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Abstract: This study provides a comprehensive view of energy consumption and CO2 emissions
for different vehicle technologies in real driving cycles. Universal correlation functions have been
proposed for different vehicle technologies, associating fuel consumption and CO2 emissions with
speed. A submodel was developed, calibrated for the city of Brasília, Brazil, and later used to simulate
future scenarios with a higher prevalence of cleaner vehicle technologies, such as ethanol, hybrid,
and electric vehicles. The use of the submodel can serve as a valuable tool for decision making in
transport planning, allowing for a more realistic determination of energy consumption and CO2

emissions in different traffic conditions, i.e., in real driving cycles. The results obtained using the
developed submodel showed that with the increased participation of more efficient vehicles, such as
BEV and HEV, and an even greater participation of ethanol-powered vehicles, there is a significant
reduction in CO2 emissions. Finally, the use of the developed tool allows managers and specialists
in transport planning, through the generation of future scenarios, to propose and implement more
effective policies to reduce CO2 emissions, thus contributing to more sustainable mobility.
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1. Introduction

Urban areas in Brazil have always expanded due to population growth, which has
multiplied the demand for mobility and, consequently, increased energy consumption and
greenhouse gas emissions. Transportation planning studies for Brazilian cities have been
established as major investments by local governments to meet mobility demands and
transportation infrastructure needs. Although transportation planning studies consider the
contemporary problem of non-renewable fuel consumption and CO2 emissions, the fleet of
light passenger cars and the number of annual travel kilometers are still increasing, and
emissions and energy consumption are following this growth [1].

In Brazil, ethanol as a renewable fuel for light vehicles has been consolidated over
the past five decades. However, in 2019, ethanol only accounted for 18.8% of the total
Brazilian vehicle fuel consumption [2]. The use of ethanol has contributed to the reduction
of Brazilian CO2 emissions from transport, but due to its limited share, ethanol itself will
not be the main factor to reverse the increase in Brazilian vehicle CO2 emissions in the
coming decades [3]

Soon, the fleet composed of battery electric vehicles will increase the energy efficiency
of urban mobility and will play the main role in reducing CO2 emissions [4–6]. However,
in Brazil, the use of ethanol in hybrid vehicles, combined with an ever-growing fleet of
battery-electric vehicles, will likely be the most common configuration for a few decades
and represents a good option to decrease energy/fuel consumption and CO2 emissions [7].

In a dynamic scenario and depending on a series of variables, transportation mobility
plans (PMT) emerge as a useful tool for monitoring energy consumption and CO2 emis-
sions in Brazilian cities [8,9]. For the calculation of atmospheric emissions and energy
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consumption, Brazilian government institutions use the methodology of vehicle emissions
inventory CETESB (2019) [1], similar to those applied by COPERT [10] and MOVES [11].
This methodology is based on the bottom-up approach, which, according to [12], adopts a
microscale approach to quantify vehicle emissions.

Certain questions arise regarding the future prediction of fuel/energy consumption
and CO2 emissions when applying the Brazilian methodology. For example, how do
real-world driving cycles differ from Federal Test Procedure (FTP-75), and still how do
these differences manifest considering traffic variations? In [13], when considering traffic
variations in driving cycles for real situations, an error of up to 35% was observed. Dispar-
ities were also noted in the work of [14], who compared congested and free-flow traffic
situations and found high emissions during the transition phase when traffic flow changed
from free to congested.

Not considering the real conditions of the roads in models used to determine energy
consumption and vehicle emissions can lead to significant errors regarding the levels of
emissions [15–17]. While most studies analyze emissions based on chassis-dynamometer
tests that reflect only a subset of real-world driving conditions, this work proposes the
development of a model/methodology based on the bottom-up approach with numer-
ical simulations supported by experimental data. This is presented as a more accurate
option to determine fuel/energy consumption and CO2 emissions to complement transport
planning studies.

Finally, the development of a submodel that can be integrated into mobility plans
represents an advancement for a more precise determination of CO2 emissions and energy
consumption, as it encompasses situations from real-world cycles, different vehicular
technologies, and even traffic conditions. This integration of information still represents a
largely unexplored point in the literature.

2. Literature Review

Models used to quantify emissions related to vehicular traffic have been widely
used, as determining these elements in the real world is quite a complex task [18]. Given
the complexity and the number of variables involved, many methodologies have been
developed to quantify vehicle emissions. These include the Mobile Source Emission Factor
Model (MOBILE), the Motor Vehicle Emission Simulator (MOVES), the Computer Program
to Calculate Emissions from Road Transport (COPERT), the International Vehicle Emission
Model (IVE), and the Comprehensive Modal Emission Model (CMEM) [19]. In general,
these statistical models, as they are usually called, are typically employed in cities, as is the
case with MOBILE and COPERT.

