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Featured Application: A methodology to estimate vehicular GHG emissions and project them,
whilst considering vehicle performance improvements, which are applicable to help urban planners
or decision makers to improve vehicular flow on urban roads and to mitigate the CO2e generated.

Abstract: Transport is one of the sectors with the highest greenhouse gas emissions (GHG) that is
imperative to reduce in order to decrease global warming. Although modern vehicles and arterial
roads have adopted technological and structural improvements to enhance fuel use efficiency, the
emission of greenhouse gases (GHG) into the atmosphere by the transport sector has been increasing
in different Mexican cities. In generating mitigation strategies, modeling scenarios of decreased
equivalent carbon dioxide, CO2e emissions, may be useful as an evaluation tool. In this study, the
aim was to model a trend scenario and a scenario, including improvements with a projection to
the year 2039 on one of the main urban roads of the border city of Mexicali, Mexico. In order to
create a dynamic emission model of GHG, including emission factors, the main variables for the
simulation were vehicle volume, travels, motor performance, and fuel consumption. These last two
parameters were the most important for vehicular emissions estimations and for the projection of
them in this period. As a result of the projections, CO2e was observed to increase in a trend scenario,
while modeled improvement actions resulted in emission reductions of up to 5%. The model showed
that the key variable to achieve this reduction is vehicle engine performance (Pf), whose increase
factor was 1.1% per year. Replicating this methodology to evaluate and mitigate the GHG emissions
on different city roads or in other cities, can be a contribution for the urban designers, authorities,
and involved institutions.

Keywords: vehicle transport; engine performance; emissions; greenhouse gases; projection

1. Introduction

Over the past decades, global warming concerns have increased throughout the world
due to the rise in GHG emissions, resulting from activities carried out by the energy [1],
transport [2,3], agriculture [4], construction [5], waste management [6], and afforestation
and reforestation sectors [7], to name a few. According to the International Energy Agency
(IEA), the transport sector is the second most significant source of carbon emissions [8].
The main GHG emissions produced by vehicles are N2O (nitrogen oxide), CH4 (methane),
and CO2 (carbon dioxide), which are also expressed as CO2 equivalent (CO2e) [9].

Therefore, reducing the emissions caused by transport activities is a global target
among the climate change mitigation goals [10]; these activities are one of the main sources
of the environmental CO2 released into the atmosphere and they are responsible for three
quarters of these emissions worldwide [11]. In this regard, the assessment of urban roads
and the exposure to pollutant emissions as a result of vehicular traffic addresses different
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economic, social, and environmental agendas, which are especially important in developing
countries [12].

Carbon dioxide emissions are exacerbated by the large increase in the number of
cars and the indiscriminate desire to use them (seeking comfort or status), especially in
developing countries, which exerts a growing pressure on the capacity of existing urban
road networks. The negative impacts of vehicular congestion [13], both immediate and
long-term, require multidisciplinary efforts to be kept under control, mainly through the
design of appropriate measures, for example, improvements in transportation technology
and adaptation of road infrastructure [14]. Congestion is defined as the high traffic volume
of urban roads by vehicles, that is, a high density of vehicles in an area of the city; urban
mobility involves the creation of comprehensive transportation habits (improvements) that
reduce energy costs, environmental pollution, and traffic accidents [15].

However, given its considerable weight in the problem, the transport sector has an
enormous potential for developing environment-friendly solutions; therefore, different
alternatives to reduce its emissions should be studied. For example, Zhan, L. [16] decoupled
urban road traffic CO2 emissions estimations from economic growth and developed an
inventory of greenhouse gases by city in China. For their part, Sun, L. [17] focused on
strategies to reduce vehicular congestion and traffic density using a dynamic modeling
method considering an urban transport service space-time network.

Velepucha and Sabando [18], used a quantitative approach and a quasi-experimental
design to determine the gas emissions generated by vehicles; dynamic tests were used to
determine whether the analyzed cars were within the parameters, and static tests showed
out-of-range values (4.03–4.05%) for carbon monoxide (CO) emissions, representing an
excess percentage of 0.54% above the maximum allowed parameter of 3.5%, as determined
by the NTE (Ecuadorian Technical Standard) [19], which is ascribable to engine maintenance
and performance. Gebisa [20], reported that COPERT 5 software overestimates CO by
131.9% and NOx by 63% when compared to direct measurements.

