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ARTICLE INFO ABSTRACT

Keywords: Despite their ability to address challenges associated with conventional cycling, the potential of e-
Cycling bikes to improve accessibility to opportunities and equity remains largely unexplored. This study
Access

addresses this gap by evaluating e-bikes’ impacts on job accessibility and spatial equity in Sao
Paulo and Rio de Janeiro, Brazil’s two largest cities. We calculated cumulative accessibility using
different thresholds of travel time and physical effort, which were modeled using GPS data from a
bike-sharing system. Results reveal that e-bikes significantly enhance job accessibility compared
to conventional bicycles, particularly for longer cycling trips and trips in hilly areas. However,
accessibility gaps persist in peripheral neighborhoods. Equity analyses using Moran’s Index and
the Concentration Index demonstrate that e-bikes reduce spatial disparities, benefiting lower-
income groups, though absolute inequalities persist. Urban topography and structure critically
shape outcomes, meaning that the impact of e-bikes varies both between and within cities.
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1. Introduction

Accessibility studies in the literature have primarily focused on cars and public transport, paying less attention to micro-mobility,
including bicycles (Heinen et al., 2010; Lee et al., 2017). In recent years, however, there is an increasing interest in proximity-based
accessibility and measuring accessibility by active modes within the context of the 15-minute city (Bruno et al., 2024; Guzman et al.,
2024). A particularly under-researched area is the potential of e-bikes to improve accessibility to opportunities and equity, despite
their ability to address challenges associated with conventional cycling (Gehrke et al., 2020; Pritchard et al., 2019a,b). A notable
exception is Knap et al. (2023), who examined e-bike penetration within the X-minute city framework. However, their approach relied
on simplified adjustments of cycling speeds across urban contexts, overlooking the complexities of real-world e-bike usage and lacking
a comprehensive equity analysis. Similarly, Ballo et al. (2023) provided qualitative insights into the potential impacts of e-bikes on
accessibility and equity but did not present empirical measurements to substantiate their scenarios.

The impact of e-bikes on accessibility is primarily driven by two critical factors: the reduction in travel time and the decrease in
physical effort required for cycling. Regarding travel time, e-bikes enable users to cover greater distances within the same timeframe,
thereby expanding their access to opportunities such as jobs. The second factor, the reduction in physical effort, is equally important.
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Traditional cycling, being a human-powered mode of transport, typically limits trip lengths to around 5 km, though this can vary based
on individual fitness levels, infrastructure quality, and other factors. E-bikes mitigate this limitation by significantly decreasing the
physical exertion required, potentially encouraging users to cycle longer distances. In the Netherlands, a global leader in e-bike use
where about 40 % of cycling kilometers are currently made by e-bikes, the average conventional bicycle trip distance was 3.3 km in
2023, whereas e-bike trips were almost 70 % longer, at 5.6 km (de Haas and Kolkowski, 2023). A shift from conventional bikes to e-
bikes could profoundly impact accessibility, particularly for individuals who may have previously been deterred by the physical
demands of conventional cycling. It could also enhance equity by enabling low-income populations to access a greater number of job
opportunities.

Although physical effort clearly plays a significant role in accessibility, to the authors’ knowledge, no prior studies have incor-
porated it as an impedance factor in cycling accessibility research. Paez et al. (2020), for instance, compared distance, time, and
metabolic energy cost functions in walking accessibility to water in central Kenya. They found that relying solely on distance or time
might obscure critical barriers, particularly for vulnerable groups, and argued for the inclusion of metabolic energy to achieve a more
equitable assessment in infrastructure-poor regions.

Beyond walking, a few studies have incorporated physical effort metrics in cycling-related analyses, though not directly within an
accessibility framework. Liu and Suzuki (2019) introduced indices to assess e-bike applicability by comparing service areas to those of
public transit and conventional bicycles, factoring in travel time and energy expenditure. Raffler et al. (2019) developed a method to
assess cycling investment effectiveness by analyzing body energy, and Iseki and Tingstrom (2014) proposed a novel bikeshed analysis
integrating topography, connectivity, and energy consumption. While these studies provide useful perspectives on effort and energy
use in cycling, none apply these concepts to accessibility analysis.

These advantages are particularly relevant for accessing employment opportunities. Bertaud (2018) argues that cities primarily
function as labor markets, where people come together to exchange skills, goods, and services. Hence, the efficiency of a city depends
on how easily residents can access employment opportunities, as this directly influences productivity, economic growth, and social
equity. Consequently, poor accessibility leads to inefficient labor allocation, economic stagnation, and exacerbated social inequities.
By enabling longer trips and reducing physical effort, e-bikes could help mitigate these disparities, making it possible to reach job
centers that would otherwise be difficult to access.

The benefits of accessibility, also for cyclists, are not equally distributed among areas and population segments. Measuring equity
can be challenging, as it can be measured in many different ways. In the transport literature, it is typically addressed through egal-
itarian and sufficientarian approaches (Karner et al., 2024; van Wee, 2022). The egalitarian viewpoint advocates for equalizing op-
portunities despite differences in circumstances (Karner et al., 2024). In contrast, the sufficientarian approach argues that the primary
concern is whether some individuals have levels of accessibility that are ‘too low’ (Cooper and Vanoutrive, 2022). The egalitarian
approach is the most commonly used in the literature and is typically assessed using statistical distribution measures such as the Gini
coefficient (Ben-Elia and Benenson, 2019; Tomasiello et al., 2020; Pritchard et al., 2019b). Despite its widespread use, Karner et al.
(2024) argue that the Gini coefficient fails to capture vertical equity, as it does not adequately differentiate between groups based on
their specific needs and capabilities. They suggest alternative approaches such as the Theil Index, Palma Ratio, and Concentration
Index. Another method to assess equity is the bivariate Local Moran’s I (Bittencourt & Giannotti, 2021; Knap et al., 2023). This method
can be used to analyze the spatial correlation between accessibility and a sociodemographic variable, such as income, identifying
statistically significant clusters of high-high observations (i.e., both the metric value and the sociodemographic indicator are high),
low-low observations, as well as high-low and low-high observations (Bittencourt et al., 2021; Knap et al., 2023).

This study addresses three key research gaps: (1) the limited empirical evidence on how e-bikes influence accessibility to jobs; (2)
the lack of accessibility models that incorporate travel time and physical effort as an impedance factor; and (3) the insufficient un-
derstanding of how e-bikes affect spatial equity across income groups and urban contexts.

To address these gaps, we examine how electric bicycles influence job accessibility and spatial equity in Sao Paulo and Rio de
Janeiro, Brazil. Travel speeds and physical effort were estimated as impedance factors using large-scale GPS-based data. Accessibility is
assessed across four travel time thresholds and four physical effort thresholds. Spatial equity is evaluated using Moran’s Index and the
Concentration Index (CI). The cities of Sao Paulo and Rio de Janeiro were selected due to their large populations, high levels of so-
cioeconomic inequality, and distinct urban structures and topographies that present varying mobility challenges.

Accordingly, this paper seeks to answer the following research questions: (1) To what extent do e-bikes enhance job accessibility
compared to conventional bicycles in Sao Paulo and Rio de Janeiro? (2) How do these accessibility gains vary spatially across different
socioeconomic groups and urban structures? (3) Can e-bikes help reduce spatial equity gaps in job access?

