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No comprehensive framework for PT sustainability assessment exists so far that is tailored to the
specific local situation in this region. Therefore, this study develops for the first time a theoret-
ically sound and feasible index for assessing the sustainability of PT systems in Latin America, the
Sustainable Public Transport Index for Latin America (SPTI-LATAM). The index is based on an
Assessment Indicator Model (AIM) with overall 49 indicators in the five dimensions system
effectiveness, social, environmental, economic, governance and integrated transport planning.
The SPTI-LATAM is designed with three levels: 1) the basic index (BSPTI) containing 32 in-
dicators; 2) the extended index (ESPTI) including 11 additional indicators; and 3) the global index
(GSPTI) with 6 additional indicators. The BSPTI is computed for eleven case study cities to
demonstrate its feasibility and to analyze the sustainability of PT systems in the region. The
framework uses the Equal Weighting Aggregation (EWA) method for assigning weights to each
indicator, the Weighted Sum Model (WSM) for aggregating the indicators to the overall index and
international standards and benchmarks for normalization. The final scores of the BSPTI show
that the case study cities have still challenges to reach sustainability since only two cities had
scores slightly higher than the half of achievable points (55 and 51), while eight cities had scores
between 40 and 50 points, and one city achieved 39 points. Deficits are identified mainly for PT
service quality, for the environmental performance, for the governance dimension and less for PT
system coverage. Overall, the analysis of the BSPTI-LATAM for the 11 case study cities shows that
the index is suitable for benchmarking sustainability of local PT systems and ready to be used in
research and practice.

1. Introduction

The goal of sustainable development is the widely accepted high-level normative framework for today’s policy making in all sectors
at all levels, beginning at the global level with the Sustainable Development Goals (SDGs) as adopted by the United Nations in 2015
(United Nations, 2016). There is no one single specific SDG for transport but many SDGs are relevant and the general idea of
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sustainable development can be translated to the transport context, this is to meet “the needs of the present without compromising the
ability of future generations to meet their own needs” (Brundtland, 1987). Transport systems need to provide accessibilities for all
groups of all societies today and in the future, they need to enable persons (and goods) to reach their desired destinations as the basis
for satisfying their needs. SDG 11 “Sustainable Cities and Communities” and particularly Target 11.2 describe these responsibilities of
transport systems for enhancing sustainable development:

By 2030, provide access to safe, affordable, accessible, and sustainable transport systems for all, improving road safety, notably by
expanding public transport, with special attention to the needs of those in vulnerable situations, women, children, persons with
disabilities and older persons (United Nations, 2016).

Various further SDGs and targets address the need to minimize negative effects of transport and to respect the earth’s limited
carrying capacities in order to ensure this access forever, for all today’s and future generations.

Public transport (PT) is in the focus of Target 11.2. It is, in combination with the active modes walking and cycling and the
emerging innovative mobility services such as sharing, pooling, or hailing, one core backbone of sustainable transport systems. PT
systems have high capacities and can carry large amounts of people efficiently in terms of space, financial and environmental re-
sources; they are inclusive and available for all parts of society, and they are suitable for short- and long-distance transport.

Various indicator systems for measuring progress of PT systems towards the goal of sustainable development have been developed
in academia and by policy institutions (Guimaraes et al., 2018; Di Yao et al., 2019). They are often organized along the three di-
mensions of social, economic, and environmental sustainability which are referred to as the triple bottom line (TCRP, 2019).
Frameworks exist for comparing PT systems and for benchmarking their sustainability status (Currie & de Gruyter, 2018), for ex-ante
assessments of planned policy interventions (Farooq et al., 2019), for ex-post evaluations of completed PT projects (Rao, 2021) and for
optimizing PT services by minimizing the resources needed to achieve the sustainability ambition (Ammenberg & Dahlgren, 2021).

Most of these indicator systems focus on Europe, North America, and parts of Asia; hardly any indicator system for operationalizing
sustainable PT exists for Latin America (Velasco Arevalo et al., 2023). This is a major gap seeing the high importance of PT in this
region in combination with the substantial need to improve its services. Around 56 % of urban trips are made on PT systems in Latin
America (CAF, 2016), half of the users are women who are more exposed to aggressions (ONU-Habitat, 2012), low incomers mobility
mainly relies on PT, especially for those living in the outskirts of cities (CAF, 2011). These high PT shares can be applauded from the
sustainability point of view, they should be maintained and increased in the future but with growing societal welfare and income this
needs substantial improvements in PT service quality. So far, the share of public transport is decreasing over time in the region whereas
private motorized is increasing. Some cities have witnessed a considerable reduction in their PT shares, i.e., Santiago de Chile had 60 %
PT share in 1991 and 45 % in 2012, and Bogota passed from 60 % in 2005 to 50 % in 2015. At the same time, the motorization rate in
Latin America has increased with an average annual growth of 4,7% (Rivas, M.E., et al., 2019). In 2012, 85 % of the Latin American PT
fleet were diesel buses and microbuses (ONU-Habitat, 2012) leading to around 1,300 tons of local pollutants (CO, NOx, HX, and MP10)
and 90,000 tons of CO2 every day (CAF, 2016).

In addition to this high relevance, Latin American PT systems have further specific characteristics that differ from PT systems in the
Western World and require specific indicator systems tailored to this region. Aggression in PT vehicles and stations is a major issue in
Latin America, particularly for women. In 2016 in Asuncion (Paraguay) and Lima (Pert), 38 % and 49 %, respectively, of PT female
users reported any type of harassment while in Colombia, the percentage reached 60 % of female users suffering any type of sexual
aggression in PT (Galiani & Jaitman, 2016).

Paratransit as informal PT, which is characterized by unscheduled operations, atomized ownership, and the use of smaller vehicles
is another typical characteristic of PT systems in Latin America. Paratransit offers transport options to many people, especially low
incomers living in the outskirts of the cities (Venter et al., 2018), but it also comes with challenges such as the low coordination of
services, old and inefficient vehicles as well as the bad working conditions for the staff (Cervero & Golub, 2007).

The existing PT indicators systems do not cover these specific realities for Latin America (Dobranskyte-Niskota et al., 2009; Eu-
ropean Commission, 2020; Victoria Transport Policy Institute, 2021); some require traffic models, spatial analysis and field surveys
that are difficult and expensive to apply on a regular basis (WBCSD, 2016; Jasti & Ram, 2019a; Awasthi et al., 2018); some list in-
dicators are not suitable due to the gap in the technical maturity of PT systems (Ammenberg & Dahlgren, 2021; Chen & Wu, 2013; Lin
et al., 2021); some indicators of high relevance for sustainable PT operation in Latin America such as paratransit, female users
harassment, security or gender exclusion in PT operation are missing in the existing indicator systems.

To fill this gap, this study develops the Sustainable Public Transport Index for LATin AMerica (SPTI-LATAM) with the ambition to
incorporate all relevant sustainability dimensions, to consider the specific characteristics of PT systems in this region and to allow for
applications from all stakeholders’ perspectives including users, municipalities, operators, and the whole society. The SPTI-LATAM is
set up for comparison and benchmarking of PT systems, it should reliably measure progress towards sustainability ambitions and at the
same time it should provide flexibility to be adapted to local conditions and to consider specific needs and transport systems. The new
index is directly applied to eleven case study cities in Latin America to demonstrate its feasibility and to investigate the sustainability of
each of the PT systems. Besides comparisons of PT systems between cities and regions, the SPTI-LATAM should also support monitoring
over time for individual cities or regions as the basis for identifying and reporting progress in order to purposefully design policy
measures to reach sustainability ambitions.

The article is organized as follows: the next section two provides an overview of relevant literature followed by the third section
which introduces the methodology for developing the SPTI-LATAM and its characteristics. The fourth section presents the results of the
application of the SPTI-LATAM for the eleven case study cities. Discussions about the outcomes of the index and important lessons for
the implementation of a sustainable PT system are underpinned in section five and finally, the sixth section comes with limitations and
conclusions about the SPTI-LATAM.
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2. Related literature

Velasco Arevalo et al., (2023) provide a comprehensive overview of academic and non-academic frameworks and indicators for
measuring PT systems’ status and progress towards the sustainability ambition. Most of the identified references focus on local case
studies probably mainly for reasons of limited comparable and up-to-date data of sufficient quality at higher spatial levels. The very
few Latin American case studies are all located in Brazil. One study develops a model for PT sustainability evaluation in Florianapolis
(Barbosa et al., 2016) and two more studies focus on the ex-post evaluation of PT services in downtown Rio de Janeiro and Niter6i
(Guimaraes & Leal, 2017; Guimaraes et al., 2018).

The traditional reference dimensions for assessing sustainability of different systems are environment, society, and economy.
However, urban public transport systems cannot be sustainable if they do not balance demand and supply, if they do not incorporate
the various local stakeholders’ perspectives and preferences and if they are not well integrated into the long-term urban planning
instruments. These aspects should be addressed in an evaluation framework with defined goals to monitor progress and tackle
adequate measures (Gerike & Koszowski, 2017). The characteristics of PT demand and supply and their interaction as the core
mechanism of the system to achieve effective services are considered in many of the researched studies in a system effectiveness
dimension (Diana & Daraio, 2014; Miller et al., 2016). Governance and participatory aspects are included in some references as single
indicators or as dedicated dimensions which are called e.g., urban planning (Karjalainen & Juhola, 2019) or governance and public
policies (Ribeiro et al., 2020; Zhang et al., 2018).

