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On-board crowding in public transportation has significant impact on passengers’ travel experience. New land-
use planning configurations can have wide-ranging crowding effects in the public transportation system.
Nevertheless, there is a lack of knowledge on the crowding implications caused by new urban developments. In
this study, we propose a method for quantifying the network-wide crowding implications of a new urban
development. We apply the method to different kinds of urban developments in terms of type, size, location,
proximity to high-capacity public transportation connections as well as socioeconomic characteristics. Size and
proximity to a high-capacity connection are highly influential factors in determining the value and the
geographical extent of the crowding implications. The analysis proposed in this paper can serve as a tool for the
ex-post quantification of the on-board crowding impacts using automated data sources. The insights gained can
be utilized in more efficient dimensioning of the supply (service) for newly developed areas as well as for

placement of future urban developments accounting for the resulting crowding effects.

1. Introduction

The share of the population living in urban areas exceeds 50%
worldwide. By 2045 the global urban population will increase 1.5 times
and reach 6 billion, meaning that 7 out of 10 people will live in cities. To
accommodate the additional population, 1.2 million km? of new built-
up urban areas will be added by 2030 (The World Bank, 2023). In the
European Union (EU), population projections reveal increasing trends
for 60% of all urban regions. In particular, Malta, Ireland and Sweden
will experience increases in their urban populations of more than 20%
by 2050 (Eurostat, 2021).

In light of these trends, one of the biggest challenges that need to be
faced is the provision of adequate and efficient public transportation
(PT) to, from, and within new urban areas. Competitive PT is more
energy-efficient than private cars, and contributes to reducing green-
house gas emissions and traffic congestion. However, on-board crowd-
ing is considered a key problem in large cities since it negatively affects
passengers’ travel experience by increasing their stress levels and
reducing their overall welfare (Kim et al., 2015). Consequently, on-
board crowding can increase passengers’ value of time and, therefore,
their generalized travel cost (Cats et al., 2015). On-board crowding can
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also increase travel time variability and passengers’ waiting time
(Tirachini et al., 2013), thereby affecting route selection (Karatsoli et al.,
2024). This can impose additional pressure on the PT system, resulting
in longer travel times and higher operational costs, especially during
peak hours. Critically, the average operational PT cost can be 60%-—
100% higher during peak hours than during off-peak periods (Parry &
Small, 2009). The abovementioned effects can decrease the attractive-
ness of PT, consequently restricting the modal split of PT in urban areas.

The urban form (the physical and non-physical characteristics) of a
city (and of a new urban development) is strongly related to residents’
mobility and, therefore, to the design of PT services (Lee & Bencekri,
2021). For example, dense urban areas are often associated with a
higher PT use (Fang, 2015). Each PT mode (e.g., bus, metro, light rail,
commuter rail) has an optimum range of operation which is based on the
urban form (density) and the characteristics of the associated technol-
ogy and infrastructure, as described in the next two paragraphs.
Therefore, investing in PT infrastructure, especially an expensive one (e.
g., metro), should carefully account for the present and future demand
and be part of urban and regional strategic planning.

Highly populated new urban developments have a potential for high-
capacity PT systems (up to 70,000 passengers/hour) with typically
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higher average speeds, such as the metro, given the high passenger
volumes that need to be catered to (Vuchic, 2005). Investments in new
metro systems should be accompanied by developments that offer high
demand concentration within a walking distance of up to 800m to metro
stations (Bivina et al., 2020). In addition, the placement of new metro
stations in a newly developed area is of great importance in determining
residents’ and visitors’ mode choices and, therefore, PT demand. The
development of high-capacity new metro systems for connecting new
suburbs with the city center has proved efficient in many cities world-
wide, such as in China (Cho & Kim, 2017), Korea (Lee & Yoon, 2019),
and in Canada (Sijpkes & Brown, 1997). In the European context,
Stockholm (Cervero, 1995) and London (Levinson, 2008) are notable
examples of developing metro systems connecting to new urban de-
velopments. The appropriateness of developing metro systems for con-
necting new urban developments with the rest of the city depends on
various criteria such as travel demand, the spatial proximity of the new
urban development to the existing city, and the affordability of devel-
oping or extending a metro system. The planning of the development of
high-capacity PT in conjunction with developing new urban areas has
been proven to be more cost-efficient rather than adding such systems
following the construction of the new urban development (Lin et al.,
2022).

Rail-bound modes with lower capacity characteristics, such as light
rail (18,000-20,000 passengers/hour), are usually developed for new
urban developments with less population and lower density than those
for which metro is most suitable. In the case of light rail, the develop-
ment in proximity to stations is even more critical than in the case of the
metro as people are willing to walk longer to access (egress) for (from)
faster PT services (Daniels & Mulley, 2013). The development of Bus
Rapid transit (BRT) services has requirements that are on-par with those
of light rail services. Its capacity characteristics can range from 5000
passengers/hour (single BRT lane) up to 43,000 passengers/hour
(double BRT lane) (Transformative Urban Mobility Initiative (TUMI),
2021). In urban areas, the optimal spacing of BRT stops is at around
450m (Intitute of Transportation and Development Policy (ITDP),
2024). It is important to mention that BRT is more cost-effective while
light rail has higher environmental performance (Tirachini et al., 2010),
and allows for the provisioning of flexible capacity (Bruun, 2005). Last,
developing new bus lines has been proven to be the most cost-effective
solution making it the most prevalent mode across many cities around
the world (The International Association of Public Transport (UITP),
2024). The requirements in terms of urban form are less evident
compared to the other modes. However, good accessibility (such as
walking distances within 400m) is required for a successful design.
Buses provide lower capacity compared to all other modes (5000 pas-
sengers/hour, single bus).

