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SOCIAL SCIENCE

Examining spatio-temporal mobility patterns of bike-sharing systems: the case
of BiciMAD (Madrid)
Ruben Talavera-Garcia , Gustavo Romanillos and Daniela Arias-Molinares

tGIS Research Group, Complutense University of Madrid, Madrid, Spain

ABSTRACT
Over the past decades, Bike-Sharing Systems have been implemented in hundreds of cities all
around the world. During this time, numerous academic studies have been published with
analyses from different perspectives. The aim of this study is to build upon this research by
bringing together a spatial and a temporal analysis of the cycling flow of BiciMAD, the
Madrid Bike-Sharing System. By combining over 21 million GPS records and various maps
the study visually explores cycling mobility patterns across the city on three different
temporal scales: over the course of the day, during working days or weekends and over the
course of a whole year to provide a better understanding of the season-dependent demand.
The study also reveals the most important flows between origin-destination pairs and
uncovers the radically different spatio-temporal travel patterns of frequent users and
occasional users.
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1. Introduction

Since their introduction in Amsterdam (1965), Bike-
Sharing Systems (BSS) have been rapidly growing
around the world, to a reported number of 1,286
schemes with more than 3 million bicycles in over
50 countries and 500 cities (Pucher & Buehler,
2017). Several factors have helped, including changes
in legislation, the implementation of policies and
cycling infrastructure, and technological advances in
batteries that allow cheap electric powered bicycles
(e-bikes) that provide a broader range of movement
and more comfortable usage in hot weather and chan-
ging topography (Weinert et al., 2007). With the
spread of these BSSs, the scientific literature has also
raised a wide variety of topics, such as the use of
cycling infrastructure, safety issues, modelling frame-
works, the analysis of demand and cycling flow,
bicycle modal integration, public policy and cycling
behaviour, preferences and travel patterns.

One of the most well-developed research lines has
focused on the analysis of travel times and the length
of cyclists’ routes in BSSs. Some findings have shown
that cycling movements are not well balanced and
different behaviours are associated with the length of
trips (Moncayo-Martinez & Ramirez-Nafarrate,
2016). Shorter trips tend to be concentrated in the
city centre and seem to better complement public
transport, while longer trips are more focused on

streets with cycle tracks, decreasing their complemen-
tarity effect with other modes (Levy et al., 2019).

Another research line has analysed the cycling flow
generated by Bike-Sharing Systems, with different
approaches. Some studies have examined the activity
over time with the aim of identifying trends (Borgnat
et al., 2013; O’Brien et al., 2014; Zaltz Austwick et al.,
2013). A similar study carried out by Purnama (2018)
analysed bicycle travel patterns in New York and
London and observed that there were differences as
well as similarities in temporal correlation level
between the riding behaviour of BSS users and the
hour of the day, day of the week, season, and
local weather. Other research has analysed the
imbalances produced by the different levels of attrac-
tion and generation of trips at the BSS stations (Good-
man & Cheshire, 2014), recommending additional
redistribution approaches (Raviv et al., 2013; Shu
et al., 2013).

Furthermore, a recently explored topic is studying
the spatial dimension of cycling mobility, especially
now that BSS have collected a great amount of time
and location data, which enables the study of travel
behaviour and mobility at an individual level (Beec-
ham & Wood, 2014). The research carried out by
Romanillos and Zaltz Austwick (2016) gathered, visu-
alised and analysed volunteer cyclists’ routes and the
distribution of cycling flow across Madrid’s urban
street network. Another example is the research
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carried out by Romanillos et al. (2018), whose results
revealed the different spatial cycling patterns of
frequent and occasional users. Factors related to street
network properties (such as slope, motor traffic speed
or density of traffic lights and intersections), to the trip
(such as the purpose of the journey) or the cyclist
(such as gender or age) were shown to have great
impact on cyclists’ speed, in a later study based on a
detailed analysis of the GPS tracks (Romanillos &
Gutiérrez, 2019). Even a comparative analysis of
different transport modes was carried out, showing
that cycling was the most competitive transport
mode for small-medium distances (under 21 min in
length for Madrid).

