emissions were broken down to individual passengers based on
occupancy rates. Occupancy rates in transit are derived from the LVM-By, which is capable of modeling
daily passenger volumes by transit link and route. The occupancy rate of cars was uniformly set to 1.2,
which represents a reasonable value for commutes (UBA, 2016). The emissions generated per person
when traveling across the network links are used as travel cost attribute in the carbon-based accessibility
analysis.

Four zone-to-zone matrices were calculated: travel time by car, travel time by transit, CO, emis-
sions by car, and CO, emissions by transit. It should be noted that all calculations are based on an aver-
age of best paths between zones, as defined in the parameters of the LVM-By. Travel resistance in the car
model is calculated based on travel time, including walking time and parking search time, as well as fuel
costs. In transit, the relevant route choice parameters include travel time as the sum of walking, waiting,
and in-vehicle travel time, as well as number of changes, fare, and service frequency. Travel time and
CO, emissions were accumulated along these best paths during the calculation. The resulting cost ma-
trices were exported from the transport model in list format to be used for the accessibility calculation.

3.2 Accessibility measures

Independent of the underlying travel costs, there are numerous ways to operationalize accessibility. For
the implementations presented in this paper, we selected a cumulative opportunities measure (Geurs &
Van Wee, 2004). The accessibility level is equal to the number of opportunities within a given travel cost
threshold, in our case measured in terms of travel time and emissions, respectively. Equations (1) and (2)
express this relation in mathematical terms:

A=%D, f(c,) (1)
_I1 ifcI.jSCutoﬂf
fle={ oc's cutof @

The term ;; represents the travel costs that are generated when traveling from origin 7 to destina-
tion j. Time and emission costs for all relevant zone-to-zone relations in the MMR are retrieved from
the LVM-By. The term D, represents the destination potential at location j, in our case the number of
workers at their residential location in each TAZ.

Cumulative opportunities measures are the simplest type of location-based accessibility indicators
(Bertolini et al., 2005; Handy & Niemeier, 1997). Nevertheless, this type of indicator offers an intui-
tively understandable approach to comparing travel-time-based and carbon-based accessibility levels by
car and transit using the same unit, namely the number of workers within the given time and emission
thresholds. The objective of the applications is not so much to deduce concrete recommendations for
regional planning based on the analysis outcomes, but rather to illustrate the relative differences between
the user perspective and the environmental perspective on accessibility. Further deliberation on the most
suitable form of operationalization would certainly be necessary for real world applications.

Selecting an appropriate cutoff value represents the key calibration issue with cumulative oppor-
tunities measures (Handy & Niemeier, 1997). In the following, we explain the reasoning behind our
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choice of threshold values for the comparison of travel-time-based and carbon-based accessibility land-
scapes. Three different specifications are used: a descriptive travel time budget based on current travel
behavior, a descriptive CO, emission budget based on current travel behavior, and a prescriptive CO,
emission budget if emission reduction targets are to become a reality.

1. Descriptive implementation from a user perspective: Travel time serves as the relevant travel cost in the
accessibility analysis. Reasonable time thresholds are typically informed by travel survey statistics
(Bertolini et al., 2005). The cutoff travel time in this application was chosen to be 28.6 minutes,
which is the average travel time for a commuting trip in Germany (Follmer & Gruschwitz, 2019).

2. Descriptive implementation from an environmental perspective: CO, emissions serve as the relevant
travel cost in the accessibility analysis. Similar to the travel time cutoff, the reasonable emission
limit is based on current travel behavior. Commuting-related CO, emissions can easily be estimated
based on trip length and specific emission factors. Both of these parameters, and consequently emis-
sions, are expected to be more heterogeneous across transport modes than travel times (even though
transit users might also accept longer travel times than car drivers). Since the analysis is conducted
for two motorized means of travel, namely car and transit, an average commuting trip by car was
chosen as the benchmark. Specific emission factors in transit tend to be lower, but are more difficult
to determine due to variations in occupancy rates. At the same time, trip lengths in transit tend to
be longer, which counteracts the effect of lower per-passenger emissions to some extent. The start-
ing point for estimating the CO, cutoff value was the average trip length of a work trip by car in
Germany, which is 18.4 km (BMVI, 2017). Based on average fuel consumption (INFRAS, 2017),
the well-to-wheels emission factors of gasoline and diesel (Schmied & Mottschall, 2014), as well as
information on the German fleet composition (INFRAS, 2017), we deduced an average emission
factor of around 190 grams of CO,_ per vehicle kilometer. Multiplying the emission factor by the
trip length and dividing by the average occupancy yields a reasonable emission threshold of around
3,000 grams of CO, . We acknowledge that the average CO, emissions across all commuting trips
in Germany are certainly lower due to the share of less carbon intensive modes.