Ex-post evaluation of transport investments can serve a crucial role
in informing policy makers on the extent to which project objectives
have been met. This fact can assist towards a more holistic evaluation
process related to transportation investments, which can serve as a po-
tential reconsideration motive of the abovementioned common plan-
ning norms. Nevertheless, ex-post evaluations of transport investments
are scarce (Bos & de Swart, 2024; Dixit et al., 2024). There are several
reasons for this. First, substantial resources are allocated for the ex-ante
planning as well as improvements, thereby not prioritizing funding for
ex-post evaluation. Moreover, monitoring the outcomes of a prediction
model requires a significant amount of data (e.g., passenger demand
data, land-use data, census data, etc.). In most cases, data collection
protocols are not introduced at the beginning of the project, therefore
making the effects’ monitoring (including crowding) difficult to imple-
ment (International Transport Forum (ITF), 2017).

In the case of PT, automated data (e.g., Automated Fare Collection
(AFC) systems, Automated Passenger Counts (APC)), Automated Vehicle
Location (AVL), and General Transit Feed Specification (GTFS)) are cost-
efficient sources of a continuous flow of information related to passenger
demand and supply (service). Smart card data have also been widely
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used in exploring the evolution of the urban structure (Y. Zhang et al.,
2021) and clustering urban areas based on their attractiveness as ac-
tivity centers (Cats & Ferranti, 2022). Therefore, they are a unique asset
in implementing ex-post evaluations for PT investments related to urban
developments. However, commonly, the capacity of PT services con-
necting to new urban developments is dimensioned based on the ex-
pected passenger demand between the newly developed areas utilizing
the existing PT system by using a macroscopic assignment model. This
approach neglects the effect of the additional passenger demand on the
remaining PT network, therefore missing potential additional crowding
imposed to already crowded parts of the system (Pyddoke et al., 2017).

In this study, we propose a method, extending the approach pro-
posed by Skoufas et al. (2024), for quantifying network-wide PT im-
plications and capacity needs of newly urban developed areas entirely
based on Revealed Preference (RP) data (smart card data). Results can
be further investigated and segmented in time and space, further uti-
lizing the capabilities of smart card data. The method is directly repro-
ducible since it relies on individual mobility traces such as smart card
data, therefore enhancing its added value. The study contributes to the
understanding of induced demand (passengers traveling from/to a
newly developed area), the supply component (e.g., is the supply pro-
vided adequate to cater to the new mobility needs of a newly developed
area?) as well as their linkage to key bottlenecks of the PT network.

We apply the method to various urban developments that took place
in Region Stockholm during 2016-2019 by utilizing large-scale panel
data in the form of smart card transactions. We select urban de-
velopments with diverse characteristics in terms of type (e.g., residen-
tial/business/industrial/mixed), size, location (e.g., central/
peripheral), proximity to a high-capacity PT connection as well as local
socioeconomic characteristics. Our application can assist in the ex-post
assessment of PT design associated with urban developments and in
relevant policy-making regarding the placement of future urban de-
velopments accounting for the resulting crowding effects.

The remainder of this paper is organized as follows. Section 2 pre-
sents the proposed method, and Section 3 includes the application of the
case study. The key findings of the study are included in Section 4.
Section 5 discusses study implications. Last, Section 6 presents the
conclusions of the study, and reflects on relevant future research
directions.

2. Methodology

In the following, we present the methodological framework for
assessing the crowding contributions induced by a new urban develop-
ment. Our proposed method, illustrated in Fig. 1 has in its core the urban
development and accounts for the changes in the PT supply and demand
during the corresponding time period. In the following paragraphs, we
present in more detail the methodological steps followed in this study.

2.1. Selection of the urban development

The selection of a new urban development is fundamental in our
methodology. We account for the local socioeconomic characteristics (e.
g., population, number of households, income level), the local PT
characteristics (e.g., number of stops, proximity to high-capacity PT
connection), size, type (e.g., residential/industrial/business/mixed) as
well as the location (e.g., urban/suburban) during the selection process.
Last, by filtering the PT stops within the newly developed area we are
able to define the set of stops S serving as origins/destinations within the
newly developed area (see Fig. 1, Step 1).

2.2. Data processing
Our proposed method utilizes passengers’ full travel diaries. In the

case of only tap-in PT fare validation systems, tap-out locations,
including transfer stations and final destinations, need to be inferred.
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Fig. 1. Methodological framework (elliptic tubes: datasets, rectangles: modules, parallelogram: intermediate databases).

Several methods for inferring tap-out locations have been developed in
the relevant literature, accounting for PT systems worldwide (Kholodov
et al., 2021; Munizaga & Palma, 2012; Trépanier et al., 2007).

2.2.1. Passenger flows projection to public transportation network supply

By utilizing passengers’ full travel diaries, the used PT mode, line and
vehicle number, departure and arrival times as well as the travel time
are known for each passenger journey i by fusing AVL and AFC data.
Trips are assigned to the first departure found in AVL after the original
tap-in, only for the PT modes where passengers need to tap-in at a
platform or a gate. In the case of missing or incomplete vehicle de-
partures in the AVL data, GTFS data can be used since they contain the
complete set of departures for all lines in the PT network (see Fig. 1, Step
2).

