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Abstract: The city of Valparaiso, Chile, faces significant mobility challenges due to its steep
slopes, complex urban infrastructure, and socioeconomic conditions. In this direction, this
study explores the potential promotion of E-bike uses by identifying the optimal routes
that connect metro stations to strategic hilltop streets in the city. A hybrid methodology
combining a multicriteria GIS-based analysis and an experimental study was used to
evaluate potential routes and the possibility of increasing the power limitations for non-
motorized mobility in Chile. Fifteen routes were assessed based on criteria including the
slope, traffic safety, directionality, intersections, and travel distance. The results indicate
that routes such as Cumming from Puerto and Bellavista stand out as the most viable
for e-bike use given their favorable characteristics. The experimental study revealed that
higher-powered E-bikes (500 W and 750 W) would be more able to overcome the steep
slopes of Valparaiso, with an average speed of 5.36 km/h and 9.52 km/h on routes with
a 10.88% average slope. These findings challenge the current regulatory limit of 250 W
for non-motorized vehicles in Chile, highlighting the potential benefits of increasing their
power limits to enhance sustainable mobility in the hilly urban contexts of this country.
This study highlights the need to adapt urban mobility policies to the unique topographical
conditions of each city. Future research should build upon more experimental studies,
develop specific street-scale analyses using audit methods, incorporate climate-related
variables, and evaluate the economic viability of e-bike infrastructure. Addressing these
aspects could position Valparaiso as a leading example of sustainable urban mobility for
cities facing comparable challenges.

Keywords: E-bikes; multicriteria analysis; experimental study; optimal routes; Valparaiso;
Chile
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1. Introduction

Great challenges lie ahead for cities around the world in integrating electric mobility
(e-mobility), especially non-motorized solutions, into their urban dynamics. Some reasons
for this relate to the higher speed of these modes, the lack of license requirements, and the
constructive norms for cycleways, which are usually related to mechanic or regular bicycles’
limitations. In this manner, studies developed by Niemann et al. [1] and Uluk et al. [2]
evidence the growing accidents in urban environments involving e-mobility devices, also
known as Electric Personal Mobility Devices (ePMDs).

Another important issue is that there is discussion in different countries about the
power limits for non-motorized vehicles that do not require a specific driving license. In
Germany and the Netherlands, for example, the law allows the use of E-bikes with motors
of up to 250 watts and a maximum speed of 25 km/h without a specific driving license [3,4].
In the United States of America (USA), most states do not require a driving license for
E-bikes with motors that do not exceed 750 watts and with a maximum speed of 45 km/h
considering that they are pedal-assisted [5]. In some parts of Canada, for example, British
Columbia, they allow the use of E-bikes with a maximum motor power of 500 watts that
reaches up to 32 km/h without a driving license [6]. In Brazil, the maximum motor power
and speed should not exceed 350 watts and 25 km/h [7].

In Chile, the regulation allows one to use an E-bike with a motor power of up to
250 watts with a maximum speed of 25 km/h without the need for a driving license. In
this regard, it is important to understand that these E-bike characteristics generate limiting
conditions that justify the implementation of road signs related to bicycle or E-bike use or
specific cycleways in certain areas. For example, defining bicycle paths (whether shared
with other modes or physically separated) is allowed and justified in sections with a
maximum longitudinal slope of 6% [8]. In the city of Valparaiso, Chile, the normative
slope criterion is a key barrier to the development of cycle-inclusive projects, although
there is evidence of cyclists in regular and electric modes riding within the city and its
surroundings [9,10].

As a starting point, it is important to understand the urban context of Valparaiso. As
shown in Figure 1, most of the streets on the hills of this city, where approximately 94%
of the population resides [11], present an average slope higher than 6%. Specifically, in
Valparaiso, 57.29% of streets, representing 25.65 km?, have slopes higher than 6%. The
plain part of the city is the central business district, where most jobs are concentrated, and
is mostly dedicated to commerce, education, health, and other services.
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Figure 1. Slope map of the city of Valparaiso, indicating areas with slopes greater than and less than
6%. Source: elaborated by the authors.
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In addition, it is a city with a complex urban infrastructure in the hills, with narrow
streets, inadequate maintenance of the streets and sidewalks, inadequate use of public
spaces, damaged street signs, and other problems. For example, in Figure 2a,b, it is possible
to observe the use of both sides of the street for parking, which is not allowed and reduces
mobility space significantly, while Figure 2c shows the extensive use of the street for parking
and a pothole on the street.

(a)

(b) (©)

Figure 2. Conditions of the streets in Valparaiso. (a) Templeman Street, between Lautaro Rosas and
San Enrique, heading north; (b) Templeman, between Lautaro Rosas and San Enrique, heading south;
(c) Urriola. Date: 25 April 2024. Source: elaborated by the authors.

Concerning the mobility context in Valparaiso, Fernandes and Tirado [12] indicate
that the higher income of the population relates negatively to sustainable mobility patterns.
Complementary to this, Aprigliano et al. [13] conclude that accessibility to work via public
and private transportation is related to sociodemographic factors, such as household
size, education, age, gender, and income. On the other hand, accessibility to leisure
activities using all modes in Valparaiso is mostly influenced by urban factors, such as the
street design, level of mixed land use, street safety, and distance to public transport stops
and stations [13]. Interestingly, for both accessibility purposes mentioned, besides the
previously noted influencing factors, the slope of the streets presented negative effects on
non-motorized mobility [13]. Therefore, considering the complex urban structure of the
city, which complicates the implementation of large-scale public transportation systems,
and the socioeconomic inequality of the city, which limits citizens” equitable access to
opportunities [12], Valparaiso requires improvements to non-motorized mobility solutions,
such as the promotion of E-bikes and other similar ePMDs, which occupy less space and
may reduce the accessibility gap in the city.

In this direction, this study aims to propose potential E-bike routes in the city of Val-
paraiso through a combination of multicriteria and spatial analyses, as well as experimental
studies involving E-bikes on slopes similar to those found in the city’s hills. Inspired by
Aprigliano et al. [14], which identified built environment factors that influence metro rider-
ship in Valparaiso, this study will analyze options for routes that connect metro stations to
strategic streets and sectors on the hills of the city. An improved connectivity for E-bike
users from the hills to the metro stations in Valparaiso would strengthen the accessibility
to opportunities in neighboring cities. For the multicriteria analysis, the factors evaluated
were topography, road safety, rider comfort, travel time, and potential cycling infrastructure.
In addition, an analytic hierarchy process (AHP) was implemented, considering experts’
perspectives to weigh the factors for the potential E-bike route analysis. As a complement,
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this research developed a preliminary experimental study with E-bikes that had different
power characteristics to evaluate users’ experience riding in steep slope conditions. More
details can be found in the Materials and Methods section.

Proposing potential routes for e-bikes in the city of Valparaiso through multicriteria
and spatial analyses is directly aligned with the United Nations Sustainable Development
Goals (SDGs) [15]. Within the SDG 13 context concerning climate action, E-bikes, recog-
nized as a sustainable means of transport, can play a significant role in reducing carbon
emissions, contributing to climate change mitigation, and promoting responsible environ-
mental practices [16,17]. Furthermore, by providing savings in transport costs, e-bikes
favor economic sustainability, a determining factor for their increasing adoption, which
aligns with the global objectives of promoting affordable and clean energy related to SDG
7 [17,18]. In this way, this study positions itself as a relevant contribution to the sustainable
development agenda, encouraging sustainable and economically viable urban mobility, a
concern of SDG 11 (Sustainable Cities and Communities). In addition, Chile has sought to
promote the shared and safe use of streets through new laws, such as the incorporation
norms in the national traffic law in 2018, related to the coexistence of different modes of
transportation in the streets [19].

Besides its introduction, this paper is divided into five sections: a literature review
focusing on identifying, from other studies, methods and variables for the definition of
potential regular and electric bicycle routes; the Materials and Methods section, which
describes the research process, variables, and analytical methods; a section dedicated to a
descriptive analysis of the variables; the Results section, focusing on the analytical methods;
and finally, the section on our conclusions and final considerations.

2. The Literature Review
2.1. Why Are Bicycles and E-Bikes Important?

The promotion of active mobility, with an emphasis on the use of bicycles, has been con-
solidated as an indispensable solution to the challenges faced by contemporary cities [20,21].
The benefits generated by policies that encourage the use of bicycles are mainly related
to sustainability and improved urban quality of life [22,23]. Among the current cycling
modalities, electric bicycles can greatly improve the accessibility to urban areas, reducing
limitations related to age, physical condition, and certain disabilities [24]. This improve-
ment in accessibility generates an increase in the number of daily bicycle users, promoting
urban cohesion and sustainability [25].