3. Prescriptive implementation from an environmental perspective: Again, CO, emissions serve as the
relevant travel cost in the accessibility analysis. The cutoff value is normatively defined and derived
from emission reduction targets. Germany aims to reduce transport-related greenhouse gas emis-
sions by at least 40% compared to 1990 levels (BMU, 2016). Since the transport sector has not
achieved any emission reductions so far, this percentage is still valid today (BMU, 2019). Applying
this percentage to a one-way commute reduces the emission budget from 3,000 grams to 1,800
grams of CO, . Emission budgets could also be derived from more nuanced considerations, for
example in terms of the specific shares of the overall emission reductions to be borne by car users in
particular. Car drivers will likely need to contribute more to the overall emission reductions than the
users of other transport modes, because of their larger contribution to overall emissions. The CO,
emission budget used in this paper serves as a proxy and could be substituted by any normatively
defined value. Besides the lower emission budget, all other parameters in the land use and transport
system remain unchanged in the 2030 scenario. We acknowledge that by 2030, certain develop-
ment, such as changed land use configurations, infrastructure changes, and changes in vehicle ef-
ficiency or fleet composition, will likely have taken place. The 2030 scenario is purely illustrative,
intended to highlight needs for active intervention under current conditions, without taking any
trends or actions as given.

Accessibility by car and transit is analyzed for each of the three implementations, resulting in a
total of six accessibility landscapes. For reasons of comparability, the same thresholds were used for car
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and transit. Accessibility measures based on the given specifications were calculated using python scripts
(Vale, 2019) and visualized in ArcGIS. The resulting accessibility landscapes in the MMR are presented
in the following section.

33 Accessibility landscapes

3.3.1 Spatial patterns

The maps in Figure 3 show the results of the accessibility analysis. The same quantity classes were used
for all implementations in order to be able to compare accessibility levels across maps. The spatial pat-
terns in all maps have several commonalities. The larger cities feature high accessibility levels, whereas
the peripheral areas in between the transport axes have lower accessibility to workers. Rural and moun-
tainous areas, which can for example be found towards the alps in the south, show the lowest accessibil-
ity levels overall. Most workers can be reached by potential employers in dark colored TAZs, which are
mainly found in the city of Munich.
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Figure 3. Travel-time-based and carbon-based accessibility by car and transit
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These general patterns are not surprising, as they match the population distribution and the radial
transport network structure in the Munich metropolitan region. One noticeable particularity of the
spatial patterns stems from the influence of occupancy rates on carbon-based accessibility by transit. Ac-
cording to the LVM-By, the northwest-southeast railway axis and the railway lines leading northwards
have the largest passenger loads. This fact is evident in the maps as well, since Figure 3d and Figure 3f
have high carbon-based accessibility in the areas adjacent to these railway axes.

Despite some similarities in terms of relative spatial patterns, absolute accessibility levels are clearly
different across maps, epitomized by the variations in color. The map for travel-time-based accessibility
by transit is dominated by pale color shades, featuring the lowest accessibility levels among all imple-
mentations. Consequently, the visual difference between transit and car is dramatic when comparing
the accessibility maps using the same travel time cutoff. Interestingly, this picture is reversed when focus-
ing on carbon-based accessibility. Applying an emission budget rather than a time budget substantially
increases transit accessibility. Transit outperforms car accessibility with both the 2019 and the 2030
CO, emission cutoft. The highest overall accessibility levels, with more than one million workers within
reach, are achieved in these two implementations. There is a striking difference between the transit ac-
cessibility maps using 28.6 minutes and 3,000 grams of CO, as threshold values. Conversely, the two
car accessibility maps based on these thresholds are nearly identical. This analogy in terms of absolute
accessibility levels is excepted, since the 2019 emission budget is based on an average commuting trip by
car. Consequently, the range is comparable to the average travel time per commuting trip. Carbon-based
accessibility by car with the 2030 threshold (Figure 3e) performs just slightly better than travel-time-
based accessibility by transit, with significant accessibility losses compared to the other two car accessibil-
ity implementations. Contrary to transit, occupancy rates in cars are generally independent of the spatial
context, thus not reflecting in terms of spatial accessibility patterns. The carbon-based accessibility by car
has a more polycentric pattern compared to travel-time-based accessibility, and urban cores stand out as

high-accessibility islands.
3.3.2  Cumulative distribution of accessibility values

