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Abstract: Fugitive emissions are unintentionally produced by pipeline leakage and evaporation in
industrial processes and contribute 5% of Global Greenhouse Gas emissions (GHG). Frictional wear
and thermal fatigue in vehicle exhaust pipe couplings and joints can cause leaks that are not visible
and difficult to quantify. It is therefore essential to trace and document these sources. In this work,
an experimental survey was conducted on buses in accordance with Regulation (EC) N° 715/2007
of the European Parliament. Statistical methods by means of a priori analysis aided by G∗Power
3.1 software was used to define the required sample. Three random sample groups were stratified
and fugitive gases were encased and piped into a bronze tube 5 mm in diameter and 500 mm in
length. A Horiba PG-300 analyzer was used to analyze the samples using chemiluminescence and
infrared methods. The results proved the existence of fugitive emissions in all samples analyzed
with variations of (3.000–27.500 ppm) among the samples for CO2, (6.0–138.5 ppm) and (2.0–5.0 ppm)
for CO and NOx, respectively. Statistical analysis showed that engine mileage had no significant
influence on NOx emissions, while CO and CO2 emissions increased with mileage. Analysis using
Response Surface Methodology (RSM) indicated a trend of increasing concentrations of CO2 and CO
for both explanatory variables, mileage and usage time.

Keywords: fugitive emissions; atmospheric emissions; Greenhouse Gases; mobile fonts; exhaust
pipe; Carbon dioxide; Carbon monoxide; Nitrogen oxide; buses

1. Introduction

Estimates of global Greenhouse Gas (GHG) emissions based on current nationally
declared mitigation ambitions under the Paris Agreement would bring the emissions
amount to the 52–58 GtCO2−eq [1] level. Attempting to find solutions to mitigate the effects
of atmospheric emissions on the climate, leaders of various nations meet frequently with
the common purpose of encouraging and guiding the people of the world to become aware
of and preserve the environment for the sustainable subsistence of generations of humans,
wildlife and flora. At the first major conference in Stockholm in 1972, twenty-six principles
and one hundred and nine recommendations directed the first global policies to address
climate issues [2]. Agenda 21, established in the Rio 92 Declaration [3] brought important
advances in preparation for the 2015 Paris Agreement [4] that culminated in the elaboration
of twenty-nine articles with recommendations for the member countries. The second article
of the Paris Agreement states that the global average temperature increase should be kept
within 2 °C of pre-industrial levels, with efforts to limit this temperature increase to no
more than 1.5 °C above pre-industrial levels.

When analyzed by sectors, the actions to combat the emission of pollutants show good
results. 45 randomly analyzed countries reduce their emissions by 25.7% in 2020 with a
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1990 base year [5]. With a 21% reduction in the same period, the European Union showed
similar performance [6]. However, at the global level, the volume of GHG emissions is still
high and may overshadow the achievement of the goals set out in the Paris Agreement.
In 2019, global net anthropogenic GHG emissions were 12% higher than 2010 [7] and 54%
higher when compared to the 1990 base year. This behavior can be explained by the increase
in the annual average of GHG emissions in the decade 2010–2019 that was 16.2% higher
than the annual average of the previous decade, which represents an absolute increase of
56 GtCO2−eq.

Fugitive Emissions

Classified by the IPCC as code 1B, fugitive emissions are the unintentional release of
gases during the extraction, processing, transport and discharge of fossil fuels, fugitive
emissions contribute significantly to GHG emissions [8]. The IPCC’s sixth assessment report
(AR6) states that the energy sector, through the production and transport of fossil fuels
accounted for 18% of global GHG emissions in 2019. Among the most significant species,
methane (CH4) emissions accounted for 32% of this total. Considering all sources, fugitive
emissions accounted for 6% of total GHGs in the same year. In absolute numbers, oil and
gas production and transportation generated a total of 2.6 GtCO2−eq in fugitive emissions in
2020, while mining activities contributed 1.3 GtCO2−eq in the same year [9]. Data available
from the United Nations Framework Convention on Climate Change (UNFCCC) Inventory,
(Annex I countries) show that in 2016, fugitive emissions generated by industrialized
countries were 1.33 billion tons of CO2−eq, this represents an 85% increase when compared
to 1990 data. The report emphasizes the importance of politics that mitigate fugitive
emissions, which, according to the study, represents 5% of total GHG emissions [10]. The
difficult monitoring of fugitive emissions is a complicating factor for effective estimates
and causes uncertainty in activity data (AD) statistics. Covering 93 countries and covering
97% of fugitive emissions, the IPCC-06 estimates (with a confidence level of 95%) that
fugitive emissions caused by the combustion of fossil fuels (1.B.2—gas and oil) is 10% and
20% for industrialized and developing countries, respectively [11]. Despite the apparent
expressiveness in the indicators, this number can be much higher. In Nigeria, an estimate
based on the Intergovernmental Panel on Climate Change IPCC-2006 (base year 2012)
projected to 2027, revealed that flaring of waste gas in oil production contributes 75.27%
of fugitive emissions in the oil and gas sector when compared to other sectors [12]. To
attenuate the serious problem, the study suggests that the Nigerian government compel oil
companies to channel their flared gases to power plant, making them reusable. Estimates
indicate that methane emissions from oil and gas operations, despite the emergence of new
data from satellites and other measurement campaigns, are underestimated by about 25%
to 40% [13]. The Clean Development Mechanism (CDM) is based on offsetting CO2 through
projects that developing countries can design and implement to earn saleable credits
equivalent to the amount of CO2 they reduce. A wide range of such projects can qualify
under the CDM criteria, from wind energy projects to projects credited for destroying
waste and industrial gases [14]. A critical assessment of CDM projects implemented to
reduce fugitive emissions during industrial activities was conducted and found that only
1.98% out of a total of 7.749 CDM projects had been effectively implemented by 2016 in
India [15]. The 154 implemented projects contributed with a reduction of 8.87% in GHG
emissions, which represents a total of 1.66 MtCO2−eq in estimated fugitive emissions across
all CDM sectors.