Velasco Arevalo et al. (2023) identify more than 160 different indicators in their review on PT sustainability evaluation frame-
works. Indicators are mostly organized along sustainability dimensions, most frameworks include indicators for the system effec-
tiveness dimension, very few frameworks cover governance and planning issues. Indicators in the environmental dimension are most
consistent with greenhouse gas emissions, air pollutants and energy consumption being the most frequently used (see e.g. (Currie & de
Gruyter, 2018)). Typical indicators in the economic dimension include revenues (Awasthi et al., 2018), operating cost (Dawda et al.,
2021) and travel costs for users (Keshavarz-Ghorabaee et al., 2021). The highest numbers of indicators are found in the social and
system effectiveness dimensions showing the importance of these aspects but also the diversity of indicators used to measure similar
effects such as service quality. Average travel time and speed (Awasthi et al., 2018), PT service reliability (Karjalainen & Juhola, 2019),
frequency (Dawda et al., 2021), fleet size and ridership (Currie & de Gruyter, 2018) are the most frequently used indicators in the
system effectiveness dimension. For the social dimension, these are vehicle occupancy (Rasca & Hogli Major, 2021), coverage of PT
networks (Dawda et al., 2021), safety (Currie & de Gruyter, 2018), affordability and accessibility particularly for people with reduced
mobility (Awasthi et al., 2018). Indicators on urban planning and governance are rarely included in the existing indicator systems. This
is a deficit from the sustainability point of view seeing that the success of PT systems heavily depends on land-use pattern and effective
political decision making. Karjalainen and Juhola (2019) include public participation, transparency in decision making, regional
cooperation and transit-oriented development in their indicator system which is a promising approach to address this deficit. Relevant
indicators addressing the specific characteristics of Latin American PT systems such as paratransit, gender violence or low technology
are missing.

In Latin America, very few cities and/or countries apply evaluation frameworks for public transport. Velasco Arevalo et al (2023)
identify six evaluation frameworks produced by local or national governments in this region (Fonadin, 2016; Ministerio de Transporte
de Colombia, 2009; Ministerio de Transportes y Telecomunicaciones de Chile, 2018; Protransporte, 2014; Secretaria de Movilidad
DMQ, 2021; ANTP, 2017). None of these frameworks include governance, the linkage between sustainable transport plans and land use
plans, paratransit, or gender issues, which are persistent problems in the region.

Three main types of PT sustainability evaluation frameworks can be distinguished, this is (1) Multi-Criteria Decision Making
(MCDM), (2) Assessment Indicator Models (AIM) and (3) Performance Evaluation Models (PEM) (Velasco Arevalo et al., 2023). MCDM
is the most diverse group of techniques for generating preferences among different possible alternatives based on pairwise comparisons
e.g., in Analytical Hierarchy Processes (AHP) (Awasthi et al., 2018), distance measurements to pre-defined goals such as TOPSIS
(Technique for Order Performance by Similarity to Ideal Solution) (Hamurcu & Eren, 2020) or outranking models like PROMETHEE
(Preference Ranking Organization Method for Enrichment Evaluation) (Farooq et al., 2019).

AIM combine different indicators to composite single-level indices, multi-level indices or multi-dimensional matrices (Awasthi
et al., 2018). One of the most common methods is the Composite Index (CI) that relies on the use of techniques for normalization,
weighting and aggregation (Miller et al., 2016). Normalization as the first step means the mathematical transformation of the indi-
vidual indicators with their different units of measurement into one common unit or to dimensionless entities (Illahi & Mir, 2020). The
most common normalization methods in the literature are the simple reversion method, z-score method, the distance to reference
based approach, and the minimum-maximum method (Haghshenas & Vaziri, 2012; Miller et al., 2016; Lopez-Carreiro & Monzon,
2018; Satabun et al., 2020). Z-score transformations are often applied, they convert the individual indicators to a common scale with a
mean of zero and standard deviation of one (Fl Gibari et al., 2019). Minimum — maximum scales are often used as normalization
approach when no reference values are available. Second, the normalized indicators need to be weighted before they can be aggregated
in the third step to the final AIM scores. The Equally Weighted Average method (EWA) which assigns equal weights to all indicators or
groups of indicators (Currie et al., 2018) and the Budget Allocation Process (BAP) are the two most common techniques for weighting.
BAP requires stakeholders to allocate a “budget” of points to the whole set of indicators reflecting their individual knowledge and
preferences (Alonso et al., 2015; Dobranskyte-Niskota et al., 2009). The Weighted Sum Model (WSM) as the additive aggregation and
the Weighted Product Model (WPM) as the geometric aggregation are the two identified techniques in AIM for aggregating the
standardized individual indicator values (Triantaphyllou, 2000). The WSM is a fully compensatory method where sum-up techniques
are applied to construct the composite index. With this technique, bad performance in certain single indicators can be compensated by
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Table 1
Selected dimensions and goals for the SPTI-LATAM.
Dimension PT sustainability goals
Environmental Minimize negative environmental effects from PT system operation including emissions of air pollutants, greenhouse
gases and noise, use of energy and natural resources, space consumption
Social Provide accessibility with PT to all destinations and areas for all user groups at any time, minimize negative social effects
such as gender violence, crime or accidents
Economic Provide efficient services from the operator perspective in terms of cost-benefit ratios and revenues, from society

perspective in terms of cost for service provision, from user perspective in terms of affordability and prices, strengthen
local economies

System Effectiveness Provide PT services that are tailored to user needs and that maximize uptake
Governance and Integrated Transport ~ Develop governance frameworks that promote citizen engagement and that allow for integrated, comprehensive, and
Planning inclusive PT planning as one component within urban and regional sustainable development ambitions

good performances in others (El Gibari et al., 2019). Its mathematical expression is A/Y¥M = 5 WXy, meaning that for alternative i the
WSM s equal to the sum of the product of each indicator X;j multiplied by its weight W;. In contrast, the WPM is a partial compensatory
technique (El Gibari et al., 2019) where the geometric product of the indicator values is obtained by assigning weights in the power
function to each indicator and by subsequently multiplying all weighted indicator values to get the final score: AV =11 Xil}'y L
PEM optimize target functions such as PT performance or profit given specific constraints such as limited financial or environ-
mental resources (Di Yao et al., 2019). Data Envelopment Analysis (DEA) is a frequently applied type of PEM, that seeks to maximize

the efficiency of Decision-Making Units (DMUs) measured as the ratio of outputs over inputs (Dawda et al., 2021).

3. Methods for a sustainability index for public transport in Latin America

The presentation of methods and data in the following Section 3 is divided into 6 sub-sections: The concept for the SPTI-LATAM is
developed in Sections 3.1-3.3 in a top-down approach. First, the Assessment Indicator Model (AIM) is chosen as the framework and
five dimensions are selected in Section 3.1. Second, the three levels of SPTI-LATAM are introduced in Section 3.2 and third, the in-
dicators for each of the three levels are selected in Section 3.3. Sections 3.4-3.6 describe then the implementation of the SPTI-LATAM
concept including the approaches for normalization (Section 3.5), weighting and aggregation (Section 3.6) as well as the description of
the study areas and data collection (Section 3.4).

3.1. Evaluation framework and dimensions

We choose an Assessment Indicator Model (AIM) because the goal of this research is to compare and benchmark PT sustainability
performance by means of performance indicators arranged in multi-level indices. Specifically, we use a Composite Index as the most
frequently used AIM approach which is also easier to use and to interpret than MCDM or PEM methods thanks to the three steps of
normalization, weighting and aggregation of the individual indicators (Miller et al., 2016).

Besides the three traditional sustainability dimensions (Environmental, Social, and Economic), we incorporate two additional di-
mensions in the index as shown in Table 1. This is (1) System Effectiveness, and (2) Governance and Integrated Transport Planning since
sustainable urban PT cannot be achieved without integrated planning approaches, coordination with urban and regional planning and
citizen engagement.

3.2. Three levels of SPTI-LLATAM

Due to the different levels of development and evolution of PT systems in Latin American cities, a flexible approach is needed to
intentionally leave room for cities to monitor progress towards sustainability goals according to local capacities and data availability.
The SPTI-LATAM is therefore set up with three levels: The basic index at the lowest level already measures PT sustainability
comprehensively but is limited to the core indicators needed to meet this ambition. The extended and global indices at the second and
third level add further indicators and give overall a complete picture of all relevant aspects of PT sustainability:

e The Basic Sustainable Public Transport Index (BSPTI): The BSPTI includes 32 indicators in all five sustainability dimensions
that are based on commonly available standard data sources. The indicators are chosen from the most cited indicators in the
literature (Velasco Arevalo et al., 2023), as well as based on considerations of data availability and the relevance of the indicators
for sustainability. Since 55 % of PT users in Latin America are women (Linke et al., 2018), we propose the inclusion of actions for
female safety in PT systems (y/n) as one simple indicator on gender equity into the BSPTI in order to consider this aspect already in
the lowest level of the SPTI and to monitor the policy measures taken by authorities and/or operators to reduce gender violence at
PT systems.

e The Extended Sustainable Public Transport Index (ESPTI): This index includes 11 further indicators in all five sustainability
dimensions. The ESPTI adds characteristics of paratransit services and their impacts, indicators on vehicle technologies and on
effects that are already covered by the BSPTI but that are now measured in more detail.
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Specific goals

Category

Selected indicators

i

Sust*

Basic

Extended  Global

System effectiveness Dimension

To provide PT services that are tailored to user
needs and that
maximize uptake

Social Dimension

To improve accessibility to PT services and
connections to all destinations and areas and
promote social equity through user’s
affordability

To reduce accidents, crime exposure and gender
violence and promote intergenerational
inclusion in PT systems

To provide high quality service for customers

Environmental Dimension
To preserve environmental quality and
public health

To promote clean technologies and reduce energy
consumption and the use of fossil fuels in PT
systems

Economic Dimension
To maximize cost recovery and minimize cost
expenditures

a. PT usage

b. PT supply

a. PT accessibility &
affordability

b. PT safety, security &
gender inclusion

c. Rider comfort &
customer services

a. Air pollution & climate
change

b. Clean technologies &
reduced energy
consumption

a. PT operation efficiency

Formal PT share (%)

Average trip time (min)

Index passenger per km IPK (pass/
km)

Paratransit mode share (%)

PT fleet size (# veh/1,000 inh)
Payment automatization
(E-ticketing veh/total PT fleet)
Operating time of formal PT
(hours/day)

Average speed (km/h)
Exclusive lanes for PT (km/
100,000 inh)

Frequency (veh/hour)

PT network coverage (km/ urban
area in km?)