Most models used to determine vehicle emission rates rely on emission factors for
different vehicles based on average speeds and standard driving cycles, which may not
represent real-world patterns [13,20]. Furthermore, a common assumption in calculating
vehicle emissions consumption is that all vehicle activities are independent of traffic vari-
ations and driving characteristics [20–23]. Choudhary and Gokhale (2016) [24] studied
the relationship between traffic and emissions by testing a gasoline-powered light pas-
senger car under dynamic urban traffic conditions, where they observed a sharp increase
in emissions.

To overcome some of the limitations in current practice, different authors have pro-
posed various solutions. For example, Ref. [25] compiled and detailed more than 200 cycles
to standardize all known driving cycles into a single format. This work opened the possibil-
ity of new studies to compare driving cycles, adapt the best one to local characteristics, and
allow for a more accurate local inventory of fuel consumption and atmospheric pollutant
emissions. The most recent versions of MOBILE and its successor, MOVES, have started to
include driving cycles based on the level of service, which more closely resemble real-world
profiles [26].
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The methodology of the Brazilian vehicle emissions inventory [1] resembles those
applied by COPERT and MOVES, where fuel efficiency and vehicle emission factors,
per Tiers, are standardized based on the American FTP-75 cycle. While the Brazilian
methodology is calibrated for the city of São Paulo, it has also been applied in other Brazilian
cities, such as Fortaleza [27]. As an alternative to the mentioned inventory methodologies,
upward numerical simulations can model the dynamics of vehicles under street conditions,
determine the energy needed to achieve these conditions, and consequently, estimate CO2
emissions [28].

The increased performance of personal computers has elevated bottom-up simula-
tions as viable tools for transportation planning studies. Numerical simulations applied
to transport vehicles under real conditions have been published by several authors
and used as forecasting tools for transportation planning studies [29–33]. Simulation
packages such as the Powertrain Systems Analysis Toolkit (PSAT), Advanced Vehicle
Simulator (ADVISOR), and Future Automotive Systems Technology Simulator (FastSim)
have recently been used to estimate fuel/energy consumption and CO2 emissions from
transport vehicles [28,34,35]. The results of recently published numerical simulations have
demonstrated a good approximation to the values measured under real conditions [35–37].

Currently, numerical simulations, coupled with experimental measurements under
real-world conditions and inventory methodology, can together enhance future predictions
of fuel/energy consumption and CO2 emissions in transportation planning studies. The
objective of this work was to unify real-world measurements, inventory methodology, and
bottom-up numerical simulations for a Brazilian capital city. This integrated approach
could serve as a submodel to estimate fuel/energy consumption and CO2 emissions for
future transportation planning studies.

3. Methodology

In the first stage of the work, real-world driving cycles were experimentally character-
ized on five main routes of Brazilian capital roads. Fuel consumption and CO2 emissions
were measured second by second on these routes using an internal combustion engine
vehicle (ICEV), a hybrid electric vehicle (HEV), and a battery electric vehicle (BEV). Addi-
tionally, the traffic volume on the five routes and the average passenger occupancy in cars
were considered to calibrate the number of trips on the routes. In the second stage of the
work, numerical simulations were carried out for the conditions of the real-world driving
cycles on the five routes and compared with the FTP-75 driving cycle.

The numerical simulations and experimental study yielded correlation functions
that served as the basis for an enhanced methodology to calculate CO2 emissions and
fuel/energy consumption in transportation planning studies. More details of the proce-
dures are described in the sections that follow.

3.1. Characterization of the Five Routs and Driving Cycles

The metropolitan region of the Brazilian capital, Brasília, houses about 3 million
inhabitants. The city center acts as the primary destination for trips from peripheral
neighborhoods. This metropolitan area comprises 35 administrative regions, each of which
accesses the central area via one of five main roads: one from the North, one from the
South, one from the East, and two from the West, as depicted in Figure 1. These regions also
account for the highest origin–destination travel demand in the metropolitan region [38,39].
Consequently, the five routes illustrated in Figure 1 were selected for the experimental
study and characterization of real-world driving cycles.
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Figure 1. Five chosen routes for evaluation of driving cycles.

