A
oXe
ISSN 2237-8960 (Online)

O&PM ABEPRO.

ENGENHARIA DE PRODUCAO
Brazilian Journal of Operations

& Production Management

RESEARCH PAPER

Sustainable urban mobility in Rio de Janeiro:
A model to quantify greenhouse gas emissions and purpose
of practical application

Camila de Mello Cardoso de Oliveira', Mariana Gongalves de Carvalho Wolff?

"Federal Center of Technological Education of Rio de Janeiro - CEFET/R], Campus Nova Iguacu, Nova Iguagu, R), Brazil.
2Federal Rural University of Rio de Janeiro - UFRRJ, Administration and Tourism Department, Multidisciplinary Institute, Nova
Iguacu, RJ, Brazil.

How to cite: Oliveira, C.M.C. and Wolff, M.G.C. (2020), “Sustainable urban mobility in Rio de Janeiro: A model to
quantify greenhouse gas emissions and purpose of practical application”, Brazilian Journal of Operations &
Production Management, Vol. 17, No. 03, e2020993. https://doi.org/10.14488/10.14488/B|OPM.2020.030

ABSTRACT

Goal: This article aims to present a mathematical modelling study to quantify greenhouse gas
emissions in the scope of urban mobility and propose actions for more sustainable cities.
Methodology: This presents an application focused on trips made by cars and motorcycles in some
neighborhoods of the City of Rio de Janeiro during 2016 in order to quantify from mathematical
equations the greenhouse gas emissions and their proportion to the total greenhouse gases emission
of transport in the city, while presenting the capacity of the current bicycle infrastructure to absorb
the same displacements with zero carbon trips.

Results: The study reached the result of 127 thousand tons of greenhouse gases emitted by cars and
motorcycles, representing 1,64% of the total transport emissions and 2,73% of road transport in this
city in 2016.

Limitations of the investigation: The research is limited to the neighborhoods under analysis and
the daily travel rate per inhabitant by type of transport.

Practical implications: The study provides environmental impact assessment material able to
support proposals for practical applications aimed at mitigating greenhouse gas emissions.
Originality / Value: Measurement of environmental impacts and applications in the transport of the
city of Rio de Janeiro, which can be used for comparisons with other neighborhoods in the city and/or
other cities.
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INTRODUCTION

The urban densification is a characteristic present in Brazilian cities. The impacts in large
centers are generated by the increasing level of urbanization that occurred in Brazil, which
intensified at the end of the 20th century (Saraiva et al., 2019). According to Dotto and Silva
(2019), such impacts have as some consequences negative influence on environmental
aspects and on the quality of life of the urbanized population, which, according to the last
demographic census in 2010 made by IBGE, represents 84% of the population Brazilian.

It is observed that urban planning is the responsibility of public administration and its
inefficiency becomes the major cause of the problems of disorderly occupation of land. As part
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of urban planning, the National Confederation of Municipalities (Confederacdo Nacional de
Municipios, 2016) establishes that city governments of cities of more than 20 thousand
inhabitants must prepare municipal mobility plans. However, according to data from Instituto
Brasileiro de Geografia e Estatistica (2012), only 10% of municipalities they have them and, as
a consequence, the remaining 90% cities distance themselves from the National Urban
Mobility Policy.

According to DENATRAN, in 2018 Brazil had a car for every 4 inhabitants and yet according
to Instituto de Pesquisa Econdmica Aplicada (2013) 18.6% of the inhabitants who live and work
in Brazilian metropolitan regions spend more than one daily time commuting from home to
work. Not only the negative impact on mobility, the use of cars is one of the contributors of
greenhouse gas emissions and negative air quality (Rubim and Leitdo, 2013; Pasha et al.,
2016), since transport is responsible for approximately a quarter of the carbon emission by
human action (Wang et al., 2018). Such factors contribute to the current environmental crisis
in which the solution is sought using sustainable methods (De Lima et al., 2012).

