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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Public policies are needed to reduce air 
pollution in many sectors, not only in 
freight transport. 

• LNG helps to reduce PM emissions, but 
may not be sufficient to avoid attribut-
able deaths in the vicinity of the 
expressways. 

• Only fuel replacement in heavy-duty 
vehicles used in expressways is not 
enough to improve the health of the 
population.  
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A B S T R A C T   

The Brazilian transport system is based on the use of highways and road heavy-duty trucks are the main type of 
vehicle to perform this activity. There are more than 1 million km of highways in the country and the search for 
alternative technologies to reduce emissions from the transport industry is increasing. The Blue Corridor research 
started to replace heavy-duty vehicles fueled by conventional diesel to liquefied natural gas (LNG) and its effect 
on pollutant emissions reductions. In this context, this paper aims at evaluating the atmospheric dispersion of 
particulate matter (PM) from road heavy-duty trucks in 12 cities in the São Paulo State, assessing the impacts of 
the replacement of full fleet powered by diesel to LNG and the effects on the health of the local population. The 
model AERMOD was used to simulate the dispersion of PM produced by heavy-duty vehicles fuel combustion and 
the methodology suggested by the World Health Organization (WHO) was used to analyze the number of deaths 
attributed to the PM emitted. Results showed some municipalities with high PM concentrations, which exceeded 
the limits suggested by WHO. In terms of health issues, cardiovascular diseases in a population older than 30 
years were the main cause of death from PM emissions. When it comes to fuel replacement, LNG helps to reduce 
PM emissions, but considering this reduction alone is not sufficient to avoid attributable deaths.   
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1. Introduction 

Air pollution is an urban issue faced in different cities around the 
world (Figliozzi, 2017; Lurie et al., 2019; Zhao et al., 2018) and many 
epidemiological studies have shown that poor air quality is a risk factor 
for several outcomes in human health. According to the World Health 
Organization (WHO, 2018), 4.2 million premature deaths worldwide 
were caused by outdoor air pollution (Askariyeh et al., 2017; Baldauf 
et al., 2008; Finkelstein et al., 2004; Ozdemir, 2019; Wilhelm and Ritz, 
2003) and several studies have shown the impact of particulate matter 
(PM) on the lung and systemic cardiovascular diseases (Bilenko et al., 
2015; Liu et al., 2020; Wang et al., 2015). These effects include a 
decrease in lung function, an increase in the symptoms of asthma and 
chronic bronchitis, leading to more serious cardiopulmonary events, 
which result in increased hospitalizations and deaths (Isakov et al., 
2009). 

Given that vehicles are important sources of air pollution (Wen et al., 
2017), understanding the magnitude of pollution that humans are 
exposed to is important to determine the effect of vehicle emissions on 
air quality near highways. In Brazil, outdoor air pollution from this 
sector is a major problem (Nogueira et al., 2019) and has become a 
public health concern. 

To assess the population’s exposure to emissions related to vehicle 
traffic considering time, distance from highways, meteorological and 
geographical conditions (Shabanpour et al., 2018; Shekarrizfard et al., 
2016; Tong et al., 2020), several atmospheric dispersion models have 
been developed. These models allow the identification of individual 
source contributions to air pollution and assist in the design of effective 
strategies to reduce harmful air pollutants. One of these models is the 
AERMOD Model by EPA (US Environmental Protection Agency Regu-
latory) (Askariyeh et al., 2017), which is an important tool to manage air 
quality systems. AERMOD is a gaussian model and is still suggested as a 
reference model by regulatory agencies due to its simplicity of use 
(Maffia et al., 2020), including the Environmental Company of the State 
of São Paulo (CETESB) in Brazil. 

One strategy to reduce harmful pollutants is the use of alternative 
fuels (Dey et al., 2018), especially in substitution of mineral diesel oil, 
which has one of the highest emissions factors within the available fuels 
for heavy-duty transport. Based on the statements above, this paper aims 
to estimate the deaths attributable to PM10 and PM2.5 concentrations 
and analyze the dispersion of particulate matter by heavy-duty trucks in 
Brazil and its effect on human health. To do so, this study uses the main 
highways in the state of São Paulo (Brazil) as a case study and estimates 
the population exposed to particulate matter and the consequent health 
impacts considering areas surrounding the area of study. Furthermore, 
this study analyzes a strategy to reduce pollution-related diseases by 
replacing diesel by liquefied natural gas (LNG) in road freight transport. 

This paper is divided as such: Section 2 presents a literature review, 
section 3 presents a overview about the use of natural gas to reduce 
emissions, section 4 presents the methodology, while section 5 brings 
the results and the appropriate discussions, section 6 presents the limi-
tations of the study and conclusions being drawn in section 7. 

2. Literature review 

Particulate matter is a concept used for a large class of particles in the 
atmosphere. It also acts as a means of transport for other substances, 
such as hydrocarbons and metals, which are added to the particles (Kim 
et al., 2015). Size, chemical composition, and other properties, whether 
physical or biological, depending on the origin and transformations that 
these particles have undergone in the atmosphere. The measurement of 
particles is made according to their aerodynamic diameter, which can 
vary between 0.002 and 100 μm. Particles can be divided into ultrafine, 
which are less than 0.1 μm, fine (PM2.5) with a diameter between 0.1 and 
2.5 μm, large (PM10) with a diameter up to 10 μm, and smoke (Daniel 
Vallero, 2008). 

A major component of long-term health-related pollution is the fine 
particulate matter with an aerodynamic diameter equal to or below 2.5 
μm (PM2.5) (Liu et al., 2019). It is estimated that PM2.5 exposure leads to 
millions of deaths globally every year (Burnett et al., 2014; Liu et al., 
2019). Hoek et al. (2013) presented a review about the long-term air 
pollution exposure and their impacts on cardiorespiratory deaths and 
the results showed that long-exposure to PM2.5 above the limits sug-
gested by WHO (10 μg/m3 - annual mean) can increase around 11% the 
risks for cardiovascular diseases. 