Table 1
Key urban indicators for Sao Paulo and Rio de Janeiro.
Sao Paulo Rio de Janeiro
Population 11.451.999 6.211.223
Population density (inhabitants/km?) 7.528,26 5.174,60
Average monthly wage of formal workers (in minimum wages) 4,4 3,9
Urban area (km?) 914,56 640,34
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Fig. 1. Distribution of income, population, formal jobs and cycle lanes in Rio de Janeiro.
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2. Methodology
2.1. Study area

This study focuses on the urban areas of Sao Paulo and Rio de Janeiro, two of the largest cities in Brazil. These cities exhibit diverse
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Fig. 2. Distribution of income, population, formal jobs and cycle lanes in Sao Paulo.
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socioeconomic characteristics, varying levels of cycling infrastructure, and distinct urban mobility challenges. Table 1 summarizes key
indicators for both cities (Instituto Brasileiro de Geografia e Estatistica, 2022).

As shown in Table 1, Sao Paulo has a significantly larger population and urban area than Rio de Janeiro, with a higher population
density and slightly higher average wages among formal workers. These differences reflect the greater economic scale and spatial
complexity of Sao Paulo’s urban environment. Figs. 1 and 2 illustrate the spatial distribution of income, formal jobs, population, and
cycle lanes in Rio de Janeiro and Sao Paulo, respectively.

In Rio de Janeiro, higher-income populations are primarily concentrated along the southern coastal zones, while lower-income
groups are more prevalent in the North and West Zones. Meanwhile, formal employment is highly centralized in the central busi-
ness district (Centro) and its adjacent areas, reinforcing economic concentration in the city’s core. Cycling infrastructure is mainly
concentrated along the coast, particularly in the South Zone, but it does not form a cohesive network across the city.

In Sao Paulo, higher-income groups are primarily concentrated in the central-western and southwestern regions, while lower-
income populations are more prevalent in the far southern and eastern peripheries. Population density is more dispersed, with
higher counts appearing in central and eastern areas, though not necessarily aligning with the wealthiest neighborhoods. Meanwhile,
formal employment is heavily concentrated in the central core, where the highest job counts significantly overlap with high-income
areas, reinforcing the city’s pattern of economic centralization. Although larger than Rio’s, the cycling infrastructure is unevenly
distributed and fragmented, with bike lanes more commonly found along select arterial roads. While some wealthier neighborhoods in
the central-western region benefit from better access to cycling facilities, much of the peripheral urban area remains underserved. The
overall network lacks connectivity, functioning more as isolated segments than an integrated system.

2.2. Data

The data used in this study come from multiple sources. Network data were extracted from OpenStreetMap using the OSMnx
package (Boeing, 2017). Cycling infrastructure data for Sao Paulo were sourced from the Mapa de Infraestrutura Cicloviaria, provided
by the (Companhia de Engenharia de Trafego de Sao Paulo, 2025), while those for Rio de Janeiro came from the municipal government
(Prefeitura do Rio de Janeiro, 2022).

GPS data for modeling cycling speeds were obtained from Tembici, a leading bikesharing operator in Brazil, through an agreement
with the University of Sao Paulo. These data include trips recorded between January and July 2023. Tembici operates a network of
docking stations where users can rent and return bicycles, including newly introduced e-bikes with pedal-assist technology, enabling
speeds of up to 25 km/h.

Elevation data were retrieved from the NASA Shuttle Radar Topography Mission via the OpenTopography DEM downloader plugin
in QGIS (Win, 2024), with slope values computed using OSMnx in Python (Boeing, 2017).

Socioeconomic data and formal job opportunities for Sao Paulo and Rio de Janeiro were obtained from the aopdata package in R
(Pereira et al., 2022). The datasets, corresponding to 2019—the most recent available year at the time of this study—are spatially
aggregated using a hexagonal grid indexed by the H3 geospatial system, originally developed by Uber (Brodsky, 2018). Each hex-
agonal cell covers approximately 0.11 km?, an area comparable to a city block, allowing for high-resolution spatial analysis.

2.3. Accessibility methodology

Accessibility has evolved in meaning over time. Hansen (1959) first defined it as the potential for interaction opportunities, while
Geurs and van Wee (2004) described it as the extent to which land-use and transport systems enable individuals or groups to reach
destinations via one or multiple transport modes. (Wu and Levinson, 2020) summarize it as the ease of reaching valued destinations.
Building on this definition, accessibility is measured by travel impedance and reachable opportunities, varying based on transport
mode, research focus, and data availability. Its outcomes are shaped by population distribution, economic activity, individual char-
acteristics, and transport network performance (Geurs and van Wee, 2004; Pereira and Herszenhut, 2023; Wu and Levinson, 2020).

Although accessibility can be estimated in many ways (infrastructure-based, location-based, person-based, and utility-based
measures), with some approaches also taking into account decay functions and competition, we opted to estimate accessibility
using the cumulative opportunity measure, which employs a binary impedance function to count the number of opportunities within a
certain travel time, distance, or cost from a reference point (Barboza et al., 2021; Geurs and van Wee, 2004). This is one of the most
common indicators in accessibility analyses (Boisjoly and El-Geneidy, 2017; Papa et al., 2016; Pereira and Herszenhut, 2023), mostly
because it requires little data and is easy to calculate and communicate. It can be defined as shown in Eq. (1):

lifc; <
A= Y20 fle) fie) = { ol S W

In which A; is the accessibility at point i; O; represents the number of opportunities (like jobs, businesses, services, etc.) at location j;
c;j is the travel cost between i e j (time, distance, cost, or a combination of these elements); and the function f;(c;) returns 1.0 if ¢;; is less
than or equal to a defined cost (t) and zero if it exceeds this threshold. The limiting cost t serves as a calibration parameter and largely
depends on users’ tolerance for travel costs and the transport mode (Boisjoly and El-Geneidy, 2017; Pereira, 2019). It is also important
to note that the accessibility calculations focus solely on travel time and physical effort; the monetary costs associated with acquiring
and maintaining an e-bike were considered outside the scope of this specific analysis. We estimated cumulative opportunities for
various thresholds for both travel time and physical effort as part of a sensitivity analysis.
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For the travel time thresholds, we selected 15, 30, 45, and 60 min. For conventional bicycles, there is general consensus that the
typical range is around 5 km, with most commuting trips falling between 15 and 30 min in duration (Banerjee et al., 2022; Mohamed
et al., 2024; Pritchard et al., 2019b). In Sao Paulo, the 2023 OD survey reports that the mean cycling trip duration is 21 min, with the
third quartile at 30 min. E-bikes have the potential to extend this range by overcoming physical barriers and may even substitute for car
trips over moderate distances (Banerjee et al., 2022; de Haas and Kolkowski, 2023; Rybels et al., 2024). Hence, by varying the travel
time thresholds in 15-minute increments, our goal is to capture a comprehensive range of cycling behaviors for both conventional and
electric bicycles, and assess how accessibility outcomes compare across these scenarios. As for physical effort, we represent it as the
equivalent energy expenditure of cycling on flat terrain for 15, 30, 45, and 60 min.

We opted not to use gravity-based accessibility measures as results of Cumulative Measures are easier to interpret and typically
strongly correlated to gravity-based measures (Kapatsila et al., 2023; Palacios and El-geneidy, 2022). Moreover, gravity-based mea-
sures may underestimate accessibility inequalities as trips taken by different groups can be mistakenly associated with willingness to
travel (Giannotti et al., 2022). Moreover, we did not include measures including competition for opportunities. Mismatches between
the spatial distribution of jobs and workers at short commuting distances are considered less relevant in Brazilian megacities, with
relatively long commuting distances, compared to for example Dutch cities (Pritchard et al., 2019a; Knap et al., 2023). All the
accessibility metrics were calculated using the Accessibility R package, provided by Pereira et al. (2024).

