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Abstract: As society has experiences new modes of mobility in recent years, cities have planned
to increase their energy efficiency as a way of reducing environmental impacts and promoting
economic development. However, governments face difficulties in establishing mechanisms to
determine the best actions in the management of urban mobility regarding energy efficiency and
to elaborate a ranking of cities based on energy efficiency in order to better allocate resources.
This is due to the complex nature of obtaining a wide range of activity and energy data from a
single municipality, especially in data-scarce regions. This paper develops and applies a model
for estimating the energy efficiency of urban mobility that is applicable to different contexts and
backgrounds. The main contribution of the article is the use of a multitier approach to compare and
adjust outputs, considering different transport configurations and data sets. The results indicate that
variations in vehicle occupancy and individual motorized transport rates have a significant impact
on energy efficiency, which reached 0.70 passenger-kilometers/M] in Sorocaba, Brazil. However,
as the use of electric vehicles increases in this city, this scenario is expected to change. Additionally,
the method has been proven to be an important mechanism for benchmarking purposes and for the
decision-making process for transport investments.

Keywords: energy efficiency; energy intensity; transport activity; urban mobility; passenger transport;
carbon emission

1. Introduction

The global urban population has expanded at an accelerated pace over the past century, and it is
expected to grow even further in the future. In 1950, 30% of world’s population lived in urban areas,
while currently the share is 54% [1,2]. Prospective scenarios estimate that 68% of the world’s population
will live in urban areas by 2050 [3]. The urbanization process is even more intense in some regions.
For instance, about 80% of the European and North American populations live in urban areas [4,5].
In countries such as Brazil and Argentina this proportion reaches 84% and 92%, respectively [3].

As the spatial pattern continuously changes within a city, the environmental implications of this
phenomenon emerge as a fundamental issue for the relevant authorities. Although cities occupy only 2%
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of the world’s land mass, they account for 67% of global primary energy demand [6] (WEC, 2016), 24% of
which is consumed for urban mobility [7]. Consequently, cities are responsible for approximately 70% of
the total global carbon dioxide (CO,) emissions, most of which are emitted by the transport sector [8].

Increasing the energy efficiency (EE) in cities is an energy transition strategy that is commonly
announced by government authorities as an alternative to reduce environmental impacts. This implies
progressively reducing the energy needed by a transport system to provide the same level of activity in
cities. Actions that can improve EE in urban areas include the use of collective high-capacity transport
modes (e.g., metro and bus systems), in addition to the adoption of zero-emission technologies
(e.g., battery electric vehicles or compressed air vehicles), as well as investments in non-motorized
transport and teleactivities. These actions are also in line with the international agenda on energy
transition, such as the Sustainable Development Goals (SDGs) established by the 2030 Agenda of the
United Nations (UN), along with the Nationally Determined Contributions (NDCs). These agendas
affect the overall direction of climate-related targets and policies in cities, especially considering
important carbon-emitting sectors, such as transport, industry, and energy supply.

In the meantime, with the advent of smart cities, the efficient use of energy is becoming a
competitive advantage for municipalities, facilitating access to green financing for investments in
renewable energy projects (e.g., through green bonds and structured green funds) and attracting
innovative business models (e.g., e-hailing applications, e-car sharing and private charging stations),
various industries, different intellectual capabilities, and research institutions. However, to date,
studies that assess the effects of private and public initiatives with urban mobility patterns and the
consequences on EE are barely addressed in the literature. Consequently, governments currently
face difficulties in establishing a benchmarking environment to assess climate performance and best
practices in cities for allocating resources, which can hinder the pace of energy transition. A possible
explanation is that urban mobility management programs usually encompass a set of interrelated
actions, meaning it is difficult to accurately estimate the specific impact of each measure on EE [9].

To overcome these drawbacks, multisectorial collaborative efforts are required to improve
the EE of urban mobility [10]. Improvements in EE lead to reductions in energy consumption,
greenhouse gases, pollutants and noise levels. Recognizing that the development of smart cities
requires huge investments [11], it would be appropriate for these interventions to enhance EE as much
as possible. For this, the initial step required would be to develop a method for estimating the EE of
urban mobility considering all of these aspects.

Along these lines, this paper aims to estimate the EE of urban passenger mobility through a
comprehensive method that encompasses all modes of transport (including non-motorized), technologies,
and fuels. The developed multitier approach is adaptable to different contexts and backgrounds concerning
data availability. Thus, it can assist governments in the decision-making process on how to better allocate
resources, which are scarce in many economies. The estimation of EE considering non-motorized transport
is a complex task but increasingly important as cities progressively invest in last mile integration for
passenger transport as a means to improve the efficiency of the system and to reduce atmospheric
emissions. The approach is then validated in a large city in an emerging economy, namely Sorocaba, Brazil.