The transportation sector, a subset of the energy sector, ranks highest in pollutant
emissions. In São Paulo, infrared photoacoustic spectroscopy analysis was used to detect
emissions at four bus terminals. With averages of 546 ppm, 526 ppm, 525 ppm and 516 ppm
CO2 at both terminals, the samples were compared with previous studies and showed that
the newer lifetime bus fleet emitted fewer pollutants compared to older vehicles [16]. The
major contribution to GHG emissions from the internal combustion engine is CO2. Other
GHG gases (such as N2O, CH4 make up a significantly smaller proportion [17]). It should
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be noted that CO2 emissions in internal combustion engines do not depend much on the air
pollution reduction measures implemented, the main potential for reducing them is lower
fuel consumption [18]. However, better fuel consumption technologies are not capable of
zeroing pollutant emissions, in this sense, it is necessary to adopt measures to treat the
gases in the catalyst (after-treatment gas system). In Curitiba and Maringá, important cities
in southern Brazil, the concentration of pollutants in regions near bus traffic was monitored
by means of autonomous and independent sensors. In Curitiba, the study detected a high
spatial variability of particulate matter along the bus route and concluded that there is
a direct influence of bus transportation on the concentration of pollutants in the region.
829 ppm detected in an analysis carried out in Maringá, reveals that the air is 38% more
polluted than the average considered safe for humans [19,20]. Although there is some
scientific data on pollutant emissions in activities related to passenger transportation, there
is a scarcity of studies on fugitive emissions from mobile sources, making even more rare
or non-existent research that has investigated leaks in exhaust pipes of trucks and buses.

Attempting to contribute to this field, this work is characterized by a pioneering anal-
ysis of possible leakage of exhaust gases in exhaust pipes of buses regulated by the Euro 5
standard in accordance with Regulation (EC) N° 715/2007 of the European Parliament [21].

2. Theoretical Background (Leakage Measurements/Sample and Population Size)

Increasingly sophisticated analytic techniques are used by researchers to obtain the
optimal population size (N) and thus generate maximum likelihood and representativeness
fits in each model to produce sufficiently accurate reliability coefficients for a sample size
that adequately represents the population. to obtain the optimal population size, N, and
thus generate maximum likelihood and representativeness fits in each model to produce
sufficiently accurate reliability coefficients for a sample size that adequately represents
the population. The most parsimonious model is required that involves the least possible
number of parameters to be estimated and that explains well the behavior of the response
variable and seeks an acceptable convergence between the model and the empirical data.
Reproducibility and representativeness based on meta-analyses and meta-regressions in
N ≥ 25 was developed in an experimental study for economic, medical, epidemiological,
ecological and biogeographical analyses [22]. Sample size calculation using discrete Weibull
methodology for distribution skewness, covariance structure and number of zeros with
accurate sample size results by means of negative binomial Poisson regression also showed
good results in previous studies [23].

The methodology for monitoring and estimating leakage in valves, flanges, pump
seals, open lines and other components that are part of the process of transporting gases in
pipelines is detailed by the U.S. Environmental Protection Agency (EPA) [24]. Although
it does not make references to mobile source gas collection practices. The EPA Method
21 [25] indicates the encapsulation system as an option for collecting fugitive gases in leaky
pipelines. Based on EPA Method 21, researchers have developed optical gas imaging (OGI)
technology for use in detecting leaks of volatile organic compounds (VOCs) in equipment.
The results showed that faster detection may help in monitoring an area rather than just
one component, and this methodology may be an indication of more effective use than EPA
Method 21 [26]. In another study, researchers used leak detection methods for volumetric
emissions obtained by direct measurement using HFS that consider leak rates greater than
200 g/h were applied using vacuum trapping techniques on a leaky control valve [27].

