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Accessibility inequality across Europe: a comparison
of 15-minute pedestrian accessibility in cities with

100,000 or more inhabitants

David Vale ®'®™ and André Soares Lopes (®'*

Active accessibility is a paramount objective of current sustainable urban development policies. Recently, the 15-minute city
concept emphasized this framework by stressing proximity as a key urban feature. In this paper, we use two accessibility indicators
—cumulative opportunities (total destinations) and Variety (number of different types of opportunities)—to evaluate pedestrian
accessibility, using a 15-minute threshold, in a sample of European cities with 100,000 or more inhabitants, and measure within-city
and between-city inequality, by calculating pseudo-Gini coefficients. Our results show not only that European cities are not 15-
minute cities yet, but also that there is significant inequality within them, although less so in cities with high Variety. Our cross-city
comparison found diminishing returns between both total destinations and population density and between Variety and density.
Our findings suggest that European cities can increase pedestrian accessibility and reduce internal inequality by increasing the
Variety of opportunities accessible by foot, along with improvements to pedestrian infrastructure.
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INTRODUCTION

Current analyses of mobility patterns in cities reveal a high level of
car dependence, especially in the Western world'2. However,
fuelled by health, environmental, and quality of life arguments,
cities are trying to reduce car dependence and the associated car
modal share. They seek to achieve this by promoting transporta-
tion alternatives integrated into a multimodal mobility system,
ensuring that opportunities can be accessed using sustainable
modes>. Active transport modes, i.e., walking and cycling, are
paramount in this strategy and are given priority over all other
modes, either by allowing direct access to destinations and/or by
supporting and increasing access using other sustainable modes,
such as public transport and micro-mobility systems. Therefore,
accessibility by active travel modes (henceforth referred to as active
accessibility), understood as the ability to reach relevant activities,
individuals, or opportunities, using active travel*, has become a
key objective in current urban sustainability policies>®.

One paramount example of these policies is the 15-minute city
concept’®, which has recently gained traction in part due to its
adoption by the Mayor of Paris as a foundational strategy to
structure the city. A key pillar is proximity, which requires relevant
destinations to be accessible by foot and/or bicycle in 15 minutes
or less, thereby allowing individuals to satisfy their needs and
reach relevant opportunities in an acceptable travel time. The
concept implicitly stresses the importance of accessing different
types of opportunities instead of several opportunities of the same
type, reinforcing the importance of activity richness in urban
planning®'®. However, the concept has three main limitations.
First, the relevance of opportunities is hard to determine, as
different people might consider different opportunities relevant,
originating different daily space-time anchors as Hagerstrand’s
revealed in the 1970s''. Second, the acceptable travel time
changes in accordance with the desired destination. Third, walking
time is far from being accurately perceived'?, which raises

important limitations when setting a predetermined threshold
for all individuals and all opportunities.

By stressing access to (relevant) destinations and 15 minutes as
an acceptable travel time, it can be translated into a cumulative-
opportunities measure of active accessibility. This concept says
nothing about which specific opportunities should be considered
and, therefore, can be hard to measure and eventually implement.
For instance, it is likely to be very difficult to make employment
locations accessible within 15 minutes, and the 30-minute city
might be a better measure of accessibility to jobs'3. In the latter
case, it would be more appropriate to evaluate public transport
together with active modes, as an integrated transportation
solution. Other daily destinations such as supermarkets, cafes,
parks, or sports facilities might be a better foundation for the 15-
minute city concept, as these are often spread more widely across
a city and, ideally, should be accessible by walking and cycling. In
either case, some relevant destinations might be more important
than others—for instance education and health in comparison to
leisure and recreation. However, the 15-minute city concept does
not distinguish them in any way, which could be done by giving
different weights to different opportunity types. In addition, it
should also be stressed that there are significant differences
between perceived and physical walking distances, so the 15-min
distance might not necessarily translate into the same physical
distance for all individuals or for all places. Indeed, other
impedance functions such as a cumulative-gaussian function are
more adequate to measure pedestrian accessibility'?.

Regardless of these limitations of the 15-minute city concept,
(active) accessibility has gained importance in the past few years
as a fundamental policy goal'. The focus on accessibility is
justified since one of the main purposes of transportation is to
provide access to places, opportunities, and human activities and
not to increase mobility per se'>'®. However, in addition,
transportation is identified as an important source of imbalance,
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imposing unequal access conditions for distinct sociodemo-
graphic and economic groups, as well as for distinct territories'”.
Previous research has shown distinct consequences of transporta-
tion on health’®'°, the environment®, and quality of life?,
revealing that the least benefited groups carry the heavier
burdens?2. Therefore, by looking at transportation from a non-
utilitarian distributive-justice perspective, i.e., how benefits and
burdens are distributed in society, the absolute level of
accessibility to opportunities stands as a key element for policy
making, and its fair distribution throughout society gains in
prominence?>~2°, Simply put, by measuring accessibility, it is
possible to reveal inequalities that should guide decision-making
toward fairness and sustainability, positively affecting
people’s lives.