Apart from this introduction, Section 2 summarizes and discusses the main studies for estimating
the EE of urban mobility. Section 3 presents the proposed approach and data requirements. In Section 4,
the results of the conducted experiment are analyzed. Finally, in Section 5, policy implications and
further research directions are discussed.

2. Literature Review

This section presents the results of the literature review, which was conducted with the purpose of
answering the following research question: “What is the most appropriate procedure for measuring
the EE of urban mobility?” Only studies published in the last ten years that are available in the Web of
Science database were considered. According to Mongeon and Paul-Hus (2016) [12], this database has
the largest catalogue of indexed journals [12]. The results show a lack of literature on this topic, as no
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relevant studies with this specific purpose were identified. Therefore, we decided to complement this
with a documentary review based on reports from national and international institutions, and papers
with any publication date. Thus, 14 studies estimating energy use or carbon emissions within city
borders were selected, as summarized in Table 1.

The selected studies analyze cities from China (30%), Europe (20%), Brazil (20%), the United States
(10%), and India (10%). The others (10%) assess a hypothetical situation. Regarding the size of
these cities, 7% are small (up to 100 thousand inhabitants), 33% are medium-sized (between 100 and
500 thousand inhabitants), 47% are large-sized cities (more than 500 thousand inhabitants), and the
remaining 13% are megacities (more than 10 million inhabitants).

All studies consider road transport in calculating the EE. Only Szarz (2011), Saujot and Lefevre (2016),
He etal. (2011), and Menezes et al. (2017) [13-16] also consider rail or non-motorized transport (walking or
cycling). At this point, the lack of studies that assess EE by considering all transport modes becomes evident.

Regarding the methodological approach, 29% of the studies adopt a top-down approach, 64% a
bottom-up approach, and 7% adopt both, while aiming to adjust the results. Essentially, top-down and
bottom-up approaches are methods used for collecting and processing information. The top-down
approach quantifies and identifies the aggregate energy use and carbon emissions, usually using
national energy balances and default emission factors. As this approach considers only aggregated
data and international emission factors, it is impracticable to conduct accurate assessments based
on local technology or activity variations (e.g., vehicle stock or vehicle kilometers traveled—VKT).
As pointed out by Pissourios (2014) [17], the use of a top-down approach is a limiting factor in urban
analysis, as it results in a lack of perspective on local issues.

In turn, the bottom-up approaches quantify and identify the disaggregated energy use and carbon
emissions, considering a broader variety of data in order to comprehend and manage each source of
energy [18-20]. With this approach, it is possible to conduct in-depth assessments of the main drivers
of carbon emissions, as it considers detailed variations in technology and activity, especially when it
comes to local emission factors.

To date, there is a limited research body covering estimations of the EE of urban mobility
considering all transports modes and energy sources, especially using multiple approaches such
as bottom-up and top-down. Only Bose and Srinivasachary (1997) [21] used both approaches
simultaneously. Their study estimated the demand for travel based on the number of vehicles,
distance traveled, and vehicle occupancy rate using exogenous data.

Szasz (1982), He et al. (2011), and Tartakovsky et al. (2013) [13,15,22] estimated energy use from
urban passenger mobility by adopting only a bottom-up approach, considering input variables such as
the average travel distance, average speed, average occupancy per vehicle, energy consumption by
trip, and number of trips by mode of transport. None of these used local data, making it difficult to
clearly outline the energy use in urban environments, which is an important activity in urban mobility
planning considering zero emissions. Finally, Gerboni et al. (2017) [23] provided some preliminary
results for integrated modeling of energy use and transport activity using bottom-up models.

On the other hand, Hillman and Rawaswami (2010) [24] estimated the energy consumption
and carbon emissions from passenger transport within city boundaries using a top-down approach.
The authors considered local energy balances and international emission factors, which were provided
by the Intergovernmental Panel on Climate Change (IPCC). Jiang et al. (2014) [25] also proposed using
only a top-down approach to understand the relationship between energy use in passenger mobility
and the neighborhood design.