2.2.2. Estimation of passenger loads
When all passenger trips are inferred in the PT network, we estimate
passenger loads for each segment of the network traversed by each

vehicle departure (run) in the system, by superimposing all individual
time-dependent passenger path trajectories, including the passenger
loads traveling from/to a new urban development. Furthermore, travel
times for each segment are also available. Last, the available seats
(seating capacity) across the network segments traversed by each
vehicle departure is known as each vehicle departure is associated with
the vehicle’s characteristics provided by the manufacturer (see Fig. 1,
Step 2).

2.2.3. Definition of passenger group traveling from/to the new urban
development

Passenger loads across all network segments are estimated once each
passenger is assigned to a specific vehicle departure. Information for
each transaction, including time, location, and subscription type, is
included in the smart card data. This feature enables smart card records
to be segmented based on various criteria, including temporal, spatial,
subscription, or a combination of these (Cats, 2023). For new urban
development, we use spatial criteria for defining the passenger group g.
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Specifically, we account in the passenger group g only the passengers
beginning or ending their journeys in the set of stops S (see Fig. 1, Step
3).

2.3. Measuring crowding contributions induced by a new urban
development

Our workflow aims to quantify the crowding contributions induced
by a new urban development. Socioeconomic data corresponding to
spatial units (e.g., socioeconomic zones) can be used for describing the
changes that took place in a given urban development area. We inves-
tigate two time periods; one before the beginning of the urban devel-
opment tpefore and one at an intermediate stage or the end of the
development t,g., (see Fig. 1, Step 4). The comparison of the two allows
for a network-wide comparison and investigation of potential crowding
induced by the new urban development (see Fig. 1, Step 5). The pro-
posed metric is based on the load factor of passenger group g, having as
origin or destination the set of stops S belonging to the newly developed
area. The metric is estimated at the segment level (stop-to-stop). The
load factor on segment a and departure i of the passenger group g is the

ratio between the load of the group ", [3¢ and the seating capacity

of the corresponding PT vehicle xbefre, xafter  respectively. The load
factor can be expressed as a percentage, where values below 100 %
mean that some seats are available and values above 100 % mean that
some passengers must stand.

We use Eq. (1) to calculate the crowding contribution fy; induced by
passenger group g on segment a as the difference of the average load
factors of the passenger group g before and after,

after before
Mg ng

after before
laig 1 laig

foe = M
ag = after Z fter  pbefore Z before
n, Kg n, Ka

i=1 i=1

where nbefre, nafter are the number of vehicle departures on segment a

across all days in the periods before and after the development.

3. Urban developments and public transportation investments
in Region Stockholm

3.1. Overview of the public transportation system and urban development
agenda

Region Stockholm has the most extensive multimodal PT network in
Sweden, catering to the needs of ca. 2.3 million inhabitants. The
network consists of 5549 stations and 700 PT lines, including metro, bus,
commuter rail, light rail, and ferries. The ticket system is characterized
as tap-in-only, meaning that passengers’ tap-out locations need to be
inferred. The tap-in location of a passenger trip j is recorded in the AFC
data. The inference of the tap-out location is applied by searching for a
stop within a defined radius of the tap-in location of the next trip j+ 1.
Tripj + 1 should be made within a specific time window so intermediate
activities to be excluded, and it should be facilitated by a matching PT
line (Cats et al., 2019).

Prior to the pandemic crisis, ca. 2 million PT journeys were taking
place across the Region on a daily basis. Passenger demand has by 2023
partially recovered, reaching ca. 80% of the pre-pandemic levels across
all modes. In our study, we analyze demand data from passenger jour-
neys made in autumn (September—November) during 2016 and 2019 to
ensure that pandemic-related effects are excluded from our analysis. In
total, 60 working days in 2016 and 60 working days in 2019 are selected
for the analysis. The selection of several weeks covered by smart card
data is considered sufficient to capture changes in passengers’ behav-
ioral patterns (Goulet-Langlois et al., 2016). By comparing 3-month data
from 2016 and 2019, we are able to examine differences in crowding
contributions induced by a new urban development that took place
during the corresponding time period.
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The population of the City of Stockholm is expected to continue to
grow, with an expected population of 1.3 million by 2040, meaning an
increase of 15,000 residents per year. This change brings about several
challenges in housing developments - 140,000 houses need to be built by
2030 - and in adapting the PT system to keep pace with the demographic
and urban developments (Municipality of Stockholm (Stockholms stad),
2018).

The Stockholm Agreement, the result of negotiations among several
parties such as the Swedish government, the City of Stockholm, the
County Council, and other municipalities of the county, concerns new
road and rail infrastructure investments in the Region between 2007 and
2021. The total cost exceeded SEK 100 billion, and it includes several
investments for meeting the growing mobility needs in the Region,
increasing the number of opportunities across the Region and enabling
the urban development of less central areas (City of Stockholm - the City
of Stockholm Traffic & Administration, 2012).

Special focus is given to the expansion of the existing rail-based
networks for increasing capacity as well as reliability. One character-
istic example is the construction of the Stockholm Rail Link (Citybanan)
on 2017, a 6km double rail-truck tunnel connecting the northern with
the southern parts of Stockholm (see Fig. 2). Last, the agenda of the
Stockholm Agreement also includes a plethora of projects in the Region
focusing on the expansion of the existing light rail network as well as
focusing on the promotion of active transportation modes (i.e., walking,
cycling). This aligns with the fact that cities, including Stockholm, are at
the forefront of emissions reduction by changing their transportation
systems (Gossling et al., 2024).