A sample design and definition of the optimal sample population size (N) that repre-
sents reliable data is crucial in experimental research. The software G∗Power 3.1 was used
in previous research to calculate the minimum sample size and data analysis with Pearson
correlation test of linear regression with covariate adjustment [28]. In another study, effect
size of 0.92, power of 0.999, and confidence index in 5% was determined by G∗Power 3.1 to
examine the influence of transcranial cerebellar direct current stimulation on non-motor
(cerebellar) symptoms in patients, and to explore the time course of these effects [29]. With
a significance level at 5% and power of 80% the program G∗Power 3.1 was used to define
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sample size in a study to find the reasons for rejection of medication use and to determine
the wastage rate and financial consequences [30].

3. Materials and Methods

In order to better contribution with the climate change appeal, measurements in
the exhaust pipeline of buses (urban and intercity buses) were performed. The buses
are operating at Boa Vista and Manaus towns, at the north of Brazil. Details about the
measurement techniques, sampling and experimental procedures are given as follows.

3.1. Defining and Implementing the Sample Model

In this research statistical methods by means of analysis aided by the free software
G∗Power 3.1 was adopted. The sample size whose definition of efficiency of 0.9, power of
83% and level of significance of 5%, indicates the amount of 10 samples, as satisfactory for
significantly relevant answers.

3.2. Experimental Procedure

To collect the fugitive gases, during one week, technical visits were made to three
passenger transportation companies in the cities of Manaus, Amazonas (BRA) and Boa
Vista, Roraima (BRA). Ten buses were selected and divided into three categories. Figure 1
shows a representation of the bus models used by operational category and engine, the
specifications are as follows. Figure 1a Light Diesel Engine (LDV) for Urban Passenger
Transport—Diesel engine, 7.2 L, vertical, forward, fully electronic, fuel injection with
“commom rail” technology, 6 cylinders in line, turbocharged and intercooled, self-protected
against overheating. Emissions level in accordance with CONAMA regulation Phase
Vll (EURO V). Lk39 air compressor. Butterfly-type engine brake [31]; Figure 1b Heavy
articulated bus (HDV) for urban passenger transport. Emission level Euro 5 Injection system
Injection pump Capacity dm3 12.1 Cylinders 6 in line Max. power hp/ISO power kW
340/250 Max. torque ISO 1585 Nm 1700 Engine torque speed rpm 950–1400 [32]; Figure 1c
Heavy passenger intercity transport bus (HDV). Euro emission standard, SCR engine
system, Common Rail SCR, Common Rail Displacement dm3, 11 Cylinders/array of
6/inline inlet 6/inline inlet [33].

In order to reduce the possible kinetics sample gas evolution, a copper tube 5000 mm
long and 5 mm in diameter was connected to the exhausts of the vehicles, Figure 2. The
longer the copper tube, the lower the chance of kinetic evolution due to the heat transfer
process (sample gas-copper tube wall). It is worth noting that the sampling location was
not the same for all the buses involved in this research, the sampling location was selected
in function of visual inspection in the exhaust gas pipeline, along the tube among the
exhaust valve port and before the after-treatment gas system, for each one of the ten buses,
as shown in Figure 2. For better efficiency of the enclosure, an aramid adhesive tape
that has high thermal resistance was used as thermal insulator. Overlaid on the aramid,
another tape (Torofita) was used as a physical barrier to minimize possible gas leaks and to
prevent external oxygen from entering the samples, which could alter the composition of
the chemical species and cause inconsistencies in the results. The collected fugitive gases
were stored in 1-liter capacity containers and later sent for laboratory analysis. Related
to the end of the cooper tube was designed to fit the inlet of the sampling bag valve. The
sampling bags made up of polyvinyl fluoride film (Tedlar®). In order to not interfere in
the mass flow rate throughout the leakage area, pump was not used, the sampling bags
were filled by the pressure difference among the enclosured leakage area and the ambient
pressure (acting in the wall of the bags). All the bags came at vacuum (with no air inside)
from the laboratory were analyzes were performed.
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Figure 1. Illustrative images of the bus models used in this research. (a) Light Diesel Engine (LDV)
for Urban Passenger Transport, (b) Heavy articulated bus (HDV) for urban passenger transport,
(c) Heavy passenger intercity transport bus (HDV).

Figure 2. Encapsulation of gases using high-strength aramid tape aided by torofita: (a) Dark color,
indicating possible gas leakage; (b) Enclosed location with gases channeled through pipes; (c) Sample
collecting container, receiving the channeled cases.