Based on the studies presented in Table 1, one can conclude that the decision to adopt a specific
approach to meet the needs of each region reflects the level of detail of the model and the sensitivity
analysis of the results. Consequently, it is reasonable to argue that the effects on EE due to the
implementation of an urban mobility action are perceived differently when using a bottom-up or
top-down approach. For this reason, we identified the main inputs considered in the selected studies,
as presented in Table 2, classifying them according to the approach adopted.
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Table 1. Synthesis of literature review.
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Author Activity Modes Approach Data Base Case Study Input Output
Energy consumption:
distance traveled;
. ~ ) . consumption coefficient by .
Szasz (1982) [13] Passenger Road Bottom-up Hypothetical kilometer and round hour; Energy consumption
average speed and average
vehicle occupancy
Transport activity by mode;
Bose and vehicle occupancy; total
Srinivasachary Passenger Road and Rail Top-down and Data}baST New Delhi (India) energy demgnd by I?Ode of . Energyhc opsumﬁ)tlon,
(1997) [21] Bottom-up (National) transport and type of energy;  atmospheric pollutant
energy efficiency by type of
vehicle and emission factors
. Origin—destination =~ Denver, Portland,
Hillman and Passenger . . Energy
. . (OD) matrices, Seattle, Regional travel volume .
Rawaswami and Road and Air Top-down . . consumption,
(2010) [24] freioht Database Minneapolis per year COme
& (National) and Austin (USA) 2
OD matrices Modal split; travel distance by
He et al. (Company), . . mode; Energx
(2011) [15] Passenger Road Bottom-up Database Jinan (China) vehicle occupancy; EE by consumption,
.. P COze
(Municipal) mode and emission factor
Fleet; number of passengers; .
Tartakovsky et al. Passenger Road Bottom-up Survey (Company) Hypothetical distance and EE, atmospheric
(2013) [22] . pollutant
vehicle occupancy
. Barcelona (Spain)  Petrol consumption; distance; Energx
Giordano et al. Database o . consumption,
Passenger Road Top-down . and Lugano % of the mileage traveled on .
(2014) [26] (Continental) . CO,, and atmospheric
(Switzerland) urban roads
pollutant
Travel demand; modal split;
Aggarwal and Passeneer Road Bottom-u ]:)S;g)?;e New Delhi (India) distance traveled per vehicle; Energy consumption,
Jain (2014) [27] 8 P (State) per mode and per fuel CO, COse
emission factors
Energy consumption; travel
Barcelona (Spain),  frequency; distance per trip;
Jiang et al. : Database Amsterdam vehicle occupancy; energy
(2014) [25] Passenger Road Top-down (National) (Netherlands), intensity factor; consumption EE
London (UK) coefficient and energy factor

by fuel
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(2016) [14] Survey and emission factor COze
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Alonso et al. . . travel time; automotive
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(Municipal) atmospheric pollutant
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Fleet inventory by type of
vehicle and fuel; new
registered vehicles; vehicle
Menezes et al Passenger Database kilometers traveled; age; fuel Transport activity,
(2017) [16] ' and Road and Rail Bottom-up (Municipal, State ~ Sao Paulo (Brazil) = economy; average number of energy
freight and Federal) passengers, tons transported consumption, CO,e
per mode; fuel prices and
taxes; GHG emission factors
by type of fuel
Passenger Database Ener,
Gerboni et al. & Road, Rail, Air, (National Unspecified city =~ Mobility demand and energy Y
and Bottom—up . consumption,
(2017) [23] freight and Water forecasting or (Italy) by source and mode coO
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Table 2. Synthesis of the main input variables of the approaches.

Input Total Bottom-Up  Top-Down
Number of passengers transported 11 7 4
Modal split (%) 8 5 3
Distance traveled (km) 9 6 3
Energy source 8 8 0
Category of vehicles 7 7 0
Number of trips by mode 6 6 0
Fuel economy (km/L) 5 5 0
Transport activity passenger-kilometers (pass-km) 5 1 4
Vehicle occupancy (pass/vehicle) 5 5 0

Due to the diversity of vehicles and energy sources involved in road transport, an accurate
estimation of EE in this mode requires the use of a bottom-up approach with local input variables.
However, in 2006 IPCC Guidelines [31] exclusively adopting a bottom-up approach does not ensure
the reliability of the estimates. For this, the adoption of both top-down and bottom-up approaches
is a fundamental step allowing the comparison and adjustment of results. As evidenced in Table 1,
only Bose and Srinivasachary (1997) [21] used more than one approach to estimate the energy use,
although the existence of an adjustment protocol is not clearly described on paper.

Furthermore, it is important to state that a bottom-up approach requires a larger amount of data
(as shown in Table 2), leading to a complex data collection process. As data availability varies among
different economic backgrounds, the use of a bottom-up approach in certain cities may become even
more difficult, requiring adaptations from state or national data to represent urban reality, which may
compromise the quality of the results. For instance, Bose and Srinivasachary (1997) and Aggarwal and
Jain (2014) [21,27] used national data to estimate energy use from urban mobility through a bottom-up
approach, while Hillman and Rawaswami (2010), Jiang et al. (2014) and Giordano et al. (2014) [24-26]
exclusively used national data to represent the same object in a top-down approach.