The implementation of cycling networks that connect public transport stations and
other urban attraction hubs not only optimizes the efficiency of transport systems but
also makes it possible to reduce greenhouse gas emissions [24]. However, the benefits of
using bicycles go beyond those arising from their integration with public transport systems.
According to Brand et al. [26], the transition from car use to cycling can reduce daily CO,
emissions, contributing to climate change mitigation and improving public health.

However, implementing infrastructure dedicated to the use of bicycles still faces barri-
ers in many cities around the world. In large cities, the use of bicycles is often challenging
due to their fragmented cycling infrastructure and /or complex terrain topology [27]. Fur-
thermore, although the introduction of electric bicycles (E-bikes) in the context of urban
mobility has proven to be an essential component of reducing the dependence on motorized
vehicles [28], in many cities, public agents still tend to favor cars over cycling, which high-
lights the urgency of giving greater visibility to public policies and increasing investments
in initiatives that promote the use of bicycles [29-31].
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2.2. A Review of the Methods and Variables in Bicycle Route Planning

To maximize the benefits arising from the use of e-bikes, it is essential for cycling
routes to be adequately planned, which requires consideration of multiple criteria, such
as travel time, comfort, tranquility, and acceptable slope conditions [27,32,33]. In this
sense, according to Lopez-Escolano et al. [34], effective urban planning and management
are essential to overcome these challenges and fully integrate bicycles into the urban
environment based on information-gathering. As Maltese et al. [35] state, a strategy to
promote active mobility that includes citizen engagement, land use planning, and data
collection is essential. After all, understanding the real needs of cyclists makes it possible to
improve cycling infrastructure and adapt route planning to the actual behavior of users [36].
In this sense, based on revealed preference research, studies have shown that cyclists tend
to prefer routes with dedicated infrastructure, such as segregated cycle paths, in addition
to avoiding routes with heavy traffic or many intersections [37,38].

In the search for the optimization of cycling planning processes, the use of multicriteria
tools to identify the best routes is essential so that they can be established according to
the different preferences of cyclists [32]. In addition, advanced technologies, such as the
use of GPS devices, smartphone applications, and the use of artificial neural networks,
are increasingly being used in route planning for e-bikes. These technologies allow for
the collection of detailed data on the behavior and real preferences of cyclists, enabling
the development of more efficient and safe cycling infrastructure [36,39]. In this sense,
even the incorporation of weather information can optimize the use of e-bikes further by
recommending the ideal departure times to avoid adverse conditions and maximizing the
energy savings of the equipment [28,40].

As demonstrated in the literature, the planning and implementation of cycle paths
in urban environments have been explored using different methodological approaches in
various parts of the world. In a study applied in the city of Taipei in Taiwan, Hsu and
Lin [21] proposed the integration of multicriteria assessments with geographic information
systems (GISs) for the planning of cycle networks in urban areas. From the perspective of
cyclists, the authors developed a model for assessing the adequacy of streets, considering
criteria such as traffic volume, lane width, and pavement quality. The model demonstrated
effectiveness in identifying roads that needed improvements to become safer for cyclists.

In the same context of planning a cycling network, Milakis et al. [41], in a study carried
out in the metropolitan region of Athens, Greece, sought to identify the ideal locations for its
implementation. This study, whose objective was to create a network that simultaneously
maximized connectivity and safety and minimized the negative impacts of bicycle traffic on
motorized traffic, was based on a participatory multicriteria analysis integrated with a GIS,
considering the perspectives of various stakeholders, such as cyclists and transport experts.
Through the resulting methodological approach, it was possible to generate a network that
was satisfactorily accepted by the local community, which highlighted the importance of
public participation in urban planning.

In a study conducted in Cape Town, South Africa, Beukes et al. [42] proposed an alter-
native method of road infrastructure planning that promoted more livable neighborhoods
and a more inclusive transportation network. Using a Spatial Multicriteria Assessment
(SMCE) integrated into a geographic information system (GIS), this study sought to balance
the needs of different transportation modes, including private vehicles and public trans-
portation, as well as pedestrians and cyclists, with the contextual characteristics along the
routes studied. This study demonstrated the potential of context-sensitive urban planning
as a tool to improve the quality of life in cities, respecting the social, economic, environ-
mental, and cultural aspects of the surroundings, promoting safety and mobility, and also
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integrating active transportation modes, such as cycling, into areas with diverse needs
and characteristics.

In a case study applied in the city of Dublin, Ireland, Tal et al. [28] presented an
innovative solution for planning electric bicycle routes that considered weather conditions
to maximize the energy efficiency and improve the cyclist experience. To validate the
proposal, the authors conducted a survey with 20 cyclists, which revealed that most of the
participants were significantly affected by adverse weather conditions, thus demonstrating
interest in the solution proposed by said study. This study highlights the importance of
considering environmental factors in planning electric bicycle routes.

In Spain, Jiménez and Calatrava [43] studied the creation of a network of cycle paths
that would facilitate daily commuting between the campuses of the Technical University
and within the city of Cartagena, where the university is located. This study explored
favorable geographical characteristics, such as mild climate and flat terrain, to promote the
use of bicycles, reducing motorized traffic and CO, emissions. A multicriteria analysis of
different cycle network projects developed based on a mobility survey with the academic
community was carried out, considering factors such as the route characteristics, traffic
segregation, accessibility, safety, and cost, resulting in the selection of the most suitable
proposal for implementation.

In the city of Sparta, Turkey, Saplioglu and Aydin [38] combined the AHP method with
GIS tools to identify cycling routes that would optimize cyclist safety. This study considered
accident-prone areas and the presence of roadside parking as key variables, highlighting
the need for segregated cycle paths to protect cyclists from car traffic. The authors also
highlighted that cycling infrastructure should prioritize safety through adequate signage
and regular maintenance, factors that are especially important in complex and dynamic
urban contexts.

In Canada, Grisé and El-Geneidy [44] explored social equity in cycle path planning. In
a study conducted in Quebec City and using a GIS-based prioritization index, the authors
identified areas where the construction of new cycle paths could benefit socially disadvan-
taged groups by improving accessibility to active transportation. This approach highlights
the importance of considering social equity as a central variable in urban planning, ensuring
that all social groups have equal access to mobility opportunities.

In the town of Imotski, Croatia, Derek and Sikora [32] used a GIS-supported multicri-
teria analysis to plan cycling routes. They incorporated variables such as road type, slope,
and proximity to emergency services, concluding that the integration of these variables
would allow for the development of routes that balance safety, convenience, and leisure.
This model is especially useful for e-bikes, where battery consumption management is
critical, and routes with lower slopes and better road quality are preferable.

In suburban areas of Austria and in the city of San Francisco, USA, Perger and
Auer [40] proposed a route planning system specifically designed for electric vehicles
which took into account energy efficiency, travel time, and battery longevity, with special
attention to the topography of the routes. The main objective of this study was to develop a
multi-objective optimization algorithm that would allow users to prioritize variables such
as energy consumption, travel time, weather conditions, and battery wear. The results
showed that topography significantly influences energy consumption, especially for electric
vehicles, where energy regeneration when going downhill can contribute to the overall
efficiency. This approach is particularly relevant in cities with hilly terrain, where the slope
of the roads can be a significant barrier to the use of bicycles, even electric ones.

In a study conducted in the city of Kaunas, Lithuania, Zagorskas and Turskis [45]
developed a universal method for prioritizing the construction and renovation of cycling
segments, using a hybrid multicriteria decision-making model (MCDM) integrated with a
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geographic information system (GIS). The criteria, divided into four main groups (utility,
safety, convenience, and comfort), were developed based on surveys with local experts and
cyclists and were weighted according to their importance. The analysis, visualized through
a GIS, revealed that comfort and safety were the most influential criteria in determining
the priorities. The authors concluded that the proposed method improved the efficiency in
allocating resources for cycling infrastructure and offered a practical and adaptable solution
for different urban contexts.

In Oslo, Norway, De Jong et al. [37] contributed an analysis based on GPS data that
examined cyclists” route choices. Their study revealed that factors such as the presence
of segregated cycling infrastructure and flat topography are determinants of the route
definition and that cyclists tend to prefer safer and more pleasant routes, even if this
means covering longer distances. This study reinforces the idea that safety and comfort are
central variables that should be considered when planning cycling networks that encourage
continued bicycle use.