Average user trip distance (km)
Accessible PT stations/stops (%)
Accessible PT vehicles (%)
Income devoted to PT (%)
Average household distance to
nearestPT stop/station

(m)

Fatalities/injured people in formal
PT

(#fatalities/injured people per
1,000 pkm)

Fatalities/injured people at
paratransit (%)

Ratio of annual recorded crime
incidents/total pkm (%)

Actions for female safety in PT
system (y/n)

Gender violence in PT

(% female aggression/total female
users)

Female drivers in PT fleet (%)
Drivers between 50 and 65 y-o (%)
PT fleet with air conditioning (%)
Average PT occupancy rate (%)
PT vehicles with on-board
information systems (%)

PT stops/terminals with passenger
information (%)

CO,, emissions (g/pkm)

PM; emissions (g/pkm)

NOxX emissions (g/pkm)

CO emissions (g/pkm)

Average PT fleet age (y)

Low-or zero emissions PT vehicles
(% /total PT fleet)

Share of pkm travelled by low/
zero emissionvehicles

(% pkm)

Electricity from renewable
energies consumption (MJ/pkm)
Fuel/oil consumption (MJ/pkm)

Passenger km per capita (pkm/
inh)

Annual costs recovery ($USD
passenger revenues/total
operating costs in $USD)

P

— - o o

- - 5 o5 >

S e e e

>

MMM X

(continued on next page)
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Table 2 (continued)

Specific goals Category Selected indicators 1l Basic Extended  Global
Sust*
Vehicle productivity (Veh-km/ T X
day)
b. PT operators$ revenues Annual operating cost per pkm l X
and expenditures ($USD/pkm)
Users’ costs ($USD/trip) | X
PT subsidies (%/total PT cost) 1 X
To create job opportunities and foster sustainable c. Jobs creation Direct jobs in formal PT 1 X
economic (#jobs/million passenger-trips)
development Direct jobs in paratransit l X

(# jobs/million passenger-trips)
Governance and Integrated Transport Planning Dimension

To enhance the coordination with urban a. Integrated and OD surveys in the last 5 years for 1 X
planning inclusive transport the city (y/n)
planning SUMP based on OD survey results 1 X

and aligned with SDGs and Land
Use Plans (y/n)

Regular monitoring and ) X
evaluation for PT systems (y/n)
b. Regional planning Existence of regional integration T X
plans (y/n)
To promote active citizen participation in c. Citizen Engagement Transport projects that follow a 1 X
transport planning public participation plan (%)

*1> refers to an indicator for which a higher value is desirable for sustainability, while “|” refers to an indicator for which a lower value is desirable
for sustainability.

Inh = inhabitants; pkm = passenger-kilometer; OD = origin—destination; SUMP = Sustainable Urban Mobility Plan; SDG = Sustainable Development
Goal.

Source: Adapted from Gruyter et al., 2017; Currie & de Gruyter, 2018; Currie et al., 2018; Oses et al., 2018, Jeon et al., 2013; Sdoukopoulos et al.,
2019; Ribeiro et al., 2020; TCRP, 2019; Diana & Daraio, 2014; Eboli & Mazzulla, 2012; Nardo, 2005; Alonso et al., 2015; Gerike & Koszowski, 2017;
Velasco Arevalo et al., 2023.

e The Global Sustainable Public Transport Index (GSPTI): The GSPTI with overall 49 indicators is the most demanding level of the
SPTI in terms of data availability. It adds indicators on job opportunities in the economic dimension, on crime and PT drivers’ age in
the social dimension and on regional planning and citizen engagement in the governance dimension. All these indicators address
important aspects of PT sustainability, but their measurement is demanding, and few cities have the capacities to collect the
necessary data.

In each of the three SPTI-levels, a maximum score of 100 points can be achieved. The overall score indicates the progress towards
the final sustainability ambition for local PT systems.

3.3. Selection of indicators

Indicators should be selected based on a sound theoretical understanding of PT sustainability. Indicators should cover all relevant
aspects in the five sustainability dimensions, they should be consistent, measurable, understandable and applicable for communication
to the wider public, accessible in terms of data availability, and suitable for formulating reference values in the form of thresholds or
goals (Haghshenas & Vaziri, 2012; Sdoukopoulos & Pitsiava-Latinopoulou, 2017). As a basis, we select the most frequent indicators
cited by authors included in the literature review for sustainable public transport in Velasco Arevalo et al (2023). Then we consider the
specific conditions and challenges for Latin American PT systems such as paratransit, obsolete vehicle technologies and gender
violence as core requirements for a comprehensive set of indicators focussing on this region. In addition to the selection of indicators,
the direction of sustainability ambitions needs to be assigned. For example, lower levels of CO5 emissions but higher PT ridership are
beneficial for sustainability. Table 2 summarizes the indicators for all three levels of the SPTI including the sustainability dimensions,
specific goals, and categories as well as the direction of the sustainability ambition. A complete summary with the description of
categories and indicators included in the BSPTI, which is applied for the case studies in this research, is presented in the Appendix A.

For the final calculation of the SPTI for public transport in Latin America, we establish a four-step procedure: 1) the generation of
the indicator values, 2) normalization of the original values, 3) weighting of the normalized values, and 4) the calculation of the
weighted sum of normalized values for each dimension.

3.4. Study areas and data collection

In this study we analyze eleven cities with the BSPTI as shown in Table 3. The selected cities are part of the Urban Observatory of
Mobility of the Andean Development Corporation (CAF, 2016) and represent typical Latin American cities: some are very large and
highly populated cities, others are medium-sized cities, some are coastal cities, and others are located in the mountains, also
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Table 3
General data of the case study cities in Latin America.
Abbreviation  Urbanized area Population Urban population Per capita income of the bottom
(km?) (2019) density (inh/km?) quintile ($USD) (2019)
Area Metropolitana de BA 3,830 12,801,365 3,342 139
Buenos Aires
Bello Horizonte BH 603 2,512,070 7,619 158
Bogota BOG 478 7,181,469 4,907 224
Leon LE 537 1,721,215 1,409 90
Lima LI 731 9,674,755 13,235 73
Medellin MED 376 2,376,337 5,820 180
Mexico City MEX 2,609 9,209,944 3,530 125
Montevideo MON 201 1,382,579 6,889 350
Quito QUI 372 2,501,011 5,401 87
Rio de Janeiro RIO 1,200 6,626,511 4,781 86
Santiago de Chile SAN 641 7,014,702 8,497 126

population density varies largely. In addition to a good representation of typical Latin American cities, data availability was also one
relevant criterion for the selection of the case study cities.

For collecting data on the indicators in the BSPTI, the authors approached all cities and asked for support. Data was provided by the
municipalities of Bogota, Belo Horizonte, Medellin, Montevideo, and Quito. The missing data was obtained from various publicly
available online secondary sources. Data was collected between 2020 and 2022. The sources consulted for the eleven cities are shown
in Table 4, they are the basis for the analysis in Section 4.

3.5. Normalization and reference values for indicators

Normalization is done based on international standards or benchmarks. International standards for air pollutant emissions or noise
are prominent examples which are set by legitimized organizations and are usually legally binding. International benchmarks are
created by expert organizations such as UITP or ONU-Habitat based on comparisons of specific indicators for different case studies (e.
g. cities or countries). Indicator values for the case studies with the best performance are usually chosen as benchmarks which serve as
target values for the others.

Standards respectively benchmarks exist in two directions: Standards for air pollutant emissions are examples for minimum ob-
jectives; sustainability performance improves when air pollutant emissions decrease; sustainability ambitions are met when the
standards are achieved. The opposite holds for maximum objectives such as PT fleet size; sustainability performance improves with
increasing indicator values until the benchmark or standard is reached and the sustainability ambition is met. Maximum or minimum
objectives are one boundary of the normalization function, the second boundary (maximum value or minimum value) is set by the
authors based on the literature or indicator values from the own sample of case study cities. Minimum or maximum values from the
own sample are also used as proxies for objectives if no standards or benchmarks could be identified for specific indicators.

Equations (1) and (2) illustrate the approach for computing the normalized indicator values X" for variables with interval scale,
discrete values are set for indicators with ordinal scale such as the existence of instruments for regular monitoring and evaluation of PT
policies. Equation (1) is applied for maximum objectives when the indicator is proportional to sustainable PT and equation (2) for
minimum objectives when the indicator is inversely proportional to sustainable PT.

1if X; >maximum objective
X; — minimum value .. . Lo
- — — Sfor minimum value < X; < maximum objective (€8]
maximum objective — minimum value

0if X; <minimum value

1if X; <minimum objective
X; — minimum objective . .. Lo
1-— L — ] — for maximum value > X; > minimumobjective 2)
maximum value — minimum objective
0if X; >maximum value

The use of international standards or benchmarks as reference values for the normalization function allows to measure progress to-
wards the sustainability ambition which is met when the maximum or minimum objectives are achieved. The maximum achievable
points X" are limited to one hundred, no more points can be achieved when the target value is exceeded to avoid compensation be-
tween indicators with very strong performance reaching out far beyond the pre-defined objectives and other indicators with very low
performance.