Concerning the case of Mexico City, Solís and Sheinbaum [21] presented an energy con-
sumption and emissions classification focused on motor transport for 1990–2010, showing
that private passenger vehicles are the main gasoline consumers (34% of the sector’s CO2
emissions in 2010), followed by light cargo vans (26%). In addition, the authors projected
CO2 emissions in the transport sector for 2010–2050, identifying a trend scenario and a
mitigation scenario in which different technological options and changes in the growth
structure of the transport system were analyzed.

Considering the variables evaluated in the aforementioned studies, it is important
to focus the research on GHG emissions. The transportation sector has received plenty
of attention in recent years due to efforts to find control/reduction solutions for these
gases based on the greatest-impact variables and factors, such as emission levels, vehicle
performance, and fuel consumption, among others, as a basis for generating emission
mitigation strategies in different scenarios [22].

Thus, emissions studies using simulations to create and evaluate scenarios revealing
increasing trends in the use of transport services and energy have been carried out [23],
and there are many software-based simulation tools to estimate these trends and envision
alternatives. Another example is a study on vehicular traffic pollution in Calabria, a region
in southern Italy, based on the Corinair (AIR Information Coordination) methodology,
developed by the EEA (European Environment Agency) to quantify, and analyze total
and vehicle emissions by area unit (km2) and by citizen [24]. The Simapro 8 software [25]
was used in a life-cycle analysis of transport in the European Union, which included 27
countries in 2010. In Lima, greenhouse gas (GHG) emissions resulting from urban road
network improvement activities, as well as from regular traffic, were analyzed using the
CarbonROAD software, version 1.0 [26]. Global energy systems [27] is another technique
used to evaluate high-impact variables, such as fuel consumption; this technique assumes
stable CO2 emissions and the paper suggests transition scenarios seeking improvements.
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The aim of the present study was to generate a trend and an improvement in simulated
scenarios to address the problem of GHG emissions. One of the main urban roads of the
border city of Mexicali, Mexico, was selected and its GHG emissions were estimated,
considering the impact variables, such as vehicle engine performance, fuel consumption,
and kilometers traveled. In second place, continuous flow effects were analyzed and
projected to 2039. The model proposed by the IPCC, which uses emission factors endorsed
worldwide, was adapted to estimate GHC emissions. An encouraging result obtained was
a reduction in GHG emissions closely linked to vehicle motor performance.

This article is organized sequentially. After the introductory section, we present mate-
rials and methods, including the selection of a main urban road for the study, information
gathering and analysis, transport emissions model, emissions model simulations, projected
scenario, and simulated planning of urban road improvement actions. Subsequently, we
present results for vehicle volume measurement (VVM), travels, equivalent CO2 emissions
in each VVM point, and the projected equivalent CO2 emissions. Conclusions are presented
in the last section.

2. Materials and Methods

The methodological framework of this study began by selecting the study area and
obtaining and analyzing field data for the emissions model. Subsequently, the simulation
of the trend scenario was generated, as well as the scenario incorporating the improvement
actions (Figure 1).
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Figure 1. Flowchart of methodological framework.

This study was conducted in the city of Mexicali, located in the Mexico–United States
of America border. Mexicali is the capital of Baja California, and its topography is flat. Its
geographic coordinates are 32.55◦ N, 115.47◦ W and it is 4 m above sea level [28] (Figure 2).
The population of the city of Mexicali is 1,049,792 inhabitants [29].
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Figure 2. Geographic location of Mexicali, Baja California, Mexico. Source: Google Maps.

2.1. Selection of Main Urban Road

The city’s road infrastructure was developed from the historic center and international
border crossing; primary roads connect this area with population nuclei to the south,
east, and west, following a semi-concentric pattern of urban organization. Three primary
roads were identified: Adolfo Lopez Mateos Boulevard (BLM), which has a daily vehicular
demand of 48,661 units (annual daily average) and crosses the city from northwest to
southeast; Manuel Gomez Morin road (formerly Periferico Oriente), with a vehicular
demand of 25,598 units, which encircles the city; and Lazaro Cardenas Boulevard (BLC),
with a vehicular demand of 68,013 units, that is another important road that connects
the city in the east—west and west–east directions, which also has the highest vehicular
flow [30,31].