In Portugal, based on an assessment of 1704 road segments in the city of Coimbra,
Pais et al. [23] developed a multicriteria methodology for planning the maintenance of
cycling infrastructure. Using the Electre Tri technique, these segments were classified
into different performance categories based on criteria such as comfort, safety, lane width,
and lighting and subdivided into specific subcriteria. The analysis revealed that safety
was the most critical criterion, especially due to the lack of adequate separation between
motorized traffic and cyclists. This methodology proved to be effective for planning
maintenance interventions, allowing the authorities to prioritize the most critical segments
for improvements.

Also in Portugal, Santos et al. [46] developed a decision-support tool to assess the
suitability of urban road infrastructure for bicycle use, particularly in cities with hilly
terrain. In a study applied in the city of Covilha, the proposed assessment model was based
on three main criteria, which were population density, proximity to main trip generation
points, and road network characteristics. These criteria were combined using a weighted
linear method within an MCDA approach, with the weights defined by a panel of urban
mobility experts. This study identified that 23% of Covilha’s road network is suitable for the
use of conventional bicycles, while 34% is suitable for e-bikes, with e-bikes demonstrating
greater potential to overcome the city’s topographical challenges. This study concluded that
the methodological approach developed proved to be effective in assessing the suitability of
urban road infrastructure for bicycle use, especially in cities with challenging topographical
characteristics.

Overall, the reviewed studies show that integrating cycle paths with other modes
of transport, taking into account local variables such as the topography and climate, and
using advanced tools such as GISs and multicriteria analyses are essential to the success of
urban cycle networks. Public participation and consideration of social equity are also very
important aspects, as highlighted in studies such as those by Grisé and El-Geneidy [44] and
Milakis and Athanasopoulos [47]. These studies suggest that creating well-planned cycle
routes not only improves the efficiency of the transport system but also promotes public
health, reduces carbon emissions, and improves the quality of life in cities.

As discussed previously, in order to fully realize the benefits associated with the use of
electric or conventional bicycles, it is necessary for the planning of cycle routes to be carried
out with a certain degree of rigor, which requires the analysis and careful consideration of
several criteria. In Table 1, 13 essential factors that need to be observed when planning and
implementing a cycle network are presented in light of the literature examined.
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Table 1. Essential factors to consider when implementing and planning cycle paths. Source: elabo-

rated by the authors.
Factors Contextualization Source
. Ensure that cycle paths are connected to other modes of
Connectivity and R - e
.3 transport, maximizing accessibility, and facilitating [47 48]
Accessibility . .
intermodality.
Adjust the departure time to avoid heavy traffic and adverse
Departure Time weather conditions and optimize the energy consumption on [28,40]
electric bikes.
Assessment of road slopes, a critical factor in cities with uneven
Topography terrain, is especially important for the viability of electric bicycle [24,32,33,38,40,46]
routes.
Focus on reducing the risks for cyclists by assessing the
intersection density, traffic volume and speed, and the presence
Road Safety of safe infrastructure and identifying areas with a high risk of [38,49,50]
accidents to avoid dangerous routes and ensure the safety of
cyclists, both on regular and electric bikes.
Empbhasis is placed on the need for dedicated, high-quality cycle
paths to ensure safety and comfort, which is essential for
Cycling Infrastructure cychsts: route selection. Choosing main roa}ds that. offer better [32,37,38,51,52]
maintenance, reduced exposure to traffic conflicts (e.g.,
intersections), and safety is especially important for e-bikes due
to their sensitivity to uneven surfaces.
. This includes consideration of green areas, landscaping, and air
Environmental and . . . .
. quality along the routes, improving the experience, and [23,49,53]
Urban Conditions . .
encouraging the use of bicycles.
Consider total travel time to select faster and more efficient
Travel Time routes, taking into account distance, obstacles, and elevation [27,33]
changes.
This promotes the integration of cycle paths with public
Multimodal Integration  transport stations, facilitating the combined use of bicycles and [43,48]
public transport.
Weather Conditions and Consider the effects of weather, such as rain, wind, and
Climate temperature, which can affect the safety and comfort of cyclists, [28,40,52,54,55]
especially for e-bike users.
Demand and Potential =~ Assess projected demand and user profiles to ensure that cycle [44,45]
Use paths meet the needs of those who depend on them most. ’
Consider pavement quality, road width, directionality, and the
Rider Comfort presence of obstacles to ensure a safe and comfortable cycling [23,27,33,52]
experience.
Costs and Economic Analyze the cost of implementing and maintaining Cycle paths
. to ensure that resources are used efficiently, balancing the [43,45]
Viability . .
benefits and investments.
Assessment of the energy consumption along routes is required,
Energy Cost considering energy regeneration during braking and energy [18,56]

efficiency in electric bicycles.

Active mobility should therefore not be seen as just a current trend but rather as an

essential component of the sustainable development of cities. Ongoing research in the field

of cycling planning, especially in the context of multimodal integration and adaptation to
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the local conditions, will continue to play a relevant role in transforming cities into more
livable and resilient spaces.

3. Materials and Methods
3.1. Description of the Case Study

The municipality of Valparaiso, located in the region of the same name in central
Chile, is part of the metropolitan area of Valparaiso (also known as Greater Valparaiso),
which also includes Vifia del Mar, Concén, Quilpué, and Villa Alemana, where around
900,000 people live [57]. Specifically, around 300,000 people live in Valparaiso itself [58],
distributed in the hill and plain sectors, which are connected by approximately eight bus
lines [59]. In addition, the commune of Valparaiso contains 6 of the 20 metro stations in
the EFE Valparaiso network, located in the coastal area of the city (Figure 3). These metro
stations were considered in selecting possible routes, taking them as the starting points
of each route. For a better understanding of the location of the hills named in this article,
Figure Al in Appendix A presents the details of the location of each of these with their
respective names.

258000 261000
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6342000
T
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6339000
T
~—~
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T T T
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Pacific Ocean
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@ Valparaiso Metro Stations

"7 Urban Limit

Base map

Legend

Valparaiso Transport Routes
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1.500 m

1
252000

255000 258000 261000

Figure 3. Transport contextualization of Valparaiso’s urban limits. Source: elaborated by the authors.

Regarding the economic characteristics of the city, for the year 2022, according to the
CASEN survey [58], Valparaiso had 18,589 companies, which represented 12.7% at the
regional level and 1.23% at the national level. The majority were micro-enterprises in the
sector of the wholesale and retail trade and repair of motor vehicles and motorcycles, which
constituted 31.7% of the total. According to the Internal Revenue Service [58], there were
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125,239 dependent workers, which corresponded to 17.8% at the regional level and 1.2%
at the national level. Of these, 19,236 (15.4%) were employed in the transport and storage
sector. On the other hand, the poverty rate in Valparaiso for 2022, according to CASEN, was
7.4%, compared to 6.5% at the national level. In December 2023, the rate of overcrowded
households in Valparafso was 6.7%, compared to 8.5% nationwide [58].

In the climatic context, the city of Valparaiso has a temperate Mediterranean coastal cli-
mate, where, thanks to the presence of the ocean, there are no major temperature variations
throughout the year, averaging 14° per year; on the other hand, rainfall can reach 450 mm
per year [60]. The heavy rains and their frequency can have a great negative impact on
people’s mobility since the city’s topography favors the generation of rivers or canals in the
steep streets, making pedestrian and vehicular traffic difficult. This was a tangible reality
in the winter months of 2024 since several frontal systems occurred that left large amounts
of precipitation in the city and forced local authorities to declare a red alert [61-63], causing
floods that affected streets, stairs, funiculars, and homes, in addition to landslides.

3.2. Research Planning and Design

This study is divided into two approaches: a multicriteria analysis and an experimental
study. Both of these approaches support the process of analyzing the possible routes for
E-bike use in the city and the potential use of electric bicycles in Valparaiso.

The methodology for determining the optimal routes was based primarily on using
geographic information system (GIS) tools and analyzing various characteristics of the
streets of Valparaiso. The process was divided into five main stages. The first stage consisted
of a literature review of studies in Google Scholar using keywords such as “Routes”, “GIS”,
“Electric Bicycles” and “Multicriteria”. The second stage, called “Route Design”, focused
on the identification of possible routes from the Valparaiso metro stations to the main cross
street at an altitude of 100 m above sea level in the hills. The third stage, called “Design of
Variables in GIS”, involved considering factors such as the average slope, traffic accidents,
directionality, route length, and the number and type of intersections, aiming to narrow
down the route selection. In the fourth stage, called “Multicriteria Analysis in GIS”, the
routes were evaluated using a multicriteria approach to weigh the variables collected and
determine the most suitable routes. Finally, the fifth stage involved analyzing the selected
routes to validate their feasibility and optimization.

