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Abstract: Historically, cities follow reactive planning models where managers make decisions as
problems occur. On the other hand, the exponential growth of Information and Communication
Technologies (ICT) has allowed the connection of a diverse array of sensors, devices, systems,
and objects. These objects can then generate data that can be transformed into information and
used in a more efficient urban planning paradigm, one that allows decisions to be made before the
occurrence of problems and emergencies. Therefore, this article aims to propose a platform capable of
estimating the amount of carbon dioxide based on sensor readings in vehicles, indirectly contributing
to a more proactive city planning based on the monitoring of vehicular pollution. Crowdsensing
techniques and an On-Board Diagnostic (OBD-II) reader are used to extract data from vehicles in
real time, which are then stored locally on the devices used to perform data collection. With the
performed experiments, it was possible to extract information about the operation of the vehicles and
their dynamics when moving in a city, providing valuable information that can support auxiliary
tools for the management of urban centers.
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1. Introduction

Rampant urbanization coupled with rapid population growth have become major challenges
for sustainable development in urban centers. Actually, this complex scenario has fostered research
and highlighted the theme of the smart city [1–3], reinforced by governmental initiatives and the
opening of new commercial opportunities. It is therefore necessary to implement intelligent solutions
that facilitate planning and decision-making based on strategic information, so as to provide a more
effective response to the dynamics of cities [4].

Actually, the concept of the smart city has been evolving as new paradigms are created, and the last
few decades have seen a continuous evolution in this sense. While the Internet rapidly became the main
player that put computing in its place of relevance for social and economic transformations, fostering
the revolutions of mobile and personal computing, the perception of cities and their digital services has
also evolved over time, following this development track. The availability of Internet-based services
and the spread use of (personal) computing first allowed the construction of digital cities, providing
many services from the “digital world” to the cities’ inhabitants and for improved governance of public
services [5]. However, with the development of new information and communication technologies
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and paradigms, this scope evolved into what we call smart cities, which integrate data from the cyber
and the physical spaces for deeper transformations in urban areas [6], gaining great attention in the
few last years. The proposed platform was developed for this complex and data-rich environment of
smart cities.

Generally speaking, smart cities are formed by combining ubiquitous communications,
autonomous management systems, wireless sensor networks installed at points of interest, a robust
communication infrastructure, and the integration of various services that make up the core of urban
centers (energy, transport, health, etc.) [3,7–9]. These systems should be responsible for collecting
and integrating a massive amount of data, forming the basis of what is known as the Internet of
Things [10]. The analysis of this raw data generates information that can be used in the creation of
new applications, offering a range of services that benefit society and the sustainable development of
urban centers [11–13].

As a result, the design of new ideas and the development of applications for smart cities are not
restricted to governments. This reality has fostered the creation of a new business model, in which
citizens have the freedom to develop and market their solutions [3,13–15]. Although the data collected
by government agencies are not open to the public, these extractions can be done in a number of
other ways, for example through the concept of crowdsensing [16]. In this approach, the sensors are
represented by the people themselves, creating a virtual infrastructure parallel to the existing physical
infrastructure. Citizens, through their smartphones, watches, cars, and other gadgets, can share
information that will power a larger system [17].

In Brazil, for example, the use of the urban environment in order to generate data open to the
population is still taking its initial steps [18,19]. On the other hand, in a number of countries, such as
the United States of America, large amounts of data on health, education, and transportation are
available to people, allowing such data to be used when developing solutions to problems people face
daily in cities [20].

Another point that has contributed to the creation of open databases for cities is the popularization
of mobile devices. These devices have great potential for urban crowdsensing, since they are equipped
with several sensors capable of collecting data such as temperature, speed, geolocation, and noise,
among many others [21]. The expectation is that new sensors will be built into mobile devices in
the next few years [22]. This range of possibilities allows the population itself to cooperate in the
construction of smart cities. In addition to mobile devices, there are other robust systems that are
capable of providing relevant data for creating more sustainable urban environments, and one of them
is the automobile.

Currently, automobiles have advanced electronic and computer systems interconnected by a
complex communication network. These devices offer the most varied information about the vehicle,
such as engine temperature and rotation, mass air flow, and speed, among others [23]. Data captured by
the mass air flow sensor can be used to measure the pollution emitted by the vehicle [24], for example.
It should be noted that the emission of vehicular gases is one of the largest contributors to air pollution
in large urban centers, with pollution indices similar to the industry [25].

Vehicle emissions are generated through the chemical reactions that occur inside the combustion
chamber of the engines. These compounds are mainly responsible for the degradation of atmospheric
air, which results in a loss of quality of life for all city inhabitants; such pollution can cause, for example,
respiratory problems and degradation of city structures. These problems occur mainly in large urban
centers, where the number of vehicles is high [26]. The polluting gases generated by vehicles are also
responsible for problems of greater magnitude related to climate change [27,28].

As an example, the city of Natal, the capital of the state of Rio Grande do Norte in northeast Brazil,
has the following situation in relation to the vehicular fleet: it presents one of the largest fleets in the
northeast of the country, with the proportion of approximately two vehicles for every five inhabitants
in the city. At a national level, it is the 16th capital with the largest fleet [29]. It is estimated that
every year, the number of vehicles is increasing by about 5.5%. Currently, the estimated vehicle fleet
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is approximately 387,400 vehicles, of which 341,751 are considered light vehicles (gasoline-, alcohol-,
or Vehicular Natural Gas (VNG)-powered cars), and only 34,801 are heavy vehicles (diesel-powered
cars), according to the State Department of Traffic of Rio Grande do Norte [30] and the National
Department of Transit [29].