2.3.1. Travel time estimation

Cycling travel times were estimated using a linear mixed-effects speed model originally developed for Sao Paulo by Louro et al.,
(2025) (unpublished results) and subsequently extended to Rio de Janeiro using the same methodology. This model is based on GPS data
from the Tembici bike-sharing system. For the accessibility calculations in this study, we utilized the model’s fixed effects, which
account for factors including road characteristics (e.g., slope, length), time of day, cycling infrastructure availability, among others.

The GPS data used to build the model were preprocessed by the bike-sharing provider, who classified each trip into three categories
(Utilitarian, Leisure, and Service) through internal filtering criteria. These classifications, recorded in the variable perfil viagem
(“trip_profile”), were based on proprietary algorithms that, for example, excluded journeys with significant stops (e.g., stopping to
deliver food) or round trips to nearby stations (e.g., short tours within parks or recreational areas). As the specific thresholds applied by
the provider were not disclosed, we relied on this perfil viagem variable to include only trips labeled as Utilitarian. Although the
company did not provide detailed documentation of this procedure, Fortes et al. (2024) describe a similar classification process in their
analysis of bike-sharing data across five Brazilian cities, offering a useful reference for researchers working with similar datasets. To
apply the speed model consistently across the study areas, we used standardized parameters representing a baseline scenario—male
gender, a weekday (Wednesday), and the morning peak period. Consequently, the resulting travel time and accessibility estimates in
this study reflect the conditions defined by this baseline scenario.

It is also crucial to acknowledge that the speed model is derived from bike-sharing users. This user group may differ in de-
mographics (e.g., age, income), cycling experience, and travel behavior compared to the general population of potential cyclists, which
represents a limitation when generalizing the derived travel times and effort estimations. Specifically, Tembici users are more likely to
be younger, more tech-savvy, and taking shorter trips within central areas. As a result, the model may underrepresent longer trips or
those taken by low-income individuals who would rely on private e-bikes in peripheral areas. This could lead to an underestimation of
travel time and effort for certain population groups, and should be taken into account when interpreting the results, especially in
equity-focused analyses.

2.3.2. Physical effort estimation

The physical effort required for cycling was estimated using a model that calculates the power needed to traverse each road
segment, based on road slope, cyclist speed, and bicycle type. The first step in computing physical effort for each edge was to determine
the power applied by the cyclist, which can be calculated using Eq. (2), as proposed by (Wilson and Schmidt, 2020):

P=[CieV2+mege(s+C,)leV 2

In which P is the power needed for movement along the road segment; C, is the aerodynamic coefficient; C, is the roller resistance
coefficient; m is the mass of a cyclist and a bicycle combined (kg); g is the acceleration of gravity (m/s); s is the slope of the road (m/
m); and V is the bicycle speed (m/s).

We adopted an aerodynamic coefficient (Ca) of 0.3 for seated cycling and a rolling resistance coefficient (Cr) of 0.0032 for a typical
bicycle tire on smooth asphalt, following the findings of Martin et al. (1998). For the combined cyclist and bicycle mass, we assume two
cases: 90 kg (75 kg cyclist with a 15 kg bicycle) and 95 kg (75 kg cyclist with a 20 kg bicycle). The cyclist’s speed (V) used was the same
one from the travel time estimation. To assess the sensitivity of the results to body mass, we evaluated how power demand changes
with different weights (the combination of the user’s weight, plus the bicycle). At a speed of 15 km/h, each additional kilogram in-
creases power demand by approximately 0.4 percent on flat terrain and by over 1 percent on an 8 percent slope. Heavier riders or
bicycles therefore require more physical effort, particularly on inclined routes. These differences can lead to unequal physical burdens
among users and reduce the number of destinations that can be reached for a given amount of energy, which may limit access and raise
equity concerns in active transportation.

Next, to assess the power of the cyclist on the electric bicycle, the assistance ratio between the power of the electric motor and the
power of the cyclist must be considered. Liu and Suzuki (2019) proposed the use of the assistance index a, as presented in Eq. (3):
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This formulation reflects the typical behavior of pedal-assist systems, in which the motor provides a constant level of support at low
speeds (up to 10 km/h) to aid acceleration and stability, and gradually reduces assistance as speed increases. It should be noted that the
specific assistance profile may vary across e-bike models or control algorithms; however, the general principle of decreasing assistance
with increasing speed remains consistent among most systems. After determining the assistance ratio, the power required to pedal the
e-bike can be calculated by Eq. (4):

Py

Py =
"1 +a

4

where Py, is the power of e-bikes; P, is the required power for the conventional bicycle, and a is the assistance ratio. Work is calculated
as in Eq. (5):

l
W = Max(0.P-3) )

where P is either the power for bikes or e-bikes. Since the user does not recover energy, we constrain work as non-negative, setting
possible negative values to zero.

It is important to note two key limitations. First, the physical effort calculations use parameters representing an average cyclist,
thereby simplifying the influence of individual variations such as age, weight, fitness level, and cycling style on actual exertion.
Second, the e-bike model assumes a typical pedal-assist system (pedelec) with proportional assistance, aligning with common designs.
Consequently, the presented results reflect these specific assumptions, and deviations in cyclist profiles or e-bike characteristics could
grant different results.

2.4. Equity methodology

To assess spatial equity, we employed two complementary methods: the Concentration Index (CI) and bivariate Local Moran’s I.
First, we applied the traditional CI to measure the extent to which accessibility inequalities are systematically associated with income.
The CI evaluates inequality by comparing the cumulative distribution of accessibility with the income-ordered population distribution
(Karner et al., 2024). The value of the CI corresponds to twice the area between the concentration curve and the line of equality (the 45-
degree line); it takes negative (positive) values when the curve lies above (below) this line. The index ranges from — 1 to + 1, where
negative values indicate better accessibility for lower-income populations and positive values indicate a pro-rich distribution.

We computed CI values separately for accessibility by bike, e-bike, and e-bike gain (%) to quantify and compare disparities across
transport modes. The CI was calculated using the accessibility R package provided by Pereira et al. (2024). Generally, the calculation
method of the concentration index is as presented in Eq. (6) (Shen et al., 2020):

C= I%.cov(h7 r) 6)

where h is the accessibility measure (e.g., number of jobs accessible),  is its mean, and r is the fractional rank of income. We calculated
CI values separately for accessibility by bike, e-bike, and e-bike gain (%) to compare inequalities across different transport modes.

In addition, we used an adjusted version of Local Moran’s I, known as bivariate Local Moran’s I (Anselin et al., 2002.; Knap et al.,
2023; Lee, 2001; Weng et al., 2019), to analyze the spatial relationships between the calculated accessibility metrics and income. This
method identifies statistically significant spatial clusters, including high-high (H-H), where both accessibility and income are high,
low-low (L-L), high-low (H-L), and low-high (L-H) observations. The statistic is defined as shown in Eq. (7):

r= c.xi.zjwijyj (V2]

where x; is the standardized income at location i, y; is the standardized accessibility metric at neighboring locations j, w; is a spatial
weight representing the relationship between location i and its neighbors j and ¢ is A scaling constant that normalizes the statistic.