With the advancements of geospatial technologies, geospatial data-
sets are being increasingly used in health studies and accurate mea-
surements of PM2.5 concentrations and health statistics are the basis for 
reliable estimations of diseases burden attributable to PM2.5, including 
cardiovascular, pulmonary, and cognitive effects (Liu et al., 2019; 
Nogueira et al., 2019). 

Exposure to air pollutants is a risk factor for humans and many 
existing studies attempt to assess the relationship between air pollution 
and mortality using pollutant concentration data from air quality 
monitoring stations (Abe and El Khouri Miraglia, 2016; Andreão et al., 
2018a; de Fatima Andrade et al., 2012; Martins et al., 2017a), on-site 
experiments (Nogueira et al., 2019), and meteorological models (Scov-
ronick et al., 2016), such as AERMOD model used in this study. One 
example of AERMOD use for health effects was done by Tong et al. 
(2020), who analyzed the acute morbidity and the premature mortality 
in China in combination with the motor vehicle emission simulator 
(MOVES) model. Other authors like Sonawane et al. (2012) also use the 
AERMOD model to evaluate pollution reduction strategies for the 
transport sector, including the use of natural gas vehicles. 

One limitation to do such studies in Brazil is the lack of measure-
ments, with few stations, small-time series, and uneven availability of 
data, with pollutants lacking in several measuring stations. Air quality 
monitoring is in its infancy in Brazil and is still restricted and unsatis-
factory in terms of territorial and temporal coverage, with measure-
ments beginning in the year 2000 in São Paulo city (Andreão et al., 
2018b). Although there has been an increase of PM2.5 monitoring sta-
tions across the country, only 9 out of the 27 states have monitoring 
stations with 397 in total (IEMA, 2019a). For that reason, most of the 
studies related to pollutant emissions and atmospheric concentration fall 
within the Southeast region, where 80% of monitoring stations are 
found (IEMA, 2019b). 

Recent works have tried to either understand pollutant emission 
profiles (Martins et al., 2017a; Suthawaree et al., 2012) and analyzes 
vehicles emissions (Briant et al., 2011; de Fatima Andrade et al., 2012; 
Misra et al., 2013; Nogueira et al., 2019; Shairsingh et al., 2018), or to 
establish health impacts from pollutant concentration through the esti-
mation of premature deaths from diseases related to pollution (Abe and 
El Khouri Miraglia, 2016; Andreão et al., 2018a; Batterman et al., 2014; 
Scovronick et al., 2016). On a particular example of interest is the work 
done by (Rangel et al., 2018), due to their application of AERMOD in a 
Brazilian scenario. The authors estimated the volume of CO, P.M. 2.5, 
and NOX generated and their dispersion in the atmosphere when 
burning sugarcane biomass in rural areas of Northeast Brazil, using the 
AERMOD model. 

From the pollutant emissions profiles side, Martins et al. (2017b) 
studied the extreme pollution events in Rio de Janeiro (RJ) and São 
Paulo (SP) metropolitan areas (MA) and compared the air quality of both 
MA. A higher concentration of pollutants, including PM2.5, was more 
frequent during the winter and SP has a higher probability of experi-
encing extreme events for all pollutants. de Fatima Andrade et al. (2012) 
quantified the contributions that vehicles make to PM2.5 concentration 
in 6 state capitals of Brazil. The project collected samples from these 
cities and found that in all cities vehicle emissions explained at least 
40% of the PM2.5 mass. Furthermore, only one capital (Recife) had 
concentrations lower than determined by the World Health Organiza-
tion (WHO). Nogueira et al. (2019) evaluated emissions from buses in 6 
bus terminals in the urban metropolitan area of São Paulo (MASP). The 
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study found that emissions of PM2.5 from newer buses are lower and that 
the renovation of the bus fleet from Euro II to Euro V and the incorpo-
ration of electric buses had a noticeable impact on NO emissions. 

From the health impacts side, Scovronick et al. (2016) modeled the 
impacts on air quality and health of ethanol use and production in 
Brazil. The study takes into consideration not only ethanol consumption 
in vehicles but also sugarcane burning. Results from their study show 
that ethanol use would reduce 1100 life-years in the first year of analysis 
and 40,000 life-years and that gasoline has better pollution performance 
than ethanol if life-cycle is taken into consideration. Abe and El Khouri 
Miraglia (2016) calculated the avoided deaths from PM2.5 abatement 
scenarios. The authors found that SP could reduce 5 thousand premature 
deaths and save USD 15 billion annually with health expenses if WHO 
PM2.5 concentration standards were attained. Similarly, Andreão et al. 
(2018b) calculated the avoidable deaths of attaining WHO PM2.5 con-
centration standards in 24 Brazilian cities. In their results, SP showed the 
highest number of avoidable deaths reaching 82 thousand from all 
causes in 2017. 

These studies have provided important insights regarding air quality 
in Brazil and highlighted the importance of monitoring pollution and the 
resulting health impacts from high pollutant concentrations. However, 
most of the studies are deterministic by nature and do not include the 
uncertainties regarding spatial distribution. Different from previous 
studies, this study calculates attributable deaths using a Monte Carlo 
analysis, to take into account the spatial uncertainty when it comes to 
PM exposure. 

Moreover, this study models the freight sector and analyzes the 
avoided deaths from the change in the fuel use status quo paradigm in 
Brazil, presenting an analysis of a practical pollution prevention 
measure. 

3. Natural gas as a way to reduce pollution 

The availability of domestic natural gas reserves improved fueling 
infrastructure, and state incentives helped promote the use of natural 
gas in the transportation sector around the world (Singh, 2015). Natural 

gas vehicles have increased in many captive heavy-duty fleet applica-
tions (Thiruvengadam et al., 2018), based mainly on the environmental 
benefits that natural gas could bring, regarding greenhouse gases and 
local pollutant emissions (Singh, 2015). 