As a result of the literature review, we also verified that the main tools for estimating energy use in
urban mobility are the Long-Range Energy Alternatives Planning system (LEAP) [21], Assessment and
Reliability of Transport Emission Models (ARTEMIS) [22], Metropolitan Activity Relocation Simulator
(MARS) [30], and For Future Inland Transport Systems (ForFITS) [16]. Most of these tools use a
bottom-up approach.

In conclusion, when estimating energy use in urban mobility, the previous research studies did
not consider the entire city territory; all transport modes and energy types; or different approaches
regarding data availability and adjustment of results. Moreover, none of the methods presented an
application. Along these lines, this study considers these literature gaps in developing a method for
estimating the EE of urban mobility, which is applied in a large-sized city in a developing country
where data availability tends to be scarce.

3. Energy Efficiency Model

The energy efficiency model encompasses the road, rail, and water transport modes, including
non-motorized transport. Basically, there are two fundamental approaches: top-down and bottom-up.
As shown in Figure 1, it is divided into four phases: (1) transport system and data collection;
(2) approaches; (3) top-down; (4) bottom-up. The top-down approach is based on aggregated data on
energy use and transport activity, while the bottom-up approach is a more detailed mechanism for
investigating the effects of several variables on EE.
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Phase 1 Transport system and data collection

Step 1 Step 2 Step 3 Step 4 Step 5
Analysis of the Analysis of the Collection of Collection of Consistency
municipality transport primary data secondary data analysis

under study system
Phase 2 Approaches Phase 3 Top-down
\ Data ovToiIobiIity ) Step 1 Step 2
Observed Transport
Aggregate data . Data from other energy activity by
Tier 1 municipality .
consumption mode
Top-down 1 Or I
Data from the \%
Tier 2 municipality Energy
under study efficiency
Phase 4 Bottom-up
Vehicle stock by Vehicle kilometers _
model year gl Hep2 travelled by model year
Fuel economy by model year Step 3 Vehicle occupancy by model year
— Energy use Step 4 Transport activity by mode ——

Step 5 Adijusting with top-

down approach

V
Step 6 Energy efficiency

Figure 1. Protocol for estimating energy efficiency in urban mobility.

The bottom-up approach can be divided into two tiers according to data availability: tier 1 and
tier 2. In tier 1, data from other municipalities with similar characteristics or from the state or country
can be adopted. Consequently, this is used in cases of lack of data or inconsistencies. In turn, tier 2
requires local data from the city being assessed, and thus it provides estimates with greater certainty.
However, it is more intensive in collecting and processing information.

The joint use of the two approaches increases accuracy, since EE is estimated through different
paths, whereby it is possible to compare and adjust results. In other words, if the same indicator is
estimated by two different methods using different data sources and the results are similar, this means
that the reliability of this indicator is high. These comparisons and adjustments are particularly desired
due to uncertainties related to VKT, fuel consumption, average occupancy, and vehicle stock.

3.1. Data Requirements

Initially, the municipality under study should be described by means of land use, demographic
data, transport modes, municipal and inter-municipal fleets, spatial distribution of trips, and transport
services (itinerary, demand etc.). Due to the lack of statistics on EE in municipalities and the need to
analyze the consistency of the results, we recommend comparing the municipal outputs with those
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from the state or country (commonly available). Table 3 lists the minimum data required to implement
each approach considering the selected tier.

Table 3. Data requirements for each approach.

Bottom-Up
Tier 1 Tier 2

Inputs Top-Down

Energy use by source
Modal split
Average trip distance
Fuel economy !
Vehicle stock .
Vehicle kilometers traveled (VKT) !
Average occupancy 1

1 These inputs are also considered in the level 1 approach. However, if they are not available at the local level,
assumptions from other cities with similar characteristics can be used or even from the state and the country.

It is good practice to compare the outputs (e.g., energy use or transport activity) with
macroeconomic data, such as population and gross domestic product (GDP) data, in order to
identify inconsistencies. For example, passenger transport activity in municipalities is expected to vary
according to GDP per capita. If this relationship is not adherent, the data collected may be inconsistent.

3.2. Top-Down Approach

For rail and water modes, the following inputs are required: energy consumption, total number
of passengers transported, and average VKT by trip within city boundaries. The first step consists of
estimating the energy use by source. When estimating transport activity (pass-km), it is necessary
to obtain the network extension, number of kilometers traveled by line, and number of passengers
transported by line (Equation (1)).

TAii?‘mated _ Z P.E; .M; (1)
1

where TA,, ;is the transport activity by mode () in a year (i) (pass-km); P; is the passengers transported
by line (I) (passengers transported by line per year); E; is the extension of the line (/) (km); M, is the
kilometers traveled per year (i) (%).