The main study road was selected based on the following criteria:

1. Being a primary urban road;
2. High vehicular volume in relation to other roads;
3. Presenting a variability in terms of vehicle classification;
4. Presenting connectivity with other primary and secondary urban roads, as well as

with a variety of urban land uses;
5. Being susceptible to infrastructure and operation changes.

Based on these criteria, we selected BLC and established 11 vehicle volume measure-
ments (VVM) along an 11.4 km line (Figure 3). The points were not placed at intersections
but at intermediate points, representing vehicular flow in selected BLC segments.
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Congestion in BLC is largely due to its main function of connecting commercial,
industrial, residential, and school areas. The activities in the area are related to jobs,
housing, education, and culture, among others, as reported by monitorization studies
on nine Mexican cities for which air quality data are systematized and analyzed. These
cities have the highest levels of air pollutants in the country, exceeding official standards.
Comparable pollutant levels are reported for Mexico City, Guadalajara, and Mexicali since
their main emission sources are combustion processes, such as vehicle emissions and
agricultural burning [32]. Land use and vehicles also favor the emissions generated by
tire friction and tire erosion due to the unpaved urban roads. These cities present intense
cargo vehicle traffic, especially those in arid regions; similar arterial road problems can be
observed around the world [33].

2.2. Information Gathering and Analysis

During this stage, the VVM was carried out using a 4 digit analog manual counter [34].
The period was from 1 February 2018 to 31 January 2019, which will be referred to as
P0218–0119; 12 months of information was recorded. The VVMs were taken every 15 min
for one hour in each circulation direction (east–west and west–east) at three times: morning,
afternoon, and evening. Measurements were taken on the same day of each month to obtain
representative data on business days over one year. The schedules in the three periods
were: 08:00–10:00, 12:00–14:00, and 17:00–19:00. These periods were identified as those
with the greatest demand for vehicular movement. The VVMs obtained are presented in
the results section and were utilized as input data to the base line and projections.

2.3. Transport Emissions Model

As part of the aim of this model, it is important to take into account the following
considered and not considered criteria for the variables and for the model.



Appl. Sci. 2022, 12, 12502 6 of 15

• Considered criteria:

1. The model worked only for GHG vehicle emissions, (as proposed in the method-
ology);

2. The emission factors proposed by the IPCC were used for road transport models;
3. Within the emissions, CO2, CH4 y N2O are already quantified and are presented

as CO2e, considering their respective global warming potentials and the respec-
tive types of vehicles;

4. No adjustments were made to the uncertainties of GHG emission factors (EF)
stipulated by the IPCC;

5. Regarding the field information used to calculate the activity data (DA), a statis-
tical error of 1% was considered in such a way that the p-value calculation was
smaller than that error.

• Not considered criteria:

1. The model does not consider other polluting sources, besides the GHG specified
by the IPCC methodology, for example, criteria pollutants for smog-control
measurements, which were carried out in closed enviroments.

The transport model used in this research is presented in Figure 4, for the estimation of
GHG emissions based on the IPCC methodology; Table 1 presents the equations associated
with the model. This was applied to each of the BLC segments, considering their specific
length data (L).
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Table 1. Equations associated with Transport and GHG Emissions model variables.

Dependent Variable Formula/Data

Vehicles in operation on BLC (V) 40,748,850
Length (L) L (every segments from A to J)
Travels (T) T = V × L

Performance (Pf) 7.53 Km/L
Fuel (F) F = T/Pf

Emissions (E) E = EF × AD
*Trip Length (L), Performance of BLC (Pf), Emission Factor (EF), Activity Data = Fuel (AD)). The data corresponds
to the reference period P0218-0119.

The proposed model in Figure 4 was adopted from the IPCC methodology for GHG
calculations (E = EF × AD), designed for open environments and consisting of the applica-
tion of the defined emissions factors for each GHG [35]. The variable “activity data” (AD)
utilizes parameters to quantify emissions, which were obtained from field information,
such as travels (T) and vehicle performance (Pf) and were used to obtain fuel consumption
(F); the EF variable is based on a previous study [36].

The IPCC model contains three application tiers, which depend on available informa-
tion. This case study considers Tier 3 [35], which requires highly specific activity data and
emission factors, as well as kilometers traveled and vehicle efficiency.