Santos (2007) suggests that one of the measures to discourage vehicular gas emissions
is to increase the effort in the development of mobility with the use of non-polluting transport
sources and among this cycling mobility can be highlighted. The use of bicycles in Brazil grew
with the oil crisis and declined in the 1980s and early 1990s (Affonso et al., 2003) and currently
the Brazilian Traffic Code (Law No. 9.503, of September 23, 1997) includes it as a vehicle in which
municipalities must plan and guarantee the safety of their circulation. The use of non-polluting
transport prevents a greater emission of greenhouse gases, as shown by data from the
research carried out by Laboratério de Mobilidade Sustentavel (2018) in which it is estimated
that the current Brazilians who already use the bicycle instead of cars stop emit 4.4 kilos of
carbon dioxide per year.

The city of Rio de Janeiro is the second most populous city in Brazil and the capital of its
state. In recent years, the city has been expanding its cycle infrastructure to enable new
possibilities for travel and integration with other modes. This article aims to assess what is the
possible reduction in greenhouse gas emissions in the scope of the city of Rio de Janeiro from
the migration of users of individual motor vehicles to cycle transport, considering some
neighborhoods in this city in 2016.

The study is structured in 5 sections. Section 1 introduces the theme of greenhouse gas
emissions in transport and the impact of cycling mobility on reducing it. The second brings a
review of the literature, detailing concepts of urban mobility and sustainable urban mobility
and studies related to the theme of transport and its adaptations to Brazilian public policy.
The methodology used and the case study in the city of Rio de Janeiro are presented below.
Section 4 analyzes the results obtained in this study and, finally, the conclusion seeks to finalize
the theme and propose public measures to reduce the emission of greenhouse gases in
transport.

LITERATURE REVIEW

Several studies demonstrate Brazil's historic adequacy to sustainable urban mobility.
For example, according to Pereira (2015), Brazil treated urban mobility as a sectorial and
specialized way, in which the planning and regulation of collective transport, transit, urban
logistics and road infrastructure was processed separately. So, the National Urban Mobility
Policy becomes the instrument of development policy aiming at “the integration of different
modes of transport and the improvement of accessibility and mobility of people and cargo in
the territory of the municipality” (Law No. 12,587, of 3 January 2012).

Comparing the Brazilian capitals with a greater cycle length with the capitals of other
countries, Brazil presents a similar mesh size. According to data from Associa¢do Brasileira
dos Fabricantes de Motocicletas, Ciclomotores, Motonetas, Bicicletas e Similares (2018), the
Brazilian cities Sdo Paulo, Rio de Janeiro and Brasilia have respectively 498, 458 and 465 kilometers
of cycleways, similar in measure to the city of Bogota, with 402 kilometers and Copenhagen,
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with 350 kilometers. According to the same data, there is a contrast in size with the city of
Berlin, which has 750 kilometers of cycleways.

According to Pereira (2015), urban road planning has been modified in several societies
to promote more sustainable developmentin a way that considers the pedestrians and cyclists
mobility. Pasha et al. (2016) note the need for analysis by policy makers and planners of the
criteria that influence the choice of the active mode of transport to encourage its use. Luo et al.
(2020) state that the planning of cycling routes should also take into account, in addition to
the general planning criteria, the exposure of air pollution related to traffic that affects cyclists.

Current studies on bicycle transport focus on case studies on the deployment of shared
bicycle systems. Sousa-Zomer et al. (2016) study bicycle sharing models as a potentially
effective initiative in developed and underdeveloped countries to increase the supply of
sustainable transport. Wangetal. (2020) also deal with bicycle sharing systems when
reporting the benefits of reduced commuting time and carbon footprint on travel by public
bicycles in 2016 in the city of Hohhot, the capital of Mongolia.

Brazil is the seventh largest emitter of greenhouse gases in the world (Observatério do
Clima, 2018). According to data from the Greenhouse Gas Emission Estimation System (2018),
the transport sector in this country participated with 11% of emissions in 2016. Despite the
110% growth since 2004, the participation of the activity economic growth has remained stable
since 2012, remaining in the range of 10% from this year.

In the literature presented there are articles that calculate the amount of greenhouse
gases emitted in transport and suggests the migration of polluting transport of people to the
bicycle in order to reduce such emissions. Among these, Yang et al. (2017) note that the city of
Beijing, which is a developed city and has good traffic and rail services, emits carbon dioxide
approximately 7 times more than Xi'an, a rapidly developing city. Neves and Brand (2019)
analyze the potential reduction of short trips made by cars due to the migration of the use of
bicycles or walks by 50 residents of Cardiff and find the substitution favorable on 41% of these.
And the study by Sunetal. (2020) analyzed the potential reduction in greenhouse gas
emissions by motor vehicles by replacing the journey made by such modals with shared
bicycles available next to the stations on line 10 of the Beijing subway.