Finally, the EE for each mode is estimated by the ratio of the transport activity to energy use
(Equation (2)):
TA i
Euk,v,i

EE,,; = 2
where TA,,;is the transport activity by mode () in a year (i) (pass-km); EU,;, ; is the energy use by
mode (m) in a year (i) (M]).

For road transport, the aggregate energy consumption by source is required. Usually,
such information is available in emission inventories or reports from energy agencies. The next
step consists of estimating the transport activity by mode and transport service. This information is
generally available in origin—destination (OD) surveys. The EE for road transport is then derived as
the ratio of transport activity (pass-km) to energy consumption (M]J).

3.3. Bottom-Up Approach

The bottom-up approach requires disaggregate information on vehicle stock. If such information
is not available, it should be estimated considering the number of vehicles sold, a scrappage function,
and the average VKT by type of vehicle.
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Different approaches can be adopted to estimate the average VKT. Data on bus fleets can be
collected directly from local and regional bus companies. For private transport, data can be collected
from local interviews, distinguishing commuting, leisure, and intercity trips.

To calculate energy use by source, data on fuel economy by model year is required. Again,
for buses, such data can be collected through interviews with local transport operators, while data on
private transport can be obtained from manufacturers or reports from sectoral associations.

After estimating the fleet, VKT, and fuel economy by model year, the energy use in urban passenger
mobility is estimated through the Equation (3):

EUE™™? = VSy ;. FE, VKT, ; v

where EUj,; is the energy use by vehicle type (k) in a year (i) (1 or md3); VSyi is the stock of a vehicle
type (k) in a year (i) (units); FEk,z‘ is the fuel economy of a vehicle type (k) in a year (i) (I/km or
m3/km); VKT} i is the VKT of a vehicle type (k) in a year (i) (km).

Subsequently, Equation (4) presents the calculation used for estimating the transport activity by
the model year. The average vehicle occupancy data for buses and private transport vehicles must
be collected:

TAZI™™ — VS ;. VKT, ; .ACy ; )

where TAj; is the transport activity by vehicle type (k) in a year (i) (pass-km); V5 ; is the stock of a
vehicle type (k) in a year (i) (units); VKT ; is the VKT of a vehicle type (k) in a year (i) (km); ACk,l. is the
average occupancy of a vehicle type (k) in a year (i) (pass/vehicle).

All energy values are further converted into a common unit (Joules). Then, both energy use and
transport activity are compared with the estimates from the top-down approach. Eventual differences
are adjusted by changing the VKT or vehicle occupancy values. These modifications should first occur
for the parameters with more uncertainty.

It is also important to include active transport. The transport activity from non-motorized trips is
the result of multiplying the urban population by the share of pedestrians and cyclists, the frequency
of trips, and the average distance by trip. On the other hand, the energy use from non-motorized
transport is a result of the transport activity (pass-km) and EE (pass-km/M]J). In Brazil, the reference
values for the EE of non-motorized transport are 4.8 pass-km/M] for walking and 8.9 pass-km/M] for
human-powered bicycles [32].

In summary, the EE for urban mobility is the ratio between the transport activity and energy
consumption of all transport modes.

4. Energy Efficiency in Urban Mobility

Sorocaba city was selected as a case study because it was elected to participate in a program by
the Ministry of Cities as a model city to receive technical support and public policies focused on energy
efficiency. In Brazil, the municipalities must elaborate an Urban Mobility Plan to receive investments
in urban mobility, as determined in the National Urban Mobility Policy (NUMP) [33]. Sorocaba was
also chosen as the case study due to the existence of urban mobility plans since 2006.

With 644 thousand inhabitants concentrated in 450 km?, the city is located 100 km from Sao Paulo,
the richest city in Brazil. The main bases of its economy are the sectors of industry, commerce and
services. Trips in Sorocaba are made exclusively by road. The city’s public transport service is offered
by two concessionaires, with 261 bus lines, covering an average length of 11.9 km [34,35]. Besides,
it has six kilometers of exclusive bus lanes [36].

4.1. Aggregate Results

The aggregate fuel consumption data are collected from the Municipal Greenhouse Gas
Inventory [37] and ANP (2018) [38]. In Brazil, gasoline is blended with 27% of anhydrous ethanol,
while diesel is currently blended with 10% of biodiesel (although this value varied among the time
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series assessed, from 5% in 2013 to 10% in 2017). Figure 2 shows the fuel consumption from Sorocaba
between 2013 and 2017. Since 2015, renewable energy has surpassed fossil fuel energy consumption,
accounting for approximately 53% in 2017, mostly from hydrous ethanol use.