The visual trends observed in the previous section are underpinned by the empirical cumulative distribu-
tion function in Figure 4. Each accessibility implementation corresponds to one line, where the curve
represents the share of accessibility values below the percentage of the overall maximum accessibility
given on the horizontal axis. The cumulative percentage of travel-time-based accessibility by transit
rises quickly at comparably low accessibility values. Carbon-based accessibility by car with the 2030
threshold has a similar curve, with slightly higher accessibility levels. The two remaining car accessibility
implementations, namely travel-time-based accessibility and carbon-based accessibility with the 2019
limit, have almost identical curves. Carbon-based accessibility by transit with the more ambitious 2030
budget provides accessibility levels similar to these two implementations. However, the maximum ac-
cessibility values are even higher, resulting in a more moderate rise in the cumulative percentage towards
higher accessibility levels. Carbon-based accessibility by transit with the 2019 limit clearly features the
highest accessibility levels overall, with a particularly flat curve for the upper 25 to 50% of accessibility
values.
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Figure 4. Cumulative distribution function of accessibility values

3.3.3  Correlations between accessibility implementations

Correlation matrices help to understand the relationship between two variables. Correlations between
different implementations of accessibility in the same study area are typically high (Higgins, 2019).
Figure 5 shows the correlations between the six different accessibility implementations for two different
methods. The Pearson method (a) analyzes the linear relationship between two variables based on their
values. The Spearman method (b) uses ranks instead and examines whether two variables increase or
decrease together, independent of the rate of change. A correlation value close to 1 indicates that high
values in the first array correspond to high values in the second array and vice versa. All correlations were
found to be significant. Correlations are generally high (around 90 %) between the accessibility levels by
car, independent of the specific travel cost used as threshold. This is not true for accessibility by transit,
where only the measures using CO, emissions as a travel cost have a correlation value above 90 %. The
lowest correlation can be found between travel-time-based accessibility by transit and carbon-based ac-
cessibility by transit (2019), with a value of 59% for the Pearson method.
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Figure 5. Correlations between accessibility levels

A corresponding scatter plot revealed that low values in terms of travel-time-based accessibility
mainly correspond to low values in terms of carbon-based accessibility, but might also be paired with
rather high carbon-based accessibility levels. This underlines the disconnect between travel-time-based
and carbon-based accessibility by transit, as highlighted in the visual accessibility landscapes. Despite
strong correlations of more than 70% for most variable pairs, there clearly seem to be dissimilarities
pointing towards the fact that carbon-based accessibility highlights different aspects of the land use and
transport systems compared to travel-time-based accessibility.

3.34 Relative difference between car and transit

Relative differences can be used to analyze the spatial disparities between two accessibility implementa-
tions rather than their relationship, as done in the correlation analysis. In this section, relative differences
are calculated and mapped in order to compare the accessibility by car and transit for the different travel
costs and thresholds. The relative difference (RD) for TAZ i is calculated according to Equation (3):

A -A,
RD. ia i,

= 3
' Ai,a+Ai,b ( )

The subscripts a and b indicate different accessibility implementations, for example travel-time-
based accessibility by car and travel-time-based accessibility by transit. If both values are balanced, the
relative difference is close to 0. It approaches +1 if 4, is large compared to 4,, and -1 if 4, is small
compared to 4 .

The relative differences between accessibility by car and transit on travel-time-based and carbon-
based accessibility measures are shown in Figure 6. Throughout the region, the car enables access to a
larger number of workers than transit when using time as the relevant travel cost (Figure 6a). This situ-
ation is reversed in the case of carbon-based accessibility, with nearly identical spatial patterns for the
2019 and 2030 thresholds (Figure 6b and Figure 6¢). In both cases, transit performs better, especially in
proximity to railway lines and the areas surrounding larger cities.
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Figure 6. Relative differences: (Car — Transit)/(Car + Transit)