In this sense, as a consequence of the growing number of vehicles in urban centers, there is also
the increase of the air pollution caused by them. In order to corroborate this perspective, a study by the
Environmental Protection Agency (EPA) of the United States of America has surprisingly concluded
that a passenger vehicle using gasoline as fuel generates an average of four tons of carbon dioxide
(CO2) per year [31]. This indicates how alarming the issue of urban vehicular pollution is.

Several countries have projects and goals to reduce vehicle emissions. In Brazil, the Program
for the Control of Air Pollution by Automotive Vehicles was created by the National Council for the
Environment (CONAMA), composed of: PROCONVE (cars, trucks, buses, and road and agricultural
machinery) and PROMOT (motorcycles and similar) [32]. These initiatives defined deadlines, emission
limits, and technologies for domestic and imported vehicles, which are important references when
planning to reduce air pollution in urban areas. As an example for vehicles with a specific mass of up
to 1700 kg, the emission limit is 2 g/km of CO. For vehicles with a mass superior to 1700 kg, the limit
is 6.2 g/km [32].

In the last few decades, CO2 was pointed out as one of the main gases responsible for the
greenhouse effect, which results in the significant elevation of the temperature of our planet. Among
the damages caused to the environment are the acidification of rivers and forests, climatic changes,
acid rain, and the melting of the polar caps, together with rising sea levels, thus hindering the life
of animals and the development of flora [33]. The effects on human health are mainly caused by the
particles of this pollutant suspended in the air. The thicker particles are retained in the nose and throat,
causing discomfort, irritation in the eyes and nostrils, and facilitating the installation of diseases in
the body, ranging from influenza, allergic rhinitis, allergic bronchitis to dust, and asthma. The finer
particles cause damage to the inner part of the respiratory tract, such as the pulmonary alveoli, bronchi,
trachea, pharynx, and larynx. In more severe cases, it can even trigger lung cancer [34]. In this context,
the need to adopt solutions in urban centers that make cities truly “smart”, as well as helping to combat
problems caused by air pollution is clear and urgent [3].

Given all the exposed arguments, it is possible to explore solutions that help to solve the expected
problems directly or that provide the capacity to obtain information in order to perform analyses and
generate new data that can be useful for the development of urban centers. In this sense, this article
proposes a platform capable of processing data obtained from vehicles and estimating the amount of
carbon dioxide generated during the combustion reaction in the vehicle’s engine. The data retrieving
will be done through an on-board diagnostic reader and using crowdsensing techniques. The cities’
inhabitants will provide data collected from their own vehicles, representing a source of raw data for
generic applications. In addition, the platform can be an initiative to improve the management of cities,
from a reactive to a proactive perspective, through the identification of areas with the highest amount
of CO2 emissions by vehicles.

The remainder of this paper is organized as follows: Section 2 details some of the most relevant
research works in the literature. Section 3 describes the proposed platform. In Section 5, we detail the
evaluation of our approach. The results were obtained in an evaluation performed in Brazil, as well as
with different vehicle manufacturers, as described on Section 6. Finally, Section 7 concludes the paper
and recommends directions for future studies.

2. Related Works

Generally speaking, the monitoring of urban pollution from emissions of vehicular pollutants is a
complex task. It involves challenges such as capturing vehicle emissions, data transmission through
the communication infrastructure of the cities, mass data storage, and the generation and visualization
of the processed information. This section presents some works that have addressed control and
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monitoring of vehicular emissions, as well as applications with virtual sensors, since they contributed
to the development of this article.

Regarding emissions control, several measures are being considered in the search for solutions
that reduce greenhouse gas emissions. In particular, we can highlight the agreement signed by the
United Nations (UN) at the Conference of Parties (COP-21), named the Paris Agreement, where the
195 member countries ratified the need to maintain global warming at sustainable indexes for the
planet [35,36]. It is noteworthy that, due to the predominance of motor vehicles in the transport
sector, in association with the limited use of emission control technologies, automobiles have become
one of the major sources of urban pollution and consequently one of the leading contributors to the
greenhouse effect [37,38].

Concerns about vehicular pollution are not recent, and they can be tracked back to the mid-1960s
in the United States. At that time, the California Air Resources Management Committee (CARB)
created legislation to reduce pollution by motor vehicles. The first results were the implantation of
the Positive Crankcase Ventilation (PCV) system, which, in addition to avoiding the waste of fuel,
reduced the emission of hydrocarbons in the air [39]. In the 1970s and 1980s, there were also significant
improvements such as the insertion of electronic control in the injection and ignition systems and
the exhaust gas re-circulation system. These solutions significantly reduced the emission of nitrogen
oxides (NOs). These gases are harmful to human health, being responsible for problems in the
respiratory system.

The advent of automotive electronic systems occurred during the same period in which CARB
and EPA issued resolutions to control emissions. These events led to the creation of a system capable
of self-diagnosis and alerting the driver to possible defects in electronic components. This system
was named On-Board Diagnostic (OBD) and had its first version launched in 1988, when it became
mandatory for all new vehicles that would circulate in the state of California from that year forward [40].
Since 1996, all cars manufactured and sold in the United States are required to have the OBD-II system.
The European Union adopted a similar measure in 2003, while Brazil, Russia, and China followed this
trend in 2010 [41].