Several studies have measured active accessibility in individual
cities®?%72°, and most highlight that the city centre is the most
accessible location. However, to the best of our knowledge, there
are no comparisons of active accessibility in cities of different
countries, nor assessments of their inequalities. This is partly due
to the specificities of the methodology that is applied in an
individual case study, along with the need to collect data that is
specific to the location. Although some methods have been
developed to be applied in different locations, for instance, the
Walk Score methodology3®?', at the time of writing (2023)
European countries are not included in the dataset. A recent
methodology (OSM-WALK-EU)*? allows the calculation of walk-
ability for European cities but requires computing it within QGIS,
making it hard to apply to large datasets of cities. Walkability
primarily focuses on the quality of the pedestrian experience and
infrastructure within a specific area, while accessibility by foot
encompasses a broader concept, considering the ability to reach
various destinations, including those in areas with varying levels of
walkability. There is also a recent methodology to measure
population access to amenities for any city in the world, although
currently, only 25 cities have been used®>. Moreover, although
there are some examples of between-cities comparisons of
accessibility, they are focused on comparing access to jobs using
different transport modes'¥, or comparing access to generic
services in Europe using the entire road (driving) network*, but
not specifically on pedestrian accessibility. In general terms, these
studies show that cities have better accessibility than rural areas
and that European and Chinese cities have higher pedestrian
accessibility to jobs than cities in other countries.

Therefore, recognizing (multimodal) accessibility as a way to
reach environmental and social justice in the urban context, the
present paper raises the question: How unequal are the current
pedestrian accessibility conditions in European cities?

We limited our analysis to pedestrian accessibility within
15 minutes of travel by foot, considering different walking speeds
(see Methods for details), and excluded cycling due to possible
inconsistencies found in the cycling network®, and because it
would require additional data, which are often non-existent,
incomplete or proprietary, such as slope, connectivity and traffic
speed®®*¥’, which may have greater altering effects when
analysing cycling behavior if compared to pedestrian (e.g., how
much would a change in slope affect their speeds). We adopted
two accessibility measures to measure inequality: Total Destina-
tions, which measures accessibility to all destinations (a cumula-
tive opportunities measure); and Variety, which describes the
assortment of accessibility to 10 opportunity types. All opportu-
nities were classified into the following ten destination types (the
final classification is available as supplementary material): (1)
Education, (2) Supermarkets, markets, and food shops, (3)
Healthcare, (4) Sports and recreation, (5) Culture and leisure, (6)
Parks and other green areas, (7) Eating and drinking establish-
ments, (8) Retail, (9) Religious, and (10) Public service. These were
used in calculations of Variety (0 to 10 types accessible), to
evaluate patterns of pedestrian accessibility as a function of
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different combinations of types and count the total number of
destinations of each type.

The absence of standards or target values that can be used to
evaluate ‘sufficient’ accessibility, renders cumulative opportunities
indicators inadequate to absolutely determine whether a certain
location has ‘good’ or ‘bad’ accessibility. However, they are a
suitable comparative tool to distinguish places with ‘high’ or ‘low’
accessibility and can be useful to assess accessibility inequality
within cities. The adoption of the Variety indicator allows us to
evaluate also between cities inequality, although we recognize
that the adoption of 10 opportunity types as representing the
group of relevant opportunities is open to debate and might not
be adequate for all individuals, resembling one of the limitations
of the 15-minute city concept pointed above.

The Variety indicator was selected to evaluate the added value
of accessing additional opportunities and resembles the concept
of Species Richness often used in Biology®®. Rather than assuming
that all opportunities constitute a homogeneous group, destina-
tions can be grouped into categories and the calculation can focus
on how many different opportunity categories can be accessed
within a certain travel threshold. The method sees variety as a
special type of accessibility, defined as the ease of reaching
different opportunities. It can be measured by calculating the
number n of access indicators (n being the type of opportunity)
and summing them into an overall variety indicator. For instance,
it is better to have access to one education facility and one health
facility (variety of 2) than having access to two education facilities
and no health facilities (variety of 1). Although it does not capture
the distinction between a place with several types of opportu-
nities, and a place with only one opportunity of the same type, the
variety measure enables direct and straightforward comparisons
of locations both within a single city and between different cities,
as the reference value is the same for all locations. This within- and
between-city indicator, therefore, makes it possible to perform
comparative studies such as the one we present here. We have
also calculated Entropy, but due to the high correlation with
Variety, we've decided to keep only the Variety indicator as it
translates more directly to the 15-minute city concept (see results
below).

