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Real-Time Monitoring of Nitrogen Oxides Emission Factors Using Sensors in the
Exhaust Pipes of Heavy Vehicles in the Metropolitan Region of Rio de Janeiro
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The Metropolitan Region of Rio de Janeiro is one of the most populous in Brazil, besides being
one of the most important routes for marketing goods through heavy vehicles. This type of vehicle
is the main source of nitrogen oxides (NOx) emission into the atmosphere. To assess NOx emission
factors, this pilot study used sensors to monitor in real-time the exhaust of 9 trucks from July to
September 2022. To the best of our knowledge, this is the first study carried out in the city using
low-cost sensors. Although there is legislation to reduce the emission of pollutants from the vehicle
fleet, the results showed that 7 out of 9 trucks, exceeded the stipulated limits, reaching 6 g kWh!.
Furthermore, carrying out the maintenance of the engine of one of the vehicles decreased 60% of
the NOx emission, even being an old vehicle. Thus, with this data, it was verified that the sensor
performed excellently in monitoring NOx, demonstrating robust performance. This pilot study is
part of a project that aims to make a long-term study of NOx emissions factors from heavy-duty

diesel vehicles using sensors and other parameters.
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Introduction

Air pollution is at the top of the list of environmental
issues facing humanity today as a result of the world’s
booming population and industrial activities. Air quality is
the reason behind several types of fatal diseases, including
respiratory, lung, heart, cerebrovascular, and lung cancer.'”
The World Health Organization (WHO) recently reported
that about 7 million people die every year from air smoke.*?
In the same WHO report,*’ it is estimated that 9
out of 10 people breathe with a quality that exceeds
WHO recommendations. The main contaminants that
increase air pollution are nitrogen oxides (NOx), sulfur
oxides (SOx), ozone (O5) and particulate matter (PM).!+3
During the coronavirus disease 2019 (COVID-19)
pandemic, a concerning association has been observed
between exposure to atmospheric pollutants, such as
NOx, and the increase in morbidity and mortality related
to the disease.®

Emissions of NOx are a major issue when it comes
to air quality and the environment as a whole. These
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chemicals, which include nitric oxide (NO) and nitrogen
dioxide (NO,), are produced mainly during combustion
processes, especially in internal combustion engines present
in the vehicle fleet.” In the diesel engine, NOx is formed
from two mechanisms, i.e., from N content of the fuel and
combustion conditions and from chemical formation of
NO using N, and O, from the air and high temperatures
(exceeding 1400 °C).'" Furthermore, NOx is one of the
main precursors of tropospheric O; (a component of
photochemical smog), which is highly harmful to human
health and can cause respiratory problems, especially in
children and the elderly. In addition, NOx also contributes
to the formation of fine particles in the air, which are able to
penetrate deep into the lungs and cause even more serious
respiratory problems.!"!*

To assess the amount of NOx released into the
atmosphere by the vehicle fleet, emission factors are used.
Factors are influenced mainly by the age and maintenance
status of vehicles, type of fuel used, traffic conditions
and driving style of drivers.'3'® Older, poorly maintained
cars tend to emit greater amounts of NOx than newer, and
well-maintained vehicles. In addition, fuel type plays a key
role, with fossil fuels such as gasoline and diesel generally
resulting in higher NOx emissions compared to cleaner
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fuels such as natural gas vehicle (NGV) or electric vehicle
technologies.!217:18

In Brazil, the transport of passengers and cargo is
carried out mostly by road, having significant dependence
on fossil fuels. Thus, this sector has contributed decisively
to the increase of emissions of air pollutants.'” According to
the National Energy Balance for 2021,% the transport sector
consumed 73% of petroleum products in relation to the
commercial, agricultural, public, residential, and industrial
sectors. Of this percentage, about 94% were used in road
transport, with more than 30% of the national greenhouse
gas emissions (GEEs) coming from the transport sector.