Based on the literature review, this study also uses travel and population data from the
last census conducted (Instituto Brasileiro de Geografia e Estatistica, 2010), Metropolitan
Region of Rio de Janeiro Transport Master Plan (2014) and a general report on transport
conducted by the Associa¢do Nacional de Transportes Publicos (2018).

METHODS

Research objective and focus

The article proposes to quantify the greenhouse gas emissions from automobiles and
motorcycles in the city of Rio de Janeiro in 2016 considering ten nearby neighborhoods that
have a satisfactory bicycle infrastructure and intense flow of people connecting to the central
area of the city and compares emissions of these gases due to transportation in the city.
For that, the trips made that could be migrated for the use of bicycles are quantified, the
greenhouse gas emissions generated by each mode are estimated and the emissions obtained
are compared with the total of the city.

For data collection, the following were taken into account, respectively:

a) estimate of inhabitants of the neighborhoods covered in 2016;

b) analysis of the bicycle infrastructure of the neighborhoods covered by the research;

¢) estimate of trips made by bicycle, automobiles and motorcycles in the neighborhoods

covered by the survey in 2016;

d) estimate of greenhouse gas emissions by automobiles and motorcycles in the

neighborhoods covered by the survey in 2016.
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Mathematical methodology

For the calculation of the models previously analyzed, equations were prepared to list the
estimates of inhabitants, the trips made and the emission of greenhouse gases in 2016.

The estimate of the number of inhabitants of the neighborhoods covered by the research
was based on the number of inhabitants of each one, reported by the last demographic census
carried out in the country (Instituto Brasileiro de Geografia e Estatistica, 2010), and the
estimate of expansion of inhabitants of the city between the years 2010 and 2016 (Instituto
Brasileiro de Geografia e Estatistica, 2016). The equation for calculating the estimated number
of inhabitants of the neighborhoods covered by the survey in 2016 is:

x= gGi*(282244*10(’7)) ™)

i=1

In Equation 1, x represents the sum of the estimated number of inhabitants in the 10 analyzed
neighborhoods in 2016 and G represents the number of inhabitants per neighborhood
according to the 2010 demographic census.

The following equations were developed based on the complementary composition and
the calculation taken to quantify the emission of greenhouse gases in certain locations, as
done by Sun, Wang and Li (2020).

The equation for calculating daily trips by cars, motorcycles and bicycles according to the
number of inhabitants of the region is also based on the index already suggested for
calculation carried out by the most recent Metropolitan Region of Rio de Janeiro Transport
Master Plan (2014) and its data collected on the number of trips taken. Thus, the equation
elaborated is:

0

In Equation 2, | is the daily travel rate per inhabitant by type of transport. A is the number of
trips analyzed by the collection of the Metropolitan Region of Rio de Janeiro Transport Master
Plan (2014). Finally, n is the number of inhabitants present in the macro-zone of the
Metropolitan Region of Rio de Janeiro in 2012.

The Equation 3, which comprises the estimate of trips made per day according to the
number of inhabitants of the region, is:

V=Ix (3)

In Equation 3, V is the estimate of daily trips made by the modes analyzed in the
neighborhoods covered by the survey. | is the rate of travel per day, per inhabitant and per
type of transport, calculated in Equation 2. Finally, x is the estimated number of numbers of
inhabitants in the region in 2016, calculated in Equation 1.

The Equation 4 takes into account the data presented of daily emission of greenhouse
gases per inhabitant by municipality population size (in this case, for municipalities above
1 million inhabitants) and mode of transport carried out by the Associacdo Nacional de
Transportes Publicos (2018). The elaborated equation is:

C= 3.(E, *x,)4366 (@)
i=1
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In Equation 4, Cis the total measured in tons of annual greenhouse gas emissions by cars and
motorcycles in 2016 in the neighborhoods covered by the survey. The variable E is the quantity
in tons of daily greenhouse gas emissions per inhabitant, adapted from the study by the
National Public Transport Association (Associagdo Nacional de Transportes Publicos (2018),
and x is the estimated number of inhabitants in the region in 2016, calculated in the
Equation 1. For the case study, the number of daily emissions was multiplied by 366 to
calculate the annual greenhouse gas emissions, considering the calculation for a leap year.