Based on the previous description and using weighted average volume by type of
vehicle, a 20 year GHG emissions projection was made, considering historical vehicle
data from 1980 to 2019. One of the simulation’s essential variables was vehicle engine
performance (Pf), which is a function of the capacity, age, and mechanical conditions of
each type of vehicle [36].

2.4. Emissions Model Simulation

In this part of the study, the simulation was carried out in Stella 9.0.3, which allows for
dynamic modeling and presents estimation processes and graphic results. The designed
model uses this software to estimate the emissions generated by each type of vehicle.
The basic structure of this computer program is a graphical interface with icons that
represent variables and processes. In Figure 5, stocks contain the iterative results for each
time-differential (TD); arrow connectors indicate relationships between variables; flows
represent input and output data for stocks, and converters contain the algorithms. This
program has prebuilt functions to define the algorithms, verifying them in order to make
sure that their syntax is correct.
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The dynamic of the model was structured based on the order that the variables carry
within their respective algorithms. Thus, vehicle behavior was measured first and expressed
as a weighted vehicle rate based on the by-point segmentation of the urban road length
and contrasted with the number of vehicles circulating on each section to obtain BLC
travel. Performance (Pf) was measured next, expressed as a performance rate calculated
using historical data and the current performance to obtain fuel consumption. Finally, the
amounts of emissions were quantified together with the emissions factor.

For the simulation stage, the Stella software, whose version is 9.0.3, provides three
numerical methods to solve equation systems: Euler, Runge–Kutta, and second-order
Runge–Kutta. The chosen method depends on the type and behavior of the model, for
example, the software’s authors recommend Euler for models with discrete variables and
Runge–Kutta for discrete behavior or oscillatory systems. The Euler method [37] was
selected for the present study.

An important aspect of the simulation process is the time-differential (TD), which
represents a fraction of the time unit (TU) in which the simulation will be carried out; to
refine the results, Stella performs calculations in periods shorter than the TU. This variable
can take values from zero to one; the lower the TD value the more time required by the
model to perform the calculations [37].

The simulation process consisted of two stages: initialization, where a list of equations
was created, the order for their evaluation was established, and the initial state variables or
cumulative variables (stock) were calculated; the second stage corresponded to the iteration
process, in which the change values corresponding to each TD are estimated and new stocks
totals were obtained. With these data, the values in the flows (where the storage variables
increase or decrease and their characteristic equations must be described) and converters
(element of the model where the equation is described and the calculation is performed) are
recalculated (Figure 5). This process is repeated for each TD until the requested simulation
period ends [38].

2.5. Projection Scenario and Simulation Planning of Urban Road Imrpovement Actions

The projection and simulation model was created using a database of vehicular data
using 40 historical years (1980 to 2019) and taking the performance direct variable (Pf)
published in the official document PEACC [36] as an initial reference. Based on the historical
data of this variable, the weighted average vehicle performance on the BLC for 2019 was
equal to 7.53 Km/L.

Regarding projected scenarios, the first considered a trend resulting from a situation
where no changes were made, while the second scenario assessed improvement proposals
based on actions, bearing in mind urban development, to analyze the effects on CO2e
emissions. The actions considered were:

1. Road infrastructure improvements (lane adequacy and smart traffic lights);
2. Urban road recarpeting;
3. Continuous flow (no crossings with other arterial roads).

As Díaz, C. and Sosa, M., [39] have indicated, an important aspect of sustainable mobil-
ity strategies are actions to improve the technology, operations, and design of infrastructure
and vehicles. These improvement actions can be incorporated into the Stella 9.0.3 software
through the vehicle travel (Tv) and fuel consumption (F) algorithms (Table 1) since both
parameters have a direct impact on GHG emissions.

Based on the travels and the increase factor for the weighted performance previously
obtained in a time series, iterations were carried out with the Euler method on emissions for
the P0218-0119 period in order to create projections that serve to identify its behavior over time,
setting a 20 year period (2019–2039) for the trend scenario and the improvement scenario.

3. Results and Discussion

This section presents the results for the impact variables contained in the model,
specifically number of vehicles and total travels. Emissions are shown by type of vehicle,
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considering their relationship with performance, fuel consumption, and the emission factor.
The estimated emissions in the trend scenario and the scenario including the improvement
proposals are also presented in this section.