The experimental study was conducted on the five routes depicted in Figure 1.
Two trips were performed from the center of 5 administrative regions toward the Central
Bus Station at 7 a.m. and 10 a.m., and two additional trips from the Central Bus Station
to the original departure points at 9 a.m. and 5 p.m. This procedure was implemented to
characterize the cycles during both peak and off-peak hours for all five routes. The trips
were conducted using an (ICEV), initially fueled with E27 gasoline, and the procedure was
then repeated with the same vehicle using E100 ethanol. It is important to note that regular
Brazilian gasoline is a mixture of gasoline with 27% (by volume) of anhydrous ethanol, a
percentage that fluctuates between 18% and 27.5%, depending on annual fuel production,
the economy, and the market.

An ELM327 OBD2 (on-board diagnostic) device, compliant with the ISO 15765 CAN
standard, was utilized to record vehicle data at a rate of 1 Hz and transmit data via Bluetooth
to an Android 9 device. The parameters recorded from the OBD port included the vehicle’s
instantaneous speed (km/h), engine speed (RPM), engine load (%), fuel consumption
for IC and HEV vehicles (L/s), energy consumption and regeneration for HEV and BEV
vehicles (KWh/km), and CO2 emissions (g/s). Additionally, the Android device recorded
ground speeds (m/s), altitudes (m), accelerations (m/s2), and trip durations (m) using GPS
signal data.

The driving cycles of the five routes were characterized by an ICEV running on E27
gasoline, as well as E100 ethanol. The same procedure was performed for the HEV running
on E27 gasoline and the BEV, but only along the South route. This procedure was adopted
due to the observation of similar average patterns across all five routes for the ICEV.

3.2. Composition of the Fleet for Fuel Consumption and Emissions

The ages of the vehicles comprising the fleet were obtained from data provided by
the traffic authority, SENATRAN (2022) [40] Figure 2 depicts a histogram of the ages of
light passenger cars for the Brasília’s fleet, with corresponding Tiers. The continuous line
represents the probability distribution function of vehicle age.
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Figure 2. Histogram of the age of the fleet with the corresponding Tiers. A solid line represents the
probability distribution function of the age of the vehicle.

The fleet’s most common vehicle age is from those manufactured between the years
2012 and 2013, coinciding with the transition Tiers L5 to L6.

Data related to emission factors and fuel consumption were sourced from dynamome-
ter tests conducted on all vehicle models produced from 2012 to 2022 [41]. It is worth noting
that these emission factors and fuel consumption values are based on the FTP-75 driving
cycle. As a result, they serve as a comparison basis with the outcomes of the experimental
study and numerical simulations of real-world driving cycles.

The effect of the decrease of fuel consumption and CO2 emission factors, relative
to the production year, was evaluated through the best-fit function depicted in Figure 3.
Hence, for the model proposed in the present work, the fleet’s fuel consumption and CO2
emissions were calculated by considering the number of vehicles, fuel consumption, and
emission factor for each Tier.
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3.3. Vehicles Used on Routes 

Figure 3. Fuel economy and CO2 emission factor influenced by year of manufacturing and Tier. Fonte
(INMETRO, 2022 [41]).

According to the data from Figure 3, there is a decreasing trend in both average fuel
consumption and emission factor in the coming years. This suggests that vehicles are
becoming more efficient and less polluting over time. This effect and decreasing function
in Figure 3 were considered to simulate the impact for a scenario in 2036.
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3.3. Vehicles Used on Routes

Considering the most common type and age of vehicles in the fleet, two vehicles were
chosen: one flex-fuel internal combustion engine vehicle (ICEV) capable of running on
gasoline or ethanol, and one gasoline hybrid electric vehicle (HEV), both manufactured
in 2012. Additionally, a battery electric vehicle (BEV) manufactured in 2022 was selected
for the experimental study. This is because the fleet’s average age of all-electric vehicles is
less than a year. The maximum specific power was roughly the same for all three vehicles
at approximately 0.07 KW/kg. The primary characteristics of the vehicles selected for the
route measurements are detailed in Figure 4. It is worth noting that a flex-fuel hybrid
vehicle was not available at the time of the study.
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3.4. Numerical Simulations of Vehicles on Routes

In order to determine fuel (or energy) consumption and CO2 emissions for the FTP-
75 cycle and evaluate characteristics linked to real cycles obtained on the routes, MAT-
LAB/Simulink R2021a software was used. The software uses a block environment and
simulates dynamic and embedded systems, integrated with MATLAB. It facilitates the
design of advanced level systems, enabling simulation, automatic code generation, and
continuous verification of embedded systems.