From all the summarised research lines related to
BBS, our analysis is particularly focused on a spatial
and a temporal analysis of the cycling flow of Bici-
MAD, the Madrid Bike-Sharing System. The study
analyses cycling flow at three different temporal scales:
over the course of the day (trips aggregated per hour),
during working days or weekends, as well as over the
course of a whole year, to provide a better understand-
ing of the different demand according to the different
seasons, which is relevant in a city like Madrid where
the weather changes so much during the course of the
year. Moreover, this research visualises the cycling
flow between stations during working days and over
the weekend, highlighting the most important flows
between origin-destination pairs. Finally, all these ana-
lyses have been carried out considering two types of
users: frequent users and occasional users. The study
reveals the radically different spatio-temporal travel
patterns of both groups. The ultimate goal of this
paper is to increase the understanding of BSS travel
behaviour and to provide information for planners
and decision-making actors to respond efficiently to
this growing cycling demand.

2. Case study, data and methodology

2.1. Case study

The analysis is focused on the cycling flow of Bici-
MAD, the Madrid Bike-Sharing System. BiciMAD
started operating in June 2014, with 1,560 bikes and
123 docking stations. Although the system is currently
growing, with a second expansion phase taking place
in 2019, and will soon have 214 stations and 2,496
bicycles, during the period of time of our data sample
(2018), the system was operating with 2,078 bikes and
172 stations, covering the inner-central area of
Madrid, with nearly 850,000 inhabitants, and with
approximately 10 million tourists in 2018. Due to
the growing activity of BiciMAD over the past years,
a third phase is meant to take place and the system
will have over 4,000 bicycles and 350 bike stations
(Lantiga, 2017).

This study particularly analyses the different spatio-
temporal patterns of two groups of cyclists that corre-
spond to the two types of BiciMAD users regarding
subscription to the system: frequent users and
occasional users. Frequent users buy an annual mem-
bership (25€ in 2018), and then pay 0.50 € for trips
with a duration of less than half an hour. Cyclists
are additionally charged when riding longer, but
always getting lower rental prices than occasional
users. Occasional users can obtain a free card for 1,
3 or 5 days, and only pay for the trips completed
during these days.

Different characteristics of Madrid and its particu-
lar Bike-Sharing System have to be considered when
analysing the results of this study and especially
when comparing the results with other BSS travel pat-
terns. In the city of Madrid, it is important to take into
account that the weather varies quite dramatically
throughout the year, with temperatures commonly
over 30°C in summer and close to 0°C in winter.
This could explain a potential seasonality in the use
of the system. Another important factor that could
affect cycling flows is the topography of the city, due
to the presence of hilly streets close to the river and
the constant north–south slope of the city. When it
comes to the Madrid Bike-Sharing System, it is rel-
evant to highlight that BiciMAD comprises almost
all the features of a fourth-generation scheme, such
as: travel card integrated with other public transpor-
tation modes (underground and bus), incentivizing
user-based redistribution with a 20% trip cost
reduction if returned to an empty station, bicycle
tracking (GPS, RFID), state-of-the-art docking
stations (solar power, touchscreen kiosks) and online
apps offering information, such as online maps and
the real-time availability of bikes at stations (Buehler
& Pucher, 2011; Midgley, 2011; Munkácsy & Monzón,
2017; Shaheen et al., 2010). Finally and most impor-
tantly, it has to be taken into account that all BiciMAD
bikes are electric power-assisted bicycles (with an elec-
tric pedal assistance up to 25 km per hour).