For some indicators the minimum objective might be difficult to achieve in developing countries because of their low standards in
vehicle technology and infrastructures in combination with dynamically growing volumes of motorized vehicles. Emissions of air
pollutants are again one example; international strict standards should be used as maximum objective, but these standards require



Table 4
Data sources per city and type of data.
BA BH BOG LE LI MED MEX MON QuI RIO SAN
PT usage / PT supply / Rider comfort & customer services
Bondorevsky & ANTP, 2017; Data provided by CAF, 2016 CAF, 2016 CAF, 2016 Secretaria de Intendencia de Data provided Instituto Pereira DTPM,
Estupinan, 2018; Data provided by authorities; Movilidad de la Montevideo, by authorities Passos, 2017 2019; Rivas
Ministerio de authorities Alcaldia de Bogota, Ciudad de 2019; Rivas et al., et al., 2019
Transporte de 2019 México, 2019 2019
Argentina, 2018
PT accessibility& affordability
Buenos Aires Ciudad, ANTP, 2017 Transmilenio, 2022 Direccién de Lima Cémo Alcaldia de Gobierno de la Data provided by Data provided Instituto Pereira DTPM,
2020 Movilidad de Vamos, Medellin, Ciudad de authorities; Rivas by authorities Passos, 2017; 2019
Ledn, 2022 2021; Rivas 2020 México, 2022 et al., 2019 Summit Mobilidade
et al., 2019 Urbana, 2021,
2019
PT safety, security & gender inclusion
Ministerio de Prefeitura Belo Transmilenio, 2022 Zona Franca, MTC Pertj, Data IDOM, 2019; Intendencia de MDMQ, 2009; Instituto Pereira DTPM,
Transporte de Horizonte, 2019; 2019 2021 provided by Reyes Flores, Montevideo, 2018 BID, 2010 Passos, 2017 2019
Argentina, 2018; Data provided by authorities 2018
Buenos Aires authorities
Ciudad, 2020
Air pollution & climate change/ Clean technology & energy consumption
CAF, 2016 CAF, 2016 Data provided by CAF, 2016 CAF, 2016 Data CAF, 2016 Intendencia de Secretaria de CAF, 2016 DTPM,
authorities provided by Montevideo, 2019  Ambiente de 2019
authorities Quito, 2015
PT operation efficiency / PT operators revenues and expenditures
CAF, 2016 CAF, 2016 Data provided by CAF, 2016 CAF, 2016 Data CAF, 2016 Intendencia de CAF, 2016 CAF, 2016 DTPM,
authorities provided by Montevideo, 2019 2019
authorities
Integrated and inclusive transport planning
Buenos Aires Ciudad, Prefeitura Belo Secretaria de Direccién de JICA, 2013 AMVA, 2020 Intendencia de MDMQ, 2009 Prefeitura Do Rio &
2020 Horizonte, 2020 Movilidad de Movilidad de Secretaria de Montevideo, 2019 de Janeiro, 2016
Bogotd, 2021 Leon, 2022 Movilidad de la
Ciudad de SECTRA,
México, 2019 2012
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Table 5
Normalization method and thresholds for indicators in BSPTI-LATAM.
Indicator and units Threshold Threshold source Type of
value source
System Effectiveness Dimension
Formal PT share (%) X<6->0X>65-1 ONU-Habitat, 2016 1B

Average trip time (min)

Index passenger per km IPK (pass/km)

PT Fleet Size (# veh/1,000 inh)

Payment automatization (E-ticketing veh/total PT fleet)
Operating time of formal PT (hours/day)

Average speed (km/h)

Exclusive lanes for PT (km/100,000 inh)

Social Dimension

PT network coverage (km/ urban area in km?)

Average user trip distance (km)

Accessible PT stations/stops (%)

Accessible PT vehicles (%)

Income devoted to PT (%)

Fatalities/injured people in formal PT
(#fatalities/injured people per 1,000 pkm)

Actions for female safety in PT system (y/n)

PT fleet with air conditioning (%)
PT vehicles with on-board information systems (%)
PT stops/terminals with passenger information (%)

Environmental Dimension
CO; emissions (g/pkm)
PM; o emissions (g/pkm)

NOy emissions (g/pkm)
Average PT fleet age (y)
Low-or zero emissions PT vehicles (% /total PT fleet)

Economic Dimension

Passenger km per capita (pkm/inh)

Annual costs recovery ($USD passenger revenues/total operating costs in
$USD)

Vehicle productivity (veh-km/day)

Annual operating cost per pkm ($USD/pkm)

Users’ costs ($USD/trip)

PT subsidies (%/total PT cost)

Governance and Integrated Transport Planning Dimension

OD surveys in the last 5 years (y/n)

SUMP based in OD survey and aligned with SDGs and land use plans (y/n)

Regular monitoring and evaluation for PT systems (y/n)

X=20-1
X>60-0
X<12-50X>77-1
X<05-0X>12-1
X=0-0X=100-1
X<12-50X=24-1
X<15-0X>30-1
X=0-0X>10->1

X<02-50X>49-1
X<59-51X>16-0
X=0-0X=100-1

X=0-0X=100-1

X<4-51X>26-0
X>01-0X=0-1

X=y—->1X=n-0
X=0-0X=100-1
X=0-0X=100—-1

X=0-0X=100-1

X<30-1X>60-0
X <0.005 - 1X > 0.01 —
0
X<0.08-1X>0.16 -0
X<12-51X>24-0
X=0-0X=100-1

X>304-51X<29-0
X=0-0X>110-1

X>300—-1X<150-0
X<5-51X>40-0
X>173-0X<0.18->1
X>0-1X=0-0

X=y-1
X = process ongoing — 0.5
X=n-0
X=y-1
X = process ongoing — 0.5
X=n-0

X=y->1
X = only KPI - 0.5
X=n-0

the authors

Embarq, 2023

PPIAF, 2006

min & max values of sample

the authors

UITP, 2012 adapted by the authors
BID, 2016

min & max values of sample
UITP, 2012

100 % as max value, 0 % as min
value

100 % as max value, 0 % as min
value

BID, 2016

BID, 2016

100 % as max value, 0 % as min
value
100 % as max value, 0 % as min
value
100 % as max value, 0 % as min
value
100 % as max value, 0 % as min
value

Sims et al., 2014

Sims et al., 2014

Sims et al., 2014
BID, 2016
100 % as max value, 0 % as min

value

min & max values of sample
PPIAF, 2006

PPIAF, 2006
min & max values of sample
CAF, 2016

min & max values of sample

min & max values of sample

min & max values of sample

min & max values of sample

own definition
1B
1B
own definition
own definition
1B
IB
own definition
1B
own definition

own definition

1B
1B

own definition

own definition

own definition

own definition

own definition
own definition
1B
1B
own definition
1B

own definition

own definition

own definition

own definition

OD = Origin — destination; SUMP = Sustainable Urban Mobility Plans; SDG = Sustainable Development Goals; pkm = passenger-kilometer; y/n =
yes/no; IB = International Benchmark; IS = International Standard.

clean vehicles technologies and fuels which cannot be accomplished in developing countries in the short term. Buffer ranges are
defined for these cases when X; values exceed the objective up to a maximum “tolerable” limit which is set to two times the inter-
national standard. This means that X" gets zero if X; exceeds two times the standard. The upper limits of the buffer range might be
modified for individual applications if a decline to zero points for X" at a slower or faster rate is more suitable. Table 5 gives an
overview of the threshold values and sources for each indicator in BSPTI-LATAM.
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Fig. 1. Overall scores for the BSPTI-LATAM in eleven cities.
3.6. Weighting and aggregation

Indicator weights allocate relative importance to each indicator; they help to consider policy priorities in a transparent way (Jeon,
2007). For the SPTI-LATAM, we recommend applying the Equal Weighting Aggregation method (EWA) as a neutral approach that is
suitable to compare PT systems between cities with their varying contexts in terms of stakeholders and stakeholder interests (Satabun
et al., 2020). The EWA method is also applied to the 11 cities in this study to achieve comparability as the basis for benchmarking the
cities and also for monitoring PT sustainability performance over time. The Budget Allocation Process (BAP) can be used as an
alternative when the focus is on local stakeholder priorities (e.g., for decisions on specific policies to improve PT systems) and
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Fig. 2. Indicator performance in the System Effectiveness dimension per city.

comparability between cities or between years within a city is less important.

In this study, all five sustainability dimensions get the same weight except Governance and Integrated Transport Planning which gets
half of the weight of the other dimensions. The reason behind this is that there is only one category with three ordinal indicators in this
dimension which would get too much influence on the overall results if Governance and Transport Planning got assigned the same weight
as the other dimensions. Within one dimension, all categories have the same weight, and this also holds for all indicators within one
category. The final weights for this study are shown in Table 6 in Appendix B. The aggregation of the weighted indicators is the final
step to get the overall score for the SPTI-LATAM. In this study we apply the Weighted Sum Model (WSM) to see the effect of a fully
compensatory technique in the final ranking of cities. We multiply the individual indicator values (Table 7) with the weights (Table 6)
and finally receive for each city a score between 0 and 100 (Table 8).

4. Sustainability calculations and results for the 11 case study cities
4.1. Overall scores of the BSPTI-LATAM index
Fig. 1 shows the overall scores of the final BSPTI-LATAM index for each of the 11 case study cities also including the partial scores in

each dimension. The scores are computed based on the data sources as listed in Table 4, the numerical values behind the figure are
listed in Appendix B, Table 6. All data inputs used for computing the scores are shown in Appendix B, Table 7.

11
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Fig. 3. Relationship between formal PT share and per capita income.

Mexico City scores highest with 56 out of 100 points while Rio de Janeiro, Lima, and Le6n have the lowest scores (39, 39, and 38
points respectively). The overall variation between the cities is moderate which indicates stability of the approach and shows that all
case study cities have some strengths and weaknesses in their PT systems and that these compensate each other due to the WSM
approach. The overall average score is 45 out of a possible 100 points which shows substantial room for improvement in the PT
sustainability performance. In absolute terms, the Economic dimension has the highest mean score across all cities with 12.2 points,
followed by the System Effectiveness and the Social dimensions with 10.6 points and 10.6 points, respectively. The Environmental, and
the Governance and Integrated Transport Planning dimensions have the lowest mean scores (7.6 out of 22 points and 4.3 points out of 12
maximal achievable points, respectively). Variation is between 1.4 and 1.9 points for the System Effectiveness, Social and Environment
dimensions and substantially higher for the Economic and the Governance and Integrated Transport Planning dimensions (2.7 and 2.9
points). Cities with overall low performance consistently have weaknesses in Governance and Integrated Transport Planning practices
except Medellin and Santiago. Strengths in data collection, integrated strategic planning and monitoring seem to be one main driver for
the overall performance of cities. The high variation in the Economic and Governance and Integrated Transport Planning dimensions
demonstrates that change is possible. The low variation in the System Effectiveness and the Social dimensions show that PT systems in
the 11 cities are providing overall good services and are one backbone of equitable and affordable transport provision for all user
groups.