. 600

E

- 500

[ =

[3+}

S 400

o

=

= 300 Renewable

200 (53%)

0

2013 2014 2015 2016 2017
m Gasoline A m Diesel =~ NGV = Hydrous ethanol =~ Anhydrous Ethanol  Biodiesel

Figure 2. Aggregate fuel (NGV means the energy consumed from Natural Gas Vehicles) consumption.

From the results presented in the Sorocaba OD Survey, which was conducted in 2013 for
4000 households, it was possible to identify the modal split and average daily travel rate per inhabitant.
To project the transport activity, it is also necessary to estimate the average distance traveled per trip
and by type of vehicle for each mode of transport. At first, we used a geographic information system
(GIS) to produce a cost matrix for each mode of transport (based on the distance traveled), using data
from the municipal OD matrix. Nonetheless, the results for buses were not consistent with the data
collected directly from the local companies. For this reason, we considered the travel time declared by
respondents in the OD survey and the average speed obtained from the Sorocaba Urban and Social
Development Company (URBES) (2014) [35] to estimate the average distance per trip by each mode.

Figure 3 presents the transport activity by each type of vehicle and transport mode from 2013 to 2017
using the top-down approach. In view of the information presented in Figure 3, cars (fuel-inefficient
vehicles) represent more than the half of the activity in Sorocaba, pointing out the need for actions
to promote mobility by bus, bicycle, and foot. This is even more critical when considering that the
municipality’s electric car fleet is negligible.

7000

4000 —_—

5000 S M Bicycles
£
X% On foot
g 4000
o Buses (school and chartered)
c
g 3000 Motorcycles
E 2000 M Buses (suburban and municipal)

B Cars
1000
0]

2013 2014 2015 2016 2017

Figure 3. Aggregate transport activity.
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The average EE of urban mobility in Sorocaba using the top-down approach is 0.68 pass-km/M]J.
As previously discussed, this value will be used as a reference to adjust the EE estimated by the
bottom-up approach.

4.2. Disaggregate Results

The municipal fleet was estimated based on vehicle license statistics obtained from the National
Traffic Department and the scrappage curves presented in the study by Gongalves et al. (2019) [39].
Table 4 shows the vehicle stock in 2017 by model year. This procedure is repeated to estimate the fleet
stock by type of vehicle and energy source from 2013 to 2016.

Table 4. Municipal fleet by technology in 2017.

Vehicle Technology Stock Average Age
Ethanol 1377 15
NGV 1352 12
Cars Flexible-fueled ! 150,976 7
Gasoline 42,084 14
Hybrid 172 14
Flexible-fueled 21,889 7
Light commercials Diesel 623 7
Gasoline 8314 10
Motoreveles Flexible-fueled 13,117 5
Y Gasoline 39,872 9
Micro buses Diesel 709 6
Buses Diesel 793 7

! Vehicle equipped with an Otto cycle internal combustion engine powered by more than one type of fuel. In Brazil,
flexible-fueled vehicles are fueled with gasoline or hydrous ethanol.

The vehicles with the highest average age are cars with engines that run on ethanol, which are no
longer manufactured, followed by gasoline-fueled cars. Hybrid cars have a lower average age as they
are still an emerging technology in Brazil.

Table 5 presents the annual VKT by vehicle type. For automobiles, the results were obtained from
Goes et al. (2020) and the Environmental Company of the State of Sao Paulo (CETESB) (2013) [40,41].
For buses, the annual VKT was obtained from surveys conducted with the main companies that operate
in Sorocaba. Diesel buses have the largest share due to the intensive use of public transport in the city.

Table 5. Annual VKT by technology in 2017 (km).

Vehicle Technology Annual VKT
Alcohol 13,595
Natural Gas Vehicle 13,595
Cars Flexible-fueled 15,208
Gasoline 14,309
Hybrid 15,227
Flexible-fueled 18,255
Light commercials Diesel 24,142
Gasoline 14,624
Motorcvcles Flexible-fueled 13,293
y Gasoline 12,781
Micro buses 61,215
Buses Diesel 124,735
Buses (school and chartered) 1ese 76,880

Articulated buses 42 977
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4.2.1. Energy Use by Source

We considered data from the State of Sao Paulo to estimate the energy use by vehicle [42].
For chartered buses, the fuel economy was obtained through interviews with the main companies
that operate in Sorocaba. These buses have the worst fuel economy as compared with other types of
vehicles, as shown in Table 6. On the other hand, flexible-fueled and gasoline motorcycles have the
best fuel economy.

Table 6. Fuel economy per type of vehicle in 2017 (km/1) I.