The analysis was conducted using the spdep R package (Bivand and Wong, 2018), which implements bivariate Local Moran’s I and
includes Monte Carlo permutation tests (999 simulations) to assess statistical significance. To define spatial relationships, we con-
structed a Queen contiguity spatial weights matrix, which considers two areas as neighbors if they share either a border or a vertex.
This approach was chosen due to the irregular yet contiguous configuration of the urban spatial units in the study area, allowing for a
more inclusive representation of spatial dependence. Minor topological issues were addressed by applying a snapping tolerance of 100
m, and areas with no adjacent neighbors were excluded from the analysis.

Both income and accessibility variables were z-score standardized prior to computing the statistic. To address the issue of multiple
testing across spatial units, a Benjamini-Hochberg correction was applied to the resulting p-values, controlling for the false discovery
rate (FDR). Only clusters with adjusted p < 0.05 were considered statistically significant and subsequently mapped.
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3. Results and discussion

The results and discussion are organized into two main sections: accessibility and equity. Each section is divided into travel time
and physical effort, with results for Sao Paulo and Rio presented to enhance comparability.

3.1. Accessibility

3.1.1. Travel time

As a first exploratory analysis, we present Table 2, which compares the population-weighted average percentage of jobs accessible
by conventional bicycles and e-bikes in Sao Paulo and Rio de Janeiro across different travel time thresholds (15, 30, 45, and 60 min).
The values represent the share of total jobs accessible within each time threshold, calculated using a population-weighted average as
described in Eq. (8):

> i(AccessibleJobs;xPopulation;)
>~ ;Population;xTotalJobs

PopulationWeightedAccessibility (%) = < )xlOO ®)

where i denotes each spatial unit. Additionally, Table 2 includes the relative percentage gain in accessibility when switching from
bicycles to e-bikes.

The results indicate that e-bikes significantly enhance job accessibility compared to conventional bicycles in both cities, with Rio de
Janeiro exhibiting the greatest relative benefits. Improvements in Rio consistently exceed those observed in Sao Paulo across all
thresholds, reflecting differences in the spatial structure of the two urban areas. In Sao Paulo, relative improvements are more uniform,
while in Rio de Janeiro, the most substantial gain occurs at the 15-minute threshold, followed by a gradual decline as travel time
increases.

Although the relative improvements in job accessibility are most pronounced at shorter travel times, absolute gains become
substantially larger as travel time thresholds increase. This suggests that while the proportional impact of e-bikes diminishes over
longer trips, their absolute contribution expands markedly due to the significant growth in the number of accessible jobs at extended
travel times. These larger absolute gains at higher thresholds underscore the potential of e-bikes to expand the spatial reach of workers.
In such contexts, a 45-minute e-bike commute can connect peripheral residents to central employment hubs that are otherwise
inaccessible by conventional bicycle.

Next, we show in Fig. 3 the proportion of the population in Sao Paulo and Rio de Janeiro that can access varying shares of
employment opportunities using conventional bicycles and e-bikes across different travel time thresholds.

The results indicate clear differences between the two cities. The first noticeable difference is that in Sao Paulo, the maximum share
of jobs accessible is much higher than in Rio de Janeiro. This suggests that job distribution differs significantly between the two cities,
affecting the feasibility of using bicycles for job access. Since Sao Paulo and Rio de Janeiro are the two largest Brazilian metropolises, it
is expected that unimodal bicycle trips alone will not provide access to a large share of jobs. However, the results indicate that Sao
Paulo offers significantly better job accessibility by bike compared to Rio.

Regarding the accessibility gains due to e-bikes, Sao Paulo shows higher absolute percentages of the population with access to jobs
across most thresholds, while Rio de Janeiro experiences more relative improvements following e-bike adoption. At the 15-minute
threshold, neither bicycle type provides access to a substantial share of jobs, with the maximum share accessible remaining below
20 %. For reference, in Sao Paulo, e-bikes enable 7.66 % of the population to access at least 10 % of jobs, compared to 5.38 % with
regular bikes. In Rio, this share increases from 2.92 % to 6.81 % with e-bikes. At the 30-minute threshold, the advantages of e-bikes
become more substantial. In Sao Paulo, e-bikes increase the population with access to 10 % of jobs from 26.10 % to 34.85 %, while in
Rio, e-bikes expand access from 34.03 % to 48.70 % of the population, a greater relative gain.

The most dramatic differences emerge at longer travel times. At the 45-minute threshold, e-bikes enable 16.21 % of Sao Paulo’s
population to access 50 % of jobs, compared to 11.54 % with regular bikes. In Rio, e-bikes enable 8.51 % of the population to access 50
% of jobs, while regular bikes provide no such access. This trend continues at the 60-minute threshold. In Sao Paulo, e-bikes allow
42.17 % of the population to reach 50 % of jobs, compared to 28.80 % with regular bikes. In Rio de Janeiro, e-bikes increase the
population with access to 50 % of jobs from 17.78 % to 31.48 %.

This shows that e-bikes can play a significant role in expanding the share of available jobs for a large portion of the population.
Improving job accessibility through e-bikes can help reduce unemployment and underemployment by connecting workers to a wider
range of employment opportunities. This is especially relevant for low-income populations who are more likely to be constrained by
long, expensive commutes and limited access to private vehicles. By lowering the physical and economic costs of mobility, e-bikes can

Table 2
Comparison of population-weighted shares (%) of jobs accessible by bicycle and e-bike across travel time thresholds in Sao Paulo and Rio de Janeiro.
Sao Paulo Rio

Threshold Bike E-Bike Change Bike E-Bike Change
15 min 2.2% 2.8 % 27.3% 2.8 % 3.9% 39.3 %
30 min 9.0 % 11.5% 27.8 % 9.5 % 12.6 % 32.6 %
45 min 20.2 % 25.6 % 26.7 % 18.4 % 24.0 % 30.4 %
60 min 342 % 42.1 % 23.1% 28.4 % 36.3 % 27.8 %
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Fig. 3. Percentage of population with access to jobs by regular and electric bicycles in Sao Paulo and Rio de Janeiro across different travel
time thresholds.

contribute to a more efficient labor market, improve job matching, and potentially increase productivity at the city level. Furthermore,
by enabling access to a broader job base without requiring major infrastructure investments (when compared to motorized modes), e-
bikes offer a cost-effective tool for addressing urban inequality and supporting more balanced economic development across metro-
politan areas.

In order to better understand the spatial distribution of job accessibility and further illustrate the disparities observed in the
aggregated results, Figs. 4 and 5 show the share of accessibility by both bike types and the gain provided by e-bikes compared to
regular bicycles.

In Sao Paulo (Fig. 4), job accessibility is highly concentrated in central areas, where both regular bicycles and e-bikes provide the
greatest access. However, a clear expansion of accessible areas is observed when using e-bikes. Since most jobs in Sao Paulo are
centrally located, the benefits of e-bikes spread in all directions almost equally, except for the 60-minute threshold, where the benefit is
more pronounced to the south.

Rio de Janeiro (Fig. 5) exhibits a distinct spatial dynamic. While e-bikes enhance accessibility citywide, the improvements are not
as spatially extensive as those observed in Sao Paulo. This more limited spread is consistent with Rio’s complex topography and urban
structure. Unlike Sao Paulo, where accessibility gains radiate outward from the center, Rio’s improvements are more concentrated
near the CBD, located in the eastern part of the city. Notably, at higher travel time thresholds, areas in the northern region of Rio begin
to show increased accessibility, as they gain the ability to reach the CBD. Despite these differences, in both cities, e-bikes substantially
enhance job accessibility, particularly in peripheral areas where conventional cycling is less viable due to distance and elevation
challenges.