After the literature review, the routes were designed. The first step was to examine the
routes registered on the Garmin Connect website [64], reviewing the “Training/Planning”
section and the “Heatmap of popular routes” item. This map shows limited routes within
Valparaiso used by cyclists who register their activity on Garmin. Since the routes available
in Garmin were scarce, alternative routes were searched for using Google Maps, taking as
the starting point a metro station in Valparaiso and as the destination Avenida Alemania, a
street located at an average altitude of 115.5 m that connects several hills in the city, towards
Plaza O'Higgins on the Washington route at an altitude of 126 m, towards Rodelillo Avenue
in the case of Cerro Barén, and just over 200 m above the intersection between Manuel
Antonio Matta and Javiera Carrera for the case of Cerro Placeres, with the latter located at
160 m and 170 m above sea level, respectively. From this search, the routes were digitized
using QGIS software (v.3.40.2), creating vector files in line-type shapefile format, resulting
in a total of 15 proposed routes within the city of Valparaiso, all with a slope greater than
6%, generating a division by the zones shown in Figure 4 for better visualization of the
routes presented in the Results section, and the names of which are detailed in Table 2.
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Figure 4. Zoning established to separate the routes. Source: elaborated by the authors.

Table 2. Names of the hills located in the areas designated for viewing the routes. Source: elaborated

by the authors.
Zone
Arrayan Yungay
Alegre Florida
1 Concepcién Cordillera
Carcel Bellavista
La Loma San Juan de Dios
Mariposa .
2 La Cruz Monjas
Bar6n Placeres
3 Lecheros Ramaditas
Larrain Rodelillo
Polanco O’Higgins

As for the experimental study, the objective was to evaluate the performance of the

electric bicycles on a route that replicated the conditions of the proposed routes. The latter

were designed for specific adaptations, which made conducting these experiments on such

routes less feasible at the time of study due to the high pedestrian flow, as well as public

and private traffic. Therefore, a remote test route was selected, with a low pedestrian and
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vehicular flow and similar characteristics to those of the evaluated routes. The purpose
of this selection was to measure, in different individuals, both their physical capacity and
their perception, as well as to evaluate the performance of different types of bicycles on
slopes: conventional and 250 W, 500 W, and 750 W electric bikes. In addition, a stop was
simulated halfway up the climb, where the participants had to stop in order to evaluate
both their physical capacity and that of the bicycles to accelerate on slopes.

3.3. Description of the Variables for the Multicreteria Analysis

For the design of the GIS variables with the preliminary routes, criteria were estab-
lished to reduce the number of routes and select the most viable ones based on the available
information in the study area. The following factors were considered: topography, road
safety, rider comfort, travel time, and cycling infrastructure. For each of the factors, there
was a variable of measure. Respectively, this study applied the following variables: average
slope; traffic accidents, favoring routes with a lower or no incidence of accidents; route
length, preferring those with a shorter length; the number and type of intersections, select-
ing routes with a lower number and variety of intersections; and directionality, prioritizing
one-way routes due to their greater safety. The measurement of each factor is described
as follows:

o Topography [24,32,33,38,40,46]: A Digital Elevation Model of the Valparaiso region
was used, obtained from the Spatial Data Infrastructure of Chile (IDE) [65]. This model
was clipped to fit the area of Valparaiso. Next, the slope of each route was calculated
using the “Zonal Statistics” tool in QGIS, obtaining the average of the slope from the
beginning of the elevation to Avenida Alemania. The mask used was for routes from
the foot of the hill with a buffer of a 5 m radius, similar to that stipulated in Decree 47
for the width of a local road corresponding to 11 m [66].

e  Road safety [38,49,50]: The total number of traffic accidents along each proposed route
was analyzed using the information available in the CONASET Geospatial Information
Portal [67], which contains georeferenced accident data for the Valparaiso commune
for the year 2022. To determine the number of accidents on each route, a polygon
representing the width of the street was created based on the Google Maps satellite
view and the QGIS base map. This polygon allowed the points where accidents
occurred within each route to be cut out. Finally, the QGIS “Count Points in Polygon”
vector tool was used to calculate the total number of accidents recorded along the
routes. The mask used was for routes from the foot of the hill with a 5 m buffer [66].

e Rider comfort [23,27,33,52]: The directionality of each route was identified using
Google Maps.

e  Travel time [27,33]: From the digitization of the routes, the length of each route was
calculated using the “Field Calculator” tool in QGIS. The “$length” option was selected
to obtain the distance from the start point to the route’s endpoint in meters.

e  Cycling infrastructure [32,37,38,51,52]: Using the route lines and the base map in
QGIS, all of the streets that intersected with the main route were digitized as points.
The intersections were identified based on the number of streets that crossed an
intersection, classifying them as intersections with one, two, or three streets. The mask
used was for routes from the foot of the hill with a buffer of 5 m [66].

3.4. The Analysis Method for the Multicriteria Analysis

In the multicriteria analysis stage in the GIS, a score from 0 (very low) to 3 (very
high) was assigned to each variable. It is relevant to highlight that the assessment of
potential E-bike routes in Valparaiso was based on the reality in this city. This means that
for some criteria, four categories were based on the quartiles of each variable in relation
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to the data on all of the assessed routes, such as distance, accidents, and the number of
intersections (see Table Al in Appendix A). In addition, this multicriteria analysis included
the implementation of the analytic hierarchy process (AHP) [68] to weight the criteria
differently based on students, academics, and professionals in the transport field. The
combinations of the sections” average slopes were used to generate a final score for each
route, as seen in Table A1 in Appendix A.

Regarding the slope conditions, Nematchoua et al. [25] evidenced E-bikes” advantages
in overcoming steeper slopes compared to conventional bicycles. In this sense, adapting
slope criteria to E-bike use on certain routes is interesting. Therefore, since a 5% or 6%
slope is considered suitable and comfortable for the use of regular bicycles [8,69], for this
criterion, the proposal was to increase the cycling potential for slopes by 2% from 6%, that
is, optimizing routes with a slope of up to 8% and generating four slope ranges with their
respective quartiles, with the first being less than 8%, thus penalizing streets that were
too steep.

The distance criterion considered three indicators: the first being related to the total
distance of the route from the metro station; the second being the total distance from the
beginning of the hill’s elevation; and the third being the average of the distances of the
sections of the route. All of these indicators were conditioned by their quartiles, weight-
ing the longest distances as unfavorable. Subsequently, traffic accidents were evaluated,
considering the total number of accidents per route and an area of influence of 10 m in
diameter [66], also weighting these according to their quartiles, and penalizing routes with
more accidents.

The variable for type of intersection followed a similar logic to the slope variable;
however, it sought to penalize intersections with complex dynamics (see the types of
intersections in Figure 5).

(b)

C Route ) Intersecting streets

Figure 5. Type of intersections. (a) One intersection, for its type and weighting, is considered if it is

()

unidirectional or bidirectional. (b) Two intersections, for their type and weighting, are considered if
both are unidirectional or bidirectional. (c) Three intersections. Source: elaborated by the authors.

Finally, the speed criterion was considered, taking the average speed on the route as a
variable. To this end, a 5 m influence area was used, from which coordinates corresponding
to the people who start their journey in said area and who travel within Valparaiso were
extracted, according to the data from the Origin and Destination Survey [70]. The distance
and the declared time were considered, and the speed quartiles obtained were weighted,
with the highest speeds classified as unfavorable.

Combinations of the variables that summed of their values and considered the weight
of the criteria were used to rank the routes, from those with higher to less potential to be
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used as shared E-bike routes with other modes of transportation or even to be considered
for further evaluation of building separated cycleways for E-bikes.

3.5. Description of the Variables for the Experimental Study

The experimental study was conducted using four types of bicycles: one regular
bicycle and three electric bicycles with power ratings of 250 W, 500 W, and 750 W. The
following variables were measured: the time it took the participant to complete the ride,
the total distance traveled, and the average speed during each ride for each type of bicycle.
In addition, the average heart rate, calories burned, and time in motion were recorded for
each bicycle.

To ensure measurement accuracy, ride monitoring was performed using a Garmin
EDGE 840 SENSOR BUNDLE GPS system, a VENU 2 GPS Smartwatch, and a Garmin
cadence sensor and speed sensor. These devices provided accurate metrics on heart rate,
calories, and movement time.

At the end of the routes, a survey was administered using Google Forms, in which
each participant answered questions related to their socioeconomic data, mobility habits,
level of physical activity, and experience using electric bicycles.