4.2. Detailed scores of the BSPTI-LATAM index per sustainability dimension

In the System Effectiveness dimension, the variables with the best performance are formal PT share, PT fleet size and PT operating
hours as shown in Fig. 2. Mexico City and Quito have (almost) the full scores for formal PT shares with 70 % in Mexico City and 61 % in
Quito. The other cities follow with values around 50 % which is still very high compared to many other cities in the world. These high
values impressively show the relevance of PT in our 11 case study cities, PT is a backbone of the urban transport systems and holds a
great potential for their overall sustainability. All cities except Leon have the full score for PT fleet size, four cities have the full score for
the operating time of formal PT which means a 24-hour service. The high values of these three indicators demonstrate that the case
study cities have functioning PT systems in place and that people are also used to using public transport. Deficits exist for the indicators
that describe the quality of the PT services. The low scores for the average PT speed are particularly problematic. Bogot4 is the only city
which scores high for this indicator which shows that change is possible. The scores for the exclusive PT lanes are generally low and
there is no correlation with PT speed. This means that more exclusive PT lanes with consequent prioritization at signalized in-
tersections are needed in order to achieve a visible impact on the overall PT speed in the system.

Significant correlations have been identified between formal PT share and income as shown in Fig. 3. This is one prominent
determinant of PT usage and residents’ overall travel behavior. In addition, this correlation shows the urgent need to improve the
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Fig. 4. Indicator performance in the social dimension per city.

quality of PT systems in Latin American cities. PT ridership is high today but with increasing income, people will switch to the private
motorized modes if PT is not competitive in terms of speed, reliability, and comfort.

The comparably high scores of the Social dimension as shown in Fig. 4 are mainly driven by the indicators Fatalities/ injured people in
formal PT, which reaches almost the full score for all cities, and Actions for female safety in PT, which reaches the full score for all cities.
Safety of PT passengers is high, almost no PT user gets killed in crashes in our 11 case study cities. A weakness of this indicator is that
injuries other than PT passengers and particularly the vulnerable road users (pedestrians and cyclists) in crashes with PT vehicles being
involved are not covered. All 11 cities have actions for improving female safety in PT vehicles and stations in place. This is a strength
and urgently needed but obviously not sufficient seeing that still today, a high proportion of female PT users reports harassment and
sexual aggression in PT (Galiani & Jaitman, 2016). All other indicators in the Social dimension score low on average with significant
correlations between the indicators describing the accessibility of PT stations and vehicles as well as their equipment with passenger
information services. Cities working to improve these indicators appear to be working jointly on vehicles and infrastructure. Santiago
is an example city with high scores in these indicators. Santiago also reaches the maximum score for PT network coverage, followed by
Montevideo and Bogota. This indicator correlates with PT fleet size and operating time in the System Effectiveness dimension. The
affordability of PT, measured as the proportion of income devoted to PT, scores low in most cities except Buenos Aires, Bogota, Mexico
City and Montevideo. These low scores are problematic seeing that many low income people are captives and have no alternative to
using PT services.
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Fig. 5. Indicator performance in the environmental dimension per city.

Indicators in the Environmental dimension as shown in Fig. 5 score low on average, indicating a substantial need for action. Almost
all cities reach the full score for the average PT fleet age which corresponds to a value of 12 years. Lima is the only exception with an
average fleet age of 17.7 years. The high performance of most cities in the average PT fleet age is not sufficient to reach high scores in
the other environmental indicators. Emissions of CO5 and PM; have high variation: Mexico City, Bogota and Santiago score highest
whereas Leon and Rio de Janeiro score zero even though they have young PT vehicle fleets with an age of 6,5 and 6,0 years
respectively. The scores of NOy emissions are close to zero for all 11 cities. The international standards (Sims et al., 2014) are obviously
very ambitious for all our case study cities even though the thresholds chosen for the SPTI-Latam index are twice as high as the Euro VI
technology (0.16 g/km for NOy and 0.01 g/km for PMjg). Differences between performance in PM;o and NOy can be explained with
technology. For example, 82 % of the bus fleet in Santiago has particulate filters (Plataforma Urbana, 2016) while SCR or EGR systems
are less present. Despite an average age of 11 years for the PT fleet in our case study cities, the bus technology is predominantly Euro III
which leads to higher emissions per kilometer. The percentage of low or zero emission PT vehicles scores also very low for all cities.
The high scores for PT fleet age indicate that investments in new vehicles are done but the purchased vehicles obviously do not meet
sustainability ambitions. Cleaner technologies represent less than 6 % of the PT fleet in Latin America (4,128 electric buses including
hybrid and trolleybuses), except in Santiago de Chile with 849 electric buses which corresponds to 11 % of their total PT fleet (Labmob,
2021). Bad quality of fuels is an external factor that negatively impacts on PT environmental performance.

The Economic dimension is characterized by high variation between the case study cities but overall, it has comparably high scores
as shown in Fig. 6. Annual cost recovery scores high for all cities, it is correlated with the low scores for PT subsidies. PT systems in our
case study cities need to cover major parts of their cost on their own because support from governments is limited. Low investments in
technology and the renewal of buses in combination with high levels of travel demand are behind the high levels of cost recovery but
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Fig. 6. Indicator performance in the economic dimension per city.

generate problems in the environmental dimension. Economic efficiency might also relate to the inadequate labor rights of drivers,
meaning that operators diminish operating costs by not providing social security or not formal labor contracts to drivers (GSD Plus -
MDMQ, 2017). Vehicle productivity and annual operating cost show high variation between the cities with no significant correlations
between these variables. User cost score high in Buenos Aires, Mexico City and Quito which shows that low fares are possible even with
limited subsidies.

Finally, in the Governance and Integrated Transport Planning dimension, the three selected indicators as shown in Fig. 7 represent
relevant aspects of the planning process. They show the extent to which it is evidence-based and regular monitoring takes place. The
average score on this dimension is 4.36 out of 12 points. Only three out of the eleven cities reach the full scores for at least two of the
three indicators, these are Mexico City (9 points), Medellin (8 points) and Bogota (8 points). All these three cities score also high over
all five dimensions. Belo Horizonte has the fourth highest score in the Governance and Integrated Transport Planning dimension but ranks
only fifths over all dimensions, mainly because of the low environmental performance of its PT system. Four cities report OD-surveys
but only one city reports a SUMP based on an OD-survey (Medellin: AMVA, 2020) and one city regular monitoring (Bogota: Secretaria
de Movilidad de Bogota, 2021). This shows the urgent need to action in this dimension.
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Fig. 7. Indicator performance in the governance and integrated transport planning dimension per city.

5. Discussion

The application of the BSPTI-LATAM for the 11 case study cities provides a clear picture of the overall strengths and weaknesses of
the local PT systems and their specific characteristics. The results show an average score of 45 points for the 11 cities, this is less than
half of the full sustainability performance. Only 2 cities scored more than 50 points, Mexico and (56 points) and Bogota (51points),
which indicates that even the highest-ranking cities have considerable potential for improvement. The remaining 9 cities obtained
scores between 38 and 49 points, being Leén and Lima with the lowest scores under 40 points. These generally low values for the
overall sustainability performance of Latin American PT systems confirms the few studies that exist for this region and that consistently
find substantial need for action (Barbosa et al., 2016; Guimaraes et al., 2018; Santos & Ribeiro, 2013).

The detailed analysis of the indicators in the five dimensions shows that deficits mainly exist in quality and less in quantity of PT
systems. PT systems with suitable fleet sizes and network coverage exist in all our 11 study areas and their usage is high with a formal
PT share of up to 70 %. Formal PT share and usage correlate with supply-side indicators such as PT network coverage. Correlations also
exist between the various supply-side indicators, e.g., between PT network coverage, PT fleet size and operating time. No clear cor-
relations could be identified between PT supply and its quality but between the different indicators describing PT quality such as the
accessibility of PT stops and vehicles or on-board information.
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Table 6

Indicator weights assigned with the EWA method for the BSPTL
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Dimension Dimension Categories Categories Indicators Variable Variable weight
weight in the weighting within weight within within the
index the dimension the category dimension

System effectiveness 0.22 PT usage 11 Formal PT share 0.3 3.7

Average trip time 0.3 3.7
Index passenger per km 0.3 3.7
(IPK)
PT supply 11 PT fleet size 0.2 2.2
Operating hours of formal 0.2 2.2
PT
Average PT speed 0.2 2.2
Exclusive lanes for PT 0.2 2.2
Payment automatization 0.2 2.2
SUBTOTAL 22 22
Social 0.22 PT accessibility & 7.4 PT network coverage 0.2 1.5
affordability Average user trip distance 0.2 1.5
Accessible PT stations/ 0.2 1.5
stops
Accessible PT vehicles 0.2 1.5
Income devoted to PT 0.2 1.5
PT safety, security 7.4 Fatalities/injured people 0.5 3.7
& gender inclusion in formal PT
Actions for female safetyin 0.5 3.7
PT system
Rider comfort & 7.4 PT fleet with air 0.3 2.4
customer services conditioning
PT vehicles with on-board 0.3 2.4
information systems
PT stops/terminals with 0.3 2.4
passenger information

SUBTOTAL 22 22

Environmental 0.22 Air pollution & 11 CO2 emissions 0.3 3.7

climate change PM10 emissions 0.3 3.7

NOx emissions 0.3 3.7
Clean technologies 11 Average PT fleet age 0.5 5.5
& energy Low-or zero emissions PT 0.5 5.5
consumption vehicles

SUBTOTAL 22 20

Economic 0.22 PT operation 11 Passenger km per capita 0.3 3.7

efficiency Annual costs recovery 0.3 3.7
Vehicle productivity 0.3 3.7
PT operator§ 11 Annual operating cost per 0.3 3.7
revenues and pkm
expenditures Users’ costs 0.3 3.7
PT subsidies 0.3 3.7
SUBTOTAL 22 22
Governance and 0.12 Integrated and 12 O-D survey in the last 5 0.3 4
integrated inclusive transport years
transport planning SUMP based in the O-D 0.3 4
planning survey and aligned with
SDG and Land Use Plans
Evaluation and monitoring 0.3 4
of the PT system
SUBTOTAL 12 12
FINAL SCORE 100 100

The Social, Environmental and Governance dimensions had the lowest results by obtaining between 34 % and 36 % of the 100 % full
performance. Indicators related with passenger comfort, user services and accessibility scored the lowest in the social dimension, while
for the Environmental dimension the scores are consistently low in all cities and are in addition mainly driven by the average PT fleet
age. This shows the challenges that PT systems in Latin America face in terms of environmental quality. Improvements in the envi-
ronmental performance, service quality and in the efficiency of vehicles are urgently needed in order to keep the high levels of PT
usage. The identified correlation between income and formal PT share reveals the risk that current PT users switch to individual
motorized transport modes as soon as they can afford a car or a motorcycle. This upward trend in car use is the typical first part of the
peak car cycle, which could be shortened by a strong public transport system combined with restrictive measures on individual car use
(Wittwer et al., 2019). The income variable is also an example for the manifold external factors that impact on PT performance and that
need to be considered to fully understand the mechanisms and to purposefully shape future PT systems.