Recently, several papers in the literature have explored the potential of the OBD system to extract
data from vehicles and generate useful information that can be used to monitor pollution in smart
cities. In [42], the authors conducted a study on the influence of distance traveled and average vehicle
speed on fuel consumption. From machine learning techniques, it was possible to predict the fuel
consumption for certain stretches to be traveled. The same authors broadened the idea, creating
the concept of eco-driving [43]. From the prediction of the fuel consumption and consequently the
emission of CO2 (estimated from linear approximations of the fuel consumption), routes between two
points are drawn, considering, besides the distance, the pollutants emitted by the vehicles. In both
solutions, data collected via OBD-II are stored locally in the vehicle through a Secure Digital (SD) card
and processed offline by an application.

Self-diagnostic systems were created with the goal of more effective control of toxic gas
emissions and for the detection of electrical, chemical, or mechanical problems in vehicles [40].
Over time, the exploitation of these systems has become more accessible to ordinary users. Extensive
documentation on manufacturers’ websites and the provision of vehicle manual details were the main
causes of their popularization [44]. It is now possible to find a reasonable number of academic papers
and commercial solutions that use the OBD-II self-diagnostic system to create services or devices that
benefit the driver [45].

Another interesting work was developed by researchers from the Institute of Electronic Technology
of South Korea [46], who investigated the estimation of CO2 issued in the environment by vehicles
equipped with the OBD-II interface. That project has some characteristics that are similar to the ones
discussed herein; however, there are certain disparities. The first difference is related to the fact that
the application of [46] does not monitor real-time emission of CO2. In order to estimate it, they need to
drive a few kilometers in a car in order to collect some data through the vehicle interface. Using the
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measured data, such as the information of the distance covered and the amount of fuel consumed,
they are able to measure the average CO2 emissions for that route. The second difference is that the
application proposed in this article can communicate with distant servers via the internet, sending
real-time information on the measurement of the CO2 emissions by the vehicle.

Vehicular emissions were also investigated in [47]. In order to obtain the desired data about
pollution, the authors used a sensor coupled to the exhaust of the vehicle, directly sensing the emission
of toxic gases. However, although promising, that approach lacks scalability, and it is hard to deploy
in a urban context.

Finally, in Table 1, a comparative summary between the works discussed in this section is
presented. It is possible to visualize their main similarities and differences. The “work” column refers
to the works shown previously, and the second column presents a summary about the characteristics
explored by the authors.

Table 1. Summary of related works.

Work OBD-II

1. [42] Not used, readings were performed directly from CAN instead
2. [43] It was used to perform the vehicle sensor readings
3. [46] It was used to perform the vehicle sensor readings
4. [47] Not used. Instead, they used a sensor coupled to the exhaust

Work Real Time

1. [42] Does not work in real time. The authors performed the estimation after a collection period
2. [43] Does not work in real time, and the data were processed offline
3. [46] Works in real time. The CO2 amount was estimated as the data were collected
4. [47] Does not work in real time, and the data were processed offline

Work Data Storage

1. [42] Data stored on a local server
2. [43] Data collected on an SD card and stored on a local server
3. [46] Stored directly on a computer that was inside the vehicle and connected to the output of the OBD-II adapter
4. [47] Stored directly on a computer that was inside the vehicle and connected to the sensor output

Work Observed Sensors

1. [42] Fuel level and RPM
2. [43] Fuel level, MAF, speed, acceleration, and throttle position
3. [46] MAF
4. [47] Gas analyzer

Besides these works, two other works can be highlighted in which the authors made use of virtual
sensors to obtain information related to vehicles, showing the potential of this type of tool. The first
work was developed by a group from the University of West Virginia. The authors developed a neural
network capable of estimating how much nitrogen oxide was generated at the moment of combustion
from a diesel engine, using information of the fuel pressure as the input to the neural network [48].
In the end, they could see that, in a comparison between a real sensor and the developed virtual sensor,
they obtained similar answers.

The second work, performed by a Brazilian group, showed the development of a virtual sensor
used for the estimation of the oil temperature of the car engines [49]. For that, the authors obtained
a physical model of the engine lubrication system, along with the existing effects of heat exchanges.
At the end of the work, it was shown that the obtained model was feasible to for use as an estimator
of the temperature of the engine motor oil in operation.

From the above discussion, it is clear that there are gaps to be solved in this area. Within this
context, the platform proposed in this paper should be capable of performing the following tasks:

• Monitoring of the amount of carbon dioxide generated in the combustion;
• Integration of data from various sources;
• Enable statistical inference to be performed from collected data;
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• Calculating the level of pollution using methods that rely on indirect sensor data (i.e., using sensors
that do not directly calculate the emission of CO2).

3. Platform Architecture

As previously mentioned, cars contribute a large share of air pollution, and this is due to the gases
generated from the burning of fossil fuels. In this context, this section presents a novel architecture for
monitoring of the amount of CO2 generated by the vehicle’s engines. An overview of the architecture
is described in Figure 1.

Figure 1. Architecture overview.

Through a systemic view, the proposed architecture is divided into three main components:
vehicle connection, mobile application, and the soft sensor responsible for the estimation of CO2

emission. With the data collected, it is possible to estimate how much CO2 is being emitted by a vehicle
based on the methods that will be presented in Section 4.1. Details about the operation of each of the
other components are given in Sections 3.1 and 3.2.