3.2. Selected urban developments

We select development areas with diverse characteristics (e.g., size,
residential/business, central/peripheral, income) in order to examine
how the crowding impacts and capacity needs vary for a range of de-
velopments. We choose the urban developments of (1) Arenastaden, (2)
Barkarbystaden, (3) Campus Albano, (4) Nyboda ostra, and (5) Ropsten,
given their differences in relation to the aforementioned characteristics.
Fig. 2 shows the location of the selected urban developments in relation
to the existing PT network (left sub-figure) as well as the set of PT stops S
serving as origins or destinations for each urban development (right sub-
figures).

For generability and reproducibility purposes, we assign the selected
urban developments to more general urban development categories (C)
of the urban taxonomy as presented by (Camagni et al., 2002; Rodrigue,
2020):

o Infilling (C1): The development occurs by infilling free spaces
within the urban area. Within this category, Brownfield redevelopments
highlight the urban expansion opportunities for sites that have lost their
economic significance (e.g., old industrial sites, abandoned terminals).

e Extension (C2): It occurs in the immediately adjacent urban
edge.

e Linear development (C3): It characterizes developments that
follow the main axes of metropolitan transportation infrastructure (e.g.,
highways, rail infrastructure).

e Sprawl (C4): It characterizes developments that occur at scat-
tered lots without following the existing urban pattern.

e Large-scale project (C5): Characterizes the development of
areas with considerable size, independent of the existing built-up area. It
concerns constructing a large infrastructure project (e.g., port, airport,
industrial zone) and can serve as an incentive for more surrounding
developments.

The following paragraphs describe the selected urban developments
in more detail in terms of urban form as well as PT characteristics.

(1) Arenastaden: Arenastaden is an infilling development (C1) as it
is located within Stockholm’s urban area. The urban development plan
started in 2009 and was finished in 2020. It is a mix of residential and
business areas, including 1500 new apartments, hotels, offices, and
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infrastructure. The population density in 2019 is estimated to be 3919
inhabitants/km?. The area includes a large mall with a retail area of ca.
101,000 sqm and an Arena with a capacity of 50,000-65,000 visitors, as
well as office buildings with a total of ca. 30,000 workplaces. There are
15 bus stops located within the area, one commuter rail, and one light
rail station (Solna station). Last, the Public Transportation Authority
(PTA) is currently planning to expand Stockholm’s metro green line to
Arenastaden, providing an additional connection to Stockholm’s city
center (see Fig. 2).

(2) Barkarbystaden: Barkarbystaden is a large-scale extension and
linear development (C2/C3) of the adjacent urban area, developed in
proximity to the commuter rail and highway network (E18 highway) to
enhance its accessibility. By 2035, 14,000 new houses will be built,
catering to the housing needs of the ca. 30,000 residents in the area. In
terms of population density, Barkarbystaden had 2103 inhabitants/km?,
in 2019. The area hosts a big commercial venue (Barkarby handelsplats)

with more than 80 stores, including major commercial actors such as
IKEA, with ca. 6000 workplaces in total. The area is connected with
Stockholm by combining bus and commuter rail (through Barkarby
commuter rail station) or bus and metro (through Akalla metro terminal
station). There are 15 bus stops located with the area.

(3) Campus Albano: Campus Albano is a new scientific hub located
between KTH Royal Institute of Technology and Stockholm University.
It represents an infilling and extension development (C1/C2) in central
Stockholm, as the land was not initially used. The area includes 70,000
sqm of new university premises, 1000 newly built student apartments,
shops, and restaurants. The construction started in 2016, and the com-
plete plan was inaugurated in 2023. (Municipality of Stockholm
(Stockholms stad), 2024). The area is characterized by higher popula-
tion density, compared to the other case studies. Specifically, the pop-
ulation density is estimated as 9614 inhabitants/km? in 2019. The area
is connected to the city center by bus. In proximity, there is the multi-
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Fig. 3. Evolution of the socioeconomic indicators for each of the selected urban developments.

Table 1

Evolution of socio-economic indicators for each of the selected urban developments.

Urban development Median income (kSEK)

% of residents with a high standard of living

2016 2019 2016 2019
Stockholm municipality 368.4 383.8 14 13
Arenastaden 421.2 447.7 19 17
Barkarbystaden 367.9 369.5 7 3
Campus Albano 354.3 378.5 15 16
Nyboda Ostra 403.2 415.8 23 19
Ropsten 422.9 455.8 18 12.5

modal PT hub at KTH (Tekniska hogskolan), which includes a bus, light
rail (towards the north-eastern suburbs), and metro. The area includes
five bus stops. The proximity to several university premises, as well as
the construction of new ones, makes it an interesting area to explore
further as it attracts a significant number of journeys.

(4) Nyboda ostra: Nyboda ostra is an infilling development (C1) and
a good example of a Brownfield redevelopment of a former industrial
area into a residential one. The construction started in 2014 and was
completed by 2024. By the end of the development, 4000 new apart-
ments will be built, and ca. 10,000 new residents will be residing in the
area (Lindgren & Ouertani, 2020). Nyboda ostra had the highest popu-
lation density across all case study areas in 2019 (11,338 inhabitants/
km?). There are 13 bus stops and one light rail stop within the area’s
boundaries. Additionally, there are two major multi-modal PT hubs in
proximity to the urban development: Liljeholmen station, including bus,
metro, and light rail, as well as Arstaberg station, including bus, light
rail, and commuter rail. The area is connected with the city center of
Stockholm with metro and commuter rail by transferring to the afore-
mentioned PT hubs using local bus feeder lines.