From the environmental perspective, natural gas is said to produce 
between 70% and 85% fewer toxic pollutants than gasoline and diesel 
vehicles, respectively, and a 10% greenhouse gases (GHG) emission 
reduction compared to diesel trucks (Arteconi and Polonara, 2013). The 
transport sector, therefore, is considered by many scholars as an option 
for natural gas to substitute diesel and other fuels (Josephs, 2015; Pfoser 
et al., 2016; Xian et al., 2015) due to its environmental benefits. Adding 
to this, Brazilian natural gas production has reached the highest levels in 
2018 due to the pre-salt layer, and new uses are necessary to avoid 
wasting this resource since 75% of natural gas in Brazil is associated to 
natural gas, which is extracted with the extraction of oil (SEMSP, 2017). 

When it comes to local pollutants, many studies have focused on 
natural gas as an alternative to the transport sector to reduce emissions. 
With the addition of oxidation catalysts, carbon monoxide (CO) emis-
sions are reduced by 62% in comparison with uncontrolled natural gas 
engines (Thiruvengadam et al., 2018), leading to diesel-equivalent 
emissions(Stettler et al., 2016). Compared to gasoline, Chen et al. 
(2019) reviewed 5 experimental papers and all of them show CO re-
ductions in dual-fuel engines running with natural gas. The same result 
was shown by Kalam et al. [40], who tested dual-fuel engines and found 
a 90% reduction when using natural gas in comparison to gasoline. 

Nitrogen oxides (NOx) emissions differentials between natural gas 
and diesel engines are the most notable among the pollutants. A review 
made by M. E. J. Stettler et al. (2016) shows lower NOx emissions 
compared to diesel engines, and Thiruvengadam et al. (2018) say that, 
in the case of stoichiometric combustion, three-way catalysts are effi-
cient in reducing NOx emissions to near-zero. M. Stettler et al. (2019) 
also showed lower average NOx emission factors for both spark-ignition 
and HPDI for freight trucks compared to diesel. However, the authors 
state that diesel trucks are meeting the latest NOx emissions standards 
with selective catalytic reduction, which reduces natural gas benefits. 
On the same note, Smajla et al. (2019) say LNG reduces NOx by 80% 

Fig. 1. Methodology flowchart.  
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compared to diesel and that LNG trucks with three-way catalysts have a 
lower break-specific emissions and Vermeulen et al. (2017) who tested 2 
LNG trucks, found that NOx emissions were the same as diesel trucks. 

Hydrocarbons emissions of natural gas trucks in comparison to diesel 
are reported as higher in M. E. J. Stettler et al. (2016), Thiruvengadam 
et al. (2018), and M. Stettler et al. (2019), due to the fuel methane 
content and leakage. Finally, PM emissions, on the other hand, has been 
reported to be lower in LNG trucks than diesel by (Thiruvengadam et al., 
2018), (Stettler et al., 2019). 

4. Methodology 

To evaluate the health impacts from the fuel replacement of diesel by 
LNG, it was necessary to analyze PM10 and PM2.5 concentrations 
through the atmospheric air pollution dispersion in 2016. First, a 
background concentration analysis was performed to evaluate the im-
pacts on population health surrounded by the highways. It is important 
to note that this value covers different types of PM sources (industries, 
transport, combustion, environment, etc.). To evaluate the atmospheric 
dispersion, meteorological and traffic data, PM10 and PM2.5 emissions 
factors, receptors, and locations data were used as input to the AERMOD 
model. 

The AERMOD model is an air quality model recommended by the 
EPA, which applies to complex terrains and incorporates a new down-
wash algorithm - PRIME, which considers the effects of pollutant 
deposition. Thus, AERMOD is considered the best model of last gener-
ation Gaussian dispersion, whose formulation is based on the principles 
of the planetary boundary layer (EPA, 2005). For this reason, the 
Environmental Agency of the State of São Paulo, CETESB, recommends 

using this model to simulate environmental concentrations for periods of 
short and long exposure (CETESB, 2019). 

The results from simulations and the background concentrations 
were used to calculate the concentration from the fleet replacement and 
attributable deaths to PM emissions. Details are found in subsections. 
Fig. 1 shows a flowchart of the steps from the methodology. 

4.1. Background concentration 

First, to evaluate the impacts of PM atmospheric dispersion emis-
sions from heavy-duty vehicles in both highways, there was a need for 
background concentration data. These values are important since there 
are other pollutant sources, which are not treated in the model (Borrego 
et al., 2006) and if not considered, it can be a source of uncertainty 
(Stein et al., 2007). According to EPA (2005), background data can be 
acquired from air quality monitoring stations and modeling output re-
sults. In the case of this work, estimate background concentrations was 
possible only for the city of Jundiaí, where there are meteorological and 
air quality data available. Since the spatial representativity technique 
used by the Environmental Company of the State of São Paulo - CETESB 
(2016) determined that measurements taken at Jundiaí station are 
representative for a range of 50 km and the other cities analyzed are 
located in a lower distance, the same background data was used for all 
cities. 

The background concentration was calculated considering the 
methodology proposed by Tchepel et al. (2010) and Python program-
ming language was used to model this part. As suggested by Tchepel 
et al. (2010), a time series of hourly averaged concentrations were used 
to calculate background PM10 concentration measured at the Jundiaí 
Station (CETESB, 2020) for 2016. The spectral analysis enables to 
evaluate the contribution of different frequencies of fluctuations on the 
time series and the Kolmogorov-Zurbenko (KZ) filter was used to remove 
frequencies higher than 0.0905 h− 1 (12 h period). The filter consists of 
calculating a moving average of the time series with a subset of three 
consecutive values. This calculation is repeated three times, once on the 
unfiltered series and twice on the previously updated series. The back-
ground concentration is then determined by averaging the filtered time 
series. Here, the annual PM concentration average is determined by 
calculating the mean of the hourly values of the filtered series. The 
standard deviation was also calculated and showed a lower value than 
for the unfiltered series, as the filter removes high-frequency peaks. 

In order to analyze the health impacts from the replacement of the 
full fleet of conventional heavy-duty vehicles using diesel by LNG, a 
Monte-Carlo analysis was developed to calculate a range of possible 
deaths associated with air pollution. To reach this goal, we calculate 
10,000 times the concentrations considering background, diesel, and 
LNG contributions. To evaluate the concentrations due to the full 
replacement, Eq. (1) was performed. 