Our dataset included all European cities with more than 100,000
inhabitants, a total of 585 cities. By choosing European cities as
case studies, we acknowledge that we are analyzing cases with
relatively high pedestrian accessibility. However, significant
differences in accessibility levels might exist within each city,
and not all European cities might necessarily reveal high
accessibility. To harmonize data within and across different cities,
we represented our results as a hexagon grid that covered entire
cities and excluded hexagons with no network nodes (our
considered origins). This approach overcomes potential biases
that might arise from areas with small urban blocks in which the
node density is higher than in areas with larger urban blocks,
which would result in the overrepresentation of these nodes at
the city level. Our analyses relied on open-source software and
open-access data, as our aim was to both monitor the future
evolution of cities, and allow any other researcher, public official,
or politician to be able to measure any other place by replicating
our methodology.

RESULTS

Pedestrian accessibility in European cities

Our results reveal considerable differences in pedestrian accessi-
bility across European cities and countries. As shown in Table 1, at
the country scale, the mean number of Total Destinations varies
between 17.5 (Sweden) and 136.4 (Switzerland). Other countries
with high values are Ireland (90.9), Austria (80.0), and Luxembourg
(75.3). Countries with low mean values include Finland (20.5),
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Fig. 1 Histograms and cumulative frequency charts. The proposed graphs illustrate the values for total destinations and variety counts for

the analyzed European cities. Figures (a) and (b) illustrate the variety values, while (c) and (d) correspond to total destination counts.

Slovenia (24.2), and Hungary (27.5). The pattern for Variety is
somewhat similar, with Sweden (2.9) being the lowest and Ireland
(8.5) the highest. Values are high for Malta (7.9), Switzerland (7.9),
Luxembourg (7.2), and low for Finland (3.6), Bulgaria (3.8), and
Hungary (4.0).

Accessibility across cities

Our analysis of accessibility at the city level (mean values for each
city) highlighted a very wide range of values for Total Destinations
(from 3.3 to 593.4). The distribution is positively skewed (4.532),
with a mean of 98.79. Nearly 50% of cities have mean values that
are below 50, while less than 10% of them have a mean that is
above 100. On the other hand, the distribution for Variety is
approximately normal, ranging from 1.18 to 9.90, with a mean of
5.907. Mean Variety scores range from 1.18 (Kuopio, Fl) to 9.90
(Islington, UK), while only approximately 11% of all cities (65 cities)
have a Variety score that is above 8 (Fig. 1).

Total Destinations and Variety describe different accessibility
patterns for European cities. The analysis of Total Destinations
revealed that means are very high for some cities, and they can be
considered outliers within the overall pattern of pedestrian
accessibility. On the other hand, the distribution of Variety is
normal, and no clear outliers can be identified. In fact, two cases
emerge: 6.8% of cities have very low mean Variety scores (3 or
less), while 11% have very high mean scores (8 or more). Overall, if
we take the Variety indicator as a benchmark, European cities
seem to be still far from the 15-minute “ideal”. It is noteworthy,
however, that, the impact of varying administrative borders might
have a significant impact on accessibility measurements, as some
cities (e.g.: many cities in Finland, or Sweden) present unpopu-
lated areas. Therefore, population density should be carefully
analyzed.
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Accessibility within cities

A deeper analysis provides insight into whether the spatial
distribution of accessibility within a city varies. In fact, even a city
with low mean accessibility might contain several distinct areas
with high accessibility. Given the size of our dataset, it would be
impossible to map all the cities. Therefore, we selected a sample of
12 cities in different European countries for further analysis. The
analysis of the maps revealed different spatial patterns for both
Total Destinations and Variety (Figs. 2 and 3).

Total Destinations tend to be characterized by a single hotspot
in the city centre, where most opportunities are located. Although
a polycentric pattern is identified in some cities (Barcelona, Lisbon,
Rome, and Vilnius are good examples), even in these cases a
principal hotspot can be identified. Moreover, the score for the
hotspot varies widely—from around 70 (Boras, SE) or 220 (Lahti, FI)
—to over 2,350 (Greater Amsterdam, NL). These disparities
emphasize that the indicator is a useful way to evaluate within-
city comparisons, but also that it is a relatively useless way to
evaluate between-city comparisons.