Although vehicle emission standards have become
increasingly stringent over time around the world, most
current road fleets continue to meet the oldest emission
standards and ageing engines, as well as emission control
devices, contributing significantly to the exacerbation of air
quality on the road." For the control of vehicular pollution
in Brazil, the National Environmental Council (CONAMA)
created the Air Pollution Control Program for Automotive
Vehicles (PROCONVE) in 1986 (Resolution 18/1986).2' In
2022, the last phases of L-7 for light vehicles and P-8 for
heavy vehicles took place.”’** The P-8 standard specifies
maximum emission limits for exhaust, particulate and noise,
as well as durability requirements, more stringent on-board
diagnostic systems (OBD) and on-road testing, among other
requirements. It is equivalent to the Euro VI standard and
will align the regulations for heavy vehicles from Brazil to
the European Union.” The introduction of the P-8 standard
in Brazil will bring extensive benefits for the control of
harmful emissions by heavy vehicles and the reduction
of the associated impacts on air quality and public health.
Compared to the P-7 standard, introducing the P-8 standard
would bring about $11 in health benefits for every $1 invested
in more advanced vehicle emission control technologies.”

Measurements of NOx emission in vehicles in real
conditions of use are very important, since the P-8 phase
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of PROCONVE, measurements of emissions in real
traffic are mandatory. Recently, research projects have
been conducted to investigate low-cost sensors that can
be deployed in vehicles and effectively monitor pollutant
emissions.?*?® Many companies have used sensors to
carry out real-time monitoring of pollutants, based on the
internet-of-things (IoT). IoT is a network of devices that
can collect and exchange data, allowing devices (sensors
and electronic components) to connect and collaborate with
other IoT devices.”

The Metropolitan Region of Rio de Janeiro (MRRJ) has
apopulation of more than 13 million and 5 million vehicles,
of which 38% are light gasoline vehicles (GVs), and 4%
are heavy-duty diesel vehicles (HDDVs).*® The humid
and hot climate and the high solar radiation also affect the
air quality due to the possibility of chemical/photochemical
reactions. Therefore, this scenario is conducive to carrying
out studies that include emissions from the transport sector.
There is a need for emission factors for HDDVs in the
estimation of emission inventories in the city of Rio de
Janeiro derived from real-time measurement sensors. This
pilot study aimed to measure the NOx emission factors from
exhaust pipes of heavy vehicles in the city of Rio de Janeiro
using a low-cost sensor. This study is unprecedented in Rio
de Janeiro and the university-startup partnership benefits
society as a whole.

Experimental
Sensor

The NOx sensor used in this study was developed by
Continental Automotive Co. (UniNOx model, Hanover,
Germany) (Figure 1). It consists of a probe and a command
module, which are securely connected by a cable harness
forming a unit. This sensor unit is installed in the exhaust
system and is used to detect NOx in the exhaust gas flow.

Figure 1. NOx sensor and control module installed in the vehicles tested for this study.
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It is an important component of the treatment system for
NOx reduction that is used in diesel vehicles with exhaust
gas recirculation (EGR), an emission control technology
allowing significant NOx emission reductions from most
types of diesel engine. The NOx sensor has a Nernst cell
and a second cell called pumping cell. The NOx sensor
measuring probe consists of zirconium oxide ceramic and
has two chambers, one of which is open to the side of the
exhaust, which are located three pairs of electrodes called
pumping cells. The operating temperature of the sensor is
800 °C and to reach this temperature there is a resistance
to perform sensor heating.’'#

The NOx sensor has its own electronic module that
work at voltages of 125 or 250 V (Figure 1). It uses the
batteries of vehicles with power source. It works with the
J1939 protocol, a network standard used in various vehicles
and equipments that are powered by motors with electronic
controls. The sensors operate continuously 24 h a day,
7 days a week; however, measurements are taken only when
the vehicles are turned on. Specific concentration ranged
from O to 1,500 ppm with precision of + 10 ppm. The
sensor comes with factory calibration and a self-correction
system. It has a lifespan of 36,000 h and was used during
the sample period for less than 1,000 h.