However, despite the overall increase in accessibility, some peripheral areas in both cities continue to show low accessibility levels,
even with larger travel time thresholds. In Sao Paulo, the eastern and southern regions still experience limited job access. Similar
results were found for public transport by Boisjoly and El-Geneidy (2017), who observed that peripheral areas located near rapid
transit have significantly lower accessibility than central areas with the same infrastructure, likely due to the concentration of
employment opportunities in central areas. Pritchard et al. (2019b) also found that bike-and-ride options have the potential to sub-
stantially increase job accessibility in Sao Paulo, but most improvements are concentrated in middle to high income areas with already
good accessibility. Peripheral areas, which tend to be the poorest and have the lowest transit accessibility, benefit the least. They also
argue that incorporating bicycles as a means of accessing public transport is insufficient to counteract the broader structural factors
causing low job accessibility in these regions. This is especially true in Sao Paulo, where, as in other large metropolitan areas
worldwide, long travel distances are a major barrier to accessibility. To effectively improve access in these distant peripheral regions,
only high-speed public transport systems are likely to make a significant difference. However, in smaller cities, where travel distances
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Fig. 4. Accessibility by bikes, e-bikes, and e-bike gain in Sao Paulo.

are shorter and urban sprawl is less pronounced, e-bikes could have a much greater impact by facilitating access to a larger share of

employment opportunities.
Similarly, in Rio de Janeiro, the western areas remain poorly connected, reinforcing existing spatial inequalities. Carneiro et al.
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(2019) found similar results, highlighting an unequal distribution of accessibility: the areas farthest from the urban center have lower
accessibility due to the high concentration of jobs in the city center and the greater distances between central and peripheral areas. The
authors also emphasize the need for investments in public transportation to improve accessibility.

These findings suggest that while e-bikes significantly improve accessibility, they are not a standalone solution and should be
complemented by broader transport and infrastructure improvements to address persistent gaps in job access. In large cities where
formal job opportunities are primarily concentrated in central areas, as is common in many Latin American cities (Boisjoly and El-
Geneidy, 2017), only high-capacity and fast public transport systems such as metro networks can enable people living in more
distant neighborhoods to reach a substantial share of jobs within a reasonable travel time. For this reason, expanding high-capacity and
fast public transport systems, developing safe and extensive cycling infrastructure, and implementing policies that promote mixed land
use and affordable housing near employment centers are essential steps toward achieving more equitable access to opportunities.

3.1.2. Physical effort

Following the analysis in the previous section, we present Table 3, which, similar to Table 2, compares the population-weighted
shares of total jobs accessible by conventional bicycles and e-bikes in Sao Paulo and Rio de Janeiro. However, instead of time-
based thresholds, Table 3 uses energy-equivalent (physical effort) thresholds, reflecting different levels of physical effort. The table
also reports the relative percentage gain in accessibility when switching from bicycles to e-bikes.

The results underscore the transformative impact of e-bikes in reducing physical effort barriers to job accessibility. Compared to
conventional bicycles, e-bikes offer dramatic gains in accessibility when physical effort is considered instead of travel time, often
increasing access to jobs by several hundred percent. As effort thresholds increase, relative gains decline, though absolute accessibility
continues to rise sharply, particularly in Sao Paulo.

These findings underscore the role of e-bikes in overcoming physical limitations, by significantly lowering the effort required to

Table 3
Comparison of population-weighted shares (%) of jobs accessible by bicycle and e-bike across physical effort thresholds in Sao Paulo and Rio de
Janeiro.

Sao Paulo Rio

Threshold Bike E-Bike Change Bike E-Bike Change

15 min 0.6 % 32% 433.3 % 1.0 % 5.3 % 430.0 %
Equivalent

30 min 2.5% 15.8 % 532.0 % 4.4 % 221 % 402.3 %
Equivalent

45 min 6.4 % 36.7 % 473.4 % 10.4 % 46.3 % 345.2 %
Equivalent

60 min 12.5% 59.7 % 377.6 % 19.0 % 69.3 % 264.7 %
Equivalent

11
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cover comparable distances. This expanded accessibility can be especially impactful in hilly or spatially segregated urban areas, such as
Rio de Janeiro, where topography can otherwise severely restrict active travel.

When comparing the physical effort and travel time, a key distinction emerges: while travel time improvements with e-bikes are
meaningful but moderate (20-38 %), the reduction in physical effort leads to far more substantial accessibility gains. This contrast
reveals that barriers to cycling commuting in many urban settings are not only proximity to jobs, but also the physical effort of cycling.
E-bikes help to reduce this barrier, unlocking access to a far greater number of jobs without requiring proportionally longer trips. This
suggests that policy efforts aimed at expanding (affordable) e-bike usage could return greater equity and inclusion by making active
travel more feasible for a broader population.

To further examine these results, we show in Fig. 6 the proportion of the population in Sao Paulo and Rio de Janeiro that can access
varying shares of employment opportunities using conventional bicycles and e-bikes across different travel time thresholds.

The results show that e-bikes provide significant advantages in both cities. At the effort equivalent of 15 min, accessibility remains
limited. This confirms that at very low energy expenditures and travel times, bicycles do not offer significant job access in either city.
As effort levels increase, the advantages of e-bikes become more apparent. In Sao Paulo, at the 30-minute equivalent threshold, e-bikes
allow 30 % of the population to access approximately 20 % of jobs, while in Rio this value is 30 %. The most striking differences emerge
at the 45-minute equivalent effort level, where 30 % of the population can access 50 % of jobs in Sao Paulo and 60 % in Rio.

These findings indicate that, although e-bikes significantly reduce travel time, their most substantial impact lies in the reduction of
physical effort. This reduction can translate into a greater willingness to travel longer distances. For instance, if only travel time is
considered, the impact of e-bikes on accessibility is measured by the additional distance covered in the same duration, say, 20 % more
distance in 20 min, resulting in access to a greater number of jobs. However, what appears to happen in practice is that, rather than
simply traveling faster, people are willing to travel for longer, perhaps 30 min instead of 20, because the physical effort is reduced. This
means the real increase in job accessibility is much greater than what would be estimated from time-based models alone.

This behavior is already reflected in empirical data from the Netherlands. For example, De Haas and Kolkowski (2024) reported
that in 2023, the average distance of a journey by conventional bicycle was 3.3 km, while e-bike trips were almost 70 % longer,
averaging 5.6 km.

In order to better understand the spatial distribution of job accessibility and further illustrate the disparities observed in the
aggregated results, Figs. 7 and 8 show the share of accessibility by both bike types and the gain provided by e-bikes compared to
regular bicycles.

In Sao Paulo (Fig. 7), job accessibility remains highly concentrated in central areas, where both regular bicycles and e-bikes provide
the greatest access. However, when considering energy expenditure instead of time, the accessibility benefits of e-bikes are even more
pronounced. E-bikes substantially expand the range of accessible areas, particularly at higher energy-equivalent thresholds. Unlike the
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100% 1. 100%

90% 90%

80% 80%

c 70% e 70%
2 L
5 5

3 60% 3 60%
[ [
o o

S 50% % S 50%
[ . [
o o
£ 3

s 40% s 40%
2 £
[ El [

& 30% - & 30%

20% 20%

10% I 10%

0% e 0%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Percentage of Total Jobs in the City Percentage of Total Jobs in the City

Bicycle Type - - E-Bike — Regular Bike Physical Effort (minutes equivalent) = 15 min -~ 30 min = 45 min < 60 min
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Fig. 7. Accessibility by bikes, e-bikes, and e-bike gain in Sao Paulo.

travel time analysis, where accessibility gains extended more uniformly, the energy-equivalent results show stronger benefits
spreading southward and into peripheral areas, indicating that reduced physical effort enables access to jobs in regions that were
previously less reachable.