3.1. Vehicle Connection

In order to enable the collection of the desired data, the monitored vehicle must have an OBD-II
communication interface. The mobile application uses this interface to obtain information from the
vehicle control units.

There are a number of Bluetooth-, Wi-Fi-, and serial-enabled scanners on the market today,
among many others. Considering the cost-benefit ratio, the ELM327 scanner was adopted throughout
the development of this project. It has a low cost, implements OBD-II Operating Mode 1, and still
features a Bluetooth module, allowing any smartphone application to connect easily to it.

The information needed to calculate vehicle pollution is completely provided by the same Engine
Control Unit (ECU). From the information coming from several sensors, we can estimate how much
carbon dioxide is generated for a certain amount of fuel that is burned.

3.2. Data Collection

A mobile application installed on a smartphone is used to retrieve the required data. Due to the
limitations of the OBD-II scanners, only Versions 2 and 3 of the Bluetooth protocol are supported.
For the development of this project, a smartphone with the Android operating system was used. As the
communication between the device and the vehicle (ELM327) will be performed via Bluetooth, it is
necessary to maintain these elements at a maximum distance between 10 and 15 m in order to avoid
any communication failure.

The application for data retrieving was developed with the intention of obtaining as much
information as possible from the vehicles, particularly data from the OBD Operation Mode 1. Table 2
presents all operation modes of OBD, as a reference.
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Table 2. Operation modes supported by OBD-II.

Mode Description

01 Return the real-time ECU data.
02 Request the ECU data corresponding to the last failure.
03 Display the error codes stored in the vehicle.
04 Clear the stored error codes.
05 Return the test results of O2 sensors present on the vehicle.
06 Return the test results related to non-continuous monitoring.
07 Return test results related to continuous monitoring.
08 Require the control of the on-board systems.
09 Get vehicle information.
10 Displays the error codes with permanent status.

An optional implemented feature requires that the smartphone be connected to the Internet so
that the data can be sent wirelessly to a remote server, contributing to a database that will store the
data collected from each vehicle. For the version considered in this article, the collected data were
stored locally on the device, leaving this optional feature for future analyses.

In the diagram shown in Figure 2, the communication processes between the smartphone
application and the monitored vehicle are demonstrated.

Figure 2. System communication flow.

The general steps of this communication process are defined as follows:

1. The application sends a connection request to the ELM327 adapter via Bluetooth. With the
communication established, the application can send commands to the OBD-II.

2. The application requests some data from the sensors, for example the Mass Air Flow rate (MAF)
and Manifold Air Pressure (MAP), to obtain the amount of air entering the engine.
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3. The application receives the response from the OBD-II, and the platform calculates the CO2

emitted by the vehicle. The details of the methods used for the calculation will be shown in
Section 4.1.

In order to obtain the value of CO2 from the methods presented herein, the monitored vehicle
must implement the OBD-II commands 0110 (MAF), 010B (MAP), 010F (IAT), and 010C (RPM).

Figure 3 presents a “screenshot” of the operation of the developed application. This application,
although still under development, is already at a functional level, and it can show all the readings
returned by the OBD-II adapter. In this stage, it can be seen, for example, the fuel type that is being
used by the vehicle, as well as its current level, the revolutions per minute, and many other sensor
readings. For this article, the relevant values are the Mass Air Flow rate (MAF), Manifold Air Pressure
(MAP), and air intake temperature.

Figure 3. Example of the developed application presenting some retrieved information.

It is worth mentioning that some OBD commands, even though being part of the set of standard
PIDs, may not be supported by some vehicles. This may be caused by manufacturers using custom
codes instead of the default ones.

4. Soft Sensor for Pollution Monitoring

This section describes the soft sensor element of the architecture, detailing the methods used to
calculate the CO2 emission estimations, as well as the evaluated sensors.
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4.1. CO2 Emission Calculation Methods

In order to achieve better fuel efficiency and to reduce vehicle emissions, the amount of air
entering the engine must be calculated correctly. This subsection aims to show some methods that
the vehicle’s on-board computers use to determine such an amount of air. This is one of the main
procedures used by the urban vehicular pollution monitoring tool developed in this work.

The ECU can control several components that perform the task of defining the amount of air
necessary to make the combustion have the highest yield. In addition, the ECU can determine the
ideal air temperature and pressure, the current λ value of the vehicle, and the actual air flow that the
engine requires at any given time.

The main methods used to obtain such values are: alpha-N, speed density, and mass air flow,
described as follows:

• Alpha-N is a method rarely used today. The Alpha consists of the angle of the throttle position
sensor, and N refers to the engine speed in measured Revolutions Per Minute (RPM). The method
does not estimate the airflow directly, but instead, it uses a mapping between the Alpha and N
to obtain such a value. It can be considered a simple method and was originally developed for
engines used in racing [50].

• Speed density: This method performs an estimation of the air mass based on the ideal gas law.
To do this, it uses readings of temperature and air pressure sensors in the vehicle, in addition to
using the volumetric efficiency of the engine. This method can be used with the MAP sensor, as it
measures the absolute pressure.

• Mass air flow: This method directly uses the Mass Air Flow (MAF) sensor present in the vehicles
to obtain the reading of air flow. The value obtained is in the unit mass/time.

The methods that were used in this work to obtain the amount of air entering the combustion
chamber were the speed density and mass air flow methods. By making a brief comparison between
both of them, one can see that the speed density method has a greater mathematical complexity than
the mass air flow method. That is because it needs a combination of sensors to calculate the desired
estimations indirectly, whereas the mass air flow method directly uses the MAF sensor to do the same.
On the other hand, the MAF sensor may not be found in all vehicles.