On the other hand, our analysis of Variety revealed that high
accessibility can be found in areas beyond the city's hotspot(s),
even if there are fewer total opportunities. This is clearly illustrated
by the cases of Greater Amsterdam, Marseille, Rome, and Vilnius,
where Variety scores reveal other areas with good local
accessibility, in addition to the hotspot identified by the Total
Destinations score. In particular, the analysis revealed that in all
cities there is at least one place in which Variety is maximum (10
different opportunity types). Moreover, in 3.4% (20) cities the
mean score is higher than 9, and in 7.7% (45) cities the score is
between 8 and 9 (see supplementary material for the full table). In
summary, while all European cities have at least one area where
residents have pedestrian access to a Variety of opportunities
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Fig.2 Total destinations accessible within a 15-minute walk. This figure shows a selection of 12 of the 585 analyzed cities. Underneath each

map, there is a statistical summary, indicating the average value, and the inequality levels for territorial and populational-based GINI
coefficients.
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Fig. 3 Variety of destination types (min 0, max 10) accessible within a 15-minute walk. This figure shows a selection of 12 of the 585
analyzed cities. Underneath each map, there is a statistical summary, indicating the average value, and the inequality levels for territorial and
populational-based GINI coefficients.
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within 15 minutes, this is far from being possible for all areas of a
city.

¥he relationship between Total Destinations and Variety for all
cities follows an exponential decay upward function (r* = 0.662)
(Fig. 4). Variety scores for several cities are lower than predicted by
the trendline, suggesting that some cities feature several
opportunities of the same type: the total number of accessible
destinations is high, but there is a relative lack of Variety of
opportunities.

Accessibility, population size, and density
Given the known importance of population density for accessi-
bility and travel behavior**=*?, we compared our two accessibility
indicators with the city’s population density. This analysis
identified a linear relationship between Total Destinations and
density (r*=0.56) (Fig. 5). On the other hand, we found a
relationship between density and Variety (r* =.605) that follows
the shape of an exponential decay upward function, with the
upper limit defined by the total number of Variety classes (10).
As observed in Fig. 5, the relation between density and Variety is
characterized by diminishing returns, which suggests that
population density is not enough by itself to increase variety,
and other factors such as the urban structure and local economy
are likely to be equally important. From this, we infer that it is
possible to achieve a high level of Variety without a particularly
high population density. Acknowledging that density can have
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both positive and negative externalities (beyond a certain value),
our results suggest that a certain density level is needed to
increase Variety, but, at the same time, beyond that value, density
has a lesser effect in increasing variety. Although finding an ‘ideal’
density value is beyond the scope of this article, our results
suggest that this threshold stands around 7500 inhabits./km? or
75 res/ha, which seems sufficient to achieve good variety. Another
work® indicates a limit of 92 res/ha, although their line or
reasoning was not pointed toward the Variety indicator.

A remaining question is whether this dependency is observed
among all groups of cities. To evaluate these effects, we clustered
the cities in population-size and density-level classes and
proceeded with the analysis of Variety levels. Results indicate that
larger cities (over 1 million residents) have higher average Variety
levels, while smaller cities (100,000 to 250,000 residents) have
both the lowest and highest absolute values. As a general trend,
and for all size groups, higher-density levels are associated with
higher Variety values. Low-density cities (<25 inhabits./ha) have
Variety scores smaller than 7.5, while high-density cities (> 75
inhabits./ha) have Variety scores above 6.2. Within the two more
populous groups, there are four clear outliers, identified in Fig. 6.

Gini coefficients for Total destinations and Variety

Our analysis of accessibility inequality in European cities is given
by Gini coefficients for the two indicators, both territory-based
and population-based measurements. The territory-based
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accompanied by the histograms for each variable.

indicator evaluates the inequality between the Gini levels
associated with the grid cells used to discretize the territory
(henceforth referred to as T-Gini), whereas the population-based
indicator compares the accessibility levels for each person living in
the city (and in specific grid cells), covering the whole population
(referred to as P-Gini) — see average values in Table 1. Results show
that, for both Variety and Total Destinations, values for P-Gini are
significantly lower when compared to values for T-Gini. For Total
Destinations the mean Gini value drops from 0.665 to 0.541,
moreover, the Variety inequality coefficient drops from 0.333 to
0.153. It is also notable that Variety inequality is systematically
lower than Total Destinations inequality in all cities (Fig. 7).
When we compare accessibility mean values and inequality
levels, results show a significant negative relationship between
absolute values of Variety and both T-Gini (r* =.971) and P-Gini
(r* = .656) coefficients (Fig. 8). On the other hand, results show a
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low correlation between Total Destinations values with both T-Gini
(r* = .207) and P-Gini (r> = .083) coefficients. These results suggest
that, despite the observed correlation between the two inequality
indicators, cities with less inequality tend to have higher variety,
but not necessarily a greater total number of accessible
destinations.