2.2. Data

BiciMAD’s data analysed in this research has been col-
lected by the Municipal Transport Company (EMT),
which is responsible for the management of the BSS.
The datasets are publicly available at no cost, through
the Municipality’s open data portal called ‘Catálogo
de datos’. This website has a usage policy that allows
any person to access data and use it for different
studies. Each BiciMAD bicycle has a GPS tracker
that records its location every 75 s on average. The
data set was gathered for one year from September
2017 to September 2018. In this period, 21,460,814
GPS records were collected for a total of 3,737,173
routes, of which 308,695 routes were identified as
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redistribution tasks of bicycles by the system manage-
ment. Each of these records contains information on
both the origin and the destination stations and
docks, type of users ( frequent user, occasional user,
employee and unknown user), age (in ranges, to anon-
ymize the user’s information), the duration of the
journey and the timestamp of the beginning of the
journey (at one-hour intervals).

The location and description of the BSS stations,
again provided by EMT open data, has also been
incorporated to the analysis. From the total number
of stations that make up the BSS (173 in the period
of time studied), those having different IDs but a simi-
lar location (side-by-side) have been grouped together
as one, then all the corresponding information has
been added accordingly. Thus, a total of 163 stations
are included in the analysis. Additionally, the Map
includes a background composed of cadastral plots
provided by the Spanish Cadastral Electronic Site
and the Manzanares River layer from OpenStreetMap
(OpenStreetMap contributors, 2020).

2.3. Methodology

The methodology included three phases: data recollec-
tion, process and analysis and lastly presenting results.
Firstly, the JSON files were downloaded from the open
data website of EMT (https://opendata.emtmadrid.es/
Home). These files were processed with Python to dis-
aggregate timestamp information into new attributes:
year, month, week number, day of week and time of
day, and then imported into MongoDB (a free and
open non-relational database software). Once the
BSS data for all the research period was stored in Mon-
goDB, the information at node level (stations) was
exported into multiple GEOJSON files to make the
information manageable. Then, using the open GIS
software QGIS, GEOJSON files were exported to Post-
greSQL (a relational database) in order to apply
location queries through the spatial database extender
PostGIS.

Two different categories were set according to the
weekday information provided in each record. The
first category corresponds to the trips that take place
on a working day, from Monday to Thursday, but
excluding public holidays. The second category covers
weekend trips and trips that take place on public holi-
days. As a particularity of Madrid, it is common that
many industries, companies and sectors stop working
relatively earlier on Fridays, showing a completely
different temporal pattern. That is the reason why
trips made on Fridays are excluded as they are con-
sidered days of transition whose spatio-temporal
dynamics could distort the dynamics of the rest of
the days. Additionally, we focus on the analysis of
the two provided profiles, frequent users and
occasional users.

Taken together, these two profiles and two cat-
egories allow us to analyse comparatively the spatial
and temporal patterns of BSS users. To this aim, we
first grouped BSS records by months to analyse the
annual distribution of trips according to the different
types of users and weekday categories. Secondly, BSS
records were grouped by the time of day to show tem-
poral distribution of trips over the course of the day.
Finally, the records were grouped according to the ori-
gin and destination stations in order to obtain the
spatial dynamics of the types of users and weekday cat-
egories. Then, to illustrate the existing spatial dynamic
between origins and destinations on the MainMap, we
created the flow lines using a SQL query that joins geo-
graphic information of BSS stations and the flow
weights (average number of trips per day) based on
the BSS station ID. In this case, to avoid zero-length
lines, the flow line was only drawn when the station
ID of origin and destination were different.

The flow maps, illustrated in the Main Map, allow
us to see the most frequent trips according to type of
users and weekday categories. In addition, we include
the number of arrivals and departures for each station,
which shows the relevance of each station over the
whole BSS and, in consequence, a better understand-
ing of the BiciMAD users’ travel patterns.

3. Results and main map

The results obtained show the different temporal and
spatial dynamics in the use of BiciMAD according to
the type of user (frequent or occasional) and weekday
categories (working days and, weekend and holiday).
Table 1 shows remarkable differences in the average
time of use of BSS between frequent users and
occasional users.