MATLAB/Simulink software was chosen for this study because it has reference mod-
els, such as conventional vehicles (CIEV), hybrid (HEV), and electric (BEV). It is possible to
use a variety of standard and custom speed cycles to determine fuel consumption, accelera-
tion, CO2 emissions related to the vehicle powertrain, and plot or record any number of
intermediate and final values. It is important to note that CO2 emissions and engine fuel
consumption are computed based on the engine maps that make up the numerical package
database, which correlate emissions and fuel consumption with the torque, required to
comply with the speed profile and inclinations of the route, established in the driving cycle.
After inserting the respective vehicle details such as mass, engine power, type of technology
among other aspects, the numerical simulations can be carried out.

In a first round of simulations, the CIEV, HEV, and BEV were numerically simulated
for the real-world driving cycles. The values for energy consumption and CO2 emissions
are accounted for second by second, considering peak and off-peak driving cycles. The
simulations demonstrated a very low margin of error. For some points, the maximum
observed error was 3.5% for the moving average of energy consumption, when consid-
ering measured values and simulated values. After calibration, new simulations were
carried out to determine energy consumption and CO2 emissions from different cycles,
including FTP-75.
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3.5. Proposed Functions of Fuel Consumption and CO2 Emissions

The experimental and simulated results were in histograms of relative frequencies
of speeds during peak and off-peak times. Furthermore, the values of instantaneous fuel
consumption and CO2 emissions were correlated as a function of instantaneous speeds, then
compared with results published in the literature. Various authors proposed mathematical
correlations of fuel consumption as a function of instantaneous speed, such as [42–44]. In
Brazil, the same approach was applied by [45–47].

For the present study, correlation functions of fuel (or electric energy) consumption
(L/km and KWh/km) and CO2 emissions (g/km) were obtained using a regression model,
with a large volume of data from measurements in real driving situations. In comple-
mentary, data from the work [48], conducted in Lisbon, Portugal, were utilized. Their
study involved a Ford Focus 1.8-L EURO IV vehicle with a maximum specific power of
0.07 KW/kg under real conditions. The correlation functions of fuel consumption (L/km)
and CO2 emissions (g/km) with instantaneous speeds (km/h) were then compared to the
data in [48] and the results published by [49].

The study also relied on traffic flow data from the five routes provided by the local
traffic authority. Data on the number of vehicles per hour were analyzed over 24 h, five
days a week, and comparisons were drawn across three different months of the year. An
average frequency function was derived to predict the number of vehicles per hour, and a
constant value was calculated by dividing the 24 h flow by the peak hour flow, as shown in
Table 1. The purpose of this constant is to estimate the 24 h flow, derived from multiplying
the peak hour flow by this constant.

Table 1. Average flow of vehicles on routes.

Rush Hour Out Rush Hour

Route 1—South route (UnB—Central Bus Station)
24 h flow = 18,414
Rush hour = 8683

24 h Flow/Rush = 2.12

24 h flow = 19,330
Rush hour = 8311

24 h Flow/Rush = 2.32

Route 2—East route (Adm. Jardim
Botânico—Central Bus Station)

24 h flow = 14,014
Rush hour = 6064

24 h Flow/Rush = 2.31

24 h flow = 13,505
Rush hour = 5696

24 h Flow/Rush = 2.37

Route 3—North route (Adm.
Sobradinho—Central Bus Station)

24 h flow = 49,888
Rush hour = 20,183

24 h Flow/Rush = 2.47

24 h flow = 49,888
Rush hour = 20,183

24 h Flow/Rush = 2.47

Route 4—West route (Adm. Ceilândia—Central
Bus Station)

24 h flow = 21,450
Rush hour = 9167

24 h Flow/Rush = 2.34

24 h flow = 21,289
Rush hour = 7664

24 h Flow/Rush = 2.78

Route 5—West route (Adm. Taguatinga—Central
Bus Station)

24 h flow = 21,920
Rush hour = 7117

24 h Flow/Rush = 3.08

24 h flow = 19,840
Rush hour = 6278

24 h Flow/Rush = 3.16

The average number of passengers per vehicle 1.3 ± 0.2 1.1 ± 0.3

The average number of passengers in the vehicles was also determined. This procedure
was carried out with the help of a camera, which filmed the traffic flow during peak and
off-peak at the same times of the trips. This procedure was carried out for the five routes,
revealing an average of 1.1 passengers during peak times and 1.3 passengers during off-
peak times.