In order to develop the algorithm needed to calculate the CO2 estimate, the Python programming
language was used with the Jupyter Notebook development environment. This tool combines code
compilation, Rich Text Format (RTF), mathematical functions, plotting charts, and maps, among other
features that facilitate the development of code and data analysis in the same environment.

4.2. Estimation of CO2 Mass Flow

The basic idea behind the method used to obtain the amount of CO2 emitted by the vehicles,
which is employed in this work, is the amount of air entering the engine at the moment of combustion.
Obtaining this value, we can apply it to the method presented in the next paragraphs.

Initially, we have to understand the concept behind the air-fuel ratio. For a certain amount of fuel,
there is an ideal amount of oxygen required for the combustion to be optimal. This factor is called the
Air-Fuel Ratio (AFR). For the combustion of gasoline, the proportion considered to be an ideal mix of
fuel and oxygen has an AFR of 14.7 to one. That is, it takes 14.7 kg of air for every 1 kg of fuel entering
the combustion chamber. In alcohol vehicles, this ratio is nine to one, while in diesel vehicles, it is 14.6
to one.

The AFR can be mathematically described by Equation (1), being only a division between the
mass of air and the mass of the fuel in the mix.

AFR =
mair

m f uel
(1)
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We can rewrite Equation (1) as a relation between the air mass flow rate and the fuel mass flow
rate, as both values are measured in units of mass over time (g/s). The new formula is shown in
Equation (2), where ṁair represents the air mass flow rate and ṁ f uel represents the fuel mass flow
injected in the engine.

AFR =
ṁair(g/s)

ṁ f uel(g/s) (2)

The OBD-II standard establishes codes to obtain the mass air flow directly, or, in case the vehicle
does not have an MAF sensor, it also gives access to other sensors that can be used to obtain such a
value. However, it does not provide a method to directly obtain the amount of fuel injected in the
combustion chamber, which would be ideal for this study. Considering that the AFR is a known
value and that it is possible to extract the MAF through the OBD-II, the mass of fuel can be found by
reordering Equation (2) as presented in Equation (3). As stated earlier, the unit of measure of both air
and fuel flow rates is g/s, and the value of AFR is a constant.

ṁ f uel(g/s) =
ṁair(g/s)

AFR
(3)

The main fuels used in vehicles today are gasoline, diesel, and ethanol. Table 3 shows the amount
of carbon dioxide generated by the combustion of one liter of each fuel, the AFR constant for the fuel
mix, and the density of the fuel itself, according to [51–53].

Table 3. Fuel conversion factors.

Fuel CO2 Per Liter AFR Density (ρ)

Gasoline 2310 g/L 14.7:1 737 g/L
Diesel 2660 g/L 14.6:1 850 g/L

Ethanol 1510 g/L 9.0:1 789 g/L

The term ṁ f uel in Equations (2) and (3) represents the fuel mass flow rate, but we need the fuel
volume flow rate (represented in units of volume over time) to find the relation between the volume of
fuel and the mass of CO2 generated. To get this value, we need to divide the fuel mass flow rate by the
respective fuel density (shown in Table 3), as described in Equation (4).

V̇f uel(L/s) =
ṁ f uel(g/s)
ρ f uel(g/L)

(4)

As stated previously, the mass of emitted CO2 is closely linked to the volume of fuel burned.
This relationship is expressed in the Equation (5), where the fuel volume flow rate is multiplied by the
mass of CO2 generated by the combustion of one liter of fuel (constant shown in Table 3). The result of
this equation is the estimate of the CO2 mass flow rate emitted per second.

ṁCO2 (g/s) = V̇f uel · CO2per liter (5)

Recombining the Equations (3)–(5), we can obtain the estimate in terms of the air mass flow
(which can be obtained by the MAF sensor), AFR, fuel density, and the ratio of CO2 emitted by a liter
of fuel. This final formula is shown in Equation (6):

ṁCO2 (g/s) =
ṁair

ARF · ρfuel
· CO2per liter (6)
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4.3. Mass Air Flow

In Section 4.2, the method used to estimate the amount of CO2 was described, and it was found
that it was necessary to know the amount of air entering the engine at the moment of combustion to
perform the desired calculations. One way to find this value is via the MAF sensor.

The MAF sensor is able to convert the amount of air entering the motor to a voltage level.
This information is useful for maintaining the stoichiometric relationship between the amount of air
and fuel in the mixture. This sensor is normally located directly in the vehicle air intake, and the two
main types of MAF sensor currently used are the hot wire and vane.

The hot wire-type sensor is composed of a wire that is heated by an electric circuit. The purpose
of this type of sensor is to keep the wire temperature constant. As the air passes through the sensor,
the airflow increases and lowers the wire temperature. This effect triggers an increasing of the electric
current to reheat the wire, and due to this current variation, the ECU can determine how much air is
entering the combustion chamber, adjusting the amount of fuel in the mixture [54].

The vane-type sensor is older than the hot wire, relying on mechanical and electrical parts.
This sensor consists of a flap that partially blocks the air intake of the vehicle. The flap is attached
to a potentiometer (adjustable resistance) that changes position as the air flows through the intake,
varying the resistance, which, in turn, generates a variation of voltage. Similar to the hot wire sensor,
the voltage variation is interpreted by the ECU to determine how much air is entering the combustion,
thus adjusting the amount of fuel in the mixture [54].