CREP =CBG − CDIESEL + CLNG (1)  

Where: CREP – Concentration from the full fleet replacement; CBG – 
Background concentration; CDIESEL – Diesel concentration from heavy- 
duty trucks using this fuel; CLNG – LNG concentrations from heavy- 
duty trucks using this fuel. It is important to highlight that this equa-
tion results in the contribution of only primary PM emitted by the freight 
traffic on the two roads considered for 2016. 

4.2. Air Quality Dispersion Model 

Considering data availability and the importance of the southeast 
region, more specifically of the São Paulo state, this study focused on 
two highways that connect two important cities of the State, which 
compose the largest concession highway system in terms of revenues in 
the state of São Paulo and in Brazil (CCR, 2020). The stretch considered 
connects the city of São Paulo to Campinas and is composed of the 

Fig. 2. Highways and cities considered in this study.  

A.C. Rodrigues Teixeira et al.                                                                                                                                                                                                                



Atmospheric Environment 241 (2020) 117814

5

highways Anhanguera (SP 330) and Bandeirantes (SP 348), shown in 
Fig. 2. Data from the vehicle traffic was obtained with Brazilian Infra-
structure Ministry, considering the number of heavy-duty trucks in 
2016. 

To study the atmospheric dispersion around the highways, the soft-
ware AERMOD (EPA, 2020), an Air Quality Dispersion Model developed 
by EPA (the United States Environmental Protection Agency) was used. 
It is a Gaussian plume model based on the turbulence structure of the 
planetary boundary layer and scale concepts, including the treatment of 
surface and elevated sources. However, AERMOD does not consider any 
chemical reactions and, therefore, here only primary PM is considered. 
EPA provides a set of preprocessors and here only AERMET, which is 
responsible for processing meteorological data, was used. Data such as 
surface characteristics, roughness, albedo, wind speed/direction, and 
temperature are provided for AERMET to pre-process the surface char-
acteristics of the meteorological data. AERMOD uses data from AERMET 
to calculate atmospheric dispersion. The software is capable to model 

different types of sources, whether they are punctual, volumetric, line, 
or area, which is the way that this study was processed. Table 1 shows 
the input data used to run the AERMET model. 

The stretch was divided into 28 pieces due to curves on the roads and 
to facilitate the analysis. Latitude and longitude from the initial and final 
points from each piece were identified using ArcGIS software and passed 
to AERMOD. The daily distribution of emissions for heavy-duty vehicles 
was used from the study performed by Andrade et al. 2012 (Nogueira 
et al., 2019). Using the data on vehicles counting at toll plazas, vehicles’ 
average speed, PM emission factors, and highway width it was possible 
to calculate the daily emission rate, which is shown by Eq. (2). 

DR=

(

EFi × Totv ×
Savg
3600

)

D × W
(2)  

Where: DR – daily rate (g/sm2); EFi – emission factor from the pollutant i 
(g/km); i – pollutant analyzed; Totv – number of vehicles; Savg – average 
speed (km/h); D – the distance between initial and final points for each 
piece of a stretch; W – highway width. The highway width is needed 
because the model AERMOD simulates lines as areas and ask for a width. 

PM emission factor data for heavy-duty vehicles powered by diesel 
was obtained from the Environmental Company of São Paulo State, 
called CETESB (CETESB, 2017) and heavy-duty vehicles powered by 
LNG was obtained from Mouette et al. (2019). An average of 0.07 
gPM10/km was used for Diesel, while an average of 0.0002 gPM10/km 
was used for LNG. Although these values were used in other studies or 
even used as based to calculate emissions from heavy-duty trucks in 
CETESB, there is some uncertainties about the emission factors such as 
the engine characteristics, location, life cycle and other. Other point to 
be raised is that only PM10 emission factor was available. In order to 
estimate PM2.5 emission factor, the relationship proposed by Ostro et al. 
(2004) was used. When all values are available, it is preferred to use the 
measurement data, but in cases without these, PM2.5 can be estimated 

Table 1 
Meteorological input data.  

Parameter Data Source 

Temperature 
Measurement 
Height 

2 m CETESB station 
(Jundiaí) 

Wind Measurement 
Height 

10 m CETESB station 
(Jundiaí) 

Wind Speed Data considering the period January 
01, 2016 to 12/31/2016 

CETESB station 
(Jundiaí) 

Boundary-Layer 
Height 

Climatological height calculated by 
Sánchez et al. (Sánchez et al., 2020) 

Sánchez et al. ( 
Sánchez et al., 
2020)  

Table 2 
Population and number of receptors in each city.  

City 2016 
Population1 

Population Density1 

(People/km2) 
Number of 
receptors 

Caieiras 93,215 970 398 
Cajamar 69,584 530 522 
Campinas 1,144,862 1439 3177 
Francisco 

Morato 
164,718 3350 193 

Franco da 
Rocha 

141,824 1059 525 

Hortolândia 209,139 3359 251 
Itupeva 51,082 255 807 
Jundiaí 393,920 914 1724 
Louveira 41,700 754 225 
Valinhos 116,308 784 600 
Várzea Paulista 114,170 3298 142 
Vinhedo 69,845 855 319 

1(IBGE, 2016). 

Table 3 
Recommended health outcomes and risk functions.  

Outcome and exposure 
metric 

Relative 
Risk (RR) 

Suggested β 
coefficient (95% CI) 

Subgroup 

Respiratory mortality and 
short-term exposure to 
PM10 

RR =

e[β(X− X0)]

0,00166 
(0,00034–0,0030) 

Age < 5 
years 

Cardiopulmonary mortality 
and long-term exposure to 
PM2,5 

RR =

[
X + 1
X0 + 1

]β  

0,15515 
(0,0562–0,2541) 

Age > 30 
years 

Lung cancer and long-term 
exposure to PM2,5 

RR =

[
X + 1
X0 + 1

]β  

0,23218 
(0,0853–0,37873) 

Age > 30 
years  

Fig. 3. Wind rose for CETESB station (Jundiaí) in 2016.  
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through the ratio between PM2.5 and PM10. Considering the case of 
exhaust emissions, this ratio is found in literature in a large range since 
between 0.5 and 1, since it depends on several parameters (EEA, 2012; 

Sã¡nchez-Triana et al., 2015). In order to cover the possibilities, the 
ratios of 0.5, 0.8, and 1 were considered in this paper. 