The northeastern part of the region, where carbon-based transit accessibility is generally high, stands
out with primarily blue areas. Clearly, occupancy is a crucial determinant of how well transit performs
against the car. The areas where the LVM-By indicates high occupancy rates, resulting in low carbon
mobility options by transit, are concurrent with negative relative differences. At the same time, low oc-
cupancy areas correspond to positive relative differences, which implies that transit performs worse than
the car in terms of emissions. While the possibility of relating this generally known fact to specific spatial
contexts is valuable, the implications might be misinterpreted. For example, the maps could be used to
argue for the abolishment of transit in rural areas for environmental reasons. If implemented, such poli-
cies will result in car dependence and social exclusion of citizens without the ability to drive. Transit lines
in rural areas might also serve as feeder services towards main lines, enabling high occupancy transit in
the first place. Similarly, increases in service frequency — per se an improvement in terms of the quality
of the transit system — might negatively affect carbon-based accessibility if passenger numbers do not in-
crease accordingly. Nevertheless, the analyses might also help to develop and assess alternative solutions
in low-density spaces, such as smaller, electrified vehicles instead of diesel buses, and demand-sensitive
solutions instead of traditional bus services with fixed routes and schedules.

3.3.5 Relative difference between emissions and travel time

Equation (3) was used to calculate relative differences between carbon-based and travel-time-based ac-
cessibility by car and transit, respectively. The results are visualized in Figure 7. The relative differences
between travel-time-based and carbon-based accessibility with the 2019 threshold are moderate in the
case of the car, with the majority of values slightly above or below 0. In contrast, the majority of TAZs
experience a decrease in the number of accessible workers when CO, emissions with the 2030 cutoft
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are used as travel cost instead of time. These results are expected, since the 2019 CO, emission budget is
based on current travel behavior, just like travel time, whereas the 2030 cutoff limits the travelers’ range
based on the 40% reduction objective. If emission reduction targets were to be proportionally applied to
individual travel activities, commuters’ emission budgets will be exhausted before their time budgets are.

Carbon-based accessibility surpasses travel-time-based accessibility by transit for both the 2019 and
the 2030 emission cutoff. The largest increases can be observed in the areas that feature high absolute
carbon-based accessibility levels. The immediate city centers are an exception, since many workers can
be reached within the given travel time threshold, as well.

TUTI Accessibility Atlas
Munich Metropolitan Region
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Figure 7. Relative differences: (CO, — Time)/(CO, + Time)

3.3.6 Relative difference between emission cutoffs in 2019 and 2030

A final useful application of relative differences is the comparison between the carbon-based accessibility
landscapes with the 2019 and the 2030 budget. This analysis helps to identify areas that are most or least
vulnerable to emission budgeting. Figure 8 highlights that accessibility losses are smallest in the cities,
which is true for both car and transit. The effect on many peripheral regions in between the transport
axes is small to moderate. This can be explained by generally low carbon-based accessibility levels with
large distances to dense urban areas. Suburban areas are most affected by stricter emission limits, since
the city cores are out of reach when reducing the emission budget. Dark shaded areas, indicating large
accessibility losses, form a belt around the city of Munich in Figure 8b. As a consequence, decision-mak-
ers might need to focus their efforts for low carbon land use and transport interventions in these areas.
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Figure 8. Relative differences: (CO, 2019 — CO, 2030)/(CO, 2019 + CO, 2030)

While the planning implications of the presented results are purely illustrative, carbon-based ac-
cessibility analysis might contribute to real-world planning issues. Potential applications, strengths and
limitations are discussed in the following section.

4 Carbon-based accessibility: A valuable contribution?

This section discusses potential decision-making purposes for which carbon-based accessibility analysis
could be useful. Particular focus is put on the added value compared to traditional accessibility analysis,
which applies a user perspective on travel costs rather than an environmental perspective. Carbon-based
and travel-time-based accessibility landscapes show different patterns, which supports the claim that
they prioritize different planning goals.

In general, accessibility analysis serves two types of planning purposes (compare Bertolini, 2017).
Firstly, it helps to analyze the current land use and transport situation in order to identify accessibility
deficits or highlight development options. Secondly, it enables an assessment of the impacts of potential
interventions in the land use and transport systems in order to prioritize, select or validate solutions.
Carbon-based accessibility analysis in particular could thus help to identify and assess interventions
related to the provision of low carbon mobility options. The following list of potential use cases is not
necessarily exhaustive, but alludes to the variety of increasingly relevant planning questions, which could
be addressed by carbon-based accessibility analysis.

* Identify intervention needs to provide for low carbon mobility options: The analysis in section 3
highlights large gaps between descriptive and prescriptive accessibility levels. Some areas stand
out with particularly low carbon-based accessibility or high vulnerability to the introduction
of emission budgets. Consequently, such analyses could be a starting point to identify and
prioritize intervention needs, ensuring low carbon mobility options at existing settlements. On
a more general level, the analysis highlights the dissimilarities between personal travel time
budgets and per-capita emission budgets in a striking way. Consequently, planners need to
identify and implement solutions that are able to align the environmental perspective and the
user perspective on acceptable travel costs.