(5) Ropsten: Ropsten is a part of the extensive urban development
project of Stockholm’s Royal Seaport area (Norra Djurgérdsstaden), and
it is an extension of Stockholm’s urban space as well (C2/C5). The
construction started in 2011, and by the end of the development phase
(2030), a mix of 12,000 homes will have been constructed alongside
businesses and amenities (35,000 new workplaces) and an international
port (Municipality of Stockholm (Stockholms stad), 2022). In terms of
population density, Ropsten had 5434 inhabitants/km? in 2019, char-
acterized as moderate in comparison with the rest of the selected areas.
The case study area is connected with Stockholm’s city center by metro
and buses, and with the Liding0 island to its east by light rail and buses.
Overall, it contains twenty bus stops and one multi-modal station

(Ropsten station), including metro, light rail, and buses. Next to the
Ropsten multi-modal station, there are parking areas for cars, bicycles,
and micromobility vehicles, facilitating multi-modal transportation and
the ‘park and ride’ concept in the area.

We obtain the socioeconomic characteristics of the selected urban
developments by using open data at the zonal level provided by the
Swedish National Statistics Authority (Statistiska Centralbyran (SCB) (n.
d.). Fig. 3 presents the evolution of key socioeconomic attributes (pop-
ulation, number of households, and number of cars) over the analysis
period.

The urban developments of (2) Barkarbystaden, (4) Nyboda ostra,
and (5) Ropsten see a significant increase in their population as well as
in the number of households. Specifically, the population increased by
56%, 28%, and 32% for the (2), (4), and (5), respectively, compared to
the 4% increase across the entire Stockholm municipality. The de-
velopments of (1) Arenastaden and (3) Campus Albano do not see the
same increasing pace in any of these variables during the analysis
period, given their different development style. Interestingly, the num-
ber of cars increases in the residential urban development areas whereas
it decreases at the Stockholm municipality level. This last evidence can
reflect the results of the Stockholm Agreement related to the promotion
of alternative transportation modes instead of private cars.

Socioeconomic indicators are important for characterizing the
selected urban developments. We choose the indicators of median in-
come and the share of residents with a high standard of living. The latter
refers to the share of people living in households whose economic
standard is twice as high as the national median value. Table 1 presents
the aforementioned indicators for years 2016 and 2019.

In terms of socio-economic indicators, there is an increase in the
median income at the municipality level as well as for all the selected
urban developments. Developments that are situated closer to
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Stockholm’s city center (i.e., Arenastaden, Ropsten, Nyboda ostra) are
characterized by higher median income levels compared to Barkarbys-
taden, which is further away from the city center. Campus Albano is a
special case since it is centrally located but is characterized by a lower
median income level for its surrounding because of its student
population.

4. Results

In the following, we present the results of the crowding contribution
analysis for our diverse set of urban development. We choose the AM
peak (07:00-09:00) since this is the most relevant period for analyzing
congestion effects and, therefore, most relevant for policy making.
Additionally, results related to how demand and PT supply co-changed
during the time period (2016-2019) when the urban developments took
place are also presented.

4.1. Differences in passenger demand

Understanding how passenger demand changed in the selected urban
developments is important for assessing the crowding contributions.
Fig. 4 shows the mean passenger demand traveling from or to each of the
selected urban developments as well as across Region Stockholm.

In the level of the entire region, small differences are noted. During
the AM peak (07:00-09:00) there is an increase of 1.58%, indicating the
overall increase in mobility needs across the Region. However, more
notable differences are observed for the selected urban developments.
Most notably, there is a dramatic increase of 63.4% in passenger demand
from/to the area of (2) Barkarbystaden and an increase of 45.71% in the
passengers traveling from or to (1) Arenastaden during the AM peak.
Moreover, we observe a moderate increase in the demand of 18.15%
(AM peak) related to the urban development in the area of (5) Ropsten.
However, in the cases of (3) Campus Albano, a minor increase is noted
during the AM peak (<1%) and a slightly negative trend in passenger
demand in the case of (4) Nyboda ostra (—7.88%).

4.2. Differences in public transportation supply

There are notable differences in the PT supply offered since the local
PTA anticipated the overall growth in mobility needs in Region
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Stockholm during the corresponding time period. Fig. 5 presents the
mean relative difference (2016 vs 2019) in provided seating capacity at
the network segment level during the AM peak.

Results show that the local PTA has substantially increased the
supply (>40% in provided seats) in the north-south axis with the con-
struction of the Stockholm City Line (Citybanan) tunnel in 2017. Addi-
tionally, we observe a significant increase in provided supply in the bus
network in several corridors in the center of Stockholm. Zooming-in on
the selected urban developments, we notice that in all the cases, the
local PT supply has increased during the analysis period. In the case of
(1) Arenastaden, the increase in the commuter rail supply is accompa-
nied by a substantial increase in the supply of feeder bus lines con-
necting the area with the multi-modal PT hub of Solna. Similarly, in the
case of Barkarbystaden, the substantial increase in the commuter rail
supply jointly with the same increase level in the supply of the local bus
lines connecting to the nearest PT multi-modal hubs (i.e., Akalla ter-
minal metro station). In the case of (3) Campus Albano, the highest in-
crease in the supply concerns the bus segments connecting the area with
nearby PT hubs nearby (e.g., Odenplan). Also, in (4) Nyboda 0stra, there
is an increase in the feeder bus network (up to 20% in provided seats)
connecting the area with the closest PT hubs of Liljeholmen and Arsta-
berg. Last, in (5) Ropsten, the highest increase in the supply includes the
segments connecting the area with the city center (e.g., Odenplan, T-
Centralen). Regarding the area’s connection with the western parts of
Stockholm (Liding0 island), the supply in both the bus and the light rail
increases substantially.