The simulation was performed for the 2016 period (8784 h). 

Fig. 4. –Annual PM10 concentration from trucks emissions using Diesel (left) and LNG (right). Note that the simulated concentrations vary from place to place. 
As expected, the highest concentrations are located close to the highways (highlighted in darker blue. As the model shows, the concentrations decrease as dispersion 
increases; meaning that the further away from the highways, the plume dispersion increases, and PM concentrations decrease. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. – Annual PM2.5 concentration from trucks emissions using Diesel (left) and LNG (right).  

A.C. Rodrigues Teixeira et al.                                                                                                                                                                                                                



Atmospheric Environment 241 (2020) 117814

7

Considering the entire area, 8883 receptors have been placed, wherein 
each of them shows the simulated PM10 and PM2.5 concentration on the 
annual time scale. It is worth mentioning that the replacement of diesel 
fuel by LNG was 100% for the cargo vehicle fleet. The simulation was 
performed for the 12 cities showed in Fig. 2 using the AERMOD model. 
Each city was divided into receptors locations using a Cartesian grid 
with 500 m between each grid point. Table 2 shows the number of re-
ceptors according to the city. The model was performed for PM10 and 
PM2.5 for both fuels (diesel and LNG) using flat conditions for the 
terrain, as the location does not present a substantially complex terrain 
and 0.5 m of height exhaust tailpipe. Results from AERMET pre-
processors were also used to run the AERMOD model. 

4.3. Estimating health impacts 

Regarding the public health impacts from road freight transport, a 
methodology suggested by WHO (Ostro et al., 2004) was used to 
quantify the deaths attributable to air pollution. It is an environmental 
burden disease (EBD) model, which has great relevance for environ-
mental health studies, as it can show the magnitude of the problems in 
the area and of encouraging the planning of preventive measures. This 
model considers the concept of the attributable fraction to estimate the 
number of lives saved if concentrations of particulate matter fulfilled the 
air quality standard. 

To characterize the probability of occurrence of an event such as the 
case of an acquiring a disease, it is necessary, in epidemiological studies, 
to calculate the risk associated with this event. In this study, the Relative 
Risk (RR) is calculated, which shows how much the risk is higher in one 
group when it is compared to another. An RR of 1 suggests that there is 
no association between exposure and outcome. A RR greater than 1 

suggests the existence of this association, and below 1, indicates a 
negative association. The risk functions for EBD are presented in Table 3. 
Where: X – Current pollutant concentration (μg/m3); X0 – Target 
pollutant concentration (10 μg/m3 for PM2.5 and 20 μg/m3 for PM10). 
Source: WHO. Environmental Burden of Disease Series, No. 5. Outdoor 
Air Pollution: Assessing the environmental burden of disease at national 
and local levels (Ostro et al., 2004). 

The result of the RR enables the calculation of the Attributable 
Fraction shown in Eq. (3) and the number of cases associated with air 
pollution shown in Eq. (4). 

AF =
RR − 1

RR
(3)  

E=AF × P (4)  

Where: E − expected number of deaths due to air pollution; AF – 
attributable fraction; P – population exposed to a health effect. 

The mortality data for childhood respiratory disease, elderly respi-
ratory disease, cardiovascular disease, and cancer disease were obtained 
from the online mortality system (Codes J09-J18 and J20-J22, J09-J18 
and J40-J47, I 60-I69 and I20–I25, C30 – C39, respectively) of the 
Brazilian Integrated Health System (SUS) (DATASUS, 2020) for each city 
by age group for 2016. Using Matlab, Monte-Carlo analysis was devel-
oped to calculate a range of possible deaths associated with air pollution. 
This provides a probability of associated deaths, not a deterministic 
value, which is necessary since the data from DATASUS does not provide 
information about people’s location, or where they live, work, etc. Thus, 
there is uncertainty about the PM concentration that each person is 
exposed to since the concentration varies over each city area. 

The data obtained from the AERMOD simulations were used to 

Fig. 6. Attributable deaths to PM concentration due to lung cancer (top-left), cardiovascular diseases (top-right), respiratory diseases in elderly (bottom-left), and 
respiratory diseases in children (bottom-right). 
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analyze the impacts on human health through the calculation of the 
attributable deaths to PM emissions. The attributable deaths were 
calculated 10,000 times, changing the PM concentration, based on the 
spatial distribution provided by AERMOD. These values were calculated 
considering the background concentrations and the scenario with full 
fleet replacement. The avoided deaths from the fleet replacement were 
calculated based on Eq. (5): 

AVD=ADBG − ADLNG (5)  

Where: AVD – Avoided deaths; ADBG – deaths attributable to back-
ground PM concentration with the current fleet (100% diesel); ADLNG - 
deaths attributable to background PM concentration with LNG fleet 
(100% LNG, replacement scenario). 

5. Results and discussions 

Results are separated into two topics: PM atmospheric dispersion and 
health impacts. Each one shows the results obtained for the highways 
stretch and the impacts of the replacement of road heavy-duty vehicles 
fueled with conventional diesel by LNG on background concentration. 

5.1. PM atmospheric dispersion: heavy-duty vehicles in the Anhanguera- 
Bandeirantes complex 

The transport of atmospheric pollutants is mainly driven by pre-
dominant wind flow. Fig. 3 shows the wind rose produced with the wind 
data used by the AERMOD simulation. It is clear that the wind is more 
frequently from the SE direction in this region. This pattern has a sub-
stantial influence on the atmospheric dispersion of pollutants. 

PM atmospheric dispersion, emitted by heavy-duty trucks in the 
Anhanguera-Bandeirantes complex, was simulated using AERMOD to 
evaluate the pollutant behavior, route, and which cities could be more 
affected. Fig. 4 shows the mean concentrations considering PM10 emis-
sions only from road heavy-duty vehicle traffic, fueled by conventional 
diesel (current fleet, on the left) and LNG (right). The influence of wind 
direction is noticed in the concentration pattern. It is expected that the 
highest concentration is found near the roads, which are the source of 
pollution. As the predominant wind direction is mainly aligned with the 
road’s orientation, the concentration is even higher near the roads, with 
less dispersion in the southwest-northeast axis. Another issue to be 
highlighted is that highways areas, especially for the Bandeirantes, there 
are a few buildings, which contribute to air pollution dispersion. 