3.6. Proposed Model for Energy/Fuel Consumption and CO2 Emissions

The model proposed in this work considers the results of the experimental study
conducted on the five routes in the city of Brasília, during peak and off-peak times. Ad-
ditionally, traffic flow data and vehicle occupancy on these routes were used to estimate
the number of trips per hour and predict trips for a 24 h period. Furthermore, numerical
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simulations were conducted using real-world driving cycles and the FTP-75 driving cycle
to assess the impact of vehicle technology and driving cycle on fuel/energy consumption
and CO2 emissions. This sequence of analyses resulted in the development of a bottom-up
methodology for determining energy/fuel consumption and CO2 emissions for Transporta-
tion Planning Studies. In summary, the methodology used is presented in Figure 5 of
the flowchart.

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 19 
 

CO2 emissions. This sequence of analyses resulted in the development of a bo�om-up 

methodology for determining energy/fuel consumption and CO2 emissions for Transpor-

tation Planning Studies. In summary, the methodology used is presented in Figure 5 of 

the flowchart. 

 

Figure 5. Methodology to determine energy/fuel consumption and CO2 emissions for transportation 

planning studies. 

On the left side of the flowchart, car trips originating from peripheral regions to the 

city’s central area are determined using the Origin–Destination (OD) matrix. The OD ma-

trix can be obtained through on-site surveys, traditional four-step modeling, or new tech-

nologies such as mobile phone signal data. Next, the number of vehicles on the routes 

during peak and off-peak times is estimated. To achieve this, the number of passengers 

per vehicle is necessary to convert the number of trips from the OD matrix into the number 

of vehicles on the roads. Vehicle occupancy during peak and off-peak times is represented 

in Table 1. Traffic flow measurements over 24 h can be calculated by applying a ratio 

Figure 5. Methodology to determine energy/fuel consumption and CO2 emissions for transportation
planning studies.

On the left side of the flowchart, car trips originating from peripheral regions to the
city’s central area are determined using the Origin–Destination (OD) matrix. The OD
matrix can be obtained through on-site surveys, traditional four-step modeling, or new
technologies such as mobile phone signal data. Next, the number of vehicles on the routes
during peak and off-peak times is estimated. To achieve this, the number of passengers per
vehicle is necessary to convert the number of trips from the OD matrix into the number of
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vehicles on the roads. Vehicle occupancy during peak and off-peak times is represented in
Table 1. Traffic flow measurements over 24 h can be calculated by applying a ratio between
peak-hour flow and 24 h flow. This relationship was evaluated in the present study for the
case of Brasília, proposing a variable that multiplies the peak-hour flow to estimate the 24 h
flow, as shown in Table 1.

Additionally, as seen in Figures 2 and 3, fleet characterization is required on the right
side of the flowchart. This is to ascertain the age of the vehicles that comprise the fleet and
the impact of technology on fuel economy and the CO2 emission factor. Thus, the total fuel
consumption and CO2 emissions on the roads are calculated from the fleet composition,
the number of vehicles, and the emission factor determined in the Tiers phases.

At the end of the flowchart’s central line, fuel/energy consumption and CO2 emissions
can be determined for Brasília, by combining the procedures from the right and left sides
of the flowchart with experimental and numerical studies. The proposed correlations of
fuel/energy consumption and CO2 emissions as a function of speed were also applied.

The above procedure can be incorporated into Transportation Planning Studies as a
submodel to better estimate fuel/energy consumption and CO2 emissions. Furthermore, it
can easily be adapted to other locations.

4. Results
4.1. Driving Cycles, Fuel Consumption, and CO2 Emissions of Vehicles on Route

Initially, comparisons were made between real-world driving cycles and the FTP-across
five different routes, taking into consideration variations in traffic flow. Figure 6 presents
the real-world driving cycles for these five routes during both peak and off-peak times.
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Figure 6. Real-world driving cycles of five routes during rush and off-rush hours, compared
to FTP-75.

In Figure 6, it is observed that for the presented cycles, the speed profile behavior
between the FTP-75 and those obtained in real situations during peak hours were quite
similar. However, for off-peak times, it is noticeable that between seconds 0 and 1300, the
real cycle showed an average speed of 80 km/h, while the FTP-75 demonstrated an average
below 40 km/h.

In comparing the energy consumption and CO2 emissions of the FTP-75 with real
driving cycles, a significant discrepancy was identified in the examined routes. The aver-
age error in energy consumption and CO2 emissions during peak hours was 4.47% and
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3.03% higher than FTP-75, respectively. Conversely, during off-peak hours, both energy
consumption and CO2 emissions showed values lower than FTP-75, with decreases of
10.9% and 12.13%, respectively. Considering the use of ethanol, the energy consumption at
peak hours was 2.29% higher than that registered by FTP-75, while it was 6.92% lower for
off-peak hours.