3.3. Criteria and Reference Conditions Used for Gas Sampling

Enclosure for gas collection is a methodology used in exceptional cases but represents
good consistency when compared with results obtained in an analysis that considers the
total gas flow. Based on the studies cited, in this research was diverted a small portion of
the undiluted exhaust gas into collection containers. It should be noted that, that small
gas portion represent the gas flow throughout the leakage area (fugitive emissions). The
flow obtained for a time interval, as far as possible, was proportional to the total flow in the
same time interval. Three random sample groups were stratified, Figure 1. The gases were
collected with the engines in operation, with temperature and pressure similar to the real
work regime, but with torque (hp) and displacement (m) in zero position. The information
about parameters and working conditions of the engines are presented in Tables 1–3, which
include the values of mileage (km), engine speed (rpm), sampling collection time (s), wall
tailpipe temperature °C and engine working temperature °C.

Table 1. Engine parameters and operating conditions along gas sampling. Steady state and working
temperature similar to the on-load state—B340M.

Production Mileage Rotation Power Gas Sample Engine * Wall † Transport

year (km) (rpm) (cv/kW) Collection
Time (s)

Temperature
(°C)

Temperature
(°C) Category

2014 518,640 1700 340/250.07 664 93.1 175.0 Urban
2014 367,100 1700 340/250.07 721 92.4 155.0 Urban

* Data collected from the on-board bus control panel; † External wall temperature measured in the exhaust gas
pipeline.

Table 2. Engine parameters and operating conditions along gas sampling. Steady state and working
temperature similar to the on-load state—B270F.

Production Mileage Rotation Power Gas Sample Engine * Wall † Transport

year (km) (rpm) (cv/kW) Collection
Time (s)

Temperature
(°C)

Temperature
(°C) Category

2012 846,694 1700 270/198.58 788 87.0 110.0 Urban
2012 367,100 1700 270/198.58 602 86.0 103.7 Urban
2013 518,640 1700 270/198.58 540 88.0 106.0 Urban
2013 367,100 1700 270/198.58 781 85.0 104.6 Urban

* Data collected from the on-board bus control panel; † External wall temperature measured in the exhaust gas
pipeline.
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Table 3. Engine parameters and operating conditions along gas sampling. Steady state and working
temperature similar to the on-load state—B450R.

Production Mileage Rotation Power Gas Sample Engine * Pipeline Wall † Transport

year (km) (rpm) (cv/kW) Collection
Time (s)

Temperature
(°C)

Temperature
(°C) Category

2015 670,803 1700 450/330.97 660 96.0 137.0 Road
2016 856,794 1700 450/330.97 664 92.0 104.0 Road
2018 938,933 1700 450/330.97 605 94.0 152.0 Road
2020 93,449 1700 450/330.97 721 91.8 132.0 Road

* Data collected from the on-board bus control panel; † External wall temperature measured in the exhaust gas
pipeline.

4. Results

The ten collected bag samples were sent to the laboratories of the company White
Martins in São Paulo, where they were analyzed using an analyzer (Horiba PG-300) that
can measure simultaneously up to five gas components, separately. The PG-350 software
runs under Windows (Vista, XP, 7 and higher), provides a simple interface to acquire data
and save CSV files and allows connection to any network, its line selection valve NO and
NOx can be controlled and switched automatically during its data acquisition. To analyze
the NOx concentrations the cross-flow modulation chemiluminescence detection method.
CO2, SO2 and CO were analyzed by the non-dispersive infrared modulated cross-flow
absorption method. The results generated by the analysis of the samples were provided by
the laboratory by official certificate under identification N° 041/21 of technical responsibility
of CRQ IV Region N° 04266629. The variables time (s) and mass (kg) were used to calculate
the mass flow rate needed to fill the containers with sample gases, Equation (1).

Qm =
m
t

(1)

where m is the mass (kg), t the time (s) and Qm the mass flow rate (kg/s). Considering the
particularity of this research, Table 4 was generated from Equation (1) and can be used as a
basis for replication for future works.

Table 4. Flow rate in seconds calculated based on the experimentally collected data.

Vehicle Mass (kg) Time (s) Mass Flow Rate (kg/s)

A 0.011 788 1.396 × 10−5

B 0.017 540 3.148 × 10−5

C 0.027 602 4.485 × 10−5

D 0.015 781 1.921 × 10−5

E 0.029 664 4.637 × 10−5

F 0.023 721 3.190 × 10−5

G 0.024 605 3.967 × 10−5

H 0.090 664 1.355 × 10−5

I 0.011 660 1.667 × 10−5

J 0.012 721 1.664 × 10−6

Unit of Measure Transformation

Vehicle exhaust emissions are usually measured using a gas analyzer whose results are
reported in Parts Per Million (ppm), however, it is important to compare these emissions
with European standards which are usually reported in (g/kWh) for heavy duty vehicles
and (g/km) for light duty vehicles. For the purpose of comparison with the European
standard we use the Equations (2) and (4) based on empirical constants reported in previous
studies [34–37] whose results are available in Table 5 and Figure 3.