As before, the inequality levels are not the same for the
different population and density groups of cities. Larger cities
present the lowest average P-Gini coefficients for the Variety
indicator, where the highest value is 0.238. Inequality in smaller
cities presents a wider amplitude of P-Gini coefficients, ranging
from 0.006 to 0.499. A similar situation occurs with T-Gini values.
Smaller cities present T-Gini coefficients that range from 0.010 to
0.825, while T-Gini for larger cities is always lower than 0.480
(Fig. 9). Except for T-Gini coefficients for cities in the 500k to 1000k
population, cities with higher density levels are associated with
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lower inequality levels of both P-Gini and T-Gini, within all
population classes.

It is important to indicate that there are many outliers for the
Population-based Gini index for Variety (Fig. 9a), mostly in cities
below 500k inhabitants. The cities below 250k inhabitants
represented as outliers were Stara Zagora, Ruse, Burgas (Bulgaria),
Lieida, Telde, Elche, Almeria, Albacete (Spain), Baia Mare, Ramnicu
Valcea, Suceava (Romania). For cities with populations between
250k and 500k inhabitants, the outliers point to the cities of Varna
(Bulgaria), Murcia, Cérdoba, Alacant (Spain), and Vilnius (Lithua-
nia), and finally, still in the same population group but with
densities between 50 and 75 inhabits./ha, we have Plovdiv
(Bulgaria), Las Palmas de Gran Canaria (Spain), and Redbridge (UK).

DISCUSSION

Our results show that pedestrian accessibility conditions are quite
diverse in our sample of European cities. In the absence of a
normative accessibility value, computing accessibility to total
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destinations is a useful way to analyze within-city differences and
identify places with better and poorer accessibility. However,
classifying places as having ‘good’ or ‘bad’ accessibility is less clear,
as scores are only relevant within a certain city. In our sample of
European cities, the range of scores was very wide—from a little
over 70 to more than 2500 destinations are accessible within a 15-
minute walk, each constituting an accessibility hotspot within a
city. On the other hand, our Variety indicator proved to be a useful
measure of within-city differences and a way to compare the
accessibility of different cities. Here again, we found a diverse set
of situations in our sample, with mean values ranging from 1.2 to
9.6 (out of a maximum of 10). Furthermore, our indicator made it
possible to identify locations within cities with high Variety, even if
mean overall scores for the whole city were low.

Results highlight an exponential decay upward relationship
between Total Destinations and Variety, suggesting diminishing
marginal returns between them. Cities with high mean Variety can
have high or low mean scores for Total Destinations, while cities
with low mean Variety scores have low mean scores for Total
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Destinations. In other words, there is evidence to support that it is
possible to achieve Variety when a certain minimum number of
Total Destinations are accessible and that this is necessary to
increase urban diversity. However, beyond a certain threshold,
having access to more opportunities does not necessarily increase
access to different opportunities.

Geographically, the two indicators reveal different accessibility
patterns at the city level. For most cities, the Total Destinations
indicator tends to highlight a single hotspot in the city centre,
while the Variety indicator reveals several polycentric patterns.
Accessibility hotspots identified by the Variety indicator reveal
that, even with a relatively small number of total destinations
accessible by foot, there are places within cities that provide
highly diverse accessibility. In these locations, individuals can walk
to different opportunities and satisfy different needs. Therefore,
our findings show that a place with high local pedestrian
accessibility, measured as access to different opportunities, does
not require numerous opportunities, which is an important result
in the context of the development and implementation of urban
policies.

Our findings are important in the context of urban sustainability
policies as, in practice, it may be impossible to design a city in
which all places allow access to the same number of opportu-
nities, notably due to the known tendency of competing activities
to aggregate in certain locations to reach a larger market**, On the
other hand, it may be reasonable to aim to design a city in which
there is (nearly) equal access to different types of opportunities.
This could be achieved by designing a city that features several
diverse centralities. Organized into an appropriate spatial pattern,
it would become possible to access at least one centrality in under
15 minutes of walking from anywhere in the city.