The hybrid vehicle, in turn, showed an energy consumption 21.19% lower than FTP-75
during peak hours and 40.79% lower in the off-peak period.

Regarding the electric vehicle, its behavior was similar to the Hybrid Electric Vehicle
(HEV), with an energy consumption lower than FTP-75, being 31.16% lower during peak
hours and 4.04% lower for off-peak period. It is worth noting that the electric vehicle
showed an energy consumption lower than FTP-75.

The purpose of the comparison between real driving cycles and the FTP-75 was to
identify possible discrepancies between these cycles. Such differences were especially
evidenced in free-flow situations, off-peak hours. These observations suggest that reported
data might be representing scenarios that do not fully correspond to the reality of energy
consumption and CO2 emissions.

4.2. Fuel Consumption and CO2 Emissions Correlation Functions

Measured values of instantaneous fuel consumption were correlated with speed,
and through non-linear regressions, correlation functions for fuel consumption could be
determined for the different technologies. A synthesized representation of the correlation
functions for energy consumption using different technologies can be seen in Figure 7a,b.
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The correlation functions obtained on average had very representative values for
the degree of explanation of the data used in the regression. It should be noted that the
procedure was carried out for different vehicle technologies considering peak and off-peak
hours, and, for CO2 emissions.

In general, universal correlation functions, for different vehicle technologies, relating
to fuel consumption and speed are presented in Table 2.

Table 2. Best correlation of consumption as a function of speed for different technologies.

Consumption (L/km) as a Function of Speed (km/h)

Vehicle (CIEV) Vehicle (HEV) Vehicle (BEV)
Other Authors

(CIEV)
[48–52]

Peak Off-Peak Peak Off-Peak Peak Off-Peak --

C=avb C=av2+bv+c C=avb

Gasoline a = 1.0594
b = −0.636

a = 1.268
b = −0.593

a = 0.9061
b = −0.562

a = 0.7961
b = −0.460 a = (6−5)

b = −0.01
c = 0.5931

a = (8−5)
b = −0.0143
c = 0.8816

a = 1.0183
b = −0.610

Ethanol a = 1.4921
b = −0.630

a = 1.7096
b = −0.633

a = 1.4697
b = −0.618

a = 1.00645
b = −0.465

a = 1.687
b = −0.737

The correlation functions obtained, on average, had very representative values for
explaining the data used in the regression. These are like the correlations conducted in the
works of [48–52]. For the latter, the data match, especially for speeds above 15 km/h.
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A similar approach was undertaken to determine the correlation functions of CO2
emissions using numerical simulations for different technologies. The most accurate
correlation functions derived from the experimental results, proposed for CO2 emissions,
and considering various technologies, are presented in Table 3.

Table 3. Best correlation of CO2 emissions as a function of speed for different technologies.

Emissions (g/km) as a Function of Speed (km/h)

Vehicle
(CIEV)

Vehicle
(HEV)

Vehicle
(BEV)

Other Authors
(CIEV) [45–47]

Peak Off-Peak Peak Off-Peak Peak Off-Peak Peak

E=avb E=av2+bv+c E=av2+bv+c

Gasoline a = 2022.5
b = −0.562

a = 2393.7
b = −0.57

a = −0.107
b = −7.143
c = 186.68

a = −0.0429
b = 3.6019
c = 191.52

- -

a = −0.0001
b = 0.0036
c = 0.932

Ethanol a = 1091.6
b = −0.625

a = 904.45
b = −0.551

a = −0.0136
b = 0.1777
c = 187.05

a = −0.0185
b = 1.9924
c = 171.71

-

Table 3 presents correlations between CO2 emissions for ICEV and HEVs within a
speed range of 0 to 140 km/h. For HEVs, it is worth noting that the R2 correlation coefficient
between CO2 emission factors and average speeds on the routes were significantly lower
than those of gasoline and ethanol vehicles. This is because HEVs largely depend on
the electric motor during stop-and-go situations and the use of electricity generated by
the regenerative braking system [53]. In addition, if the battery charge level is low, the
combustion engine would provide higher power to charge the battery.

4.3. Histogram of the Average Speed Profile on the Routes

Using the consolidated data of route speeds, a relative frequency distribution charac-
terized the respective speeds by range, for both peak and off-peak hours. Consequently,
Figure 8 presents histograms of the average speeds across the five routes, detailing the
percentage of speeds that constitute the trips during both peak and off-peak hours, as well
as the speed histogram for the FTP-75.
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According to Figure 8, it is noticeable that for speeds during peak hours, there is a
percentage distribution below 80 km/h, standing out at values around 20 km/h, while for
off-peak speeds there is a predominant percentage of speeds between 80 and 90 km/h. As
for the FTP-75, there is a predominant percentage of speed around 40 and 50 km/h.