CO
(
g
/

kWh
)
= 35.91× CO(vol%) (2)
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NOx
(
g
/

kWh
)
= 6.636× 10−3 × NOx(ppm) (3)

CO2
(
g
/

kWh
)
= 63.47× CO2(vol%) (4)

Table 5. Concentration of fugitive gases analyzed in the laboratory. Values converted to (g/kWh).

Vehicle Model Year Mileage CO * CO2 * NOx *
(km) (g/kWh) (g/kWh) (g/kWh)

A B270F 2012 846,694 4.97 × 10−1 ± 4.9 × 10−3 171.3 ± 1.7 1.86 × 10−2 ± 9.2 × 10−5

B B270F 2012 528,923 4.58 × 10−1 ± 4.5 × 10−3 174.5 ± 1.7 1.79 × 10−2 ± 8.9 × 10−5

C B270F 2013 595,771 3.81 × 10−1 ± 3.8 × 10−3 170.7 ± 1.7 1.53 × 10−2 ± 7.6 × 10−5

D B270F 2013 210,814 3.56 × 10−1 ± 3.5 × 10−3 135.8 ± 1.3 2.65 × 10−2 ± 1.3 × 10−4

E B340M 2014 518,640 3.54 × 10−1 ± 3.5 × 10−3 147.2 ± 1.4 2.12 × 10−2 ± 1.0 × 10−4

F B340M 2014 367,100 3.49 × 10−1 ± 3.4 × 10−3 145.9 ± 1.4 1.33 × 10−2 ± 6.6 × 10−5

G B450R 2015 670,803 3.23 × 10−1 ± 3.2 × 10−3 138.9 ± 1.3 1.99 × 10−2 ± 9.9 × 10−5

H B450R 2016 856,794 3.08 × 10−1 ± 3.0 × 10−3 131.3 ± 1.3 1.73 × 10−2 ± 8.6 × 10−5

I B450R 2018 938,933 3.05 × 10−1 ± 3.0 × 10−3 143.4 ± 1.4 2.32 × 10−2 ± 1.1 × 10−4

J B450R 2020 93,449 2.37 × 10−2 ± 2.3 × 10−4 19.0 ± 0.2 3.32 × 10−2 ± 1.6 × 10−4

* Uncertainties based on the repeatability information of the analyzer specifications—HORIBA; PG-300 Series
Portable Gas Analyzer.
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Figure 3. Influence of time on the evolution of fugitive emissions disregarding the mileage criterion.

5. Discussion
5.1. Influence of Mileage and Time Variables on Fugitive Emissions

Although the concentrations of pollutants in fugitive emissions, if analyzed individu-
ally, do not present clear behaviors with a tendency to increase, when analyzed without
distinction of categories and engine models, the time variable shows a clear tendency for
the concentrations to increase, Figure 3. For the three species analyzed, the running time of
the motors, in displacement or steady state, can explain this direct relationship. The CO
species appears with the highest rate of increase in concentration and tends to be influenced
by both mileage traveled and time.



Atmosphere 2023, 14, 613 8 of 15

5.1.1. Carbon Dioxide (CO2)

The concentration in CO2 emissions tends to be influenced with increasing mileage of
the engines. In both groups, there is a direct relationship between the explanatory variable
mileage and the increase in concentration. This correlation is easily identified by analyzing
the relations between the engines represented by samples A and D, belonging to the B270F
group, which presented an increase of 20.7% in emissions between them. The engine
represented by G increased its emissions by 86.3% compared to J. Likewise, the mileage of
G was 90% higher than J, Table 6.

Table 6. Influence of mileage traveled on the evolution of (CO2) emissions.

Vehicle Model Year Mileage CO2
(km) (g/kWh)

A B270F 2012 846,694 171.3 ± 1.7
B B270F 2013 595,771 174.5 ± 1.7
C B270F 2012 528,923 170.7 ± 1.7
D B270F 2013 210,814 135.8 ± 1.3

E B340M 2014 518,640 147.2 ± 1.4
F B340M 2014 367,100 145.9 ± 1.4

G B450R 2018 938,933 138.9 ± 1.3
H B450R 2016 856,794 131.3 ± 1.3
I B450R 2015 670,803 143.4 ± 1.4
J B450R 2020 93,449 19.0 ± 0.2

5.1.2. Carbon Monoxide (CO)

Among the three species analyzed, the CO was the one that showed the highest
and best relationship between engine mileage and increase in emission concentration.
The Table 7 shows a clear tendency of evolution in the concentration of emissions as the
engines suffer wear in function of the mileage. In all the groups analyzed it is possible
to interpret these trends well. Engines represented by lines A, E and G increased their
emission concentration by 28.4%, 1.4% and 92.6%, respectively, while the mileage increase
for the same engines was 75.1%, 29.2% and 90.0%, respectively. This shows that fugitive
CO emissions contribute more to GHG increases as engines gain mileage, compared to
other analyzed species.