Type of Vehicle Type of Energy Fuel Economy (km/L)

Alcohol 10.9
Natural Gas Vehicle 12.0

Cars Flexible-fueled 8.3/12.2
Gasoline 11.3
Hybrid 16.5

Flexible-fueled 6.2/8.6

Light commercials Diesel 9.5
Gasoline 11.3

Flexible-fueled 29.3/43.2
Motorcycles Gasoline 37.3
Micro buses 4.3
Buses Diesel 2.9
Buses (school and chartered) 1ese 2.6
Articulated buses 1.7

1 CETESB (2017) [42].

It is important to state that in Brazil, the number of flexible-fueled vehicles (automobiles fueled
by gasoline and hydrous ethanol) is extensive. Therefore, it was necessary to collect historical
sales data for Sorocaba to estimate the market share of these fuels in terms of the total energy
consumed in flexible-fueled engines. Furthermore, results estimated using the bottom-up approach
are adjusted according to the results of the top-down approach, reducing uncertainties. This step is
conducted by adjusting the VKT of the different types of vehicles and the share of fuel consumed in
flexible-fueled vehicles.

Figure 4 illustrates the baseline energy use by source after the required adjustments, as well as the
aggregate fuel consumption values provided by the National Oil Agency (ANP), which were adopted
in the top-down approach.

As presented above, both approaches produced similar results from different sources,
which indicates methodological maturity in the data collection process. However, this is not the case
for diesel, whose fuel consumption data were collected directly from local bus companies, while ANP
values represent the total amount consumed by all types of vehicles within the city, such as urban
trucks and intercity buses.

To estimate transport activity, the average vehicle occupation rates in the valley and at peak times
were collected for each type of vehicle. The average occupancy indicates the number of passengers
transported in a vehicle. In the case of urban buses, this value was based on visual surveys conducted
during the experiment. For chartered buses, we conducted interviews with the three main companies
in Sorocaba, which represent 84% of the city’s fleet. The average occupancy of light vehicles was
estimated based on the local OD survey. Table 7 summarizes the occupancy rates.
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Figure 4. Fuel consumption by source and technical approach (“estimated” represents the results of
the bottom-up approach).

Table 7. Occupancy rate per type of vehicle (pass./vehicle).

Type of Vehicle Average Occupancy !
Car 13
Light commercial 1.0
Motorcycle 1.0
Micro bus 14.5
Basic city bus 32.6
Special and standard buses 44.9
Articulated bus 41.8

1 Source: Authors, based on the CETESB (2017) and National traffic department (DENATRAN) (2018) [42,43].

After estimating the fleet, the VKT, and the average occupancy by vehicle, we could estimate the
transport activity by mode. Nonetheless, when comparing this value with that estimated using the
top-down approach, adjustments were required for the average vehicle occupancy of light vehicles.
In this case, differences between both approaches ranges from —0.5% to 2%. For buses, this adjustment
was not necessary, as the operational data were collected directly with transport operators.

4.2.2. Energy Efficiency

Table 8 shows the annual EE by mode of transport, as well as the resulting average EE and energy
intensity values for urban mobility in Sorocaba. These values are also illustrated in Figure 5.
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Table 8. Annual EE and energy intensity values for urban mobility in Sorocaba.

Mode of Transport 2013 2014 2015 2016 2017
On foot 4.81 4.81 4.81 4.81 4.81
Bicycles 8.93 8.93 8.93 8.93 8.93
Motorcycles 1.41 1.37 1.28 1.36 1.45
Cars 0.43 0.48 0.42 0.42 0.44
Buses 2.32 2.32 2.63 2.68 2.89
Bus (suburban and municipal) 2.31 2.39 2.35 242 2.54
Total 2013 2014 2015 2016 2017
EE (pass-km/MJ) 0.67 0.72 0.65 0.66 0.70
Energy intensity (kJ/pass-km) 1499 1398 1544 151 1429
9
On foot (more than 5 minutes)
8 : . :
- Bicycle (public and private)
E 6 Motorcycle
£
'E 5 Car (driver and passenger)
9
= 3 Buses (school, special and
w ———— charters)
. Bus (suburban and municipal)
EE in urban transportation
0
2013 2014 2015 2016 2017

Figure 5. Energy efficiency (EE) results for Sorocaba from 2013 to 2017.

The EE in Sorocaba ranges from 0.67 pass-km/M] in 2013 to 0.70 pass-km/M] in 2017. It is important
to mention that considering the national perspective, this indicator varied from 0.93 pass-km/M]
to 0.97 pass-km/M] between 2000 and 2017 in Brazil [44]. Therefore, EE in Sorocaba lies outside
this interval. This can be explained by the nature of the input data considered in each case, as the
national values also consider long-distance road transport and different modes, such as rail and water,
which present higher EE levels.