The Governance and Integrated Transport Planning dimension has the lowest mean score and the highest variation across the 11 cities.
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Table 7
Data inputs used for the calculation of the SPTI - LATAM.
Category Indicator BA BH BOG LE LI MED MEX MON QUI RIO SAN
System Effectiveness Dimension
PT Usage Formal PT split/share (%) 45 % 28 % 37 % 52 % 51 % 46 % 70 % 35% 61 % 48 % 41 %
Average trip time (min) 56 33 45 52 59 52 50 42 42 55 57
Index passenger per km IPK (pass/km) 1.9 2.3 4.3 2.5 1.4 4.5 1.6 3.1 3.9 2.0 3.6
PT Supply PT Fleet Size (# veh/1000 inh) 1.5 3.0 2.6 1.0 3.7 2.4 3.7 1.2 1.3 3.2 1.3
Payment automatization (E-ticketing veh/total PT fleet) 91 % 42 % 82 % 55 % 13 % 46 % 14 % 70 % 36 % 46 % 99 %
Operating time of formal PT (hours/day) 21 24 19 17 19 19 24 24 14 19 24
Average speed (km/h) 18 18 26 18 18 16 17 16 19 15 19
Exclusive lanes for PT (km/100.000 inh) 2 6 2 4 2 17 5 3 4 7 5
Social Dimension
PT accessibility & affordability PT network coverage (km/ urban area in km2) 1.0 2.6 4.0 0.6 2.1 2.2 1.4 4.3 1.8 1.7 4.9
Average user trip distance (km) 9.9 7.7 11.8 5.1 8.3 8.2 11.1 11.1 12.6 11.6 11.8
Accessible PT stations/stops (%) 1% 14 % 30 % 48 % 5% 7 % 5% 3% 5% 5% 59 %
Accessible PT vehicles (%) 7 % 36 % 21 % 47 % 1% 12 % 5% 43 % 12 % 5% 22 %
Income devoted to PT (%) 16 % 32% 19 % 40 % 41 % 26 % 18 % 14 % 24 % 83 % 47 %
PT safety, security & gender Fatalities/injured people in formal PT (#fatalities/1000 pkm)  0.000 0.028 0.021 0.040 0.002  0.002 0.001 0.035 0.001  0.008 0.005
inclusion Actions for female safety in PT system (y/n) Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Rider comfort & Customer services PT fleet with air conditioning (%) 31 % 17 % 32% 6 % 1% 2% 4% 12% 5% 26 % 18 %
PT vehicles with on-board information systems (%) 2% 6 % 17 % 56 % 6 % 39 % 4% 2% 8% 4% 11 %
PT stops/terminals with reliable passenger information (%) 1% 7 % 1% 50 % 5% 3% 7 % 40 % 3% 5% 90 %
Environmental Dimension
Air pollution & Climate Change CO2 emissions (g/pkm) 42.0 48.7 323 79.1 29.8 27.5 15.0 34.8 23.7 160.8 29.4
PM10 emissions (g/pkm) 0.019 0.024 0.004 0.039 0.016 0.080 0.004 0.017 0.033 0.034 0.004
NOx emissions (g/pkm) 0.36 0.15 0.44 0.75 0.24 2.49 0.22 0.42 0.30 0.65 0.22
Clean technology & energy Average PT fleet age (y) 7.0 9.7 11.4 6.5 17.7 7.0 13.0 12.3 12.0 6.0 7.9
consumption % Low-or zero emissions PT vehicles 7 % 2% 7 % 6 % 1% 15 % 4 % 3% 3% 2% 11 %
Economic Dimension
PT operation efficiency Passenger km per capita (pkm/ihn) 9.7 15.6 7.6 3.0 15.8 7.1 30.4 6.0 13.1 11.0 6.2
Annual costs recovery ($USD pass revenues/total operating 165% 212% 92 % 150 % 84 % 111 % 76 % 99 % 90 % 135 % 96 %
costs in $USD)
Vehicle productivity (Veh-km/day) 274.5 146.0 181.0 188.4 267.5 137.6 233.9 218.3 184.0 284.3 223.1
PT operators’ revenues and Annual operating cost per pkm ($USD/pkm) $6.88 $13.03 $16.43  $24.12 $5.28  $29.12 $11.20 $29.71 $8.87 $35.81  $37.68
expenditures Users’ costs ($USD/trip) $0.37 $0.85 $0.72 $0.60 $0.50 $0.77 $0.37 $0.83 $0.35 $1.19 $0.98
PT subsidies (%/total PT cost) 37 % 5% 11 % 10 % 15 % 3% 24 % 34 % 15 % 16 % 30 %
Governance and Integrated Transport Planning
Integrated and inclusive transport OD surveys in the last 5 years (y/n) 0% 100 % 100 % 0% 0% 100 % 100 % 0% 0% 0% 0%
planning SUMP based in OD survey and aligned with SDG and Land Use 50 % 0% 0% 25 % 0% 100 % 75 % 50 % 50 % 50 % 0%
Plans (y/n)
Regular monitoring and evaluation for PT systems (y/n) 0% 50 % 100 % 0% 50 % 0% 50 % 50 % 0% 50 % 50 %

BA = Buenos Aires; BH = Belo Horizonte; BOG = Bogotd; LE = Leén; LI = Lima; MED = Medellin; MEX = México City; MON = Montevideo; QUI = Quito; RIO = Rio de Janeiro; SAN = Santiago.
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Table 8
SPTI — LATAM normalized by EWA and aggregated by WSM.
Category Indicator BA BH BOG LE LI MED MEX MON QUI RIO SAN
System Effectiveness Dimension
PT Usage Formal PT share 2.4 1.4 1.9 2.8 2.8 2.5 3.6 1.8 3.4 2.6 2.2
Average trip time 0.4 2.5 1.4 0.7 0.09 0.7 0.9 1.6 1.7 0.5 0.3
Index passenger per km (IPK) 0.4 0.6 1.8 0.7 0.12 1.9 0.2 1.1 1.5 0.4 1.4
PT Supply PT fleet size 2.2 2.2 2.2 1.5 2.2 2.2 2.2 2.2 2.2 2.2 2.2
Payment automatization 2.0 0.9 1.8 1.2 0.3 1.0 0.3 1.5 0.8 1.0 2.2
Operating time of formal PT 1.7 2.2 1.3 0.9 1.3 1.3 2.2 2.2 0.4 1.3 2.2
Average speed 0.4 0.38 1.6 0.4 0.5 0.13 0.3 0.11 0.5 0.015 0.5
Exclusive lanes for PT 0.4 1.3 0.4 0.8 0.4 2.2 1.1 0.7 0.9 1.4 1.0
Partial score for the SE dimension over 22 points 9.8 11.4 123 9.2 7.6 11.9 10.9 11.2 11.4 9.4 12.0
Social Dimension
PT accessibility & PT network coverage 0.3 0.7 1.2 0.1 0.6 0.6 0.4 1.3 0.5 0.5 1.5
affordability Average user trip distance 0.9 1.2 0.6 1.5 1.1 1.1 0.7 0.7 0.5 0.6 0.6
Accessible PT stops/stations 0.01 0.2 0.4 0.7 0.1 0.1 0.1 0.05 0.1 0.1 0.9
Accessible PT veh 0.1 0.5 0.3 0.7 0.02 0.2 0.1 0.6 0.2 0.1 0.3
Income devoted to PT 0.7 0.0 0.5 0.0 0.0 0.0 0.5 0.8 0.1 0.0 0.0
PT safety, security & Fatalities/injured people in formal 3.7 3.1 3.3 2.9 3.6 3.6 3.6 3.0 3.7 3.5 3.6
gender inclusion PT
Actions for female safety in PT 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.7
Rider comfort & PT fleet with air conditioning 0.8 0.4 0.8 0.1 0.0 0.04 0.1 0.3 0.1 0.6 0.4
customer services PT vehicles with on-board 0.05 0.1 0.4 1.4 0.1 1.0 0.1 0.04 0.2 0.1 0.3
passenger information
PT stops/terminals with passenger 0.02 0.2 0.03 1.2 0.1 0.1 0.2 1.0 0.1 0.1 2.2
information
Partial score for the social dimension over 22 points 10.1 10.2 11.2 124 9.4 10.4 9.5 11.5 9.1 9.3 13.4
Environmental Dimension
Air pollution & Climate ~ CO2 emissions 1.1 0.7 1.7 0.0 1.8 2.0 2.7 1.5 2.2 0.0 1.9
Change PM10 emissions 0.0 0.0 2.2 0.0 0.0 0.0 2.2 0.0 0.0 0.0 2.3
NOx emissions 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Clean technology & Average PT fleet age 5.5 5.5 5.2 5.5 2.9 5.5 5.0 5.4 5.5 5.5 5.5
energy Low-or zero emissions PT vehicles 0.4 0.1 0.4 0.3 0.1 0.8 0.2 0.2 0.1 0.1 0.6
consumption
Partial score for the ENV dimension over 22 points 7.0 6.6 9.5 5.8 4.8 8.3 10.2 7.0 7.8 5.6 10.2
Economic Dimension
PT operation efficiency =~ Passenger km per capita 0.9 1.7 0.6 0.0 1.7 0.6 3.6 0.4 1.3 1.1 0.4
Annual costs recovery 3.6 3.6 3.0 3.6 2.8 3.6 2.5 3.3 3.0 3.6 3.2
Vehicle productivity 3.1 0.0 0.8 1.0 2.9 0.0 2.1 1.7 0.8 3.3 1.8
PT operators’ revenues Annual operating cost per pkm 3.5 29 2.5 1.7 3.7 1.2 3.1 1.1 3.3 0.4 0.2
and expenditures Users’ costs 3.2 2.1 2.4 2.6 2.9 2.2 3.2 2.1 3.2 1.3 1.8
PT subsidies 3.6 0.2 0.9 0.7 1.3 0.0 2.2 3.3 1.3 1.4 2.9
Partial score for the economic dimension over 22 points 18.0 105 10.2 9.7 153 7.6 16.7 11.9 13.0 11.1 10.3
Governance and Integrated Transport Planning
Integrated and O-D survey in the last 5 years 0.0 4.0 4.0 0.0 0.0 4.0 4.0 0.0 0.0 0.0 0.0
inclusive transport SUMP based in the O-D survey and 2.0 0.0 0.0 1.0 0.0 4.0 3.0 2.0 2.0 2.0 0.0
planning aligned with SDG and Land Use
Plans