Fig. 4 also shows that the results vary from 0.0065 μm/m3 to 19.54 
μm/m3 for diesel, highlighting the lowest concentration in the city of 
Campinas, far from the highway, while the highest concentration is in 
the city of Jundiaí (19.54601 μm/m3), close to the Bandeirantes high-
way (SP-348), followed by Cajamar (16.19795 μm/m3), close to the 
Anhanguera highway (SP-330). For LNG, the range was from 0 μm/m3 to 
0.00562 μm/m3, with the lowest concentration found in Campinas 
(1.158 receptors), Francisco Morato (44 receptors), Franco da Rocha (63 
receptors), Jundiaí (9 receptors) and Valinhos (29 receptors), far from 
the highways; and the largest concentration was in Jundiaí close to the 
Bandeirantes highway. It is also observed that the lowest concentration 
of PM10 for diesel is higher than the highest concentration for LNG fuel, 
showing a reduction in particulate material when the fuel replacement is 
performed. It is important to notice that here only the PM directly 
emitted from the freight traffic in Anhanguera and Bandeirantes roads is 
considered. 

Fig. 7. Attributable deaths to PM concentration considering the LNG substitution due to lung cancer (top-left), cardiovascular diseases (top-right), respiratory 
diseases in elderly (bottom-left), and respiratory diseases in children (bottom-right). 
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Fig. 5 illustrates the results of annual mean concentrations consid-
ering PM2.5 emissions from diesel and LNG, based on the same condi-
tions and period of PM10. 

Similarly, as expected since PM2.5 emissions were estimated based on 
PM10 emissions, the simulated concentrations for PM2.5 vary according 
to the proximity and distance to the highways. In general, the lowest 
values are far from the highways, while the highest values are close to 
them (highlighted in darker purple). Moreover, the simulations showed 
that fuel replacement can reduce PM2.5 emissions and impacts for the 
surrounded neighborhood. 

For diesel, the variation corresponds to the ranges from 0.0052 μm/ 
m3 to 15.63 μm/m3, as shown in Fig. 5, with the lowest value for 
Campinas, far from the highways, and the highest value in Jundiaí, close 
to the highway Bandeirantes. For LNG, the variation ranges from 0 μm/ 
m3 to 0.0046 μm/m3, with the lowest value away from the highways, in 
part of the municipalities of Caieiras (144 receptors), Campinas (1616 
receptors), Várzea Paulista (19 receptors), Vinhedo (44 receptors), 
Francisco Morato (188 receptors), Franco da Rocha (315 receptors), 
Itupeva (2 receptors), Jundiaí (263 receptors), Louveira (66 receptors) 
and Valinhos (335 receptors), and the highest value located in the mu-
nicipality of Jundiaí, close to the Bandeirantes highway. 

One issue to be mentioned about the concentration results found 
using AERMOD model is that it is directly dependent on emission factor 
of heavy-duty vehicles. Considering the sector and technologies for the 
road freight transport, there are some gaps about pollutant emissions 
factor and how these values are used in the scientific community. 
Experimental works (Adam et al., 2017; Alamia et al., 2016; Ogunkoya 
and Fang, 2015) with different type of fuels have been done around 
many countries, but each one has specific characteristic and maybe, 
cannot be considered for everywhere. However, some papers use these 

results as a starting point for other research, without consider the dif-
ferences. Thus, in this paper, PM emissions factor used were considering 
the values used by CETESB in Brazil. 

5.2. Health impacts 

To evaluate the air pollution impacts on human health from PM 
emissions, the methodology proposed by Ostro et al. (2004) was used to 
calculate the attributable deaths for lung cancer, cardiovascular and 
respiratory diseases in the elderly and children. As previously 
mentioned, the attributable deaths were calculated for all 12 cities 
surrounded by highways Anhanguera and Bandeirantes. 

It is worth to remember that other pollutant does impact human 
health in different ways, but the idea of this paper is to evaluate the 
health impact regarding PM from road freight transport. In this case, as 
already mentioned, only the primary pollutant was considered. 
Although other pollutants directly impact the human health, such as the 
case of black carbon – PM major component from incomplete combus-
tion (Watson and Valberg, 2001), the methodology proposed by WHO 
(Ostro et al., 2004) considers the whole PM10 and PM2.5 to quantify 
deaths attributable to air pollution due to a short and long exposure. 
Regarding the global emissions of black carbon, it is estimated that road 
transport contributes approximately 10%, with on-road diesel engines 
emitting more than 85% in the transport sector (Zheng et al., 2016), as 
future research, it is interesting to estimate the contribution of black 
carbon and the impacts on human health. 

Fig. 6 shows the attributable deaths to PM emissions for the back-
ground concentrations (24.63 μmPM10/m3), which includes the emis-
sions from diesel trucks, for all cities analyzed. This phase of the process 
was necessary since the background concentration accounts for PM 

Fig. 8. Reduction of attributable deaths due to the fuel replacement for lung cancer (top-left), cardiovascular diseases (top-right), respiratory diseases in elderly 
(bottom-left), and respiratory diseases in children (bottom-right). 
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emissions from different sources. Considering the background concen-
tration, only this value exceeds the annual mean (20 μmPM10/m3) target 
by WHO. 

Considering the diseases analyzed, Fig. 6 shows that cardiovascular 
problems presented the highest number of deaths attributable to PM 
concentration with an average of 188 deaths, ranging from 8 to 296 
deaths in 2016. The results found in the study presented by (Rodrigues 
et al., 2015) for the São Paulo State also found the highest values for 
cardiovascular diseases, representing one of the major air pollution ef-
fects on human health. Followed by respiratory diseases in elderly 
people, ranging from 52 to 190 deaths and lung cancer, with a range 
from 18 to 62 deaths attributable to PM concentration. The lowest 
number of attributable deaths regards respiratory diseases in children, 
with 1 death attributable to PM concentration. 