The distribution of trips for occasional users is irre-
gular throughout the year (Figure 1), taking its maxi-
mum values in summer months (July to September)
whereas occasional user trips are less relevant in
autumn and winter months. The use of the system
by potential tourists during these months could be
an explanation. When it comes to the trips of frequent

Table 1. General statistics about trips per type of user and
weekday categories.

Trips
Avg. time

(s)
Avg. time
(min) Count

Total trips 938 15.63 3,428,402
User type: frequent 902 15.03 3,324,181
User type: occasional 2,568 42.81 60,098
Working day trips (Friday
exc.)

889 14.82 2,079,704

Working day frequent users 866 14.43 2,031,780
Working day occasional
users

2,485 41.42 22,917

Weekend and holidays 1,068 17.80 835,999
Weekend frequent users 998 16.63 792,360
Weekend occasional users 2645 44.08 29,763
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users, we can identify a clear seasonality, with higher
demand between April and October, during the
warm seasons, and a decrease during autumn and
winter. August is an outlier in this trend due to the
fact that a large percentage of local residents leave
the city to spend their holidays abroad.

Figure 2 shows the distribution of trips in the course
of a day. The figure reveals different patterns according
to the type of users and type of day. Occasional users
maintain a similar distribution of trips over the course
of the day, with a peak in the noon and afternoon (11
am to 6 pm). Nevertheless, the distribution of trips
for frequent users shows clear differences. In working
days, there are three peaks with high percentage of
trips; in the morning, in the afternoon and in the eve-
ning. These peaks correspond to commuting trips.
On weekends and holidays, the distribution changes,
showing no peak hour in the morning but with a

remarkable increase of trips at midnight, probably
associated to nightlife leisure activities and the fact
that certain public transport services shut down at
night, such as the underground.

The Main Map illustrates the OD cycling trips from
the activity of Madrid BSS, providing an overall view
of the cycling footprint and its extension across the
city. That allows us to analyse different aspects of
the spatial use of the BSS.

One of these aspects to analyse was the potential
impact of the topography of the city. The elevation
of the city decreases from north to south, being the
areas closest to the river the ones with the lowest
elevation and the highest presence of hilly streets.
This could affect cycling flow making it asymmetrical,
with a higher number of users cycling downhill
towards the south, an imbalance already detected in
cities like Barcelona (Faghih-Imani et al., 2017).

Figure 1. Distribution of trips throughout the year.

Figure 2. Distribution of trips in the course of a day.
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However, although the map shows some important
flow lines with orientation north–south, the secondary
maps show that cycling flow is mainly balanced when
considering direction (Axis A in frequent users on
working days, and axes A, B, C, D and E in frequent
users on weekends, and the corresponding ones
when considering occasional users). One of the factors
that could explain this fact could be that all BiciMAD
bikes are e-bikes, which means that cyclists do not
need to make an extra effort when going uphill.

Another general question to analyse is the inte-
gration of the BSS with the global transportation net-
work. A visual analysis of the map reveals the
importance of the flow lines with origin and destina-
tion in some relevant transportation hubs such as Ato-
cha train station or Moncloa bus station (Axes D, E
and F, in frequent users, working days, and axis E in
occasional users, over the weekend). However, the
integration of BiciMAD with other transport modes
such as underground or bus is difficult to unveil,
since the network is more distributed across the city.

Other aspects to analyse are related to the different
cycling flow generated by frequent and occasional
users, on working days and on weekends. At a first
glance, frequent users’ cycling flow is sprawled, cover-
ing more areas than that of occasional users who
usually concentrate their trips in the more touristic
zones (e.g. the city centre with the Royal Palace,
Gran Vía, Puerta del Sol, Puerta de Alcalá and Retiro
Park, and other surroundings). Another general differ-
ence is that on working days, bicycle trips are more
equally distributed as people travel for different pur-
poses (work, study, shopping, recreation, etc.) while
on weekends, they tend to visit specific places (mostly
recreational and leisure), which is why certain axes
appear more clearly highlighted, like the north–
south axis (Bravo Murillo and San Bernardo streets)
or the east–west axis (Mayor and Alcalá streets). In
the two weekday categories, the east–west axis is high-
lighted, showing its importance for cyclists, especially
nowadays with the Madrid Central public policy,
which is greatly promoting active modes in the city
centre.