DISCUSSION ANALYSIS, RESULTS AND PROPOSALS

Bicycle infrastructure and modal integration viability

For the research, the trips made in the neighborhoods Copacabana, Centro, Botafogo,
Flamengo, Gloria, Leme, Urca, Laranjeiras, Catete, Santa Teresa and Lapa were considered as
shown in Figure 1. The neighborhoods are part of the city of Rio de Janeiro, in the state of Rio
de Janeiro, with the neighborhoods Centro, Santa Teresa and Lapa belonging to the central
area of the city and the rest belonging to the southern area. According to data from Ciclorio
(2019), commuting by bicycle between neighborhoods throughout 2016 lasts less than 30
minutes. The average travel time by individual transport in cities with more than one million
inhabitants is 30 minutes per trip (Associa¢do Nacional de Transportes Publicos, 2018).
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Figure 1. Map of neighborhoods covered by the survey
Source: Designed from Google Maps (2019).

The city of Rio de Janeiro has the size of a metropolis (Lobo et al., 2018) in which cities
with more than one million inhabitants are called. According to an IBGE estimate (2016), the
city expanded the number of inhabitants by 2.82% between 2010 and 2016 totaling
6,498,837 inhabitants living in the municipality. Following the same estimate and Equation 1,
the neighborhoods covered by the survey have, in 2016, a total of 475,580 inhabitants,
corresponding to 7.3% of the city's inhabitants.

All neighborhoods covered by the survey have ample mobility of means of public
transport, with stations and subway lines such as subway transport and several lines and bus
stops for road transport. The bicycle infrastructure in these neighborhoods is satisfactory and
most of its roads have good conditions in signage and pavement, sufficient for the routine
flow of the population to the surroundings (Maia, 2017). The neighborhoods have cycleways,
bike lanes and sidewalks and shared roads as cycle paths in most of the busiest avenues and
streets, and where there is an absence, usually on residential streets, there is the possibility
of moving on foot transporting the bicycle along the route.
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The bicycle-sharing system has stations close to other modes, which facilitates
integration with other types of public transport in the city. Along the neighborhoods, its
subway stations and bus stops there are also bicycle stands for the use of the
population, offered by the city hall. Such implantation allows the safe storage of bicycles,
providing its users with the possibility of integration in areas where the use is prohibited.

Among the several cycleways located in the highlighted neighborhoods, the Mané
Garrincha and Avenida Rio Branco cycleways are highlights. The Mané Garrincha
cycleway has two lanes in two directions and, according to Maia (2017), it has a structure
to accommodate the routine trip of the inhabitants to the surroundings. The average
travel time is 20 minutes. The cycleway is 14 kilometers long, connecting the
neighborhoods of Copacabana and downtown Rio de Janeiro in its borders with other
neighborhoods, crossing the neighborhoods Botafogo, Flamengo and Gléria. The
neighborhoods Leme, Urca, Laranjeiras, Catete, Santa Tereza and Lapa are adjacent to
the stretch, distant up to 2 kilometers from their limit zone.

The Avenida Rio Branco cycleway is 750 meters long and can take an average of 6
minutes to complete. Its route participates in the corporate center of the city, where a
large number of offices and commercial services are located, which are work
destinations for the inhabitants of the city and others nearby. It is also located close to
the VLT tracks, enabling integration with the modal at 2 stations next to the cycleway.

Analysis of greenhouse gas emissions

The study analyzes the cases in which the use of vehicles emitting greenhouse gases
can be substituted in relation to the modality. For the analysis, the replacement of
individual motor vehicles was defined, in which the Metropolitan Region of Rio de Janeiro
Transport Master Plan (2014) classifies them analytically as: auto driver, auto passenger,
taxi, motorcycle and moto taxi. As the trips of auto driver, auto passenger and taxi
configure the same vehicle and emit the same amount of pollutants, for the calculation
of greenhouse gas emissions they are consolidated and are called car. Likewise, the
situation with a motorcycle and a motorcycle taxi is analyzed together as a motorcycle.