3.6. Analysis Methods for the Experimental Study

Different analyses were performed based on the data collected. First, the participants’
profiles, socioeconomic status, and mobility patterns were obtained. Then, a performance
analysis of the power of each bicycle was carried out, considering the variables of time,
distance, and speed. Subsequently, a physical activity analysis was conducted, considering
heart rate, calories burned, and time in motion. Finally, the participants’ experience was
analyzed, including factors such as comfort, safety, physical effort, and the ease of use of
each type of bicycle.

4. Results
4.1. Multicriteria Analysis

A total of 15 routes were drawn from the five metro stations in Valparaiso: 4 from
Puerto station, 6 from Bellavista station, 2 from Francia, 2 from Barén, and 1 from Portales.
Only two of the routes go up and down the same road, while the others require a different
route to return to the starting point. In addition, only four of the proposed routes utilize
one-way streets: 1, 2, 4, and 5 (Table 3).

Table 3. Main characteristics of the routes.

Zone ID Street Name Metro Station Route type Directionality

1 Almirante Montt Puerto Dual route One-Way
2 Almirante Montt Bellavista Dual route One-Way
3 Carampangue Puerto Dual route Bidirectional
4 Cumming Bellavista Dual route One-Way

1 5 Cumming Puerto Dual route One-Way
6 Ecuador/Cumming  Bellavista Dual route Bidirectional
7 Ferrari Bellavista Dual route Bidirectional
8 Guillermo Rivera Bellavista Dual route Bidirectional
9 Tomas Ramos Puerto Dual route Bidirectional
10 Yerbas Buenas Bellavista Dual route Bidirectional
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Table 3. Cont.
Zone ID Street Name Metro Station Route type Directionality

11 Baquedano Francia Round trip Bidirectional

2
12 Francia Francia Round trip Bidirectional
13 Bar6n Bar6n Dual route Bidirectional

3 14 Placeres/Matta Portales Dual route Bidirectional
15 Washington Barén Dual route Bidirectional

6341600

6340800

6340000

For better visualization of the routes, the routes were displayed in the three proposed
hill areas (see Figures 6-8), accompanied by their respective characteristics (Tables A2-A4
in Appendix A). The first 10 routes were drawn from the Puerto and Bellavista stations,
with all of them reaching Avenida Alemania (Figure 6).

Mapping of Electric Bicycle Routes in Valparaiso Sector 1: Uphill and Downbhill
Directions
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009T+E9
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@ bolavisa @  Road Intersection 2 = Dewnhill direction 0 200 400 500 m
@  Road Irtersection 3 Alemania avenue T .

Base map

Figure 6. Uphill and downhill routes registered in zone 1. (A) Uphill direction; (B) downhill direction.
Source: elaborated by the authors.

In the uphill section of zone 1, the average gradients vary from 10.85% in Ferrari (7) to
21.14% in Yerbas Buenas (10). The routes with the fewest traffic accidents are Tomds Ramos
(9), Almirante Montt (1 and 2), and Cumming (4 and 5), while Ecuador/Cumming (6) and
Yerbas Buenas (10) have the highest values, with 13 and 14 accidents, respectively. The
distances from the initial elevation of the hill range between 1300 and 2200 m, with that for
Carampangue (3) being the shortest. Most of the routes have more than 20 intersections,
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with Carampangue (3) standing out, with the fewest, at 8. In the downhill section, the
results vary—for example, in terms of average slope, where the lowest slope is in Yerbas
Buenas (10), at 10.25%, and the highest slope is 16.43%, in Almirante Montt (1). The distance
from the initial elevation of the hill varies between 580 and 1680 m, with Carampangue (3)
having the shortest distance, at 586.46 m (Table A2 in Appendix A).

Mapping of Electric Bicycle Routes in Valparaiso Zone 2:

Bidirectional Uphill and Downhill Directions
255750

6340800

6340000

255750
Legend
Metro stations Routes
© Bellavista — Bidirectional
@ Francia == Alemania avenue
Street intersections Base map 0 200 400 m
Road Intersection 1 L E—

® Road Intersection 2

Figure 7. Bidirectional routes registered in zone 2. Source: elaborated by the authors.

In the second zone, only two routes were drawn, starting at Francia station, sharing a
large part of their routes until a fork, and with both reaching Avenida Alemania (Figure 7).
Although both are bidirectional and share a large part of their start, they have differences:
the Baquedano route (11) registers 16 traffic accidents and has a steeper slope, a greater
distance, and more intersections than the Francia route (12) (Table A3 in Appendix A).

In zone 3, three routes were laid out, with all of them being two-way routes, i.e., one
uphill and one downhill. Routes 13 and 15 start from Barén station, while route 14 starts
from Portales station, reaching altitudes of approximately 160 m above sea level. Although
the routes are two-way, the changes between uphill and downhill are minor (Figure 8).
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Mapping of Electric Bicycle Routes in Valparaiso Sector 3: Uphill and Downhill

Directions
257250 258000 258750 257250 258000 258750
a3
o x
<, 2
=}
7}
-
=}
@
8
A
B
a
ol
*
2
=}
=]
\ i
Gy
&
A 4]
=}
[S]
257250 258000 258750 257250 258000 258750
Legend
Metra stations Street intersections Routes
@ Baron @ Road Intersection L —— Uphill diraction
@ Porales @ Road Intersection 2 e Dcrerthill| direction 0 200 400 600 m
@ Rozd Intersection 3 Aemania avenus

Base map

Figure 8. Uphill and downbhill routes registered in zone 3. (A) Uphill direction; (B) downhill direction.
Source: elaborated by the authors.

The average gradients of the three routes are similar between uphill and downbhill,
ranging between 9 and 13%. The number of traffic accidents ranges from 7 to 27 on the
uphill route, while the downhill route has the highest number of accidents of all routes, with
43 in Washington (15). The distances are generally longer on these three routes, exceeding
2.5 km and reaching up to around 3.7 km from the metro stations, both uphill and downhill.
Regarding intersections, it is observed that both uphill and downhill, the Baron route (13)
is the one with the most intersections, with 50 and 53 (Table A4 in Appendix A).

In relation to the descriptive measures (see Table 4), the bidirectional routes have the
lowest average slope (9.4%), reaching sections with a maximum of 30.64%, followed by the
downhill routes (12.72%), with maximum sections of 42%, and finally, the uphill routes
(15.1%), also registering a maximum slope of 42%. The shortest distance of the route to
the nearest metro station is shorter in the bidirectional direction, at 1921.1 m, followed
by downhill routes at 1935.23 m and uphill routes at 2080.54 m, while the distance of the
routes from the beginning of the hill has the same distribution as the distance to the metro
stations, at 1007.53 m, 1184.4 m, and 1190.07 m, respectively. On average, the distance of
the route sections is greater for the bidirectional routes, at 109.81 m, also presenting the
highest standard deviation (137.01 m) and highest maximum (620.63 m).
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Table 4. Descriptive measures of downbhill, uphill, and bidirectional routes. Source: elaborated by

the authors.