3.1. Vehicle Volume Measurement (VVM)

Figure 6 shows the number of vehicles per VVM point, considering the east–west (EW),
west–east (WE), and EW + WE directions. As can be appreciated, the highest concentration
of vehicles was located in the central VVMs, that is, 4–10, with the maximum at point
5. This figure presents the average values for each VVM, therefore, the maximum and
minimum values of traffic during peak hours are not shown, and similar values were
obtained for both directions.
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3.2. Travels and Equivalent CO2 Emissions in Each VVM Point

Figure 7 shows the travels per segment, considering the 11 VVMs, where it can be
observed that the travels are distributed above and below the mean value (46,387,837 Km/yr),
with a standard deviation of 16,404,516 km/yr.

This variable is very important since it is directly related to the amount of fuel con-
sumed and emissions generated (Table 1 and Figure 7).

The main urban road under study was divided into segments from A through to J
(Figure 7). Segments B, C, D, and E (associated with VVM points 2, 3, 4, and 5) present
a positive slope due to a series of intersections in segments B and C that increase their
densities, creating arterial road congestion [40]; in segment H, which is the peak of the
slope, there are two important intersections characterized by heavy traffic, which, together
with the length of the segments, increases the number of travels. Segments A, I, and J
(associated with VVM points 1, 2, 9, 10 and 11) present a negative slope that indicates a
decrease in the number of travels.

Considering the different types of vehicles (cars, motorcycles, buses, and light and
heavy cargo vehicles) and applying the weighted average GHG emission factors, CO2e
emissions were obtained for each VVM point, since its variability in each one has a direct
impact on the total amount of said parameter per VVM point (Figure 8). This same
figure shows that point five presents the maximum values of CO2e, considering all types
of vehicles (202,666 ton/year). This is associated with the high vehicular flow, which
represents a high number of travels (636,244,430 km/year).
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Subsequently, in VVM 7, travels and emissions decrease by 12%, with respect to
maximum emission values; in VVM 8, the values increase to 572,469,060 km/year in travels
and 182,351 ton/year in CO2e emissions due to traffic volume, although this remains below
the highest values registered in VVM 5. In VVM 10, CO2e emissions decreased by 25%
(151,568 ton/year) with respect to the maximum value; this point was located at the end of
the urban road, where vehicular traffic is less intense.

Emissions by private vehicles (considering that cars are the main form of transporta-
tion) are clearly different in each VVM (Figure 8), with an average of 128,152 and a standard
deviation of 38,509 ton/year for vehicles; 3816 and 1147 ton/year for buses; 15,123 and
4544 ton/year for cargo vehicles; 880 and 265 ton/year for motorcycles. Private cars are the
most significant category since it represents 87% of the total studied vehicles (Table 1). This
is mainly due to the city’s population, which is currently 1,049,792 inhabitants and grew
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at a rate of 1.2% from 2015 to 2019, as reported by the National Institute of Statistics and
Geography [29], as well as the 60.2% increase in the number of registered vehicles, which
notably exceeded population growth. Clearly, the city must consider other transportation
alternatives, such as intelligent transportation systems, electric and hybrid vehicles, or
autonomous vehicles, among others [41].

Finally, Table 2 presents the results of the main variables of the model for Tier 3 of
the IPPC during the P0218-0119 period. Total distance traveled (464,536,891 km/year) and
weighted performance for 2019 (7532 km/L) stand out. These two parameters are used
to calculate fuel consumption, which was found to be 61,669 × 106 L/year. Applying the
corresponding emission factor, we obtained total CO2e emissions (147,971 tons/year). The
content of this table was used to carry out the emissions projections, which are presented
in the following section.

Table 2. Base year emissions by type of vehicle (P0218-0119).

Emissions by Vehicle Type Travels Performance Fuel Emission
Factor *

CO2e
Emissions

Type % Units Km/Year Km/L L/Year ton/L ton/Year

Cars 94.00 38,303,919 436,664,678 7.821 55,832,333 0.0022 128,152

Buses 0.91 370,815 4,227,286 3.673 1,150,940 0.0033 3816

Cargo
vehicles 3.91 1,593,280 18,163,392 3.982 4,561,374 0.0033 15,123

Motorcycles 1.18 480,836 5,481,535 44.000 124,580 0.0070 880

Total 464,536,891 147,971

* Weighted emissions factor for each type of transport.