Data collection

The records were collected using the remote sensing
devices provided by Case Zane (Rio de Janeiro, Brazil).
The measures are done per min. The sensor was installed
in the exhaust system and measured the gases that passed
through its measurement chambers (Figure 1). The sensor
makes a request for all measurements and stores them
until it connects to the mobile network and sends it to the
Green-1oT cloud. The Green-IoT database is a database

Table 1. Summary of vehicles tested with NOx sensor
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in which the data is stored as object. The stored object
follows an agreed data format, called Sensor Markup
Language (SenML). SenML includes the name of the
sensor responsible for the measurements, the time when
the measurements are taken, and a nested object that
includes all the measurements.

Test trucks

The study was performed in MRRJ, Brazil, from July to
September 2022. The sensors were placed in 9 HDDVs with
EGR control technique. Vehicles are used in the delivery
of large goods daily within MRRJ and all trucks are in
a phase of PROCONVE that will soon be discontinued
(P-7) and can be compared shortly with P-8 to assess the
gains. Table 1 summarizes the main characteristics of the
tested vehicles.

Vehicle exhaust emissions are usually measured with
a gas analyzer and reported in parts per million (ppm).
It is crucial to compare these emissions with the vehicle
emission standards. A previous research®® has shown a
correlation between vehicle emission concentration and
specific fuel consumption, which is typically reported
in grams per kilowatt-hour (g kWh'!) for heavy-duty
vehicles. For the general conversion of the emission
gas concentration (ppm) into specific fuel consumption
(g kWh') for HDDVs, the following formula was used:3

NOx(k\;’i]hj:6.636x103 x NOx /ppm (1)

Empirical constants were obtained and reported in the
literature,* comprising the molecular mass of the exhaust
gases on a wet basis (in g mol!), the power (in kW), and
the molecular mass of the components (in g mol™).

Maximum net power

Truck ID Type Year Measured data
cv/kW rpm
445 toco 2013 186 (137) 2.400 17,318
456 toco 2013 186 (137) 12.400 19,907
160 truck 2014 277 (204) 2.300 24,160
457 truck 2019 277 (204) 2.300 7,932
595 truck 2014 277 (204) 2.300 25,004
905 truck 2013 277 (204) 2.300 29,386
931 truck 2013 277 (204) 2.300 20,633
932 truck 2013 277 (204) 2.300 16,303
951 truck 2013 277 (204) 2.300 12,299

cv: constant velocity; rpm: rotation per min.
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Results and Discussion
Sensing performance

Table 2 shows the number and percentage of the zero
and non-zero measurements. Around 173,000 records
were used, including the records retrieved from the backup
database when measuring the sensor probe performance.

Table 2. Success rate for the NOx air quality sensors

NOx
Non-zero measurements 172,942
Percentage / % 96.3
Zero measurements 5,250
Percentage / % 3.7

NOx sensor probe achieved a robust performance since
the percentage of zero measurements was low (3.7%).

NOx measurement occurs when the vehicle is both
stationary and in motion; however, the NOx emission limit
calculation is based only on vehicles in motion. When the
vehicle is idle, the standard is low and consistent for all
vehicles. The distribution of average NOx emission factors
for individual trucks on a g kWh! basis along the test route
is provided in Figure 2. The emission factors were evaluated
both with the truck in motion (A) and stationary (P).

Vehicles in motion had a mean and standard deviation of
emission factors of 2.9 = 1.0 g kWh! during the campaign,
with the average emission factors ranging from 1.6 to
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6.1 g kWh'!, while at a standstill had a mean and standard
deviation of 1.2 = 0.2 g kWh'' with the average ranging
from 0.064 to 1.7 g kWh'!. There was a statistical difference
in the emissions in motion and stationary; however, no
differences were observed among the monthly emissions,
suggesting an emission pattern.