4.3. Network-wide crowding contributions induced by new urban
developments

In this subsection, we present the results of the crowding contribu-
tions induced by the different urban developments (in percentage point
(pp)), which are the outcome of the interaction between changes in
demand and supply discussed in the previous sub-sections (see Eq. (1)).

In the case of the urban development of (1) Arenastaden (see Fig. 6a),
the bus network in direct proximity to the urban development is most
affected. Specifically, the segments belonging to the feeder bus lines
connecting the area to the local multi-modal PT hubs (i.e., Solna, Solna
centrum, and Ulriksdal) experience the highest increase in crowding
contributions of up to 20pp. Additionally, bus network segments in the

Region Stockholm (2) Barkarbystaden
160000 2000 2019 1200 i e 2019
— 2016 1%
140000 4000 1000
ES 2 g
2 120000 3 2
c c £ 800
i 100000 i 3000 §
S 80000 S 5 600 {
8 60000 2 20001/ 8
E E E 400
= = =
40000
1000
200
20000
0 0 0
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Hour Hour Hour
(3) Campus Albano (4) Nyboda ostra (5) Ropsten
2019 -+ 2019 4 e 2019
500 — 2016 400 4 — 2016
2000
v 400 ,\ w «
2 / 2 2
g /\\\ / N g 300 H ]
S / 3 J=\ / £ S 15007
5 300{ / A} / / \ S =l i
= i / A \ = P
o i o o i
i i \\ / \ 5 200 o F
I} i
2 2004 v \ 8 § 1000
€ I \ € £
E} ] E} 5
=z I \ z =z
100
100 500
0 0 0
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Hour Hour Hour
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Fig. 5. Relative difference in public transportation supply (service).

southern part of Stockholm (e.g., segments close to the PT hub of
Stockholms sodra) experience an increase in their crowding contribu-
tions of up to 10pp.

The crowding on-board the commuter rail network is notably
affected by the urban development. Specifically, the segments con-
necting the city center and southern Stockholm with Arenastaden (e.g.,
the multimodal PT hubs of Odenplan, T-Centralen, and Stockholms
sodra) experience increases in crowding contributions ranging from
10pp up to higher than 30pp. In terms of distance from the area’s
centroid, these significant crowding contributions occur at relatively
long distances of up to ca. 7km. Regarding the metro network, notable
increases in crowding contributions of up to 10pp are observed in seg-
ments connecting the city center with the hub of Odenplan (e.g., T-
Centralen to Odenplan through Radmansgatan). In the light rail
network, some small reductions in the crowding contributions are
observed in segments close to the Arenastaden area (e.g., Solna centrum
to Solna).

Fig. 6b shows the average differences of the crowding contributions
from the urban development on a network-wide level during the AM
peak for the (2) Barkarbystaden case. In this case, as in (1) Arenastaden,
the feeder bus network connecting the area with local multi-modal PT
hubs (e.g., Barkarby, Jacobsberg, Akalla) is substantially affected by the
urban development. The commuter rail provides a fast and high-
capacity connection between the area and the city of Stockholm. A
notable effect (a 10pp increase in the crowding contribution) is observed
in the inbound direction of the commuter rail towards the city center
and the hubs of Sundbyberg and Odenplan (ca. 10km far from the area).

In the case of (3) Campus Albano, the local bus network (up to ca.
1km from the area’s centroid) is primarily affected. Specifically, the
segments heading from the closest PT hubs of Odenplan and Tekniska
hogskolan to the Campus Albano see a crowding contribution increase of
up to 10pp and 30pp, respectively. This is expected since this area

attracts demand during the morning peak period. The rest of the
network, including all the rail-based modes, experiences insignificant
changes due to the development of (3) Campus Albano.

Similar to (3) Campus Albano, also in the case of (4) Nyboda ostra,
important crowding contributions are mainly limited to the local bus
network (up to ca. 0.5km from the area’s centroid). Specifically, the
local feeder bus network is mainly affected by an increase in crowding
contributions of up to 5pp. The most affected segments are connectors
between the two local PT hubs of i\rstaberg (bus, commuter rail, light
rail) and Liljeholmen (bus, metro, light rail in proximity). The rest of the
PT network does not show any significant changes in terms of crowding
contributions.

In the case of the larger-scale development in the (5) Ropsten area,
both local and non-local crowding contributions are observed. Fig. 6¢
presents the network-wide crowding contribution differences induced
by the urban development in Ropsten. Results indicate substantial in-
creases in crowding contributions in the bus network (local and non-
local). The inbound segments heading towards Stockholm’s city center
(e.g., segments connecting to the multi-modal PT hubs of Tekniska
hogskolan and Odenplan as well as to the Vasagatan stop) experience the
largest differences in crowding contributions. Similarly, segments to-
wards the seaport (e.g., to Malmvagen stop), as well as segments located
on the nearby island of Lidingo (e.g., Kvarnen and Kottla station stops),
see a significant increase in crowding contributions. Specifically, these
segments experience an increase of on-board crowding contribution of
up to 20pp and 40pp. Most increases in crowding contributions are
observed within a distance of up to ca. 4.5km from the area’s centroid.

Regarding the metro network, an increase of up to 10pp is observed
in the segments connecting the area with Stockholm’s city center (all
metro segments between Ropsten and T-Centralen). The rest of the
metro network seems to be unaffected. Many light rail segments indicate
a slight decrease of up to —10pp in the crowding contributions (e.g.,
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Fig. 6. Network-wide crowding contribution differences induced by the urban
developments: (a) Arenastaden, (b) Barkarbystaden, and (c) Ropsten.

segments from Ropsten to Gashaga brygga in the east). Last, as expected,
the commuter rail network is not affected, given its relative remoteness
from this urban development.