For vehicles that have this sensor, it is possible to obtain the MAF value via OBD-II, and it can
be used directly in the estimation methodology presented in Section 4.2, obtaining the mass of CO2

generated during the combustion.

4.4. Speed Density

The second estimation method used in this work can be considered more complex than the
previous one. It is performed on the basis of the ideal gas law, also called the ideal gas equation
(perfect gas). In this law of physics, we observe a series of relations between the temperature, pressure,
and volume of the gas. First enunciated by Emile Clapeyron in 1834, Equation (7) is the mathematical
representation of this law.

P · V = n · R · T (7)

The terms of Equation (7) are explained as follows:

• P represents the pressure in the combustion chamber and can be obtained by means of the MAP
(Manifold Absolute Pressure) sensor in KPa.

• V is the volume of the combustion chambers in the engine cylinders and can be measured in units
of volume as Liters (L) or cubic centimeters (cm3).

• R is the ideal gas constant. Its value is approximately 8.3145 J
mol·K .

• T is the gas temperature. It can be obtained by the IAT (Intake Absolute Temperature) sensor in K.
• n is the umber of moles in the sample.

The idea behind the speed density method is to find the amount of moles (n) of a given amount
of air flowing through the air intake before the combustion. Equation (8) shows how this value can be
found rearranging the terms in Equation (7).

n =
P · V
R · T

(8)

Knowing that the n represents the number of mols in the sample, we can find the mass of air (mair)
by multiplying it by the molecular weight (molar mass, represented by Mair) of the air, as described in
Equation (9).

mair = n · Mair (9)
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From Equation (9), one can isolate n and obtain the number of moles as a ratio of the air mass and
its molar mass. This value can be substituted in Equation (8) in order to obtain Equation (10).

mair

Mair
=

P · V
R · T

(10)

Finally, the air mass can be obtained by reordering the terms in Equation (10) in the form shown
in Equation (11), which will serve as basis for the formula derived later in this subsection to estimate
the amount of CO2.

mair =
P · V
R · T

· Mair (11)

However, Equation (11) is only valid if the engine has a Volumetric Efficiency (VE) of 100%. VE is
the ratio between the air-fuel mixture volume that each cylinder admits and the nominal cylinder
capacity. For example, in a 2.0 four-cylinder engine, each cylinder has a nominal volumetric capacity
of 500 cm3, but due to inlet losses, the cylinder only admits around 400 cm3. In that case, the engine
has a volumetric efficiency of 80%. The VE can be found using the following relation:

VE =
Vintake

Vnominal
× 100% (12)

where:

• Vintake represents the real volume of intake air supported by the cylinders.
• Vnominal is the theoretical volume of the engine.

Therefore, we must take into account the volumetric efficiency of the engine together with its
volume, so Equation (11) becomes Equation (13).

mair =
P · V
R · T

· Mair · VE (13)

Thus, using Equation (13) coupled with the engine Revolutions Per Minute (RPM), we can finally
obtain the mass of air flowing through the intake at any given time. To accomplish that, one must find
out how many RPM the engine is working, a value that can be obtained via OBD-II.

During the vehicle operation, considering a four-stroke engine, there are two steps of air intake,
i.e., in a complete cycle, air flows inside the engine twice. With that information, we can calculate the
number of times air enters the engine per second by dividing the RPM by 2 × 60. Incorporating this
into (13) gives us the mass air flow (ṁair), shown by (14).

ṁair =
P · V
R · T

· Mair · VE · RPM
120

(14)

The value obtained by this equation corresponds to an equivalent to that obtained directly by
the MAF sensor in Section 4.3. That being the case, it is possible to replace the equivalent term in
Equation (6) to obtain the mass of carbon dioxide emitted by the car at each second.

As stated earlier, the values of temperature, pressure, and RPM are obtained by the sensors via
OBD-II; the volume is calculated according to the displacements of the vehicle cylinders; and the EV
can be assumed as a constant value, for example, considering that the engine is working at 80% of
its efficiency.

5. Evaluation Fundamentals

The main goal of this article is to describe the development of a platform capable of processing
data collected from vehicles, exploiting the crowdsensing paradigm and also readings from the
OBD-II interface in vehicles. Moreover, the provided data are used to estimate the amount of carbon
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dioxide generated during the combustion process in the considered vehicles, providing a low-cost and
potentially extensive map about the main source of pollution in urban areas.

There are some important remarks and considerations about the evaluation of this platform,
which have to be properly stated. This section then describes the evaluation fundamentals of our
approach, with the focus on the experiments’ definitions and planning.

5.1. Research Questions

The developed platform and performed evaluation were guided by the answer of two specific
research questions, described as follows:

(a) What are the sensors supported by each vehicle? Although there is standardization of the OBD-II
interface and related protocols, different vehicles models and brands may implement different
sensors. This may be a problem for a generic and flexible platform. Therefore, in the evaluation
performed: we wanted to check such expected differences.

(b) What is the amount of CO2 emitted by the vehicles? This is in fact the motivation for this work,
since there should be a low-cost and trustworthy way to measure the pollution in urban areas,
and cars’ emissions are the main source of pollution in modern cities. The evaluation will also be
performed aiming to have information about it.