Table 7. Influence of mileage traveled on the evolution of (CO) emissions.

Vehicle Model Year Mileage CO
(km) (g/kWh)

A B270F 2012 846,694 4.97 × 10−1 ± 4.97 × 10−3

B B270F 2013 595,771 4.58 × 10−1 ± 4.58 × 10−3

C B270F 2012 528,923 3.81 × 10−1 ± 3.81 × 10−3

D B270F 2013 210,814 3.56 × 10−1 ± 3.56 × 10−3

E B340M 2014 518,640 3.54 × 10−1 ± 3.54 × 10−3

F B340M 2014 367,100 3.49 × 10−1 ± 3.49 × 10−3

G B450R 2018 938,933 3.23 × 10−1 ± 3.23 × 10−3

H B450R 2016 856,794 3.08 × 10−1 ± 3.08 × 10−3

I B450R 2015 670,803 3.05 × 10−1 ± 3.05 × 10−3

J B450R 2020 93,449 2.37 × 10−2 ± 2.37 × 10−4

5.1.3. Nitrogen Oxides (NOx)

The analyzed results show that the mileage of the engines has no direct influence
to contribute to an increase in emissions of NOx for any of the three groups, Table 8.
Considering analyzed samples from engines of the same group, the engine represented by
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A ran 75.1% more than engine D, but emitted 29.8% less NOx. The relationship between
samples G and J, also belonging to the same group, shows that engine J ran 90% less than
engine G, but emitted 40% more NOx. The second group, represented by the B340M model,
shows consistency between the mileage and usage time variables, however, because it is
only two samples it is not possible to perform a more elaborate analysis.

Table 8. Evolution of the Emissions of Oxides of NOx as a function of mileage traveled.

Vehicle Model Year Mileage NOx
(km) (g/kWh)

A B270F 2012 846,694 1.86 × 10−2 ± 9.29 × 10−5

B B270F 2013 595,771 1.79 × 10−2 ± 8.96 × 10−5

C B270F 2012 528,923 1.53 × 10−2 ± 7.63 × 10−5

D B270F 2013 210,814 2.65 × 10−2 ± 1.33 × 10−4

E B12M 2014 518,640 2.12 × 10−2 ± 1.06 × 10−4

F B12M 2014 367,100 1.33 × 10−2 ± 6.64 × 10−5

G B450R 2018 938,933 1.99 × 10−2 ± 9.95 × 10−5

H B450R 2016 856,794 1.73 × 10−2 ± 8.63 × 10−5

I B450R 2015 670,803 2.32 × 10−2 ± 1.16 × 10−4

J B450R 2020 93,449 3.32 × 10−2 ± 1.66 × 10−4

5.2. Trend Analysis Using Response Surface Methodology (RSM)

By better explaining the phenomena involved in this investigation, the R Project for
Statistical Computing [38] was used to model the relationships between the explanatory
variables engine mileage and age for each of the analyzed species. The objective of this anal-
ysis is to identify whether there is a relationship with a growth trend in the concentrations
of the species studied between the age and mileage of the engines. The mileage traveled
and the age of manufacture of the engines up to 2020 were considered. Due to the liner
behavior with constant variance and errors, as well as allowing optimization with analysis
in more than one extreme as well as obtaining regression models that allow working with
reduced numbers of control factors, the Response Surface Methodology (RSM) is the most
appropriate concept that allows understanding the relationships between age and mileage
run of engines. The initial form of data analysis in an experiment using the full regression
model involving second order polynomial fitting factors is given by Equation (5).

y = β0 +
q

∑
i=1

βiχi +
q

∑
i=1

βiiχ
2
i +

q−1

∑
i=1

q

∑
j=i+1

βijχiχj + ε (5)

By using this methodology, and for the chemical species here analyzed, one can obtain
the Equation (6) in order to represent the response surface. Note that in Equation (6),
tusage represent the engine/vehicle age (years) and the Mileage (km). For each species, a
set of βi will be obtained, depending of the statistical fit corresponding to the performed
measurements.

[CO2, CO, NOx]|fug−emissions(g/kWh) = β0 + β1 ×
(

tusage
∣∣
(years)

)
+ β2 ×

(
Mileage|(km)

)
+β3 ×

(
tusage

∣∣
(years)

)2
+ β5 ×

(
Mileage|(km)

)2

+β6 ×
(

tusage
∣∣
(years)

)
×

(
Mileage|(km)

) (6)

5.2.1. Carbon Dioxide CO2

The dispersion shown in Figure 4a,b shows that there were high emissions with em-
phasis on engines 4, 5 and 7. As the explanatory variables age and mileage are continuous,
a polynomial model of degree 2 was considered and used Equation (6) to explain the phe-
nomenon, identically and independently distributed with zero mean and constant variance.