Rio de Janeiro (Fig. 8) presents a different spatial pattern, consistent with its complex urban structure, as previously discussed.
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While accessibility improvements with e-bikes are evident, they are more unevenly distributed compared to Sao Paulo, where
accessibility gains expand outward in all directions. Additionally, some peripheral areas in Rio experience high relative accessibility
gains, indicating that e-bikes significantly mitigate some of the city’s mobility challenges. Despite these differences, in both cities, e-
bikes significantly enhance job accessibility, particularly in peripheral areas where conventional cycling remains limited due to the
physical effort required.

Nevertheless, even with higher levels of physical effort, some regions continue to exhibit low accessibility. In Sao Paulo, the eastern
and far southern areas remain relatively disconnected from major job centers, while in Rio de Janeiro, western areas still face
accessibility challenges. These findings reaffirm that while e-bikes offer substantial benefits, they are not sufficient to provide access to
a significant share of jobs for the entire population. Therefore, they should be integrated with broader transport policies and infra-
structure improvements to ensure equitable access to employment opportunities across both cities.

3.2. Equity

3.2.1. Travel time

To assess the impact of e-bikes on equity, we first examined the CI across all travel time thresholds for both Sao Paulo and Rio de
Janeiro. The results are presented in Table 4.

The results show that e-bikes contribute to a more equitable distribution of job accessibility, especially for longer commutes and in
Rio de Janeiro. Across all travel time thresholds, the Concentration Index (CI) decreases when e-bikes are used instead of conventional
bicycles, indicating improved equity. The impact of e-bikes becomes more pronounced with longer travel times, and Rio consistently
experiences the largest percentage reductions in CI. Notably, Rio also starts with a lower CI than Sao Paulo, reflecting a more equitable
baseline distribution of job accessibility. This can be partly explained by the spatial distribution of income and employment: in Rio,
many lower-income residents live in neighborhoods relatively close to the city center, where most jobs are located, allowing them to
benefit significantly from the extended range of e-bikes. In contrast, Sao Paulo’s job opportunities are more concentrated in wealthier
central areas, meaning that improvements in accessibility from e-bikes primarily benefit higher-income groups, resulting in smaller
relative reductions in CIL.

To further analyze equity, we examined the relationship between income deciles and job accessibility by both modes, along with
the percentage increase in accessibility due to e-bike use across all travel time thresholds. Fig. 9 presents the results for Sao Paulo.

Job accessibility by both conventional and e-bikes follows a clear socioeconomic gradient, favoring higher-income groups. As for
the accessibility gains, while they are similar across all income groups at shorter travel times, they become greater for low- and middle-

Table 4
Concentration Index (CI) for Bicycle and E-Bike Travel Time in Sao Paulo and Rio de Janeiro.
Sao Paulo Rio

Threshold Bike CI E-Bike CI Change (%) Bike CI E-Bike CI Change (%)
15 min 0.474 0.473 —-0.2% 0.267 0.247 -7.5%
30 min 0.444 0.428 —-3.6% 0.192 0.182 —5.2%
45 min 0.377 0.346 —-82% 0.161 0.144 —10.6 %
60 min 0.302 0.262 -13.2% 0.132 0.11 —-16.7 %
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Fig. 9. Job accessibility by income decile across travel time thresholds in Sao Paulo.

income groups as travel time increases. This indicates that although e-bikes help reduce inequities, especially over longer distances,
they do not fully eliminate the accessibility gap between income groups.

In Rio de Janeiro (Fig. 10), accessibility patterns for both conventional and electric bicycles differ significantly from those in Sao
Paulo. While the wealthiest deciles still have higher accessibility, lower-income deciles exhibit the same or even better accessibility
levels than middle-income groups. This trend is influenced by Rio’s spatial structure, where some low-income areas are located close to
job centers, as shown in Fig. 1.

Regarding relative gains, they are larger for low-income groups at 15 min, and at 30 and 45 min, they are almost evenly distributed.
In general, higher-income areas tend to experience smaller gains compared to middle- and low-income areas, particularly as the travel
time threshold increases.

While e-bikes are able to reduce accessibility inequalities in both Sao Paulo and Rio de Janeiro, particularly for longer commutes,
they do not eliminate absolute advantages held by higher-income groups. The specific impact, however, varies significantly between
the cities. Rio experiences larger overall reductions in CI and exhibits a complex accessibility pattern where some lower-income groups
fare relatively well, unlike Sao Paulo’s consistent gradient favoring wealthier groups. Furthermore, the distribution of relative
accessibility gains from e-bikes differs across income groups and travel times in each city. Despite these distinct local dynamics, the
overarching finding is that e-bikes enhance equity by expanding access, especially over distances challenging for conventional bikes,
but they fall short of fully overcoming equity concerns.

To enhance the understanding of accessibility disparities, we also visualize the spatial distribution of accessibility and income in
Sao Paulo and Rio using Local Moran’s I bivariate analysis. Fig. 11 presents the resulting spatial clusters for Sao Paulo.

Both bikes and e-bikes follow a very similar pattern. There is a H-H cluster in the center, where most jobs and high income areas are
located, which extends slightly south at the 15-minute mark and gradually takes on a more circular shape as the travel time threshold
increases. It is also notable that a L-H cluster already exists at 15 min in the northern area of the center and then expands gradually as
the travel time threshold increases. This suggests that as travel time increases, more low-income populations gain access to a significant
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Fig. 10. Job accessibility by income decile across travel time thresholds in Rio de Janeiro.

number of jobs.

Conversely, L-L clusters are predominantly located in the peripheral areas of Sao Paulo. These regions experience the greatest
transport disadvantages, with limited job access by bicycle and only marginal improvements from e-bikes. The persistence of these
clusters highlights the compounded effects of urban marginalization, where long travel distances limit the benefits of active mobility
options for lower-income residents.

Regarding the relation between accessibility gains and income, they are mostly negligible across income groups at the 15- and 30-
minute thresholds but become more significant at 45 and 60 min. At 45 min, most clusters are H-L and L-L, indicating that accessibility
gains remain small in central or higher-income areas that already had good accessibility. In contrast, larger gains tend to occur in
peripheral or lower-accessibility areas, where the introduction of e-bikes substantially increases reachable job opportunities. This
pattern becomes more pronounced at the 60-minute threshold, where some L-H clusters also emerge—highlighting low-income re-
gions that experience notable improvements.

In Rio de Janeiro (Fig. 12), H-H and L-H clusters begin to form at the 15-minute mark, near areas where most jobs are located.
Similar to Sao Paulo, both clusters expand as the travel time threshold increases. However, a key difference from Sao Paulo is that the
LH cluster becomes larger than the HH cluster as travel time increases, highlighting that in Rio a part of the low income population
lives closer to jobs compared to Sao Paulo.

Conversely, LL clusters are predominantly located in the west peripheral areas of Rio. These regions experience the greatest
transport disadvantages, with limited job access by bicycle and only marginal improvements from e-bikes. The persistence of these
clusters highlights the challenges posed by the job distribution and urban sprawl in Rio, where long travel distances limit the benefits of
active mobility options for lower-income residents in these areas.