The relationship between our two accessibility indicators and
population density also merits discussion. While we found a linear
association between Total Destinations and density, the relation-
ship between Variety and density followed an exponential decay
upward relation. Here again, although our results emphasize the
importance of density in improving accessibility, they raise the
question of the ‘ideal’ density value for a city, as it appears that
beyond a certain threshold, the disadvantages may outweigh the
benefits. Although a relationship can be identified for mean
values, this does not suggest that an entire city should have the
same density. In any case, our study makes it clear that it is very
difficult to offer good pedestrian accessibility with low density,
and, at the same time, that density above a certain value may
contribute little to an increase in pedestrian accessibility and
might create undesired externalities and/or costs.

Regarding inequality levels, it is not a surprise that European
cities are very diverse, both between and within cities. The term
“inequality” carries a lot of weight, which requires a careful
consideration of what these numbers mean. In practice, the
decision to adopt P-Gini over T-Gini as an inequality measure
depends on the context. It is expected that the population spatial
distribution follows (up to a certain degree) that of either the built
environment or the activities. In general, more people mean more
buildings as well as more activities. Such a relation follows a
power-law scaling (allometry)*®. Territorial inequality results may
be useful for policymaking when decisions are not demand-based
(for instance, based on coverage), while population-based
inequality measures might help when dealing with individuals’
rights and expectations. Therefore, these inequality results are as
useful as the policy-making process requires.

The cities presented great differences between the mean Gini
for both Variety and Total Destinations. Both T-Gini and P-Gini
differences were noticeable, with the coefficients associated with
Variety being systematically lower than those of Total Destinations.
The unforeseen result is that while Variety levels are strongly
associated with inequality levels, Total Destinations are not. A
possible explanation for higher total destination inequality is that
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activities’ locational decisions follow the logic of spatial agglom-
eration or clustering, as described by various well and long-known
theories such as the bid-rent theory*® as a direct economic effect
of accessibility. The clustering effect would generate an availability
disparity. On the other hand, Variety is affected not only by
activities’ locational choices but also by people’s locational
choices. People try to balance out the accessibility to needed
activities. As a result, the Variety inequality is lowered, as more
people locate closer to where activities are.

Nonetheless, overall, and for all cities, population inequality is
lower than territorial inequality. Indeed, we found that P-Gini is
always lower than T-Gini, suggesting that residential location
decisions tend to alleviate inequality levels. This difference is
especially evident in the case of the diversity of reachable
activities (the Variety indicator) rather than in the total number of
reachable activities (the Total Destinations indicator). Accessibility
as given by the Variety indicator tends to be more polycentric,
which can be interpreted as a more egalitarian spatial pattern. This
finding highlights the importance of increasing the mixture of
activities to achieve pedestrian accessibility equality across a city,
which aligns with the arguments of the 15-minute city concept.

Finally, it is important to question the feasibility of adopting a
single arbitrary threshold, such as a 15-minute walk, to measure
accessibility to different opportunity types*’*8, as the willingness
to walk to an opportunity is related to the trip’s purpose and the
type of opportunity**=>". Individuals might be more willing to walk
to more specialized opportunity types such as art, music, and
hobbies shops, or to (central) locations where several opportu-
nities can be found. Therefore, actual and desired walking
distances might be both a cause and a consequence of the larger
catchment areas of these places®?, which, in turn, makes them
more geographically concentrated and therefore less accessible
by foot. In addition, any x-minute threshold translates into
different spatial thresholds for different individuals, based on
their characteristics and capabilities. It is a clear and straightfor-
ward concept, but far from being an inclusive, universal one.
Consequently, using several distinct thresholds to measure
accessibility to distinct opportunity types might be a more
appropriate approach, and should be tested in the future. Other
future research should include cycling accessibility and include
other cities in other parts of the world.

METHODS
Data sources

This research relies exclusively on open-access data, and the
following datasets were used. The administrative boundaries of
European cities were obtained from Eurostat/ GISCO geographical
data (©EuroGeographics), specifically, the Urban Audit 2020
dataset (version 01/01/2020). The latter contains the boundaries
of cities, greater cities, and functional urban areas as defined by
the EC-OECD. We selected the ‘city’ division to identify cities, along
with all ‘greater city’ divisions that did not include a ‘city’, to
include capitals such as Brussels and Athens. In this paper, all
these areas are included as a ‘city’, regardless of whether they are
a city or a greater city.