*  Guide land use development based on the potential carbon footprint: Investment decisions might
increasingly be determined by the potential carbon footprint of transport activities related to
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the location under consideration for development. Carbon-based accessibility analysis enables
a comparison across urban structures, where locations could be classified based on the extent
to which they provide low carbon mobility options. While these considerations help to guide
urban development, other factors, such as the capacity of the existing transport system, need to
be considered as well. For example, solely investing in locations with the highest carbon-based
accessibility levels might lead to uneven utilization and overcrowding of the transit system.

o Strengthen environmental objectives in transport investment decisions: Environmental impacts
should be explicitly considered in decision-making, as to not mask their importance. Travel-
time-based evaluations suggest that time is the key optimization criterion. Efficiency improve-
ments do not reflect in a corresponding accessibility map. On the contrary, carbon-based acces-
sibility is sensitive to changes in occupancy or vehicle efficiency due to the underlying transport
system parameters. Furthermore, whereas the car typically performs better than transit in terms
of travel time, the picture is reversed when considering emissions. Investments in the transit sys-
tem are expected to have a much larger positive impact on carbon-based accessibility than road
extensions, depending on the spatial context and the efficiency of the vehicle fleet. Thus, this
type of analysis could be useful for transit operators in order to argue for or assess the benefits
of transit improvements in line with the existing urban patterns. Even though project appraisal
certainly needs to consider multiple dimensions, the option to build a variety of low carbon
mobility scenarios is expected to be a major strength of carbon-based accessibility planning,

* Support policies related to carbon pricing and budgeting: Emission pricing and carbon taxes are
repeatedly discussed in the context of climate change mitigation. Carbon-based accessibility
could easily be extended to address these topics. For example, taxes to be paid by land develop-
ers might depend on carbon-based accessibility. It is also likely that the users themselves will
be charged for the emissions linked to their travel behavior. The analysis can be adapted to
highlight the minimum price for reaching a fixed number of opportunities or the closest facil-
ity of a given kind. This in turn could directly be linked to social considerations and transport
affordability. In the future, strict emission caps might not only apply to firms, but also individu-
als, introducing restrictions with regards to opportunity choices and transport mode choice.
Consequently, frequent travelers would need to buy emission allowances from fellow residents
with less carbon-intensive mobility behavior. The visualization of emission catchments would
add transparency in terms of people’s spatial range with a given CO, budget. Interactive tools
utilizing carbon-based accessibility could help citizens to plan for their individual radius of
movement. In theory, the concept enables inclusion of longer leisure or business trips, but this
requires an extension to supra-regional scales.

Despite a clear application potential of carbon-based accessibility, there are also limitations. Car-
bon-based accessibility only helps to plan for low carbon mobility options, whereas transport-related
emissions are directly linked to realized mobility behavior. Traditional accessibility measures, focusing on
the user view of the transport component, are more suitable to predict emission-relevant characteristics
of this behavior, such as trip length or mode choice (Barla et al., 2011). Even if in theory the land use
and transport conditions enable low carbon mobility, the realized behavior is not necessarily the same as
the required behavior. Individuals need to embrace the low carbon mobility options provided through
land use and transport planning by changing their attitudes and behavior. Carbon-based accessibility is
unable to either assess strategies targeted at behavioral change or reflect the environmental impacts of
behavioral change. Thus, the level of goal achievement related to emission reductions in the transport
sector cannot be evaluated. Some hope in this regard lies in the communicative power attributed to
accessibility instruments. The ability of carbon-based accessibility to visualize the impacts of transport-
related emissions in a specific spatial context could be a basis for the development of tools aimed at
raising awareness among citizens. However, the verification of this and other hypotheses related to the
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practical relevance of carbon-based accessibility, which were raised in this section, is beyond the scope of
this paper and needs to be addressed in future work.