5. Discussion

Our findings highlight that different categories (C) of urban devel-
opment result in different crowding effects in the PT network. Charac-
teristics such as the type of urban development (e.g., residential/
industrial/mixed), size, location (e.g., central/peripheral), proximity to
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high-capacity PT modes, the presence of other transportation alterna-
tives as well as the local socioeconomic characteristics are key factors
when assessing network-wide PT crowding contributions.

The urban development’s category (C) concerning local land use is
key in influencing its crowding contributions in the PT network. Pro-
moting mixed-land uses is related to the prevalence of non-motorized
trips (Cervero, 1996). For example, infilling, extension, and linear (C1,
C2/C3) urban developments with mixed land uses (e.g., residential-
business) such as (1) Arenastaden, and (2) Barkarbystaden can have
significant crowding contributions to the local PT network (e.g., up to
20pp, see Fig. 6a, b) as well as to the non-local network (e.g., distances
higher than 7km) given the important incoming and outgoing passenger
flows associated with these areas. In this case, PT supply provision
should cater for both types of flows so that PT is a competitive mode. The
positive impact of mixed land use on PT ridership is consistent with the
literature, such as in the study from Jun et al. (2015). It is important to
highlight that mixed land use may offer more opportunities for active
transportation as well, thereby significantly restricting car use (Buehler,
2011).

For infilling developments (C1) with a single dominant land use (e.g.,
(4) Nyboda ostra, residential development), the network-wide crowding
contributions are limited compared to mixed developments (e.g., up to
5pp) and primarily local (distances up to ca. 1km). In this case, the size
of the development is important, as well as the composition of the local
modal split. Moreover, extension and large-scale urban developments
(C2/C5) with mixed land use (e.g., (5) Ropsten) can result in high
network-wide crowding contributions (e.g., up to 40pp, see Fig. 6¢) to
the local bus network as well as significant non-local crowding contri-
butions (e.g., up to 20pp). Last, more special infilling and extension
urban developments (C1/C2), such as a construction of a new university
campus (e.g., (3) Campus Albano) can result in primarily local network-
wide crowding contributions (distances up to ca. 1km). The existence of
universities is found to be positively related to increased PT ridership in
the PT network in their vicinity (Choi et al., 2012). It is important to
mention that in the case of infilling and extension urban development
(C1/C2) (in proximity to PT hubs and the city center), other transport
alternatives (e.g., walking, cycling, micromobility) can play an impor-
tant role in catering to the local mobility needs, especially when young
people (e.g., university students) represent a significant portion of the
attracted total demand (Ek et al., 2021).

The proximity to a high-capacity mode (e.g., metro, commuter rail)
can significantly affect ridership levels and, therefore, network-wide
crowding contributions level as well as their spatial extent. In this di-
rection, relevant research reveals that coverage of rail-based modes is
associated with a significant increase in PT patronage (Ingvardson &
Nielsen, 2018). Our analysis reveals that mixed urban developments
with proximity to a high-capacity mode, regardless of their category (C),
can have more prominent non-local crowding contributions (e.g., (1)
Arenastaden, (2) Barkarbystaden, (5) Ropsten) compared to urban de-
velopments without direct access (e.g., (3) Campus Albano). However,
strictly residential developments with access to high-capacity modes (e.
g., (4) Nyboda ostra) may not have prominent contributions to the PT
network due to their potential lower passenger demand volumes.
Moreover, the presence of micro-mobility options, such as shared bi-
cycles and e-scooters, may affect PT patronage and, therefore, crowding
contributions. Specifically, Fishman (2015) mentions that commuting is
the most common trip purpose for shared bicycle users, indicating a
potential lower PT share for areas with a higher presence of shared bi-
cycle systems. In the same direction, Jayawardhena et al. (2025) report
that shared bicycles and e-scooters may complement rail-based PT
journeys, but they both tend to compete with buses. These indications
may partially explain the lower PT patronage for areas with bus
dependence (e.g., (3) Campus Albano, (4) Nyboda ostra). However,
more systematic analysis involving other modes, such as shared bicycles
and e-scooters, is needed to underpin this relation.

The size of a new urban development (e.g., in terms of new residents,
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provided workplaces, retail areas) directly relates to increased PT
patronage and crowding contributions in the PT network (Guerra &
Cervero, 2011). For example, developments with a high number of
constructed dwelling units (e.g., (2) Barkarbystaden, (5) Ropsten) or a
high number of new workplaces (e.g., (1) Arenastaden, (5) Ropsten) or a
combination thereof (e.g., (5) Ropsten) exhibit higher levels of crowding
contributions compared to relatively smaller urban developments (e.g.,
(3) Campus Albano, (4) Nyboda ostra) regardless of their category (C).
Past research suggests that population density is positively associated
with PT patronage (Mattson, 2020). While some of the selected urban
developments confirm with this finding (e.g., (5) Ropsten), other urban
developments with a relatively high population density (e.g., (3)
Campus Albano, (4) Nyboda ostra) do not align with the anticipated
relation between population density and PT use. This finding highlights
the complexity of designing PT services in relation to newly developed
areas, given the existence of many underlying factors affecting PT de-
mand, as described in this section.