Population data were obtained from Eurostat for the period
2011-2020, and the most recent figure was used given data
availability for each city. The final population dataset consisted of
864 European cities in 31 countries. As we only analyzed cities
with 100,000 inhabitants or more, our final dataset consisted of
585 cities, which ensured that at least one city from each country
was included.

The street network for the sample of cities was obtained from
OpenStreetMap (OSM). The pedestrian network was obtained
using the Pandana python library (v. 0.6.1)°3, which specifically
excludes all street segments that are not walkable, and creates a
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graph from OSM data that makes it possible to compute fast
origin-destination (O-D) matrices.

To measure accessibility, origins were set as all nodes in the
pedestrian network, following the Pandana methodology. Desti-
nations were obtained with the PYROSM python library (v. 0.6.0)>%,
after downloading OSM data for each country on 15 June 2021.
We selected all points of interest (POls) whose OSM tags—a
combination of a key and a value—had the following keys:
amenity, craft, leisure, office, shop, and tourism. All POIs whose
“access” was identified as “no”, “private” or “customers” were
excluded from the dataset. Given that some important destina-
tions are not represented as POls, but as buildings (polygons), we
extracted all data related to non-residential buildings and
represented them by their centroid. To avoid double counting
the same destination, we only considered buildings that were not
within a polygon with another tag. This was very commonly the
case for hospitals, universities, and other large facilities, which
OSM shows as several buildings, and as a polygon that represents
the facility (the POI itself). Finally, to control for edge effects, we
selected destinations by considering a linear buffer of 1km for
each city boundary.

To create the necessary hexagon grids, Uber’'s Hexagonal
Hierarchical Spatial Index (H3) was selected for this purpose
(https://github.com/uber/h3). Level 10 hexagons were used, which
have a mean edge length of 65.908 meters and a mean area of
15,047.5 m? Our samples of cities had between 439 (Santa
Coloma de Gramenet, Spain) and 56,941 (Berlin, Germany)
hexagons and our final city dataset consisted of 4,347,078
observations.

Accessibility measures

There are two broad approaches for measuring active accessibility:
place-based (focused on the accessibility of places) or individual-
based (focused on accessibility for certain individuals), and
initiatives can also be divided into those that target pedestrian
or cycling accessibility. In turn, active travel can either provide
direct access to an opportunity by walking or cycling exclusively,
or it can be integrated into a sustainable travel ecosystem. In the
latter case, it allows access to another sustainable travel mode
(public transport, for instance) in what is designated the first or
last mile of a complex travel chain. Like other accessibility
measures, active accessibility is a function of four interrelated
components: land use, transportation, temporal, and individual®®.
In the context of urban planning, a place-based perspective is
normally adopted, and it is typically measured as access to several
relevant opportunities (land use), via active travel (transportation),
regardless of the time of day (temporal), for everyone (individual).
It should be noted that although other built environment factors
are also important for active accessibility, notably safety,
topography, or aesthetic features, they are rarely taken into
account in current instruments and measures®.

The focus on place-based accessibility is justified by its ability to
allow easy comparisons of different places and/or different
moments'3. Although the temporal component is normally absent
in active accessibility measures, it changes significantly through-
out the day, not only because many opportunities are closed at
some times of day, but also due to safety concerns. Likewise, by
ignoring the individual component, the final measure might be
overstating active accessibility for some individuals. Indeed, by
focusing on specific groups, such as the elderly, children, or
people with reduced mobility?®?”°5, previous research has
revealed different accessibility patterns, either because travel
speeds are slower and/or because certain physical elements can
constitute barriers or hindrances to travel. Of particular impor-
tance is the assumed walking speed. In fact, walking speed is
known to be highly associated with certain individual features, in
particular age, increasing from childhood to adulthood and
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decreasing from adulthood to old age, gender (higher in men),
and disability. An example is the assumed 1.2 m/s walking speed
required to utilize pedestrian crossings, which was revealed to be
very high for 84% of older men and 93% of older women in the
UK, whose mean walking speed was found to be 0.9m/s*’. In
summary, the assumption of a mean walking speed to measure
pedestrian accessibility is, even if implicitly, a parameter of the
individual component of accessibility, which will inevitably (even if
inadvertently) overstate accessibility for children, older people,
and individuals with disabilities.

To calculate pedestrian accessibility for all nodes in a city's
network, we used a cumulative opportunities measure, given by
the formula:

f(Cy) =1,ifC; <&

1
f(Cy) =0,ifC;>6 R

n

j:
where A; is the accessibility of node i, O; represents the
opportunities found at node j, Cj; is the cost of traveling between
i and j, and 6 is the threshold considered in the accessibility
measure.