3.3. Projection of Equivalent CO2 Emissions

Two simulated scenarios over a 20 year period (2019–2039) were proposed. The first of
them was based on the information presented in Table 2 (P0218-0119). This projection, the
trend scenario, considered no urban road improvement or mitigation actions, assuming
that the conditions remain unchanged over the 20 year period. This projection shows an
annual increase in CO2e emissions that results in a total of 5,037,728 ton/year in 2039,
which is the end of the scenario. The behavior of these increases is illustrated by the red
bars in Figure 9.

The second scenario uses engine performance (Pf) as a main variable for data activity
(DA) to estimate CO2e emissions and its annual increase factor was set at 1.1%, supported by
the20 year period of historical data [36]. This leads to a proportional increase in emissions
due to an increase in vehicle efficiency and a higher vehicle demand since performance (Pf)
is a function of the vehicle’s average age and mechanical conditions.

Additionally, improved road infrastructure could promote continuous vehicular flow,
avoiding traffic jams, interruptions, and improving the behavior of the performance variable
(Pf), which is directly related to fuel consumption and, consequently, a higher performance
due to lower CO2e emissions. In the 2039 projection, incorporating the mentioned improve-
ment and changes, the decrease in CO2 emissions is of up to 5% (green bars, Figure 9).
As can be appreciated in the modeling, the emissions behavior is exponential, revealing
growth in the trend scenario and a differentiated decrease in the modified scenario. In ad-
dition, despite the expected impact of a population growth and an increased motorization
index in the future, which will increase vehicle volume and, presumably, CO2e values, the
total emissions projected until 2039 in the modified scenario remained below those of the
base period P0218-0119. This demonstrates that improvement actions focused directly on
vehicles and urban planning will result in effective GHG mitigation in the sector.
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Finally, when comparing the improvement scenario with the trend scenario, emissions
decrease under 1% over the first eight years. A gradual decrease begins in 2027, which
continues until 2039, when the percentage is almost 5%.

4. Conclusions

The aim of this study was to propose a scenario of reduced CO2e emissions. Therefore,
the impact of GHG emission mitigation strategies in the transport sector was modeled,
and the proposal was found to be favorable. Using the emissions trend model projection,
proposed, and based on the IPCC methodology, and considering improvement adjustments,
a decrease of up to 5% was obtained for 2039, when compared to a no-adjustment scenario.

The model and its simulation showed positive results in terms of GHG reduction,
when considering a 1.1% annual factor in vehicle performance (Pf). In this regard, a
proportional decrease in emissions would be expected each year; however, this estimation
is limited by the convergence of factors, such as population and vehicular growth and the
complex influence of urban dynamics.

It should be noted that, to accomplish the IPCC level 3 in the methodology, it was
necessary to collect specific information on the study area, which was achieved by field
work to obtain the activity data (travels, categorization, and performance) required in the
IPCC for estimate emissions. Few studies in Latin America have carried out this type of
research when considering growth rates and different weighted values to achieve a finer
projection of the model’s results; therefore, characterizing the main road in segments refines
the analysis scale to address the problems of the study area and prioritize improvement
actions more efficiently.

It is recommended that, to achieve or enhance the 1.1% factor in the performance
previously mentioned, it is necessary to make road improvements as well as reducing the
average age of vehicles. In addition, if in countries, such as Mexico, the economic resources
are not enough for the incorporation of additional lanes, which can contribute to improving
the vehicular flow, this could be mitigated by minor actions, such as applying periodic
maintenance to road surfaces. The methodology proposed in this research, may be easy
to implement for transportation engineers and researchers, since in addition, continuous
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vehicular flow would be improved. Therefore, the novelty of this research is that the
proposal methodology is practical enough to be applied in a road network.

As additional future actions, it is recommended that urban designers, authorities, and
the city’s stakeholders design action plans for road infrastructure improvement, such as
adequate traffic lanes and bridges, installation of intelligent traffic lights, recarpeting using
quality pavements, promoting the use of public transportation or other transportation
modes, updating the GHG emissions factors regarding the use of other types of fuel, and
promoting cleaner technologies for vehicle propulsion systems.

Finally, this methodology can be replicated to evaluate GHG emissions on urban roads
in other cities, in order to mitigate these emissions as long as databases, containing specific
information about the model variables, are available.
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