Considering the use of LNG in road heavy-duty trucks in the high-
ways analyzed, Fig. 7 shows the deaths attributable to PM concentration 
if 100% of road heavy-duty fleet fueled by conventional diesel would be 
replaced by road heavy-duty vehicles using LNG. It is possible to note 
that the behavior of the attributable deaths to PM emissions considering 
only the use of LNG is similar to the values from PM background emis-
sions, with only the use of diesel, presented in Fig. 6. Cardiovascular 
diseases represent the major causes of deaths attributed to PM emissions 
even with the replacement of 100% of the road heavy-duty trucks fleet 
using LNG. 

The results have shown that even with a full fleet replacement, the 
number of expected deaths would not change in the period. Therefore, 
this item needs to be considered alongside other measures in the 
transport sector to guarantee a decrease in the number of deaths. Fig. 8 
shows the deaths that could be avoided in the replacement scenario. In 

Fig. 8, the attributed deaths to PM emissions are around 1 or 2, varying 
according to the disease. These results represent a starting point to 
discuss the need for public policies in different areas to incentivize 
emissions reductions, not only of PM but also of other pollutants, such as 
carbon monoxide and nitrogen oxides. 

Through the Monte Carlo simulation, it was possible to find a range 
of attributable deaths for each disease analyzed and also the accumu-
lated probability. Fig. 9 shows the accumulated probability of avoided 
deaths according to the disease. For lung cancer, there is a 100% chance 
that less than 5 deaths per year would be reduced. For cardiovascular 
diseases, the maximum would be 14 deaths, but with a 90% chance of 
fewer than 5 deaths being avoided. Regarding respiratory diseases in the 
elderly, there is a 100% chance that less than 10 deaths would be 
avoided in the replacement scenario. Finally, there is no chance for 
diesel substitution for LNG alone to avoid any deaths due to respiratory 
diseases in children. These results point out that the other sources that 
contribute to the background concentration have a substantially higher 
impact in public health for this area than the road freight traffic, sug-
gesting that other measures are needed to improve air quality in this 
cities, maybe including changing fuel for local traffic heavy-duty vehi-
cles and buses. 

As previously mentioned in the methodology, three different ratios of 
PM2.5 and PM10 were considered to calculate PM2.5 emissions. Fig. 10 
shows the accumulated probability of deaths avoided for each disease. It 
was observed that the difference between PM2.5/PM10 ratios is small. In 
the case of lung cancer, considering all ratios, there is a 100% chance 
that less than 6 deaths per year would be reduced with LNG replace-
ment. For cardiovascular diseases, the maximum number of deaths 
avoided is 14. For respiratory disease in the elderly, the maximum 

Fig. 9. The accumulated probability of deaths from LNG replacement for lung cancer (top-left), cardiovascular diseases (top-right), respiratory diseases in elderly 
(bottom-left), and respiratory diseases in children (bottom-right). 
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number of avoided deaths is 12 and in children, 1 death would be 
avoided for the 3 PM2.5 and PM10 ratio. 

6. Limitations and future research suggestions 

The results simulated by AERMOD were consistent and it was 
possible to evaluate PM atmospheric dispersion in this work. Besides, 
the concentrations found in the model output enabled to evaluate the 
health impacts of PM emitted by freight traffic in Anhanguera and 
Bandeirantes roads. Other studies demonstrated the good performance 
of AERMOD (Heist et al., 2013; Huertas et al., 2017; Perugu et al., 2016; 
Wen et al., 2017; Zhang et al., 2019). However, some input data asso-
ciated with the present study have limitations. First, vehicle count data 
covers only the road freight sector, without considering other types of 
vehicles in the study. Another issue to consider is the emission factor, 
making it necessary to approximate PM emission factors considering all 
vehicles. Besides, there are other sectors responsible for PM emissions, 
such as industries, which make it difficult to analyze emissions only from 
cargo vehicles. Another limitation concerns the meteorological and air 
quality data. The State of São Paulo does not have comprehensive 
coverage of meteorological stations and not all of them measure all types 
of pollutants. Therefore, a meteorological station that covers all mu-
nicipalities in the study area was chosen. The simulation of pollutants 
concentration by AERMOD is unable to reproduce secondary pollutants, 
formed by the chemical reactions in the atmosphere. These secondary 
pollutants, particularly secondary PM, also cause great impact on human 
health, especially when considering long term exposure, and may affect 
larger areas. Nevertheless, a photochemical model is required to 
perform this investigation and it is outside the scope of the present work. 

This research is especially useful to understand the relationship between 
traffic dynamics and air quality. Future research is suggested to differ-
entiate the impact of each type of vehicle for studies on highways, as 
well as to study other types of pollutants, including secondary PM, that 
affect human health and the environment. 

7. Conclusions 

This paper evaluated the air pollution dispersion considering the 
emissions from heavy-duty trucks and the impacts on human health due 
to the short and long-term exposure. Modeling urban air pollution rep-
resents an important component to quantify the adverse effects of traffic 
emissions on public health. Results show the spatial distribution of 
pollutants PM10 and PM2.5, highlighting that the largest emissions 
related to diesel and LNG are concentrated along with the receptors 
close to the highways, while the concentrations of pollutants decrease as 
the distance from the road increases as concluded by Misra et al. (2013). 
Also, concentrations vary along the highways, showing higher concen-
trations in specific cities such as Jundiaí and Cajamar, which can be 
explained by the intense flow of cargo vehicles in certain sections of the 
road. It is worth remembering that these concentrations from the AER-
MOD simulations cover only the emissions from heavy-duty trucks and 
these values reach almost the targets established by WHO for PM10 and 
PM2.5. From the public health side, the fleet replacement showed that 
the substitution of diesel for LNG in the full fleet avoids, on one hand, 
deaths in lung cancer, cardiovascular diseases, and other respiratory 
diseases in elderly people, but does not eliminate all deaths. On the other 
hand, however, accumulated probability showed that, when considering 
only primary PM, there is 100% chance to reduce only 1 death due to 