Atmosphere 2023, 14, 613 10 of 15

It is observed in Figure 4c that engine 5 appears as an atypical value, positioning itself out-
side the reasonable region. Thus, after a first model adjustment, the observation referring
to sample 5 was excluded. After this removal, we obtained the fitted model described in
Equation (7), Figure 4d, with R2 = 0.90, a correlation between measured data and theoretical
modeling was observed. To further interpret the fitted model, the response surface plot
of Figure 4e was generated. The optimum point at the upper end of the graph indicates
that both high mileage and engine usage time have a direct influence in contributing to
worsening CO2 emissions.

CO2|fug−emissions(ppm) = −1.016× 101 + 1.815× 101(tusage
)
+ 2.231× 10−4(Mileage)

−8.778× 10−11(Mileage)− 1.371× 10−5(tusage
)
(Mileage)

(7)

C
O

2
 (

g
/k

W
h

)
160

140

120

100

80

800,000

600,000

400,000
2

3

4

5

6

7

8

(a) (b)

(c) (d)

(e)

2×10 − 05 4×10 − 05 6×10 − 05 8×10 − 05

− 3

− 2

− 1

0

1

2

3

− 5

0

5

10

Figure 4. CO2 fugitive emission behavior—adjustments of mileage-time relationships using a degree-
2 polynomial. (a) First individual fit using equation 6 with mileage as the explanatory variable.
Samples 4, 5, and 7 show high emissions rates; (b) Second individual fit using equation 6 with time of
use as the explanatory variable. Similarly, samples 4, 5, and 7 show high emission rates; (c) A third
fit applying all terms of the polynomial equation of degree 2 indicates an atypical value for sample
5, requiring a new fit; (d) The fourth and final adjustment after the removal of sample 5 brought
improvements to the model; (e) Response surface shows an increasing trend for both explanatory
variables (mileage and time of use).

5.2.2. Carbon Monoxide (CO)

High concentrations of fugitive emission these were also detected in samples 4 and 7
of the CO species. The Figure 5 shows the dispersion with emissions growth curve with
usage time, Figure 5a, while this criterion is not very clear in the modeling by mileage,
Figure 5b. Applying the polynomial model of degree 2 to explain the CO emission through
Equation (6) and assigning the fitted values, was obtained Equation (8). The model-
ing showed good correlation between the measured data and theoretical modeling with
R2 = 0.91, Figure 5c. To interpret the fitted model, the response surface was generated
Figure 5d. The optimum points at both ends of the response surface, even if not disregard-
ing the saddle effect, indicates clear behavior of the influence of the explanatory variables
mileage and time on increasing concentrations.
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CO|fug−emissions(g/kWh) = −8.178× 10−1 + 3.326× 10−1(tusage
)
− 1.641× 10−7(Mileage)

−2.312× 10−2(tusage
)2

+ 3.957× 10−13(Mileage)2 (8)
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Figure 5. CO fugitive emission behavior—adjustments of mileage-time relationships using a degree-2
polynomial. (a) First individual fit using equation 6 with mileage as the explanatory variable. Samples
5, and 7 show high emissions rates; (b) Second individual fit using equation 6 with time of use as
the explanatory variable. Similarly, samples 5, and 7 show high emission rates; (c) The third and last
adjustment using all terms of the polynomial equation of degree 2 analyzed the correlation between
the explanatory variables (mileage and time of use) brought improvements to the model; (d) The
response surface shows an increasing trend in emissions with a higher degree for the time of use
variable and a slightly increasing trend for mileage.

5.2.3. Nitrogen Oxide (NOx)

Random behavior of the species NOx in the analyses indicates no explicit relationship
between the mileage and time variables, Figure 6a,b. Although there is no apparent
correlation between the two variables, a polynomial model of degree 2 was considered,
Equation (9) to explain the emission of NOx. Even adjusted, the model did not meet
the assumptions required for good optimization, however, there is a point of influence
observed in Figure 6c positioning itself outside the reasonable. After the removal of this
point, another point appeared, also outside the reasonable region, as we do not have many
points in the sample, the removal of more points would compromise the reliability of the
adjusted model. Thus, it was concluded that no information supports accuracy in the
analysis of the species NOx. The statistical environment output of RStudio makes it literally
clear that the minimum model requirements for a significant response are not met, because
none of the model parameters are considered significant. With Pvalue calculated at 0.7942,
far above the parameters indicated as accepted that range between (0.01 <= P < 0.05)
and determination coefficient at R2 = 0.4306, considered too low, one then summarizes the
unreliability in the significance of the data for this species of gas.