With the characteristic speeds for the cycles, it is possible to quantify the fuel consump-
tion and CO2 emissions for different vehicle technologies using the universal correlation
functions, determined previously. In the model, it is also possible to contemplate the impact
of improvements in vehicles, presented in Figures 2 and 3, through adjustment of the curves
based on the average consumption of the respective years, adjusting the constants of the
correlation functions, for different technologies.

5. Proposed Model Scenarios

To validate the methodology illustrated in Figure 5, the demand for car trips is first
estimated for the five routes during peak hours. The travel demand is then divided by the
average car occupancy during peak hours, providing the number of vehicles on each route.
Subsequently, the observed flow of vehicles at peak times is multiplied by the variable
depicted in Table 1 to yield a 24 h flow. Lastly, the histograms of speed from Figure 6
and the correlation functions are applied, considering the fleet composition from Figure 2
and the energy consumption and CO2 emission factors from Figure 3 across different
technologies. All these components have been consolidated into the submodel, enabling
the determination of energy consumption and CO2 emissions while considering the various
characteristics of the vehicle fleet. A succinct representation of these steps can be viewed
in Figure 9.
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Figure 9. General structure of the submodel.

The input variables are the Number of trips (Origin/Destination Matrix), Route
distance (km), Average vehicle occupancy, % of Ethanol vehicles in the fleet, % of Hybrid
vehicles in the fleet, and % of electric vehicles. A representation of the model input, with
the data from the current scenario, is presented in Figure 10. Notably, these inputs can be
altered to reflect variations in different scenarios.
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Figure 10. Submodel input variables.

It should be that initially the “tank-to-wheel” approach was adopted to determine
energy consumption and CO2 emissions. In the submodel, this approach was adjusted to
include the emission factor per liter consumed and to account for the full life cycle CO2
emissions, using the “well-to-tank” perspective.

After the consolidation of the model, it was calibrated for the city of Brasília, Brazil
to ascertain the total energy consumption and CO2 emissions resulting from vehicular
traffic. The mix of vehicles using ethanol and gasoline, based on the average of the last
three years from the historical series of fuel sold in Brasília, is comprised of 23% ethanol
and 77% gasoline [54]. The number of HEV and BEV vehicles in the fleet was obtained
from the SENATRAN and DETRAN databases. Lastly, the number of trips on the routes
was determined using the Origin/Destination matrix available in the PDTT, as shown in
Figure 11 [40,55]. For this analysis, an average occupancy indicator of 1.3 was adopted
during peak hours.
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After consolidating the model, four scenarios for different vehicle technologies were
pre-defined to analyze the behavior of CO2 emissions. For this purpose, the scenario pro-
jected for the year 2036 in the Origin/Destination matrix of the Public Rail Transportation
Development Plan (PDTT) was used [38]. These scenarios were developed considering
the current situation of the local vehicle fleet. In Table 4, four scenarios are set out, each
representing an increase in the influence of a given vehicle technology on the fleet.
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Table 4. Current scenario data.

Scenario
CIEV HEV BEV

Gasoline Ethanol Gasoline Ethanol Electric

Current Scenario 79% 20% 1% 0% 0%

Scenario 1 10–80%

Scenario 2 10–80%

Scenario 3 10–80%

Scenario 4 10–80%

The data in Table 4 represent the current scenario and the scenarios in which the
participation of Conventional Vehicles with Internal Combustion Engine (CIEVs), Hybrid
Electric Vehicles (HEVs), and Battery Electric Vehicles (BEVs) are varied.

The current scenario is used as a reference to analyze the behavior of future scenarios
arising from the technological modification of the vehicle fleet. According to Table 4, for the
current scenario, most of the fleet is composed of gasoline CIEVs (79%), with some ethanol
CIEVs (20%) and a very small percentage of gasoline HEVs (1%). There are currently no
ethanol HEVs or electric BEVs. In each of the other scenarios (1 through 4), a technology is
progressively increased from the current percentage up to 80%, presumably with reductions
in the other technologies to maintain a total of 100%

Each of these scenarios makes it possible to analyze the impact of a greater influence
of each technology on the CO2 emissions of the vehicle fleet. Comparing these scenarios
with the current scenario, it is possible to assess how changes in fleet composition can affect
CO2 emissions in the region.