Downhill
Stats Mean Std Min 25% 50% 75% Max
Slope per section (%) 12.72 7.01 0.71 7.34 11.33 16.43 42
Total distance from metro station 1935.23 772 1105.71 1516.66 1560.03 2165.09 3713.58
Total distance from the initial elevation of the hill 11844 57314 586.46  871.88 1021.86 118295 2612.7
Average distance of the route sections 83.06 89.02 0.6 35.79 60.4 97.6 788.27
Total number of accidents by area of influence of the route ~ 12.92 10.79 0 6 12 14 43
Total intersections 22.38 11.41 9 14 21 26 53
Directionality of the route [Uni = 1] 6.42 3.37 1 4 6 8.25 12
Directionality of the route [Uni = 2] 5.08 2.29 1 3 6 6 9
Directionality of the route [Bi = 1] 7.67 7.69 1 2.75 4.5 9.5 27
Directionality of the route [Bi = 2] 2.83 2.37 1 1 2 3.25 8
Directionality of the route [Uni or Bi = 2 or 3] 2 1.61 1 1 25 5
Average route speed 9.52 4.34 4.19 8.22 9.17 9.92 20.04
Uphill
Stats Mean Std Min 25% 50% 75% Max
Slope per section (%) 15.1 8.54 0 8.87 13.51 20.26 42
Total distance from metro station 2080.54 686.19 1302.68 1552.71 1871.34 2274.39 3648.27
Total distance from the initial elevation of the hill 1190.07 569.39  586.46  787.03 1021.81 12424  2573.13
Average distance of the route sections 91.41 97.97 0.6 35.59 62.2 10695  788.27
Total number of accidents by area of influence of the route ~ 10.23 6.5 0 7 8 13 27
Total intersections 22.46 10.5 8 15 22 25 50
Directionality of the route [Uni = 1] 7.23 4.85 1 3 11 15
Directionality of the route [Uni = 2] 4.23 2.83 1 2 4 4 11
Directionality of the route [Bi = 1] 6.92 6.49 1 2.75 4 7.75 22
Directionality of the route [Bi = 2] 34 2.5 1 1.25 2.5 55 8
Directionality of the route [Uni or Bi = 2 or 3] 2.5 1.08 1 2 2 3 5
Average route speed 8.68 2.79 4.29 7.36 8.46 9.62 14.52
Bidirectional
Stats Mean Std Min 25% 50% 75% Max
Slope per section (%) 9.4 8.98 0 4 5.36 10 30.64
Total distance from metro station 1921.1 554.78 1528.82 172496 1921.1 2117.25 23134
Total distance from the initial elevation of the hill 1007.53 55253 616.82  812.17 1007.53 1202.88 1398.23
Average distance of the route sections 109.81  137.01 1.44 38.99 66.87 117.4 620.63
Total number of accidents by area of influence of the route 15 1.41 14 14.5 15 15.5 16
Total intersections 16.5 4.95 13 14.75 16.5 18.25 20
Directionality of the route [Uni = 1] 3 - 3 3 3 3 3
Directionality of the route [Uni = 2] 5 0 5 5 5 5 5
Directionality of the route [Bi = 1] 5 2.83 3 4 5 6 7
Directionality of the route [Bi = 2] 5 5 5 5
Average route speed 6.74 0 6.74 6.74 6.74 6.74 6.74
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Regarding accidents, the routes with the highest average number are the bidirectional
ones, with 15, but these are the ones with the lowest standard deviation (1.41) and the
lowest maximum value of accidents (16). On the other hand, the downhill routes are those
with the highest number of accidents, with an average of 12.92, having the highest standard
deviation (10.79) and the highest maximum (43). Uphill routes register an average of
10.23 accidents, with 6.5 standard deviations and 27 maximum accidents. Another relevant
point is the speed, which is the highest on downhill routes, at 9.52 km/h on average, with
a standard deviation of 4.34 km/h and a 20.04 km/h maximum.

Using Google Forms, a group of experts convened to answer a survey designed with
comparative questions aligned with the AHP method. A total of 14 experts participated in
this survey. Each participant’s responses were entered into the AHP matrix and processed
using the ahpy library in Python. In order to obtain the best Consistency Index (CI) and
given the varied profiles of the experts, 1001 combinations of the participants’ responses
were made, considering subsets of 10 experts. This allowed for the best combination to be
identified, reaching a CI of 0.156. This value is relevant considering the diversity of the
participants’ profiles and provides a first approximation for the weighting of the variables
(see Table 5). Regarding the analytic hierarchy process (AHP), the output for weighting the
criteria is presented in Table 5.

Table 5. Criteria and corresponding weights in the AHP model. Source: elaborated by the authors.

Criteria Weight
Speed 0.4681
Directionality 0.1741
Intersections 0.159
Traffic accidents 0.0996
Distance 0.0534
Average slope 0.0458

In the AHP method applied in this study, the participants were six academics and eight
professionals related to the field of urban transportation and mobility. The professional
profiles of the participants are presented in Table 6.

Table 6. Professional profiles of the participants. Source: elaborated by the authors.

Average Work Experience (Years)

Professional Role Total Experts
Female Male

Academic 15.0 15.5 6 (43%)

Private System Professional - 7.0 3 (21%)

Private System Profes,smnal, Postgraduate . 70 2 (14%)
Student (Master’s or Doctorate)

Public System Professional - 4.0 2 (14%)

Public System Profes§10nal, Postgraduate 24.0 . 1(7%)
Student (Master’s or Doctorate)

Total Experts 3 (21%) 11 (79%) 14 (100%)

According to the analysis carried out of the identified routes, considering the variables
described above, Table 7 ranks the routes from the most optimal to the least optimal. In
first place, Cumming from Puerto (5), Cumming from Bellavista (4), and Almirante Montt
from Puerto (1) stand out in the uphill routes. Meanwhile, the least optimal uphill routes
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are Yerbas Buenas (10), Carampangue (3), and Tomdas Ramos (9). Moreover, of the downhill
routes, Cumming from Puerto (5), Barén (13), and Almirante Montt (1) stand out. In
contrast, the least optimal downhill routes are Placeres/Matta (14), Yerbas Buenas (10), and
Tomas Ramos (9). Of the bidirectional routes, the most optimal route is Baquedano (11), and
the least optimal is Francia (12); these routes are the only ones with bidirectional routing.

Table 7. Results of the routes’ scores when evaluating them using the criteria established in
Tables 5 and A1l in Appendix A. Source: elaborated by the authors.

ID Street Name Metro Station Uphill Downhill Bidireccional
1 Almirante Montt Puerto 7.06 6.56 -
2 Almirante Montt Bellavista 6.03 5.75 -
3 Carampangue Puerto 3.27 525 -
4 Cumming Bellavista 8.03 6.47 -
5 Cumming Puerto 9.41 (1) 9.49 (1) -
6 Ecuador/Cumming Bellavista 5.27 4.93 -
7 Ferrari Francia 49 4.58 -
8 Guillermo Rivera Bellavista 4.29 4.85 -
9 Tomés Ramos Puerto 244 () 217 () -
10 Yerbas Buenas Bellavista 3.58 3.4 -
11 Baquedano Francia - - 4.08 (1)
12 Francia Francia - - 3.87 ()
13 Barén Barén 6.77 791 -
14 Placeres/Matta Portales 431 4.02 -
15 Washington Bar6n 517 5.35 -

Significance codes: (1) weighted maximum, (}) weighted minimum.

Of all the routes, Cumming from Puerto is the best, both uphill and downbhill, reaching
the highest scores of 9.41 and 9.49, respectively. On the other hand, among the less optimal
routes, Yerbas Buenas and Tomds Ramos stand out, routes that are repeated as the least
optimal both uphill and downhill. The Cumming from Puerto route stands out for its
low values for the total distance from the foot of the hill, as well as for its total number
of traffic accidents, total number of intersections, and speed, whose values are between
the Q1 and Q2 quartiles. In addition, it stands out for having low values in terms of the
type of intersections, with two that are bidirectional and others that are unidirectional or
bidirectional in Q1. As for the Yerbas Buenas and Tomdas Ramos routes, these stand out for
their high values in the average distance of the sections and speed, with these values in Q3.
For more details on the values of each route, see Appendix A Table A2, and to understand
the context of the values in the quartiles, see Table 4.

4.2. The Experimental Study

The experiments were conducted on 1 October 2024 and 4 October 2024, from 9:00 a.m.
to 2:00 p.m., under sunny weather conditions. They were carried out on the eastern
roadway of Gastén Hamel Nieto Avenue, in Vifia del Mar, with a total of 13 participants (6
in the first instance and 7 in the second). The proposed distance was approximately 550 m,
with three control points—the start (14 m above sea level (masl)); the rest point (40 masl),
which emulated an intersection, which tested the participants having to restart on a slope;
and the end (68 masl)—reaching an average slope throughout the route of 10.88%. Figure 9
presents the topographic profile of the route.
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Figure 9. Topographic profile of the route on which the experiment was carried out. Source: elabo-
rated by the authors.

During the activity, each participant used a regular bicycle, a 250 W electric bicycle,
a 500 W electric bicycle, and a 750 W electric bicycle. Each participant completed the
outbound (uphill) and return (downhill) legs on each bike, i.e., at a total of four rides per
person. To ensure data accuracy, a monitoring system consisting of a Garmin EDGE 840
SENSOR BUNDLE GPS, a VENU 2 GPS Smartwatch, a Garmin pedaling cadence sensor,
and a speed sensor was used. Personnel were assigned along the route to supervise the
development of the activity.

The sample consisted of 13 participants, with most of them being men (77%), with
an average age of 28 years, with 33% of them having an income that did not exceed the
minimum wage, and with 22% of them having an income that exceeded 2 million Chilean
pesos. The mobility patterns of the participants showed that the majority used minibuses,
followed by walking and the metro. Their use of transport applications was less frequent,
and it should be noted that none of the participants used a bicycle as a regular means
of transport. In addition, 50% of the participants took between 45 min and 1 h on their
usual journeys.