Although other measures might evaluate pedestrian accessi-
bility more accurately, and may be less sensitive to the chosen
threshold'?, any other measure would significantly increase the
computational time needed to achieve our objectives. Given that
a pedestrian’s walking speed varies significantly as a function of
age, slope, weather, and other perceived and subjective features
of the built environment, the 15-minute threshold can be
expected to change significantly depending on the considered
group. Given that no slope information was collected, and the
accessibility measure is intended to represent an overall
accessibility measure for all individuals, we measured accessibility
using three different constant mean walking speeds across the
entire pedestrian network (0.7 m/s, 0.9 m/s and 1.1 m/s), as the
threshold 6 to represent a 15-minute walk — which translates into
630m, 810m and 990m respectively. The final reported
accessibility value for each location is the mean value of the
value obtained with each of these three values.

We calculated two accessibility indicators:

® The total number of destinations, regardless of type.

® The Variety of destinations, represented as the number of
different types of destinations accessible within a 15-minute
walk, regardless of the number of destinations of each type -
values can range between 0 and 10.

Final accessibility results, calculated for each street network
node, were then combined for the respective hexagon. The final
score for the hexagon corresponds to the value of the node that is
closest to the hexagon’s centroid.

Entropy was an alternative concept that we considered during
the analysis. It simultaneously evaluates the number and
proportion of each opportunity type (or land use category)*®>8,
However, it is seldom used in urban planning, despite its sound
theoretical background®®, probably due to the difficulty in
identifying specific planning measures to increase entropy.
Moreover, we have found a strong correlation (r>=0.955)
between Variety and Entropy measurements for our sampled
cities. Therefore, we decided to adopt a simple variety indicator
that only focuses on the number of opportunity types, and ignores
the proportion of each type, as we consider it would be a planning
goal that is easier to define and interpret and could be used to
determine progress with respect to the 15-minute city concept.

Analysis of inequality

Our analysis of inequality was based on calculating pseudo-Gini
coefficients for both accessibility variables (Total Destinations and
Variety). Given that population is not equally distributed across
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cities, we calculate two distinct coefficients: Territorial-based Gini
(T-Gini) and Population-based Gini (P-Gini). The T-Gini coefficient
was calculated considering all observation points (hexagons) for
each city. It, therefore, represents the ‘spatial inequality’ of the two
indicators calculated. In order to calculate P-Gini, we started by
estimating the number of residents per hexagon, using the Global
Human Settlement Layer (GHS population grid - R2023)%°,
constituting a ‘weight’ for each hexagon. Both indicators were
calculated using PySAL (v.2.1.0)°".

Limitations

Some limitations should be noted regarding our results. First,
although our accessibility threshold was selected to be consistent
with the 15-minute concept, other travel time thresholds might
lead to different results — the Modifiable Area Unit Problem®%%3, In
addition, we transformed travel time into travel distance assuming
a constant travel speed. To minimize this problem, we took into
consideration extreme values to represent both fast and slow-
paced walking patterns. For the sake of general calculations, we
used the average value as stated in section 4.2. This might be
relevant if a particular demographic group is selected (for
instance, elderly people). Second, it is possible that the exclusive
use of OpenStreetMap data®* might influence the reliability of our
findings, and we recognize that it might be an incomplete
representation of all the opportunities that could exist in a city.
Nevertheless, this is the only available dataset that makes it
possible to perform the comparative evaluation of a sample of
European cities presented here. On the other hand, our
combination of open-access data with open-source software
means that it is possible for anyone to perform the same analysis
for any place in the world, and this was one of our explicit
objectives. Third, the delimitation of cities provided by Eurostat/
GISCO is far from homogeneous for all European countries. Some
cities are delimited as a single unit (e.g., Brussels or Athens), while
others are considered as a group of smaller cities (e.g., London),
which might bias our results. However, we are not aware of any
other official delimitation of European cities that could be adopted
for our analyses. Finally, and probably the most important
limitation, is that our results do not reflect real walking conditions,
as they ignore the detailed features of the pedestrian network
(sidewalks, crossings, pedestrian bridges, etc.). While we are aware
that these micro-scale elements constitute a limitation to
walking®®, here again, there are no available data that would
allow us to analyze all European cities. Therefore, we recommend
that our results should be interpreted as ‘potential’ pedestrian
accessibility, and not necessarily real-life conditions in our sample
of European cities.

Reporting summary

Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY

The POI classification and the table with results for each city are available as
supplementary material. Maps for each city can be provided upon email request to
the authors.
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