Regular monitoring and evaluation ~ 0.00  2.04 4.08 0.00 2.04 0.00 2.04 2.04 0.00 2.04 2.04
for PT systems

Partial score for the GOV dimension over 12 points 2.0 6.0 8.0 1.0 2.0 7.9 9.0 4.0 2.0 4.0 2.0
Final Score over 100 points 47 45 51 38 39 46 56 46 43 40 48
Ranking 4 7 2 11 10 5 1 6 8 9 3

In addition, it has the lowest number of indicators and the simplest indicators. This dimension has hardly been covered in any of the
existing indicator schemes that were identified in the literature research, it is one of the main innovations of this study (Karjalainen &
Juhola, 2019; Ribeiro et al., 2020). The three indicators in the Governance and Integrated Transport Planning dimension show the di-
versity between the cities and the weaknesses in planning processes and institutions. Despite being simple so far, this dimension proved
of high importance for the overall sustainability performance of PT systems. Strengths in governance are a driver for the overall PT
sustainability, more competencies in city administrations and governments are one core success factor for better sustainability per-
formance. More research is needed on how to measure performance in this dimension more comprehensively.

6. Conclusions and outlook for further research

This study developed with the SPTI-LATAM the first sustainability index for benchmarking PT systems from the societal perspective
which is tailored to the specific local conditions in Latin America. The SPTI-LATAM contains conceptual innovations in normalization
and reference values. It consciously applies with equal weighting of dimensions and indicators the simplest but most suitable approach

for ensuring comparability between cities and over time. The selection of indicators was the main way in which SPTI-LATAM was
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adapted to the specific Latin American context. Indicators have been included for the specific characteristics of Latin American PT
systems, e.g., for vehicle technology (air conditioning, PT fleet age etc.), gender violence and modified thresholds for air pollutant
emissions. The newly added Governance and Integrated Transport Planning Dimension is of particular relevance. It contains only few and
simple indicators so far but is already powerful and influential for the overall city scores.

The application of the SPTI-LATAM to 11 study areas in Latin America with different size, urban form, external framework con-
ditions and PT systems demonstrates its applicability for benchmarking cities with different characteristics. The application com-
plements the few previous studies carried out for this region, specifically in Brazil, where only the three traditional sustainability
dimensions (environmental, economic, social) were considered (Barbosa et al., 2016; Guimaraes & Leal, 2017; Guimaraes et al., 2018).
Furthermore, Barbosa et al. (2016) considered only the user perspective in Florianapolis, and Guimaraes and Leal (2017) and
Guimaraes et al. (2018) evaluate the general performance of PT systems in Rio de Janeiro without considering the normative sus-
tainability framework. The SPTI-LATAM broadens this perspective to assess not only the performance of PT systems, but also their
sustainability as a balance between providing accessibility to all person groups in society while minimizing the related negative
impacts.

Future research that computes the BSPTI for smaller cities and also the two higher levels of the SPTI-LATAM (ESPTI, GSPTI) will
give more insights and further improve benchmarking between the cities. The consideration of paratransit services will be particularly
insightful as this is a complement to formal PT services that differs widely in terms of quantity and quality between the cities but that is
hardly covered by publicly available statistics so far. More detailed indicators in the Governance dimension will be helpful to better map
and understand this part of the overall PT sustainability performance which is of core relevance but insufficiently considered so far.

Sensitivity analyses can help to investigate the stability of BSPTI-scores. Equal weights have been assigned to dimensions, cate-
gories, and indicators in this study to support benchmarking and comparability between cities. Budget allocation processes (BAP)
assigning weights according to local stakeholder preferences as one possible alternative to EWA in combination with the systematic
variation of weights will give further insights and a more comprehensive picture of sensitivities and mechanisms. The variation of
indicator thresholds could be included into sensitivity analysis.

The integration of instruments such as the SPTI-LATAM into planning processes and decision making is another avenue for future
research. Research can contribute to better understanding which support local stakeholders in terms of data, monitoring and evalu-
ation need and how instruments should be designed so that they actually help to make progress towards the sustainability ambition.

Overall, Latin-American PT systems can be considered best practice in terms of coverage and high usage levels but at the same time,
there is an urgent need for action in terms of service quality and environmental performance. PT systems in Latin-American systems
hold a great potential for becoming sustainable and for being a backbone of overall sustainable urban transport systems. The SPTI-
LATAM helps to better understand strengths and weaknesses and to tell success stories when cities succeed in establishing regular
monitoring of their PT systems. It thus offers municipalities, operators, users and other stakeholders the basis for discussing about what
sustainability in public transport means and for supporting their work in the development of plans and policies for a more sustainable
approach in planning and operation.
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Appendix A

Categories and indicators in the system effectiveness dimension
The system effectiveness dimension is composed by two categories: PT usage and PT supply.
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PT usage: it indicates the system’s ability to attract riders and generate trips as a proxy indicator for level of service of the PT
system and is expressed by three indicators: 1) Formal PT mode share; 2) Average trip time (Miller et al., 2016; Jasti & Ram, 2019b), and
3) Index Passenger Km (IPK) (Ribeiro et al., 2020). A high modal share in PT reflects the capacity of the system to attract and maintain
users while PT trip time is a key factor to attract or loose users. There are external and internal conditions that affect travel time. Traffic
conditions or accidents in the road network are external conditions that reduce speed and reliability for PT, these can hardly be
controlled by the operator. Internal conditions are the absence of timetables, insufficient driving skills, inefficient passengers take-on
and take-off, among others (Litman, 2015; Miller et al., 2016; Gruyter et al., 2017). The Index Passenger Km (IPK) is the number of
passengers a bus is able to attract and retain defines the success of a bus system (ANTP, 2017; Ribeiro et al., 2020). It is calculated as the
ratio between the total number of passengers who have travelled during a certain period of time and the total distance covered by the
entire fleet within a system, line, or route. This ratio is important for sustainability as it demonstrates the intensity of usage of a public
transport system. The more passengers there are, the better it is for all aspects, including social, environmental, and economic.

PT supply: This category expresses the capacity of a PT system to provide a service. Five indicators are chosen for this category and
for the basic index: 1) PT fleet size: The existing number of vehicles represents a considerable share of the operation expenses of PT-
supply (Gruyter et al., 2017; Currie et al., 2018). Here buses, trains, metro cables gondolas, trams, and other vehicles operating in the
formal PT system should be counted. Shortage of transport capacity may be due to inadequate fleet size. Often, the number of available
vehicles would be adequate if they were more effectively utilized. Inefficient operating practices, such as full vehicle dispatching, may
result in inadequate capacity even if there are surplus vehicles. On the other hand, surplus vehicles may cause severe traffic congestion
in terminals and in the surrounding streets if there is insufficient parking space in the terminals (PPIAF, 2006); 2) Payment automa-
tization: The elimination of on-board payments reduces time at a bus stop or terminal. Automatization allows a better passenger control
and a centralized budget that could be distributed among the operators, eliminating the “war of the cent” and increasing coverage
service in less profitable routes (Lopez-Carreiro & Monzon, 2018). It is calculated as the ratio of vehicles with E-ticketing and the total
PT fleet; 3) Operating time of formal PT: The number of hours in which at least one service is offered (TCRP, 2019 Cervero & Golub, 2007
Brussel et al., 2019). A good level of service (LOS) of a PT system is between 20 and 21 h a day, 17 - 18 h/day is level C and less than 16
h/day is LOS D (Friedrich et al., 2010). 4) Average speed: High average speed in PT reduces the operating costs (lower expenses e.g., for
purchasing fuel) and increases the bus efficiency (lower delays) (Protransporte, 2014; Ribeiro et al., 2020; TCRP, 2019). On the other
hand, excessive driving speed comes with risks for passengers and street users, PT drivers should therefore comply with the maximum
legally allowed speed. GPS systems on vehicles allow a better controlling of speed and location; they are also a suitable basis for the
optimization of vehicle schedules; 5) Exclusive lanes for PT: Giving priority to the circulation of public transport is a prerequisite for
high-speed, safer and reliable systems and with this also for a more efficient PT supply (Lin et al., 2021; Liu et al., 2020). It is considered
here by the ratio of kilometers of exclusive lanes over 100,000 inhabitants.