From this perspective, 44% of the national passenger transport activity is performed by urban
buses and 3% by regional buses. In comparison, only 26% of the transport activity in Sorocaba is
performed by buses, while 58% of Sorocaba’s transport activity is performed by individual motorized
transport (while the national average is 45%). Therefore, Sorocaba’s transport matrix is more dependent
on less energy-efficient modes than the national one, thus corroborating the lower EE levels estimated
with this method. Additionally, the motorization rate in Sorocaba is higher than the national value
at 0.72 vehicles per inhabitant [45] compared to 0.23 vehicles per inhabitant [46], which lowers the
estimated EE.

It is also possible to note that the EE values for automobiles vary from 0.42 to 0.48 pass-km/M].
These values are in accordance with the standards identified in the literature for light passenger
vehicles, which vary from 0.33 to 0.59 pass-km/M]J [32,47]. In addition, the estimations over time for EE
values for automobiles are the ones that most resemble the average EE in the Sorocaba urban mobility
system. This is because automobiles account for 86% of the total energy consumed by the transport
sector and approximately 54% of the total transport activity in the city.

Due to historical Brazilian programs aimed at improving vehicular EE, it was expected that these
actions would have a more relevant impact on increasing EE in Sorocaba, despite the low average age
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of the municipality fleet. Even so, the main factor that impacted this indicator in Sorocaba was the
average occupancy of vehicles over time.

Finally, it is important to highlight that non-motorized transport contributed to the 4%
improvement in the EE of urban mobility. More specifically, these values range from 4.5% (in 2013) to
4.3% (in 2017). Therefore, we reiterate the necessity of considering non-motorized transport when
estimating the EE of urban mobility, which is constantly absent in studies on this topic.

5. Conclusions and Policy Implications

This study investigated the relationship between EE and urban mobility to create a benchmarking
environment between reference cities related to the energy transition topic. However, the literature
review pointed to the lack of specific methods for this purpose. The results suggest the adoption of a
bottom-up approach combined with a top-down approach as the most suitable solution for assessing
the EE of urban mobility, since it allows data adjustments. This is a fundamental step toward ensuring
the accuracy and reliability of the outputs. It is not possible to adjust the results by exclusively adopting
a bottom-up approach.

In fact, the adoption of a bottom-up approach using local and disaggregated data is fundamental,
especially when considering road transport, due to the diversity of energy sources and vehicles types.
Additionally, the level of disaggregation of this approach allows one to measure, evaluate, and report
the results through the application of actions that intend to improve the EE of urban mobility. Hence,
we recommend simultaneously adopting a bottom-up approach, preferably using a local database,
with a top-down approach that considers information from other official data sources at the state or
national level and then adjusting eventual divergences.

Along these lines, the model developed to estimate the EE of urban passenger mobility
simultaneously considers all of the city territory, transport modes, energy types, and different
approaches, depending on data availability. It also addresses the data collection, the steps for which
should be carefully followed to guarantee that only transport within city borders is considered when
estimating EE.

The method used to estimate the EE of urban mobility was applied to a large city, namely Sorocaba,
Brazil. Usually in developing countries such as Brazil, there is a lack of data and statistics on urban
mobility. However, the model was successfully applied despite the difficulties faced in the data
collection process (e.g., vehicle stock, transport activity, VKT, and occupancy rates). These impedances
reinforce the importance of measuring data and statistics on urban mobility. Beyond this, the case
study indicated that the method allows adaptations in case of a lack of data, going from a higher level
of disaggregation (bottom-up level 2) to a less detailed approach (top-down). The results from this
case study confirm the consistency and applicability of the model, since they are within the expected
range identified in the national and international literature.

It is important to highlight that the proposed model can be applied by any other city worldwide,
as long as the municipality has at least the following data categories available as input variables:
energy use by source, modal split, and average trip distance. Although the model has been validated
in a Brazilian case study, it can be applied in any other city in the world, as long the necessary data
are available. The results can assist municipalities in establishing their baseline for the EE of urban
mobility, visualizing the future challenges, and supporting public managers in selecting the most
important measures to increase its level of EE and reduce atmospheric emissions.

Furthermore, the application of this method to cities with different characteristics and backgrounds
could be the subject of future studies. This would enable benchmarking studies to be developed to
determine the best actions for urban mobility management regarding the influence on EE, and even
the elaboration of a city ranking based on EE. Additionally, it could also be applied as the basis for the
development of an EE standard and certification program for cities. Such a program would recognize
participant cities that achieve a minimum level of performance, and specific targets would be set for
different levels of ambition.
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