Regarding accessibility gains and income, they are mostly negligible in relation to income for the 15 min thresholds but become
more significant from 30 min on. Most clusters, like Sao Paulo, are H-L and L-L, indicating that accessibility gains remain small in areas
that already had high accessibility. At 60 min, this pattern still holds, but like Sao Paulo, some L-H clusters emerge in the far West of
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Fig. 11. Spatial clusters of bicycle and e-bike accessibility and income in Sao Paulo across travel time thresholds.

city, representing poor regions that experience significant accessibility improvements due to e-bikes.

Overall, the spatial clustering results for Rio reveal a pattern distinct from Sao Paulo. In Rio, some low-income populations live
relatively close to areas with a high concentration of employment opportunities and benefit from meaningful accessibility gains with e-
bikes. As noted earlier in Section 3.1.1, in Sao Paulo, the poor are generally located much farther from major employment centers,
which limits the potential of e-bikes to reduce the accessibility gap. Nonetheless, the western part of Rio remains particularly
disadvantaged, with long distances that severely constrain accessibility, even with e-bikes.

3.2.2. Physical effort

Building on our analysis of travel time, we next evaluate the impact of e-bikes on equity across all physical effort thresholds for both
Sao Paulo and Rio de Janeiro. Table 5 presents the Concentration Index values across all energy thresholds.

The results show that e-bikes improve equity in job accessibility across both cities, but their impact differs significantly between Sao
Paulo and Rio de Janeiro. In Sao Paulo, e-bikes substantially reduce CI values across all energy thresholds, with the effects becoming
stronger as the effort thresholds increase. This suggests that e-bikes can play a transformative role in mitigating physical effort dis-
parities in Sao Paulo. In contrast, Rio de Janeiro follows a more non-linear pattern. The largest reductions occur at the shortest (—31.0
%) and longest (—29.2 %) thresholds, indicating that e-bikes make short trips physically easier for lower-income groups while also

17



T.V. Louro et al. Transportation Research Part D 149 (2025) 105072

Bike E-bike Difference
“ *
» i ¥
o : o .
3 : o & S22 8 ~ bl ot
g . ¥ .
© P 33 fx %
- R
¥
¥
3 asime S nd
= ¥ P~ ¥ a
= J £, L3 s 2
< -~
£ 4 g e 8
P80 4 ¥ : |
o L
«® .{ e 4 -
¥
0
(%2
Q ~‘
E & kol
£ ¥ +
€ = N
n i Ay FIo 2
< 255
9 4
g %"
= g ko~
> & s e
£ e Fu
°
g S N T 7.4
© ) rod ek
Spatial Relationship: Income vs. Accessibility
M High-High B High-Low [ Low-High ll Low-Low  Not Significant
Fig. 12. Spatial clusters of bicycle and e-bike accessibility and income in Rio de Janeiro across travel time thresholds.
Table 5
Concentration Index (CI) for Bicycle and E-Bike Energy Expenditure in Sao Paulo and Rio de Janeiro.
Sao Paulo Rio
Threshold Bike CI E-Bike CI Change (%) Bike CI E-Bike CI Change (%)
15 min Equivalent 0.535 0.502 —6.2 % 0.105 0.0724 —31.0 %
30 min 0.513 0.389 —24.2% 0.0678 0.0559 —-17.5%
Equivalent
45 min 0.46 0.28 —-39.1 % 0.0573 0.0489 —14.7 %
Equivalent
60 min 0.408 0.186 —54.4 % 0.0493 0.0349 —29.2 %
Equivalent

benefiting those with longer commutes.

The reductions in CI were significantly smaller when accounting for travel time, suggesting that e-bikes’ primary impact lies in
reducing physical effort rather than drastically cutting travel duration. This highlights their greatest benefit: increasing accessibility
and promoting equity by enabling longer trips that would be too demanding on a conventional bike. This effect is particularly sig-
nificant in Sao Paulo and Rio, where job opportunities are highly concentrated in specific areas. Expanding e-bike use in these cities
could greatly improve job access, especially for people living more than 30 min away by bicycle. Ultimately, this would enhance equity
by making these jobs, which were previously accessible mainly to higher-income individuals, more available to a broader population.

Another notable finding is that in Rio, the CI based on physical effort is significantly lower than when considering travel time. As
shown in Figs. 5 and 8, this reflects the fact that many low-income residents live relatively close to central areas with a high con-
centration of jobs. When energy is considered, e-bikes allow these populations to reach a much larger number of opportunities using
the same amount of physical effort on a regular bike. This leads to improved equity outcomes. In contrast, this effect is less evident in
Sao Paulo, where low-income populations are generally located farther from job centers, and even with e-bikes, disparities remain.
These findings highlight the potential of e-bikes to reduce accessibility inequalities, especially when effort rather than time is used as
the basis for comparison.
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To further analyze equity, we also examined the relationship between income deciles and job accessibility by both modes, along
with the percentage increase in accessibility due to e-bike use across all physical effort thresholds. Fig. 13 presents the results for Sao
Paulo.

Job accessibility, when analyzed through the lens of physical effort, also favors higher-income groups, although the difference
between groups is smaller than when considering travel time. The adoption of e-bikes increases the overall share of accessible jobs
much more than when considered travel time, although the disparities remain, with lower-income groups continuing to experience
lower overall accessibility.

The biggest difference when comparing to travel time is in terms of relative equity gains. Accessibility improvements start evenly
distributed at lower physical effort thresholds but become more pronounced for lower- and middle-income groups as effort thresholds
increase. This suggests that e-bikes are particularly effective in mitigating accessibility disparities when physical effort is considered as
a key constraint, making cycling a more viable option for lower-income populations.

In Rio de Janeiro (Fig. 14), accessibility patterns for both conventional and electric bicycles differ significantly from those in Sao
Paulo, as was also the case when considering travel time. With a conventional bicycle, accessibility is fairly even across income deciles.
When using e-bikes, the differences between deciles remain relatively small overall, but low-income groups show much greater in-
ternal variation. This suggests that while some low-income populations benefit substantially from e-bikes, others, particularly those
living in the distant western parts of the city, see little improvement due to their physical isolation and limited infrastructure. At the
same time, the highest-income groups do not necessarily have the greatest access to jobs when physical effort is considered. This is
likely because many wealthier residents live in areas farther from the city center or in hilly regions where even e-bikes offer limited
gains in accessibility.

Regarding relative gains, they are distributed almost evenly across all travel time thresholds. Low-income areas tend to experience
greater gains than middle and high-income areas at the smallest threshold, but this difference decreases across higher thresholds.

To further understand accessibility disparities, we visualize the spatial distribution of accessibility and income in Sao Paulo and Rio
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Fig. 13. Job accessibility by income decile across energy expenditure thresholds in Sao Paulo.
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Fig. 14. Job accessibility by income decile across travel time thresholds in Rio de Janeiro.

using Local Moran’s I bivariate analysis. Fig. 15 presents the resulting spatial clusters for Sao Paulo.

The clusters follow a different spatial pattern when physical effort is considered compared to travel time. For conventional bikes, a
H-H cluster appears in the central area but is more concentrated toward the western part, where most jobs are located, and extends
southward. As the travel time threshold increases, this cluster does not form a circular shape, like with travel time, but instead becomes
more irregular. Additionally, a L-H cluster emerges in the northern part of the center.

The pattern for e-bikes, however, differs significantly. While still concentrated near the city center, both the H-H and L-H clusters
are much larger and more circular than those for conventional bikes. Notably, the L-H cluster is significantly bigger, suggesting two key
insights. First, the difference between accessibility patterns for conventional bikes when considering travel time versus physical effort
highlights the major impact of terrain. This suggests that conventional bike accessibility, when evaluated purely based on travel time,
likely overestimates actual accessibility since terrain constraints are not considered. Second, the more circular shape of e-bike
accessibility clusters indicates that e-bikes help restore the accessibility pattern seen with travel time alone. This suggests that e-bikes
could play a crucial role in mitigating terrain-related accessibility barriers, making cycling a more viable commuting option.