The local socioeconomic characteristics (e.g., number of cars, income
level) are important determinants of the local modal split and, therefore,
relevant for PT crowding contributions induced by a new urban devel-
opment. An increase in the population is usually associated with higher
use of PT (D. Zhang & Wang, 2014), given the sufficient tuning (in-
crease) of the local PT supply, and thereby higher crowding contribu-
tions. In our study, there are examples confirming this anticipation such
as the ones of an extension-linear development (C2/C3) (e.g., (2) Bar-
karbystaden) and an extension-large scale project (C2/C5) (e.g., (5)
Ropsten). In these case studies, the significant increase in the population
(56% and 32% respectively) was followed by a significant increase in PT
use (46% and 18% during the AM peak, respectively). However, in
another case study of an infilling development (C1) ((4) Nyboda ostra)
in terms of population increase (28%), the PT demand followed the
opposite trend (decrease of 8% during the AM peak, see Fig. 4).

At this point, it is sensible to involve more socioeconomic charac-
teristics in interpreting this difference, such as income level and the
number of cars. Income level is considered as a ‘background factor’
affecting PT patronage, compared to other factors such as fare price and
PT service quality. In addition, income level is a key determinant of car
ownership level, and, therefore, it can negatively affect PT demand as a
secondary effect (Paulley et al., 2006). In the case of an infilling
development (C1) with high income level (e.g., (4) Nyboda 0stra), pri-
vate car ownership can follow a similar trend (Lebrand & Theopile,
2022). However, there are cases of urban developments with high-
income levels (e.g., (5) Ropsten) where there is high PT use (D. Zhang
& Wang, 2014). The latter implies that well-designed PT can make
private cars a less attractive mode. Urban developments with lower in-
come levels (e.g., (3) Barkarbystaden) can increase their dependence on
the PT (Bondemark et al., 2021; Paulley et al., 2006). Last, the overall
economic equality in terms of employment and GDP levels in a city is
associated with higher PT patronage and vice versa (Ingvardson &
Nielsen, 2018).

It is important to mention that apart from the abovementioned
characteristics that can define passenger demand and crowding,
crowding per se can impact PT demand due to its inherent discomfort to
every passenger. PT planners should consider passengers’ propensity to
use PT given the new crowding conditions defined by newly developed
areas. Metrics such as the average number of PT journeys per person before
and during/after a new urban development can assist in evaluating how
crowding affects PT patronage. In this study, passengers’ propensity to
use PT did not decrease due to the crowding induced by the selected
categories of urban development (the only decrease, a minor one, is
observed for the Nyboda ostra urban development). Last, in other
selected urban developments, this insight may assist in designing PT
supply from/to newly developed areas accounting for the effect of
crowding when modeling existing (or new) services.
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6. Conclusions

Demand predictions of the ex-ante PT planning can sometimes be
unreliable, given the differences that have been observed between the
original planning and reality. In particular, Nguyen et al. (2020)
mention that incorrect demand level can be predicted when on-board
crowding is not integrated in the ex-ante demand forecast, given that
a higher level of PT on-board crowding can affect its attractiveness and
therefore passengers’ mode choices. Moreover, Skartland (2023) high-
lights that different land-use configurations may respond differently to
PT planning. In this sense, ex-post evaluation can complement the ex-
ante PT planning for new urban developments by calibrating the fore-
casting model and, therefore, assist in eliminating potential mismatch of
new urban development needs and provided PT services. It is, therefore,
of utmost importance that ex-post evaluation is included in the political
agenda related to PT investments. Several countries, such as the United
Kingdom and France, have incorporated the ex-post evaluation in
transportation investments by enacting relevant legislation
(International Transport Forum (ITF), 2017).

The approach proposed in this study is designed to bridge the above-
mentioned gaps by serving as an auxiliary tool for PTAs and operators in
supporting their ex-ante planning of PT services related to new urban
developments. Moreover, the network-wide perspective adopted by the
proposed method can assist in identifying non-local, and potentially
unexpected and secondary, effects in the system, thereby identifying
potential crowding contributions throughout the PT network. In addi-
tion, our approach can assist in policy-making related to the placement
of new urban developments as well as dimensioning the PT supply
tuning as described in the subsequent paragraphs. We apply our method
to a diverse set of urban developments that took place in the greater
Stockholm area during 2016-2019. In the selection of the urban de-
velopments, we deliberately include development categories (C) with
diverse characteristics in terms of their type (e.g., residential/business/
industrial/mixed), size, location (e.g., central/peripheral), proximity to
a high-capacity PT connection as well as local socioeconomic
characteristics.

New land-use planning configurations can have a different crowding
effect on the PT system. However, ex-post evaluations are usually not
carried out to complement the common ex-ante planning. To this end,
we propose a method, entirely based on smart card data, able to assess
the network-wide crowding contributions as induced by a newly
developed area. We account for urban developments with diverse
characteristics in terms of type, size, location, proximity to a high-
capacity PT connection as well as socioeconomic characteristics. Our
results support that the size and the type of newly developed areas are
crucial factors towards shaping the network-wide crowding effect.
However, socioeconomic characteristics such as income and car
ownership level may shape a twofold network-wide crowding effect.
Similarly, population density is found to have an inconclusive effect on
PT utilization. Capacity provision, and especially proximity to a high-
capacity connection, is a key in shaping the demand in newly devel-
oped areas as well as defining the geographical extent of the induced
crowding effect. However, the existence of supportive transportation
modes (e.g., shared bicycles, e-scooters) may complement or compete
with PT. Last, concerning the abovementioned insight, our study can
guide policy-making related to the placement of future urban de-
velopments as well as supply (service) dimensioning for newly devel-
oped areas accounting for the resulting crowding effect.
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