Answering these questions, some smart-city initiatives may be designed based on the developed
platform, in a more confident way. Such initiatives may not only be related to the exhibition of pollution
data, but also considering the platform as a provider of input information for any system or tool that
exploits such data in different ways (e.g., inferring traffic conditions or planning areas with better air
quality to deploy bike tracks).

5.2. Experiments Samples

The evaluation of the platform was performed targeting vehicles manufactured in Brazil since
2010, as it was the year when the implementation of the OBD-II system on vehicles began to be
mandatory in the country. This was the only restriction considering the experiment set.

The experiments were performed during a period of time (described in Section 6) and for a group
of volunteers. Actually, the age and gender of the volunteers were not a decision parameter, and any
driver wishing to participate was assumed as a valid volunteer. All participating drivers were briefly
instructed about the project, and all configurations and installations of the OBD-II reader and the
developed smartphone app were performed by one of the authors.

The selected sample was based on the convenience and availability of the drivers. Overall,
they were distinct vehicles, as described in Table 4 (“flexible” vehicle can be fueled with any mixture
of gasoline and alcohol).

Table 4. Selected sample.

Model Year Motor Transmission Fuel

Volkswagen Voyage 2013 1.6 Manual flexible
Ford Ecosport 2011 1.6 Manual flexible

Fiat Palio 2012 1.0 Manual flexible
Peugeot 208 Allure 2016 1.6 Automatic flexible

Honda Fit 2005 1.4 Manual flexible
Toyota Etios 2016 1.5 Automatic flexible

Toyota Corolla 2010 1.8 Automatic flexible
Nissan Versa 2016 1.6 Manual flexible
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5.3. Instrumentation

The instrumentation process was done initially with the configuration of the environment for the
experiments and also the planning of the data collection procedure. This was held with the installation
of the developed application in the considered smartphones.

The following resource considerations apply:

(a) Connecting the OBD-II: connecting the OBD-II adapter to the vehicle port and, later on, to the
smartphone via Bluetooth. The process was described in Section 3.1.

(b) Mobile application tool setting with OBD-II: as is shown in the Figure 2. The application requests
the data from the sensors.

(c) Data: The application receives the data from the sensors and calculates the amount of
CO2 emitted.

6. Results and Discussions

6.1. What Are the Sensors Supported by Each Vehicle?

The first analysis was to evaluate the practical feasibility regarding the extraction of data from the
vehicular sensors. It is known that the OBD-II has access to six groups of variables (control, motor,
fuel, pressure, temperature, and others), in order to guarantee the analysis of vehicle components
(sensors), but not all vehicles support all sensors. The objective of these tests was then to verify the
availability of the MAF and MAP sensors in the sample. Thus, for the vehicles in the defined sample
set, the available sensors are shown in Table 5.

Table 5. Vehicle sensors.

Model Fuel Sensor

Volkswagen Voyage Gasoline MAP
Ford Ecosport Gasoline MAP

Fiat Pálio Alcohol MAP
Peugeot 208 Alure Alcohol MAP

Honda Fit Gasoline MAP
Toyota Etios Gasoline MAF

Toyota Corolla Gasoline MAF
Nissan Versa Gasoline MAF

In Table 5, it can be observed that most of the considered vehicles had the MAP sensor. On the
other hand, for the sample studied, the MAF sensor was in a minority of cars, and none of them had
both of the sensors. Some factors that may influence this result is the vehicle manufacturing year or
even the optional items that the driver may have opted to include or not in the act of purchasing.

After the verification of the practical feasibility regarding the available sensors in the vehicle
sample set, we can start to answer Question 2.

6.2. What Is the Amount of CO2 Emitted by the Vehicles?

For the considered sample set, what is the amount of CO2 emitted by the vehicles? It has been
found that it is possible to identify real situations in which several different vehicles travel daily,
and each one contributes to a portion of the amount of emitted CO2. The vehicles shown in Table 6
have traveled routes with varying times and distances, emitting almost 5 kg of carbon dioxide in total.
It is noted that the Toyota Corolla was responsible for almost half of the total amount of CO2 emitted
during the test. This may be indicative of some potential electric or mechanical problem in the vehicle
engine or even show that a low-quality fuel was used.
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Table 6. Summary of data collected from all considered vehicles.

Model Sensor Samples CO2

Volkswagen Voyage MAP 93 122.87 g
Ford Ecosport MAP 137 197.33 g

Fiat Palio MAP 379 483.37 g
Peugeot 208 Allure MAP 179 283.71 g

Honda Fit MAP 617 521.83 g
Toyota Etios MAF 303 325.05 g

Toyota Corolla MAF 691 2185.45 g
Nissan Versa MAF 169 269.80 g

Total 2777 4874.75 g

Having obtained the values of the amount of CO2 generated by the engines, it is possible to carry
out various analyses and obtain new result, therefore providing information for the generation of
new solutions.

Table 7 presents results obtained by the MAF method, for the particular case of the Toyota Etios
2015 using gasoline as fuel. For this test, data collection was performed on three different days,
with similar schedules, early in the morning. After this test, the combined emission was greater than
half a kilogram of CO2.

Table 7. Summary of data collected from a Toyota Etios 2015.

Timetable Duration Samples CO2

17 May 19 min 294 251.37 g
19 May 19 min 288 245.68 g
23 May 18 min 271 236.28 g
Total 56 min 853 733.33 g

By mapping the emissions, we can get a better idea of what happened and open the possibility of
new information generating better insights and analysis. In Figure 4, we can see the route traveled by
one of the vehicles on a given day (17 May), already presented briefly in Table 7. The colors closest to
red represent places with the highest emission rates, while the tones nearest to green are the areas with
the lowest amount of emissions. In the map, the blue marker represents the starting point of the route,
while the green marker indicates its end. In this scenario, the defined route was in the daily routine of
the driver.