This is particularly important because, with conventional bikes, proximity to job centers does not necessarily translate into bike
accessibility due to physical effort constraints, likely pushing more people toward motorized transport or public transit. The large size
of the L-H cluster for e-bikes suggests significant potential for expanding job accessibility for populations living at a reasonable distance
from employment hubs.

However, one aspect remains unchanged: the presence of low-low (L-L) clusters in Sao Paulo’s peripheral areas, particularly in the
east and south. In these areas, long travel distances continue to limit the benefits of active mobility, reinforcing reliance on motorized
transportation and deepening accessibility inequalities.

Regarding accessibility gains, they become more significant at 30 min, mostly the same trend as when travel time was considered,
indicating that accessibility gains remain small in areas that already had high accessibility when compared to further areas, where the
gains are much higher. Some L-H clusters emerge starting from 45 min equivalent, in the northwest regions, representing poor regions
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Fig. 15. Spatial clusters of bicycle and e-bike accessibility and income in Sao Paulo across physical effort thresholds.

that experience significant accessibility improvements due to e-bikes.

Overall, the spatial clustering results for Sao Paulo show that while e-bikes do not fully eliminate ingrained spatial disparities, they
can significantly improve accessibility in low-income areas closer to the city center. This highlights the regions that would likely
benefit the most from unimodal trips while also emphasizing the need for complementary policies, such developing safe and extensive
cycling infrastructure, to maximize their equity benefits.

In Rio de Janeiro (Fig. 16), the most prominent feature is the presence of an L-H cluster for both bikes, with a significant increase in
its size as the travel time equivalent threshold increases. The clusters form a somewhat similar pattern for both bike types, but the size
of the cluster for e-bikes is much larger. There is also an H-H cluster, located further east, which is smaller for bikes than for e-bikes.

A key difference from Sao Paulo is that the L-H cluster in Rio is much larger than the H-H cluster, indicating that e-bikes can have a
greater impact on low-income regions in Rio than in Sao Paulo. Conversely, L-L clusters follow the same pattern as travel time,
remaining predominantly in Rio’s western peripheral areas and unchanged from the travel time situation. These regions experience
significant transport disadvantages, with limited job access by bicycle and only marginal improvements from e-bikes. The persistence
of these clusters highlights the challenges posed by job distribution and urban sprawl in Rio, where long travel distances limit the
benefits of active mobility options for lower-income residents.

Regarding accessibility gains, most clusters are H-L and L-L, suggesting that accessibility improvements remain small in areas that
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Fig. 16. Spatial clusters of bicycle and e-bike accessibility and income in Rio de Janeiro across physical effort thresholds.

already had high accessibility compared to others. In general, the spatial clustering results for Rio underscore that while e-bikes can
play a significant role in improving accessibility in low-income areas, they do not fully disrupt entrenched spatial disparities, similar to
the pattern observed in Sao Paulo. However, their impact is much greater in Rio than in Sao Paulo.

In conclusion, accessibility and equity outcomes related to e-bikes can vary significantly from city to city, as demonstrated by the
results observed in Sao Paulo and Rio de Janeiro. The spatial distribution of jobs and population, along with the broader urban
structure, plays a critical role in determining how effectively e-bikes enhance access to opportunities. These findings underscore the
need for more comparative research across diverse urban contexts, in both developing and developed countries, to better understand
the potential of e-bikes to improve access to employment and essential services.

A key advantage in many developed countries is the higher purchasing power, which makes e-bikes, still relatively costly, more
accessible to a larger share of the population. In addition, several cities in developed countries benefit from well-connected and
extensive cycling infrastructure, which allows users to take full advantage of the mobility improvements that e-bikes offer. In contrast,
many cities in developing countries face substantial barriers, including limited infrastructure and affordability challenges, which
constrain the equitable use of e-bikes.

Affordability remains a significant barrier to accessing e-bike sharing, particularly for low-income populations. In Brazil, pricing
structures vary across cities, but monthly plans typically cost around R$40.00 (1 USD = R$5.56 as of mid-2025), with an additional
charge of approximately R$8.00 for each ride with electric bikes. These cumulative costs can be prohibitive for users with limited
incomes, given that the minimum wage as of 2025 is R$1,518 (273 USD) per month. However, Fortaleza, a city in northeastern Brazil,
has introduced inclusive programs that integrate bike-sharing with public transportation, including access to electric models for public
transit users, for free, as well as charging R$20.00 per month, or R$80.00 per year, for other users, including e-bikes. Such initiatives
align with global efforts to reduce inequalities in shared mobility systems, as seen in the US where equity requirements in shared
micromobility programs have been implemented to address disparities (Brown and Howell, 2024). These examples highlight the
potential for policy interventions to mitigate cost barriers and promote more equitable access to active and sustainable mobility. Such
initiatives highlight the potential for policy interventions to mitigate cost barriers and promote more equitable access to active and
sustainable mobility.

Further research focused on specific population groups and their unique mobility needs is needed to examine the equity impli-
cations of e-bike use across different contexts. Ballo et al. (2023) discuss various qualitative scenarios regarding the possible impact of
e-bikes on accessibility and equity. Their work highlights that the effects depend heavily on local conditions and travel behaviors, with
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some groups gaining accessibility while others may experience losses depending on how transportation systems evolve and integrate.
Equity-oriented planning, supported by targeted investments in infrastructure and affordability measures, will be critical for realizing
the full potential of e-bikes as a tool for inclusive urban mobility in a range of global settings.

4. Conclusions

This study evaluated the impacts of e-bikes on job accessibility and spatial equity in Sao Paulo and Rio de Janeiro, introducing
physical effort alongside travel time as a key impedance factor. Our findings demonstrate that e-bikes substantially enhance job
accessibility compared to conventional bicycles, particularly over longer distances and when higher physical effort thresholds are
considered. This highlights the potential of e-bikes to overcome traditional barriers to cycling, such as distance and topography.

The analysis revealed significant variations in accessibility gains both between and within the two cities, underscoring the critical
role of urban topography and structure in shaping e-bike impacts. While Sao Paulo generally offers higher absolute job accessibility by
bicycle, Rio de Janeiro showed greater relative improvements with e-bikes, likely due to its urban structure making pedal assistance
more impactful.

From an equity perspective, e-bikes were found to partially reduce spatial disparities in accessibility, providing greater relative
gains for lower-income groups, especially when physical effort limits accessibility. However, despite these relative improvements,
significant absolute accessibility inequalities persist, with central, higher-income areas retaining advantages. Furthermore, peripheral
areas in both cities continue to face accessibility challenges, even with e-bikes, indicating that e-bikes alone are insufficient to bridge
the urban accessibility divide.

This research contributes by quantifying e-bike impacts in major Global South cities and by incorporating physical effort as a novel
and important impedance metric in cycling accessibility studies. The results suggest that promoting e-bike use can be a valuable
strategy for improving access to opportunities and fostering greater transport equity. However, realizing the accessibility and equity
potential of e-bikes requires complementary policies beyond simply promoting their use, such as developing continuous and safe
cycling networks, and affordable pricing schemes for shared e-bike systems. Furthermore, strategies to improve integration with public
transport hubs and policies could help maximize uptake and benefits, especially for lower-income workers using public transport.
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