With the established scenarios, one can observe the behavior of CO2 emissions from
the current scenario of the region with the increase of the influence of a certain technology
on the vehicle fleet, Figure 12.
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It can be observed from the characterization of the scenarios that as vehicles employing
cleaner technologies, such as ethanol, hybrid, and electric, are incorporated into the fleet,
there is a progressive reduction in CO2 emissions. Electric vehicles stand out for emitting
a very low CO2 when considering the life cycle, while vehicles running on ethanol and
ethanol hybrids also show significant reductions in CO2 emissions compared to (CIEV)
gasoline vehicles.

The transition to alternative fuels demonstrates significant potential for mitigating
CO2 emissions, as evidenced by the scenarios analyzed. In the first scenario, it is observed
that the replacement of 80% of internal combustion vehicles with ethanol vehicles results
in a decrease of approximately 70% in CO2 emissions compared to the current situation.
In the second scenario, an increase in the proportion of gasoline hybrid vehicles to 80% of
the total results in a reduction of about 43% in CO2 emissions originating from gasoline.
Furthermore, in the second scenario, CO2 emissions related to ethanol increased, but to a
lesser extent than in scenario one. In scenario three, CO2 emissions from gasoline decreased
drastically by about 99%, and CO2 emissions from ethanol increased from 42.67 tons to
149.81 tons. Finally, in scenario four, when 80% of electric vehicles are reached, CO2
emissions from gasoline decrease sharply, a reduction of almost 99% compared to initial
gasoline emissions. CO2 emissions from electric vehicles slightly increase but remain
insignificant compared to emissions related to gasoline and ethanol. This increase in CO2
emissions from electric vehicles is directly linked to the energy matrix.

This information is important to guide policies and decisions toward a more sus-
tainable and less polluting automotive fleet. In the end, the best scenario to reduce CO2
emissions depends on different factors, such as resource availability, infrastructure, tech-
nology, and government policies. In this sense, the pursuit of a substantial reduction in
CO2 emissions in the transport sector will depend on investments in electric charging
infrastructure and continuing advancements in energy storage technologies, and batteries
to make electric vehicles more accessible and efficient. At the same time, promoting the use
of biofuels can also be a complementary measure to reduce CO2 emissions. And for this, it
is necessary to use tools, like the one that was developed and presented throughout this
work, capable of assisting in monitoring and projecting future scenarios efficiently.

6. Conclusions

The study provided a comprehensive view of energy consumption and CO2 emissions
for different vehicular technologies in real driving cycles. Universal correlation functions
were proposed for different vehicular technologies, associating fuel consumption and speed.
These functions proved to be quite representative and were verified in similar works. The
submodel was calibrated for the city of Brasília and used to simulate future scenarios with
an increase in the presence of cleaner vehicle technologies, such as ethanol-powered cars,
hybrids, and electric cars.

The results obtained showed that by increasing the share of more efficient and less
polluting vehicles in the fleet, there is a significant reduction in CO2 emissions. Electric
vehicles stand out for their low CO2 emissions over the life cycle. In addition, the submodel
developed in this study is extremely relevant as it can serve as a valuable support tool
for determining energy consumption and CO2 emissions considering different fluidity
situations, that is, more realistically. Furthermore, an in-depth understanding of the CO2
emissions profile and fuel consumption of the vehicle fleet allows transport planning
managers and experts to propose and implement more effective policies to reduce CO2
emissions, thus contributing to more sustainable mobility.

This study provides valuable information that can guide policies and decisions toward
a more sustainable and less polluting vehicle fleet. However, it is important to stress that
each context demands a detailed analysis of local conditions, including the availability of
resources, existing infrastructure, and specific government policies. These factors must be
considered when determining the best strategy to reduce CO2 emissions in the transport
sector. This study opens a series of possibilities for future work in sustainable mobility and



Sustainability 2023, 15, 16237 17 of 19

urban planning. One promising path for future research lies in the constant evolution of
vehicular technology. An analysis of the impacts of these innovations on energy efficiency
and CO2 emissions would be a valuable advance for the literature. Thus, it is important to
closely follow technological advancements in the field of motor vehicles, as the develop-
ment of cleaner and more efficient technologies is one of the main mechanisms to reduce
greenhouse gas emissions.

Finally, this study only considered driving cycles where the engine was already
warmed up at the start. This is a limitation, as cold start emissions can differ considerably
from those of a warmed-up engine and are relevant in real-world driving. However, it
should be noted that the influence of cold start emissions was minor in this study, since
the driving cycles were quite long. Still, numerical simulations incorporating cold start
emissions will be developed using MATLAB/Simulink software to address this limitation.
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