Equation 2 allows the calculation of the index of travel per day and per inhabitant
from the number of trips provided by the study of the Metropolitan Region of Rio de
Janeiro Transport Master Plan (2014) and in Equation 3 the index is applied to estimate
of inhabitants in the neighborhoods covered by the survey. Tables 1 and 2 reflect these
values.

Table 1. Travel index per day by individual motorized transport and bicycle

Analyzed Trips - A

Means of transport Index - | (trips/day/inhabitants)

(thousand)
Auto driver 2.540 0,211
Auto passenger 1.225 0,102
Taxi 256 0,021
Total of Car 4.021 0,334
Motorcycle 170 0,014
Motorcycle Taxi 39 0,003
Total of Motorcycle 209 0,017
Car + Motorcycle 4.230 0,352
Bicycle 546 0,045

Source: The authors themselves

Brazilian Journal of Operations & Production Management, Vol. 17, No. 3, e2020993, 2020

6/11



Sustainable urban mobility in Rio de Janeiro: A model to quantify greenhouse gas emissions and purpose of practical application

Table 2. Total trips per day by modal analyzed in the neighborhoods

Means of transport Index - | Total of trips/day

Auto driver 0,211 100.472
Auto passenger 0,102 48.456
Taxi 0,021 10.126

Total of Car 0,334 159.054
Motorcycle 0,014 6.724
Motorcycle Taxi 0,003 1.542
Total of Motorcycle 0,017 8.267
Car + Motorcycle 0,352 167.321
Bicycle 0,045 21.597

Source: The authors themselves

According to the report of the National Public Transport Association (2018), in 2016 cars
corresponded to 67% of the greenhouse gas emissions from the modes of road transport of
people, while motorcycles were responsible for 4%. In the same report, it is estimated that
there is an emission of 700 grams per inhabitant of greenhouse gases per day when traveling
by car in cities of more than 1 million people, and, if the trip is made by motorcycle, their
emission is 28 grams per inhabitant per day. For the study, such emissions values already
converted into tons are used for the application of Equation 4 as the variable E;.

The application of Equation 4 demonstrates that the annual greenhouse gas emission of
cars in the neighborhoods covered by the survey is approximately 122 thousand tons. In the
same period, motorcycles emitted less than 5 thousand tons. Together, it is estimated an
emission of approximately 127 thousand tons of greenhouse gases in the year.

The survey analyzed the number of bicycle, car and motorcycle trips that took place in
the neighborhoods covered by the survey per day during 2016 based on travel indices per
inhabitant per day for each mode. The total volume is 189 thousand and percentage of such
trips between the three means and the number of trips made is shown in Figure 2. The trips
made by car are greater than 80% for the means of transport that emit the most greenhouse
gases among those analyzed.

4% 12%

84%

= Cars = Motorcycles = Bicycles

Figure 2. Number of daily trips made by car, bicycle and motorcycle in the
neighborhoods (2016)

Source: The authors themselves

According to the most recent monitoring data on greenhouse gas emissions of the city of
Rio de Janeiro (Climate Change Monitoring System, 2019), transport corresponds to 36% of
total emissions (equivalent to 7.7 million tons) in 2016. Thus, the 127 thousand tons emitted
by cars and motorcycles in the neighborhoods covered by the survey correspond to 1.6% of
emissions from all transport in the city of Rio de Janeiro.
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Analyzing by subsectors and according to the same data, the modal road, which includes
the transportation of cargo and passengers, was responsible for emission of 4.6 million tons
of greenhouse gases this year. In this volume, the emission in the neighborhoods covered by
cars and motorcycles contribute 2.7% in relation to total road transport in the city.

Propositions for action by policy makers

As policy suggestions for improving environmental quality reducing greenhouse gas
emissions, actions are proposed to expand cycle capacity and integrate modes, publicity
campaigns for cycleways, reduction of road capacity for locomotion of individual transport
and joint work with policy makers from other areas, shown in Table 3.