Regarding the results obtained in the experiment, Figure 10 shows the time it took each
participant to travel the route using each bicycle, the distance traveled, and the average
speed reached. The instruction given to the participants was to pedal with each bicycle as
far as their physical condition and the slope allowed, resulting in some who completed
the entire route on some bicycles and other participants who could not advance beyond
the rest point. Based on the above, the time results shown in Figure 10 indicate that the
shortest time taken to carry out the experiment was found for the regular bicycle (6 min)
because it was also the bicycle on which the participants traveled the shortest distance
(0.4 km), reaching an average speed of 4.09 km/h, where few participants managed to
reach halfway during the climb. In terms of distance, the bike that reached the shortest
distance after the conventional one was the 500 W e-bike, reaching an average of 0.68 km,
because most of the participants reached the midpoint of the route since the bike model
was heavier and could not provide assistance at 0 km/h but rather had to reach a certain
speed for its assistance to be activated; as for the time for this bike, it averaged 7 min since
the participants had a harder time going up the slope, with fairly low speeds that reached
5.36 km/h on average. On the other hand, the 250 W and 750 W bikes were those that had
the best performance, recording 0.9 km and 0.93 km distances, respectively; that is, the vast
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majority of the participants reached the midpoint of the route and some reached the end of
it, with the fastest bike being the 750 W bike.
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Figure 10. Metrics obtained from the sensors and instruments used in the experiments. Time and
distance were obtained using the GPS and speed using a Garmin speed sensor. Source: elaborated by
the authors.

Some of the results obtained from the survey carried out by the participants at the end
of the experiment are summarized in Figures 11 and 12. Figure 11 shows the results related
to the comfort and safety of the bicycles, highlighting the pattern of the low comfort and
safety of the conventional bicycle. Regarding the 250 W bicycle, a medium level of comfort
and safety predominate, with no responses for “very low”. On the other hand, the 500 W
and 750 W bicycles tend towards high comfort and safety, with some of the participants
not considering them to be very safe, mainly due to the weight of these bicycles and the
speeds they can reach.

In relation to physical effort and the ease of use of the bicycles, Figure 12 presents the
results for these responses, where it is observed that the majority of the participants agree
that the conventional bicycle is that with which the greatest physical effort must be applied
to climb a significant slope, having a medium-level ease of use. On the other hand, the
250 W bicycle presents, according to the participants, a medium level of physical effort,
considered by some to involve low and by a lesser amount to involve high physical effort,
while, in terms of ease of use, the majority agree that it is medium to very high. Regarding
the 500 W bicycle, the majority of the participants consider the physical effort used to be



ISPRS Int. ]. Geo-Inf. 2025, 14, 38 23 of 36

medium, highlighting one person who considered it to be very high; in terms of ease of
use, it varies between very low and high, highlighting more responses at the medium level,
with this being due to the fact that the bicycle was very heavy and the assistance option
was only activated from a certain speed. Finally, the 750 W bike is the one that requires the
least physical effort due to its power and ability to climb slopes easily, while its ease of use
varies between low and very high.
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Frequency
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Figure 11. Respondents’ responses to the survey section related to the perception of comfort and
safety of each bicycle. Source: elaborated by the authors.
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Figure 12. Respondents’ responses to the survey section related to physical effort and the ease of use
of each bike. Source: elaborated by the authors.



ISPRS Int. ]. Geo-Inf. 2025, 14, 38

24 of 36

5. Conclusions

Aligned with the Sustainable Development Goals of the United Nations, this study
identified and evaluated 15 potential E-bike routes in the city of Valparaiso that connected
the city’s metro stations with strategic streets in the hills, highlighting this as an important
sustainable mobility solution in a challenging urban context. The routes with better con-
ditions based on the criteria used were to Cumming from Puerto and Bellavista stations.
These could be potential routes for promoting an E-bike-inclusive city. The results indi-
cate that variables such as the slope, traffic accidents, intersections, and directionality of
the street have a significant impact on the viability and safety of E-bike users, indicating
the necessity to plan E-bike routes carefully, giving priority to safety and connectivity to
promote a change in modal choices towards active and sustainable mobility, similar to
the results found by De Jong et al. [37] and Saplhoglu and Aydin [38]. As found by Santos
et al. [46], the results of this study showed that E-bikes were capable of overcoming steep
slope conditions, which was also noted by the experts that weighted the factors evaluated
in this study.

Regarding the experimental approach, it was possible to demonstrate that the E-
bikes with greater power (500 W and 750 W) allowed the cyclists to overcome the slopes
encountered in Valparaiso with less physical effort and better comfort. However, the
characteristics of the participants and their performance may have been affected depending
on the design of the E-bikes (e.g., height) and their motorized settings, such as allowing
motor assistance when the bicycle achieved a certain speed, which was the case for the
500 W E-bike. Different from the other studies reviewed in the literature review section,
this research explored a case study, Valparaiso, that currently does not develop cycle-
friendly infrastructure. One of the reasons for this is related to norms and regulations
based on conventional bicycles for establishing cycleways and routes that limit the city
from exploring and developing its sustainable mobility potential further.

The contributions of this study support the bettering of the definition of non-motorized
vehicles in Chile, which currently is limited to E-bikes up to 250 W, supposedly because of
the fear of non-motorized vehicles achieving speeds higher than 25 km/h. However, the
experiments developed in this study showed that the 500 W and 750 W E-bikes achieved
average speeds of 5.36 km/h and 6.88 km/h, respectively, and overcame slopes higher
than the 6%, which is a limiting value for justifying cycleways in this country. Therefore, it
was shown that in the case of Valparaiso, it could be possible to reduce the accessibility
gap between less and more favored populations by increasing the limiting power for
non-motorized mobility and the slope at which cycleways are justified.

Considering that this is a first approach to the city of Valparaiso regarding the potential
use of E-bikes in this city, there are still challenges regarding the implementation and
monitoring of E-bike cycleways on the proposed routes, the strengthening of public policies
and investments to promote sustainable mobility, and education and awareness with respect
to street safety and the environmental impact of transport systems. In this direction, this
study seeks, in future opportunities, to pursue more detailed research regarding street scale
analyses with the support of street audit tools to validate the global analysis, develop more
experimental studies considering the limited number of participants to improve the validity
of their results, and include climate variables, such as temperature and precipitation, as
they also affect daily mobility. Furthermore, it would be interesting to explore an economic
evaluation of cycleway projects in the city of Valparaiso in the future.
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Figure A1. Names and locations of Valparaiso’s hills. Source: elaborated by the authors.
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Table A1l. Criteria for establishing the scores for evaluating the most optimal route. Source: elaborated by the authors.

Criteria Indicador Description Condition Score Formula
For each section of the route, its gradient is _
i ' <=8 3 n D:
) calculated, a value that is weighted Totaly Score = Y. D; , * ( LX )
Avarege slope Slope by proportion of  ;ccording to the specific conditions. This >8 and <=10 2 . i=1 " \Drota, x
the route section value is adjusted based on the proportion >10 and <=12 1 Piy : chre of section  in route x
of the distance of the section within the D;, : Distance of section i in route x
total route. >12 0 Dyotar« - Total distance of route x
<=Q1 3 Q1= D((n11)>, Q2= D((n;l))/ Q3 = D<3(n4+1)>
i >Q1 and <=Q2 2 . .
Total distance from metro Tota.I chstan.ceh of C{};e r(;lute frorr.l1 the ;netr}(: Q Q D: Set of route distances fVOT?i the plm
station station, weighted by the quartiles of eac >Q2 and <=Q3 1 k: Total number of route s(distances) in D.
route. 3 0 n: Total route distances from the plan, n = k.
<=Q1 3 o ( (1+1) [ (1) [ 3(n41)
. Total distance of the route from the start of Q1= D( 4 )’ Q2= D( 2 )’ Q=D ( 4 )
Di Total distance from the the hill elevation, weighted by the >Ql and <=Q2 2 D: Set of route distances from the base of the hill.
istance initial elevation of the hill quartiles of each route. >Q2 and <=Q3 1 k: Total number of routes (distances) in D.
Q3 0 n: Total distances of the route from the base of the hill, n = k.
<=01 3 _ (n+1) (n+1) 3(n+1)
For each section of the route, its distance is Q Qi=D ( ) Q2= ( ) Q3= ( ) '
Average distance of the calculated, and an average is obtained for >Q1 and <=Q2 2 D: Set of dzstances of thfz route-sectzons from the base of the hill.
route sections each route, weighted by the quartiles of all >Q2 and <=Q3 1 k: Total number of sections (distances) in D.
the routes. n: Total average distance of the route sections from the base of
>Q3 0 the hill, n = k
. For each route, an area of influence of 5 m <=Q1 3 Q1=A (p+1) ,Q2=A P“ , Q3= 3(p+1)
Total number of accidents defined. within which th ber of 1 and <=0O2 2 4 4
Traffic accidents b finfl ¢ was defined, within which the number o >Ql and <=Q A: Set of total number of acczdents per area of znﬂuence.
y area of influence of the traffic accidents was calculated, weighted ] :
route ) s Welg >Q2 and <=Q3 1 m: Total number of areas (total number of accidents) in A.
by the quartiles of all the routes. Q3 0 p: Total accidents per area of influence, where p = m.
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Table Al. Cont.