Categories and indicators in the social dimension

PT accessibility and affordability: For this study, we define accessibility based on Gertz and Peter (2017) (see also Biazzo et al.,
2019; Bocarejo et al, 2012) as the ease of reaching desired destinations from a certain location with PT and including all user groups,
particularly people with reduced mobility and by guaranteeing equity and equal access to personal and professional opportunities
generated as a result of both transport supply and land use characteristics. We include indicators for the ease of reaching desired
destinations, and the ease of access in PT infrastructure: 1) PT network coverage: This indicator is measured by the overall length of the
PT network per square kilometer in each city (Alonso et al., 2015) (Tan & Chen, 2011). The length is calculated by the sum of kilo-
meters of roads and streets that have at least one PT line service, including rail systems. A higher PT network coverage is desirable for
sustainability since it creates access to different social groups to citys services and infrastructures. 2) Average user trip distance: This
indicator takes the user perspective and reflects the average distance each PT passenger travels on the system to get to his or her
destination. A lower average PT trip length is desirable (Miller et al., 2016) including the two aspects of short distances from origins to
desired destinations and the directness of the PT supply (Currie & de Gruyter, 2018). 3) Accessible PT stations/stops and 4) Accessible PT
vehicles reflect the number of PT vehicles and bus stops, stations and terminals adapted for people with reduced mobility (Jasti & Ram,
2019a). Accessibility not only includes the coverage of a public transport infrastructure within the city, but also the ease of access to
the transport infrastructure by individuals, especially those with reduced mobility such as children, the elderly, and people with
disabilities, providing them with the same opportunity and right to travel as other social groups (Lopez et al., 2019).

With regards to affordability it refers to the extent to which the financial cost of journeys require an individual or household to
make sacrifices to travel or the extent to which they can afford to travel when they want to (ONU-Habitat, 2016). In developing cities,
the travel cost in PT is a very sensitive parameter affecting especially low incomers. Therefore, the indicator number five Income
devoted to PT calculates the total amount of budget per month per person, invested in PT in relation to the per capita income for the
lowest income quintile (ONU-Habitat, 2016).

PT safety, security and gender inclusion: Generally, the term “safety” is used to indicate the possibility of being involved in a
road accident, while the term “security” refers to the possibility of becoming the victim of a crime (Eboli & Mazzulla, 2012). A sus-
tainable PT system should guarantee safety to all citizens (PT users and road users, including cyclists and pedestrians) and at the same
guarantee security to all PT users, especially women since they are the primary victims of sexual harassment in public transport
services (Pereyra et al., 2018). For the safety variable we included the indicator Fatalities/injured people in formal PT expressed as the
ratio of fatalities and injured people in a traffic accident caused by a PT vehicle, every 1000 pkm. This indicator shows the level of
safety of a PT system depending on the driving behaviour, the mechanical state of vehicles, but also how safe are crossings and in-
tersections where PT lines are operating. A comprehensive planning of PT diminishes the risk of fatalities and casualties for PT users,
other vehicles and road users, including pedestrians and cyclists. With regards to gender inclusion, the corresponding indicator is
Actions for female safety in PT system since female users are more exposed to sexual harassment or other type of gender violence (Pereyra
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et al., 2018). Therefore, the indicator expresses the availability of campaigns, call centers, hot lines and special services that are
implemented to fight against any type of sexual aggression in PT systems. It is calculated as a yes or no question, stating whether a
municipality or an operator has taken actions to reduce gender violence in the PT system.

Rider comfort and customer services: 1) PT fleet with air conditioning: In some Latin American cities at sea level or in subtropics
with high humidity and temperatures above 30 °C, the in-vehicle temperature can be very uncomfortable. Providing air conditioning
inside the vehicles could increase comfort and therefore, ridership among users (Giiner, 2018; Litman, 2015). It is calculated as the
ratio of PT vehicles with air condition and the total vehicle fleet. 2) PT vehicles with on-board information systems: Travelers significantly
value on-board information or printed and posted schedules, especially when there is heavy congestion, because it reduces stress and
allows passengers to better use their time and coordinate activities (Litman, 2015). A couple of Latin American cities (e.g., Lima and
Quito) included this parameter in their guidelines; the latter one intended for visually and hearing impaired users (Protransporte,
2014;Secretaria de Movilidad DMQ, 2021). 3) PT stops/terminals with passenger information: Timetables, LED panels and other services
with the schedules, bus lines and stops are the basic information that a passenger expects to have when arriving to a bus stop or
terminal for a better planning of his or her trip. Both indicators are calculated as a ratio of vehicles and stops with these services and the
total fleet/number of terminals and PT stops.

Categories and indicators in the environmental dimension

Air pollution and climate change: 1) CO_ emissions: Reductions of greenhouse gas emissions are paramount seeing the high
political ambitions for mitigating climate change at all levels. PT services can greatly contribute to achieve these reductions in the
overall transport systems while still providing accessibility for all user groups (Romero-Ania et al., 2021); 2) PM;o Emissions: Par-
ticulate matter is mainly related to diesel and older Euro engine technologies. It has been associated with short term and long term
increases in mortality and increases in respiratory symptoms, greater use of drug treatments in people with asthma, reduction in lung
function, and admissions to hospital for respiratory and cardiovascular disease (Barassa, 2021); 3) NOx emissions: NOx refers to a group
of highly reactive gases knows as oxides of nitrogen. A high concentration of these gases in the air can irritate airways in the human
respiratory system. Short periods exposures can aggravate respiratory diseases, particularly asthma, leading to respiratory symptoms
(such as coughing, wheezing or difficulty breathing), hospital admissions and visits to emergency rooms. Longer exposures to elevated
concentrations of NOx may contribute to the development of asthma and potentially increase susceptibility to respiratory infections.
People with asthma, as well as children and the elderly are generally at greater risk for the health effects of NOx (EPA, 2021).
Therefore, a decrease of nitrogen oxides in the atmosphere is desirable. CO2, PM;9 and NOx emissions are measured by emission in-
ventories, if they are not available, emissions factors specific for countries or cities, plus network length, pkm, average speed and fleet
characteristics can ease its calculation as grams per pkm (Guzman & Orjuela, 2017).

Clean technology and energy consumption: 1) Average PT fleet age is an important factor for rider comfort, reduced emissions,
and improves safety. It also reflects the economic status of the country (Dobranskyte-Niskota et al., 2009). Surveys to authorities and
databases of operators are the primary source of information. All types of PT vehicles should be included, and its average age
calculated. We include this variable as an environmental indicator since old technologies in buses are a great cause of air pollution and
climate change in Latin America (Hidalgo & Huizenga, 2013); 2) Low-or zero emissions PT vehicles: In recent years the number of electric
buses in Latin America has increased enormously. Santiago de Chile, Montevideo, Bogota are examples of cities intending to decar-
bonize their PT fleets. This helps to reduce GHG emissions and air pollutants coming from PT sector. Therefore, we include this in-
dicator as the ratio of cleaner technology to total PT fleet (Hahn et al., 2017).

Categories and indicators in the economic dimension

PT operation efficiency: 1) Passenger km per capita helps to understand the progress of the PT sector, which in turn explains the
patronage of the system and the current market in a city (Diana & Daraio, 2014). It is calculated as the multiplication of average daily
passenger trips in a line or a PT system and the average daily distance per person (obtained through e-ticketing system data mining, O-
D surveys and/or mobile applications), and then as the division to the total population in the city; 2) Annual costs recovery: Fare
revenues is an operation cost effectiveness indicator that shows the percentage of recovery of total costs operation, in other words, the
net earnings the whole PT system has (Hassan et al., 2013). 3) Vehicle productivity: It is measured in kilometers per PT vehicle per day. A
PT vehicle should be used as intensively as possible (operating hours and coverage) if passenger demand is sufficient to cover the direct
operation costs (Illahi & Mir, 2020). Otherwise, when there is lower passenger demand, PT operation should be organized to reduce
unnecessary trips, costs, emissions, and energy consumption.

PT operators’ revenues and expenditures: 1) Annual operating cost per pkm: Total operation costs of a line or a network divided by
the total amount of passenger-kilometers per year. It reflects the economic efficiency of the system. Lower annual operating cost is
desirable without diminishing the quality and quantity of service (Gruyter et al., 2017). 2) Users’ costs: This indicator represents the
economic costs incurred on the traveller using the system. That means the average price for a single ticket that each user pays per trip.
Fares are benefits to PT operators and costs to passengers (Miller et al., 2016). 3) PT Subsidies are financial aids that cover partially PT
operation costs. They could be of two types: 1) supply and 2) demand subsidies. The supply subsidies for PT are given by national or
local governments to finance partially the costs of operation. Subsidies of this type could be fuel subsidies, exception of taxes and fees,
loans for new PT fleet or payments made directly to the operators. The demand subsidies are reductions in the fare made directly to
vulnerable groups, such as children, students, elderly, or people with reduced mobility. When PT approaches 100 % costs recovery for
operation by fares and subsidies it will trend toward economic sustainability (Papacostas & Prevedouros, 2001; Litman, 2009).

Categories and indicators in the governance and integrated transport planning dimension

Integrated and inclusive transport planning: This category refers to actions and plans taken by the authorities that includes not
only transport data for all modes, but also land use planning and international commitments. Three indicators are included for this
category: 1) Origin-Destination (OD) surveys in the last 5 years for the city: Up-to-date information about residents’ travel behavior
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including the origins and destinations of all trips made by residents for all purposes (work, education, leisure, etc.) with all transport
modes is a key element for a comprehensive urban transport planning including the design of public transport services; 2) SUMP based
on OD survey results and aligned with SDGs and land use plans refers to the existence of Sustainable Urban Mobility Plans (SUMP), then if
they are based on the results of OD surveys, and finally, if they are aligned to the Sustainable Development Goals (SDGs) and land use
plans to foster the progress of cities towards sustainable development and climate change mitigation goals; 3) Regular monitoring and
evaluation for PT systems: a public transport system cannot achieve sustainability if permanent monitoring and evaluation are not
carried out. Tools and methods for this goal should be developed to avoid economic loses and to increase customers loyalty to the
service. Key performance indicators (KPIs) measurement is essential for the regular evaluation of the system effectiveness. Examples
are IPK, passengers per hour/direction, average user trip time and distance, vehicle productivity, annual operating costs and revenues.
Customer satisfaction might be derived by yearly surveys collecting information about rider comfort, cleanliness, accessibility, air
conditioning and other services in the PT infrastructure and vehicles. Finally, mandatory yearly vehicle technical inspection gua-
rantees that safety and emissions standards are accomplished. Data given by authorities and official SUMPs and other transport plans
were used to determine the completion of this indicator.

Appendix B

See Tables 6-8.
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