Table 3. Suggestions for political actions for travel migration in the neighborhoods covered by the
survey

Policy suggestions Suggested policy measures
+ Implementation of bike racks at new points
Increased cycling capacity * Increased supply of shared bicycle system stations

+ Creation of new cycleways

Expansion of integration with other * Increase in the supply of bicycles at shared bycicle systems

modes stations close to metro stations and bus stops
) + Installation of bicycle maps in the neighborhoods
Disclosure of cycleways . .

+ Disclosure of advertisements on roadways

Reduction of the individual motorized . .

) . » Conversion of road lanes to exclusive bus lanes

trips capacity

* Increased police coverage on cycleways

Integration with other policy areas .
* Implementation of health posts close to cycleways

Source: The authors themselves

CONCLUSION AND SUGGESTION FOR FUTURE STUDIES

The study aimed to quantify greenhouse gas emissions of individual motor vehicles in the
city of Rio de Janeiro in 2016, considering some neighborhoods in this city, and compare with
the emissions of these gases due to transportation in the city. In this way, it analyzed the
possibility of travel cars and motorcycles are migrated to bicycle trips, resulting in no
greenhouse gas emissions. In addition, the research reinforces the possibility of studies on
sustainable themes to quantitatively measure the impacts caused by greenhouse gas
emissions in Brazilian cities.

According to the survey, the cycleways present in the neighborhoods of Rio de Janeiro
South Zone and Central Zone, these being Copacabana, Centro, Botafogo, Flamengo, Gloria,
Leme, Urca, Laranjeiras, Catete, Santa Teresa and Lapa, in an interior position, such as the
Avenida Rio Branco cycleway or in interconnection between them, such as the Mané Garrincha
cycleway, is sufficient to support travel migration made by cars and motorcycles.
The cycleways present good conditions of infrastructure, branching and signaling in which it
allows accessibility and comfort to its users, in addition to interconnecting with streets and
avenues residential neighborhoods, which makes it possible to use them for routine trips,
such as home-work or home-school. Its implementation represents an adaptation of the city
of Rio de Janeiro to sustainable urban mobility and the National Urban Mobility Policy.

Moreover, in these neighborhoods it is possible to transport a bicycle at specific times
and subway wagons to integrate or use the cycle infrastructure with the subway transport, in
which there is in the region several boarding and landing lanes and there is a future possibility
of integration with public road transport by city buses. In this way, the cyclist guarantees more
possibilities to move through the neighborhoods and to an external region without the need
to do a trip by individual motor vehicle. Therefore, the bicycle infrastructure of the
neighborhoods covered in the research is sufficient to carry out within them, in addition to
being possible to transport a bicycle on residential roads and in the subway.
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The emissions of greenhouse gases by cars and motorcycles in the neighborhoods
covered by the survey in 2016 represented 1.6% of total emissions from all modes of transport
in the city of Rio de Janeiro in the same year and 2.7% of total road modals greenhouse gas
emissions in the city, considering cargo and passenger transportation. According to the
analysis, such emission could be reduced or even avoided, since the bicycle infrastructure
allows for the same trips with the use of bicycles, a non-polluting mean of transport. The study
also shows a much higher impact on the emission of greenhouse gases caused by automobiles
when compared to that of motorcycles, considering the same distance covered and the
greatest number of trips is made by them. Automobiles are responsible for 96% of the total
greenhouse gases emitted while motorcycles are responsible for 4%.

Although the study corresponds to greenhouse gas emissions caused in 2016, data from
Departamento Nacional de Transito (2020) suggest the possibility of an increase in
greenhouse gas emissions by cars and motorcycles in the city. Between 2016 and 2019 there
was an increase in the fleet of 5% of cars and 12% of motorcycles, which consequently causes
a greater number of trips and an increase in emissions.

The analysis provides the assessment of environmental impacts that can be taken into
account when decision-making on sustainable urban mobility policies. As a suggestion for the
reduction of such emissions, the city government can create incentive policies for the
migration on the use of automobiles and motorcycles for the use of bicycles, in addition to
expanding the existing bicycle infrastructure in order to promote greater cycle accessibility.

Other analyzes that can be done to complement the study are related to the comparison
of atmospheric emissions between the areas of the city of Rio de Janeiro, identifying the
relationship between transport emissions and the existence of the bicycle infrastructure. In
addition, it is important to assess the financial impact for the collection of taxes and fees by
the government and society as a result of the travel migration.
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