Regarding frequent users, it is noticed that cycling
flow grows on working days around the north districts
of Madrid, which are prominently work sites. Instead,
on weekends they tend to travel more in the north–
south axis, which connects northern residential
zones with southern entertainment and touristic
places (city centre). Another tendency shown is that
frequent users on weekends mostly travel to mid-cen-
tral Madrid, instead of the city centre, which is more
attractive for tourists (occasional users). The mid-cen-
tral zones are covered with specialised retail and res-
taurants are abundant. Most frequent users’ trips on
working days are made in the late spring-beginning
of summer season (July) and September, with a

decreased number around the winter months. The
time of the day with the highest number of cyclists
are peak hours from 8–9 h and from 18–19 h. On
weekends most trips are made in September and Octo-
ber (autumn season) with a downsized number of trips
in August, which could be related to the summer
period, when most Madrilenians go on vacations out
of the city. When comparing the graphs of working
days and weekends, there is an increase in the use of
bicycles for the early hours (from 23–2 h) at weekends,
which could be related to night life activities.

As regards occasional users, we can notice, at a first
glance, that movements are concentrated in the city
centre where the most visited places are located (e.g.
the Royal Palace, Puerta del Sol, etc.). Additionally,
bicycle trips on weekends cover a more extended
area than on working days, with users travelling up
to more northern zones (e.g. Santiago Bernabeu Sta-
dium). Moreover, a strong connection between
important green recreational spaces is observed
between Casa Campo (northwest area) and Matadero
Hub-Madrid Rio (southeast area) on both working
days and weekends, which supports (Zhou, 2015),
who also reported that people are willing to bike
longer if the urban environment is safe and encoura-
ging. Occasional users mostly travel on bicycles from
July to September (as expected for the summer sea-
son). On working days, most trips are made from
12–18 h decreasing at night. May and summer season
(warm periods) are the most attractive for occasional
users, and time periods are similar to the working
days, with peaks in the afternoon from 12–18 h.
Unlike frequent users, occasional users do not tend
to use bicycles as much in the early morning hours
(nightlife) and this may be caused by the fact that
they do not know the city well enough to take the
risk of cycling at night.

4. Conclusions

This study explores the spatial and temporal travel
behaviour of frequent and occasional cyclists in Bici-
MAD. Results show that attractive visiting spots and
OD trip matrices drastically change according to the
type of user and to the time, day or season, specifically.
Frequent users have more sprawled travel patterns
than occasional users, due to diverse travel purposes
(frequent users mostly for study/work purposes and
occasional users mostly for recreational ones). The
use of the system by both frequent and occasional
users reveals a clear seasonality, with a higher demand
in the warmer months, between April and September.
In the case of occasional users, seasonality is more dra-
matic probably because an important percentage of
them are tourists. This changing and dynamic behav-
iour suggests the need to specifically consider every
time period and location, when implementing new
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public policies. Limitations of this study include the
fact that it focuses on the mere description of spatio-
temporal patterns, although we think is the first step
to comprehend urban cycling dynamics in Madrid.
However, further research could include other per-
spectives as modelling this spatio-temporal patterns
or including other modes of transportation to see if
this dynamic travel behaviour stands or differs across
different transport modes, especially those newly-aris-
ing forms of mobility (scooter-sharing and moto-shar-
ing schemes).

Software

PostgreSQL 11 (a free and open-source relational
database management system) and PostGIS (a free
and open-source software that allows PostgreSQL to
support geographic objects) were used to process
and store JSON information, and to create OD matrix
lines. The preliminary maps were created with QGIS
3.6 (a free and open-source cross-platform desktop
geographic information system application). Inkscape
(a free and open-source vector graphics editor) was
used to produce the final map.
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