Although the current Brazilian standard, PROCONVE
P-8, has been in operation since 2022, the vehicles in this
study are in the PROCONVE P-7 phase since 2012. The
NOx standard in PROCONVE P-7 legislation is 2 g kWh!,
while in the P-8 is 0.4 g kWh''. The NOx emission factors
from seven out of the nine HDDVs exceeded the maximum
permissible emissions in the P-7 and P-8 phases, and
emitted very high levels of NOx during operation, even
with the EGR system.

Despite the best technologies and cleaner fuels, high
emissions of pollutants are still observed, indicating that
lack of maintenance may be the reason.* Figure 3 shows
a 60% reduction in NOx emissions after changing the
pressure control valve in the 456A vehicle. The average
emission factors decreased from 3.76 to 1.48 g kWh'! after
maintenance.

Emission measurement techniques for HDDVs
usually encompass tests conducted on engine and chassis
dynamometers, and tunnel investigations.’>** However,
numerous engine dynamometer test cycles rely on steady-
state modal profiles that might not accurately mirror
actual vehicle activity patterns. Chassis dynamometer
tests come at a significant cost, and the availability of such
dynamometers is limited. Tunnel studies have limitations
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Figure 2. Monthly NOx emission factors in nine heavy vehicles monitored with sensor during 2022. Vehicles are identified using a letter to designate the

vehicle (P = stationary, A = in motion), a number to identify the engine model.

4 of 7

J. Braz. Chem. Soc. 2024, 35,7, e-20230170



Real-Time Monitoring of Nitrogen Oxides Emission Factors

e

_e-"
.
o

NOy g/kWh
w
L

Silva et al.

SSSSSSSSSSSSSSSSSSSSSSSSSSSS

NOx Emission by date

Figure 3. NOx emission factor before and after maintenance of the 456A vehicle engine.

in their capacity to distinguish between distinct vehicle
types.*®*! Thus, real-time measure NOx emission factors
using a low-cost sensor is an alternative. The use of sensors
can help reduce vehicle issues related to NOx emissions and
ensure compliance with PROCONVE legislation.

Pollutant and air quality monitoring is conducted at
monitoring stations, which have high installation and
monitoring costs. Conventional air monitoring stations
are large, expensive, and non-scalable, which limits data
access. Researchers are exploring other solutions for air
pollution monitoring, dubbed the future air pollution
monitoring system.?*** The sensor, together with the
IoT module, is only $350, making it a cost-effective
alternative.

In recent years, significant efforts have been devoted to
monitoring air pollution. However, existing and proposed
systems lack the capability to provide sufficient spatial and
temporal resolutions of pollution information accurately
and economically.** Therefore, it is necessary to explore
more cost-effective ways of conducting such monitoring.
This pilot study represents the initial step in this direction.

Conclusions

The first results aim to evaluate the behavior of the
sensor and present the first data. The sensor achieved
its goal, with 96.3% of the non-zero measurements,
demonstrating robust performance. Regarding the values
for NOx emission factor, seven out of nine monitored
vehicles (80%) presented averages above the stipulated
by the Brazilian legislation (2 g kWh'! PROCONVE, P-7),
reaching up to 6 g kWh''.

If the MRRIJ vehicle fleet follows this behavior, with
emissions up to three times higher than the P-7 standard,
the levels of NOx in the atmosphere can be considered
high and cause an increase in O, levels. Fleet monitoring

J. Braz. Chem. Soc. 2024, 35, 7, -20230170

is essential to know which vehicles meet the legislation and
which ones must be replaced or repaired.

In general, better emission control or the adoption of
zero and almost zero emission technologies for professional
vehicles is required to achieve significant NOx reductions
in urban areas, considering their high NOx emissions in
use observed in this study. In addition, the performance
of engine maintenance promoted a decrease in the NOx
emission rate, lower than that stipulated in phase P-7. This
pilot study is part of a project that aims to make a long-term
study of NOx emissions from heavy-duty diesel vehicles
using sensors and other parameters.
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