5 Conclusions and research perspectives

In this paper, we compared accessibility implementations based on different perspectives on the trans-
port component of accessibility. Travel costs from the user perspective were represented by travel time,
whereas travel costs from the environmental perspective were represented by CO, emissions. The emis-
sion thresholds of the cumulative opportunities indicator were based on both descriptive and prescrip-
tive travel cost budgets. In light of the need to reduce transport-related greenhouse gas emissions, the
latter, purely normative approach to implementing carbon-based accessibility might serve as an impor-
tant indicator for decision-making. Carbon-based accessibility implementations are able to project CO,
emissions, a hardly tangible and barely perceptible global issue, onto specific local contexts in a visually
striking way. The presented accessibility landscapes highlight disparities between locations, transport
modes, and travel cost budgets. The results emphasize the magnitude of change needed and give sup-
port to the assumption that carbon-based accessibility brings added value to decision-making processes.
Clearly, the selected emission budget determines the results of carbon-based accessibility analysis, where
a more ambitious emission reduction target will cause accessibility losses, unless there are counteract-
ing interventions in the land use and/or transport system. This trait is considered a major strength of
the method and despite missing links with actual travel behavior, the concept offers a clear application
potential in the context of planning for low carbon mobility options.

Carbon-based accessibility analysis and planning opens up multiple research paths to further ex-
plore, improve, and expand the method. Scenario-building capabilities were not tested in this paper,
but represent an interesting starting point for future work. Carbon-based accessibility landscapes do not
only change depending on the emission budget, but also react to interventions in both the land use and
transport systems. The presented method can be used to assess the impacts of different urban develop-
ment options on carbon-based accessibility. Structural interventions in the transport system, such as net-
work extensions, will also reflect in the results of carbon-based accessibility analysis, possibly providing
new insights from a low carbon perspective. Furthermore, carbon-based accessibility analysis is sensitive
to changes in occupancy rates or vehicle efficiency, e.g., due to electrification of cars and buses, which
distinguishes the approach from travel-time-based accessibility. A comparison of different evaluation
methods promises to be highly interesting. For example, transit investments and road infrastructure
investments could be analyzed by means of carbon-based accessibility, travel-time based accessibility,
and standard evaluation methods in transport planning. The outcomes would likely be different and
certainly provide a useful basis for further discussion.

Besides applying the method to a number of different planning purposes, alternative ways of op-
erationalizing carbon-based accessibility should be explored. These could be different types of location-
based accessibility indicators, such as distance-decay measures, or implementations uniting the user
perspective and the environmental perspective. Emissions could be incorporated into implementations
considering the individual component of accessibility in order to determine the necessary magnitude of
change in terms of perceptions, carbon price or willingness to pay for emission reductions, so that emis-
sion outcomes would be in line with normatively defined thresholds. Approaches considering the indi-
vidual component of accessibility also enable social evaluations related to carbon pricing. For example,
the inclusion of CO, emissions as a travel cost component could be used to compare the accessibility
impacts for high-income and low-income persons under different carbon price scenarios. Furthermore,
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the carbon-based approach might be extended to conceptually different types of accessibility indicators.
For example, person-based accessibility indicators could consider emission constraints instead of or in
addition to time constraints. Emissions would act as an authority constraint, limiting the freedom of
movement and activity participation of people (Higerstrand, 1970).

Even though climate change mitigation is a central theme around the globe, travel activities cause
other environmental impacts besides greenhouse gas emissions. Negative externalities include conges-
tion, noise, and a number of different pollutants, such as nitrogen oxides. Expanding the method to
include other impacts enables a more comprehensive analysis of environmental accessibility. Opening
up the method for the integration of multiple perspectives also makes it possible to apply accessibility
analysis to other objectives besides environmental ones. Accessibility approaches based on generalized
costs, both internal and external, could present an alternative to classical cost-benefit-analysis (Cui &
Levinson, 2018, 2019). Such holistic approaches help to combine economic, social, and environmental
goals. This type of analysis could even consider wellbeing as a combination of these dimensions on the
individual level, with a particular focus on mobility-impaired people, children or the elderly. Short-term
individual user needs might to some extent be in conflict with the long-term common good. Carbon-
based accessibility planning, if properly implemented, can contribute to linking both objectives. How-
ever, if environmental objectives shall be the focus, as argued earlier in this paper, the analysis of CO,
emissions in an isolated manner might be valid and necessary by itself.

Efforts to enhance the method need to be in parallel with the involvement of potential users in or-
der to ensure two interconnected aspects: Firstly, fulfillment of the information needs of decision-mak-
ers and secondly, proper embedding into decision-making processes. Specific requirements will likely
differ by spatial context, institutional arrangements, and application purposes. The outcomes could be
contrary: A very simple method might be sufficient or a more multifaceted method might be necessary.
The involvement of potential users is crucial in order to determine the added value of the method com-
pared to, but also in addition to, existing decision-making tools and planning support systems. Further
exploration of carbon-based accessibility is certainly worthwhile and decision-making tools based on
this concept might help to better plan for low carbon mobility in the future.
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