NOx = β0 + β1 ×
(
tusage

)
+ β2 × (Mileage) + β3 ×

(
tusage

)
× (Mileage)

+β4
(
tusage

)2
+ β5(Mileage)2 + ε

(9)
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(a) (b) (c)

2×10 − 05 4×10 − 05 6×10 − 05 8×10 − 05

Figure 6. NOx fugitive emission behavior—adjustments of mileage-time relationships using a degree-
2 polynomial. (a) First individual fit using equation 9 with mileage as the explanatory variable;
(b) Second individual fit using equation 9 with time of use as the explanatory variable; (c) The third
and last adjustment using all terms of the polynomial equation of degree 2 analyzed the correlation
between the explanatory variables (mileage and time of use). There was no acceptable correlation
and no adjustment to the model was possible.

6. Conclusions

It is noted that the study results align with the main objectives reported in the ab-
stract and introduction. Fugitive emissions were detected in the samples analyzed in the
laboratory, Table 5. Considering the official results reported by the laboratory analyses in
mol/mol(%), applying the conversion factor described in section 4, the measured values
range between (3.000–27.500 ppm) for samples B and J, respectively, which indicates a mag-
nitude far above the current average of 418.36 ppm (18 February 2023) reported in real-time
by the Global Monitoring Laboratory observatory [39]. The results showed that the CO and
NOx species presented average concentrations within the range established by the current
legislation that regulates pollutant emissions in heavy-duty vehicles. On a scale of (0 to
1), where 0 represents no emission and 1 is the maximum limit established, the average
CO concentration was 0.335 while the average NOx concentration was 0.021. The positive
results, from the point of view of comparison with the current legislation, are justified and
were exhaustively clarified in the introduction, however, the preponderant factor analyzed
refers to the biased conditions of increase in concentrations with the increase in the time
of use and mileage of the engines. The average concentration of fugitive CO2 emissions
was 137.9 ± 1.7 g/kWh. After the first adjustment and removal of sample 5, Figure 4c,
the model has fitted again and showed optimal interaction with low variance whose R2

determination index of 0.90 and 100% of the samples placing within the reasonable region,
Figure 4d demonstrates this behavior, which can also be observed by analyzing the response
surface graph in Figure 4e where it is possible to see a clear tendency for fugitive emissions
to increase with both increasing usage time and mileage of the engines. Showing good
interaction between the uncontrolled variables, mileage and usage time, and a coefficient
of determination R2 of 0.91, the fugitive emissions of CO showed adjusted values whose
behavior differs from the other analyzed species. In the scatter plot shown in Figure 5a the
time factor is the determinant for the increase of CO emissions, while Figure 5b does not
present clarity about the possible influence of mileage of the engines in the contribution of
fugitive emissions, behavior also observed in the analyzed response surface, Figure 5d. For
the species NOx, analysis of the scatter plot Figure 6a,b show that the interaction between
the explanatory variables mileage and usage time is not explicitly evidenced. With Pvalue of
0.860 and 0.864 for the linear term, 0.945 and 0.465 for the quadratic term as well as 0.758
for interaction, determination index R2 of 43%, it can be concluded that the model fits did
not meet the minimum assumptions and requirements for statistically significant responses.
It should be noted that there are many possible influencing factors/parameters that can
indicate the direct influence on higher CO2 and CO fugitive emissions. First, the higher the
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mileage the higher the chances of increasing the leakage area throughout gases may exit (as
fugitive emissions), because of the natural degradation of pipeline materials. Note that this
is not an isolated effect on the mileage, the same can be expected when looking at the engine
usage time. Another important aspect here is concerning the vehicle’s technical-mechanical
state. There are many factors that can influence this tendency. All the phenomenological
process preceding the combustion process has a strong effect, for example, if cavitation is
present in the fuel injector, the spray behavior will be affected, especially in terms of spray
cone angle, penetration, and dispersion [40–43]. Cavitation could appear in the fuel injector
after several times of use (directly involving mileage and usage time). It is known that
transportation industries are enforced to implement routinary and rigorously maintenance
technical-mechanical prevention programs, so it should be expected that all the vehicles
analyzed here undergo those prevention programs, however, we do not have access to that
information. With the exception of the CO2 species, it should be noted that the emission
levels measured in this research were “within” Euro V regulations, results that are in the
opposite direction of what is expected in terms of vehicular fugitive emissions, considering
that the sample locations were selected at points before after-treatment of the exhaust
gas systems. This issue raises several concerns related to fugitive emission analysis and
measurement techniques focused on vehicle systems, due to the large number of variables
involved in the process, (technical-mechanical condition of the vehicle, effective leak area,
encapsulation sampling process) among those previously mentioned.
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