Note that the use of Python libraries, for example folium, allowed us to create simple maps to
perform a better analysis of the data obtained.

Analyzing Figure 4, we can see that the places with the highest incidence can be identified as
intersections and places where the vehicle remained stopped for some time due to traffic lights and
slow traffic flow. In stretches where a more fluid flow occurred, as seen near the blue marker, we notice
that the amount of CO2 emitted decreased relative to other points on the same path.

We must take into account that the methods presented provide us with estimates of CO2

emission generated by the engine at the time of combustion and that the actual value released to the
atmosphere is greater than this estimated value. This happens because, before reaching the external
ecosystem, the pollutant gases pass through the catalytic converter that is responsible for treating the
gases and transforming them into gases less harmful to our health, and these are released into the
environment [55].

Generally, the catalyst converts the highly toxic carbon monoxide into carbon dioxide, which only
affects us in a large quantity, resulting in more CO2 emission by the vehicle. Even so, the actual places
with the highest incidence of CO2 emitted into the atmosphere will be the locations where the estimate
of the levels of CO2 generated by the engine are also higher.
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With this in mind, some interesting points can be listed about the results presented in Figure 4,
especially in relation to the areas of higher incidence.

• During times of departure, parking, or when stopped at traffic lights, the vehicle had increased
emission readings.

• Intermediate locations of the routes due to traffic jams or the presence of heavier traffic had
high emissions.

• Moments in which the vehicle had reduced speed to approach crossings and speed bumps also
caused the increase of the emission of the gases.

Figure 4. Toyota Etios route pollutant emission heat map.

6.3. Threats to Validity

The threats to validity for the present study were:

• Routes, conclusion validity: Only the Toyota Etios has been evaluated in a sequence of days,
something that can be accomplished for the other vehicles.

• Appropriate instrumentation, internal validity: Vehicles were evaluated with different fuels,
since it was not intended to make a comparison between them.

• Representative population, external validity: The variety of vehicles composing the sample
was significant for the research purposes; however, there are vehicle models that have not
been evaluated.

7. Conclusions and Future Works

Pollution of the atmosphere is a problem both for the environment and for the health of living
things. In view of this, it can be considered that the monitoring and efficient management of polluted
areas in an urban environment are eminent requirements for the development of so-called smart cities,
where vehicles represent one of the main polluting sources.

The present work had the objective to present methods to estimate the quantity of carbon dioxide
emitted by vehicles, referring to the value generated during the moment of combustion in the vehicle’s
engine. From these values, we could present analyses and estimates that are beneficial when planing
and managing modern cities.
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The use of the two defined methods, namely “mass air flow” and “speed density”, allows access
to a larger number of vehicles to perform data collection, since it is common for vehicles to have only
one of these two sensors. With the values of the quantities of CO2, we can obtain new results, such as
the ones shown in Figure 4, which represent the emission mapping generated during a vehicle route.
It shows that it is actually possible to explore the data collected from vehicles to aid in the creation of
new solutions and tools. Such items can facilitate the sustainable development of urban centers and
thus improve the quality of life for all.

The results also showed that the developed solution can also be useful for traffic control systems
in cities, since areas with a higher concentration of pollution usually comprise crossings, traffic lights,
and congested regions (at specific times). In fact, regions with higher pollution rates may also indicate
a higher concentration of cars or even that cars are moving slower (and potentially polluting more).
Although crowdsensing for traffic monitoring is not a novelty and popular application tools such as
Google Maps and Waze already perform such a service, they do not provide pollution information,
and also, their data are not public and auditable. Then, the developed platform could also be used
as a bases for an integrated and more comprehensive solution for traffic control and management,
when additional information is also monitored from the vehicles.

Another potential use of the platform is related to the maintenance of vehicles. The amount of
CO2 emitted is directly linked to the combustion efficiency of the engine, i.e., if a vehicle releases very
high amounts, it may be an indication that the vehicle has an electrical or mechanical problem, or even
be indicative of the quality of the fuel used. It is also important to realize that some difficulties were
encountered during the development of the platform, such as the ones met during the evaluation
period of the application. Since it is not a controlled environment (as in a simulator), the connection
is prone to errors that must be treated. This problem was solved by carrying out a pilot study with
two cars, mitigating the errors. Another highlight is in relation to the number of vehicles evaluated,
in addition to a single route analyzed.

Finally, a number of proposals for future works can be envisioned. Initially, as mentioned before,
the use of the platform as a supportive tool for other smart-city applications can be considered
as a worthy research and development line. Moreover, the study and development of a strategy
for calculating fuel content in flex-fuel vehicles are also expected with the aim of making emission
calculations more precise, in the case of vehicles using combined fuels. Finally, the verification of the
operation of the tool with other classes and models of cars should also be performed.
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CAN Controller Area Network
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MAF Mass Air Flow Rate
MAP Manifold Air Pressure
OBD-II On-Board Diagnostics
PCV Positive Crankcase Ventilation
RPM Revolutions Per Minute
RTF Rich Text Format
SD Secure Digital
UN United Nations
VNG Vehicular Natural Gas
VE Volumetric Efficiency
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