Criteria Indicador Description Condition Score Formula
<=Q1 Q1= D((nirl)), Q2= D((n;l))/ Q3 = D(S(n;»l))
For each route, a count of intersections _ \ .
. . . . >Q1 and <=Q2 2 D: Set of intersections on the routes.
Total intersections with other streets was made, weighting k: Total number of intersections in D
i >Q2 and <=Q3 1 : '
them by the quartiles of all the routes. Q2an Q n: Total distances of the route from the base of the hill, n = k
>Q3 0
Intersections e
For each intersection, its type of Uni * = 3 Total. Score — i P s Lix
directionality was determined, favoring Uni =2 3 * 3 \Uiotar, «
Type of intersections . one-way dlrectlor}s and fewgr Bi=1 5 P(; ) : Weighted value of the intersection of route i for
intersections. The resulting weighting was - type x
adjusted according to the proportion of Bi=2 1 I(;x) : Number of intersections of type x in route i.
intersections of that type on the route. UniorBi=2or3 0 Liotarx - Total intersections of type x in all routes.
Unid 1 3 D =3 * Lpigirectional + 0 * Ipidirectional
. e 1 . nidirectiona I (unidirectional) *
Directionality Directionality of the route Each route Wzlsirlcieti)t::ﬁym terms of its 1 when the street is unidirectional and 0 when it is not.
‘ Bidirectional 0 fi—(l;;d;:;;tionuw : 1 when the street is bidirectional and 0 when
A 5 m area of influence was defined per <=Q1 3 "
route, within which EOD zones were Speed = %
. e . ) k=1 Tk
identified. Car trips in Yalparalso were >Ql and <=Q2 2 D ;) : Distance traveled by person j who travels by car.
Speed Average route speed then analyzed to obtain an average T1(y) : Time spent by person k traveling by car
udIStagCian?iI?iej p errzone, whg:h . >Q2 and <=Q3 ! m: Total number of people traveling by car (for the distances).
atowed an estimated average speed pe 3 0 p: Total number of people traveling by car (for thetime).
route to be calculated. >Q

* Uni: unidirectional. Bi: bidirectional.
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Table A2. Characteristics of the routes for zone 1. Source: elaborated by the authors.

Downbhill

Slope per
Section (%)

Total Distance
from Metro
Station

Total Distance from
the Initial Elevation
of the Hill

Average
Distance of the
Route Sections

Total Number of

Accidents by Area of
Influence of the Route
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Intersections

Type of Intersections

Average Route
Speed

16.43

1105.71

871.88

65.06

17

Uni=1

Uni=2

Bi=1

Bi=2

UniorBi=2o0r3
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Table A2. Cont.

Slope per
Section (%)

Total Distance
from Metro
Station

Total Distance from
the Initial Elevation
of the Hill

Average
Distance of the
Route Sections

Total Number of
Accidents by Area of
Influence of the Route

Total
Intersections

Type of Intersections

Average Route
Speed

12.57

1677.74

1182.95

83.92

12

19

Uni=1

Uni=2

Bi=1

UniorBi=2o0r3

9.92

12.98

1559.32

787.02
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UniorBi=2o0r3

8.42
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1516.66
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101.15
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Table A2. Cont.

Uphill
Slope per Total Distance Total ].).istance frf)m ) Average T(.)tal Number of Total ' Average Route
ID Section (%) from Metro the Initial Ele.vahon Distance of the Accidents by Area of Intersections Type of Intersections Speed
Station of the Hill Route Sections Influence of the Route

Uni=1 12
Uni=2 4

1 16.47 1552.71 780.71 64.72 6 24 Bi=1 4 7.36
Bi=2 1
UniorBi=2o0r3 3
Uni=1 11
Uni=2 3

2 19.77 1532.4 780.71 73 6 21 Bi=1 3 9.62
Bi=2 1
UniorBi=2or3 3
Uni=1 2

3 12.52 1302.68 586.46 162.89 11 8 Uni=2 4 11.98
Bi=2 2
Uni=1 14

4 18.77 1704.85 953.17 77.52 7 22 Uni=2 2 8.17
Bi=1 4
UniorBi=2or3 2
Bi=1 4

5 15.72 1725.2 953.19 69.03 7 25 Uni=1 L 7.04
Uni=2 4

UniorBi=2or3 2
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Table A2. Cont.

Uphill

Total Distance Total Distance from Average Total Number of
from Metro the Initial Elevation = Distance of the Accidents by Area of
Station of the Hill Route Sections Influence of the Route

Slope per
Section (%)

Total Type of Intersections Average Route
Intersections P Speed

Uni=1
Uni=2
Bi=1
UniorBi=2or3
Uni=1
Uni=2

6 19.14 2274.39 1242.4 103.42 13 22 9.02

7 10.85 1871.34 787.03 72 8 25 Bi=1
Bi=2
UniorBi=2o0r3
Uni=1
Uni=2

8.46

8 19.99 2054.21 1021.81 136.99 12 15 Bi=1
Bi=2
UniorBi=2or3

Uni=1
Uni=2

Bi=1

Bi=2

Uni=1
Uni=2

8.26

9 12.29 1536.81 1166.42 139.76 0 11 14.52

10 21.14 2136.59 1042.45 164.41 14 13 Bi=1
Bi=2
UniorBi=2o0r3

9.17
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Table A3. Characteristics of the routes for zone 2. Source: elaborated by the authors.

Bidirectional
ID Sselc(:i%enp(eo/(l;) T?l?)inDl\?gﬁf ) ;l}"?; allrlli)til:}alilii;lggﬁ Disltz‘rllecreagif_3 the Acz(i)éilnltlsul;lgfb:;e(;fof In te;l;oetgtlions Type of Intersections Avelgggeléoute
Station of the Hill Route Sections Influence of the Route
Uni=1 3
11 11.17 23134 1398.23 1102 16 20 Uni=2 > 6.74
Bi=1 7
Bi=2 5
Uni=2 5
12 6.74 1528.82 616.82 109.24 14 13 Bi=1 3 6.74
Bi=2 5
Table A4. Characteristics of the routes for zone 3. Source: elaborated by the authors.
Downbhill
ID Silc(:i%enp(?’/E) T?:ﬁh?ﬁi:?: ¢ ’;ll?ef eiln]i)til:}alflllce;zlgggl Disﬁl‘;\ecrea§§ the Ac{(i)ctiaelnl;lsul;l;rbgie(;fof In te;l;oetgtlions Type of Intersections Aversagg el(iioute
Station of the Hill Route Sections Influence of the Route
Uni=1 12
Uni=2 2
13 13.06 3713.58 2612.7 67.54 23 53 Bi=1 27 4.8
Bi=2 7
UniorBi=2or3 5
Uni=1 4
Uni=2
14 12.35 2603.41 2099.77 86.81 6 29 Bi=1 16 10.67
Bi=2 8
Uni=1 8
Uni=2 3
15 9.61 312791 1455.54 89.4 43 32 Bi=1 14 4.19
Bi=2

UniorBi=2o0r3 5
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Table A4. Cont.

Uphill
ID Sselc(:i%enp(eo/(l;) T?l?)inDl\?gﬁf ) ;l}"?; allrlli)til:}alilii;lggﬁ Disltz‘rllecreagif_3 the Acz(i)éilnltlsul;lgfb:;e(;fof In te;l;oetgtlions Type of Intersections Avelgggeléoute
Station of the Hill Route Sections Influence of the Route
Uni=1
Uni =2
13 13.16 3648.27 2573.13 71.56 15 50 Bi=1 22 4.34
Bi=2 8
UniorBi=2o0r3 6
Uni=1 4
Uni =2 1
14 12.8 2567.07 2127.96 91.71 7 28 Bi=1 17 10.67
Bi=2 6
Uni=1 1
Uni=2 11
15 10.4 3140.45 1455.52 104.72 27 28 Bi=1 10 4.29
Bi=2 3
UniorBi=2or3 3
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