Fig. 10. The accumulated probability of deaths from LNG replacement for lung cancer (top-left), cardiovascular diseases (top-right), respiratory diseases in elderly 
(bottom-left), and respiratory diseases in children (bottom-right) considering the different ratio between PM2.5 and PM10. 
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respiratory diseases in children with full fleet replacement. This comes 
to show that other measures to reduce PM emissions must be in place 
together in addition to the substitution of the road transport fleet, 
including the change of local traffic to less-pollutant vehicles and the 
implementation of public policies aiming to reduce emissions in 
different sectors than transport (civil construction, industry, and agri-
culture, for example). 
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2009. Combining regional- and local-scale air quality models with exposure models 

A.C. Rodrigues Teixeira et al.                                                                                                                                                                                                                

https://doi.org/10.1016/j.atmosenv.2020.117814
https://doi.org/10.1016/j.atmosenv.2020.117814
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref1
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref1
https://doi.org/10.3390/ijerph13070694
https://doi.org/10.3390/ijerph13070694
https://doi.org/10.1016/j.ijhydene.2017.04.021
https://doi.org/10.1016/j.apenergy.2016.02.001
https://doi.org/10.1016/j.apenergy.2016.02.001
https://doi.org/10.1007/s11869-010-0104-5
https://doi.org/10.1007/s11869-010-0104-5
https://doi.org/10.1016/j.atmosenv.2018.09.034
https://doi.org/10.1016/j.atmosenv.2018.09.034
https://doi.org/10.1016/j.atmosenv.2018.09.034
https://doi.org/10.1016/j.atmosenv.2018.09.034
https://doi.org/10.1016/j.enpol.2013.08.016
https://doi.org/10.1016/j.enpol.2013.08.016
https://doi.org/10.1016/j.trd.2017.10.008
https://doi.org/10.3155/1047-3289.58.7.865
https://doi.org/10.3155/1047-3289.58.7.865
https://doi.org/10.1016/j.atmosenv.2014.05.065
https://doi.org/10.1016/j.atmosenv.2014.05.065
https://doi.org/10.1016/j.envint.2015.07.010
https://doi.org/10.1016/j.atmosenv.2006.06.020
https://doi.org/10.1016/j.atmosenv.2010.11.016
https://doi.org/10.1016/j.atmosenv.2010.11.016
https://doi.org/10.1289/ehp.1307049
http://ri.ccr.com.br/en/faq/autoban/
http://ri.ccr.com.br/en/faq/autoban/
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref17
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref17
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref17
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref18
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref19
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref19
https://qualar.cetesb.sp.gov.br/qualar/home.do
https://qualar.cetesb.sp.gov.br/qualar/home.do
https://doi.org/10.1016/j.joei.2018.06.005
https://doi.org/10.1016/j.joei.2018.06.005
http://datasus.saude.gov.br/
http://datasus.saude.gov.br/
https://doi.org/10.1007/s11869-010-0104-5
https://doi.org/10.1007/s11869-010-0104-5
https://doi.org/10.1016/j.jth.2018.04.006
https://doi.org/10.1016/j.jth.2018.04.006
https://www.eea.europa.eu/data-and-maps/figures/pm2-5-pm10-emissions-ratios-total-and-for-road-transport
https://www.eea.europa.eu/data-and-maps/figures/pm2-5-pm10-emissions-ratios-total-and-for-road-transport
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref26
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref26
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref26
https://www.epa.gov/scram/air-quality-dispersion-modeling-preferred-and-recommended-models
https://www.epa.gov/scram/air-quality-dispersion-modeling-preferred-and-recommended-models
https://doi.org/10.1016/j.trd.2017.09.011
https://doi.org/10.1016/j.trd.2017.09.011
https://doi.org/10.1093/aje/kwh181
https://doi.org/10.1093/aje/kwh181
https://doi.org/10.1016/j.trd.2013.09.003
https://doi.org/10.1186/1476-069X-12-43
https://doi.org/10.1186/1476-069X-12-43
https://doi.org/10.1016/j.atmosenv.2016.12.006
http://cidades.ibge.gov.br/xtras/home.php
http://cidades.ibge.gov.br/xtras/home.php
http://qualidadedoar.org.br/
http://refhub.elsevier.com/S1352-2310(20)30548-3/sref35


Atmospheric Environment 241 (2020) 117814

13

for use in environmental health studies. J. Air Waste Manag. Assoc. 59, 461–472. 
https://doi.org/10.3155/1047-3289.59.4.461. 

Josephs, S., 2015. The Per-Mile Costs of Operating Compressed Natural Gas Trucks: 
Experience from 16 Million Miles with the Cummins ISX12G. 

Kim, K.H., Kabir, E., Kabir, S., 2015. A review on the human health impact of airborne 
particulate matter. Environ. Int. https://doi.org/10.1016/j.envint.2014.10.005. 

Liu, Y., Zhao, N., Vanos, J.K., Cao, G., 2019. Revisiting the estimations of PM 2.5 
-attributable mortality with advancements in PM 2.5 mapping and mortality 
statistics. Sci. Total Environ. 666, 499–507. https://doi.org/10.1016/j. 
scitotenv.2019.02.269. 

Liu, S., Xing, J., Wang, S., Ding, D., Chen, L., Hao, J., 2020. Revealing the impacts of 
transboundary pollution on PM 2 . 5 -related deaths in China. Environ. Int. 134, 
105323 https://doi.org/10.1016/j.envint.2019.105323. 

Lurie, K., Nayebare, S.R., Fatmi, Z., Carpenter, D.O., Siddique, A., Malashock, D., 
Khan, K., Zeb, J., Hussain, M.M., Khatib, F., Khwaja, H.A., 2019. PM 2.5 in a 
megacity of Asia (Karachi): source apportionment and health effects. Atmos. 
Environ. 223–233. https://doi.org/10.1016/j.atmosenv.2019.01.008. 

Maffia, J., Dinuccio, E., Amon, B., Balsari, P., 2020. PM emissions from open field crop 
management: emission factors, assessment methods and mitigation measures – a 
review. Atmos. Environ. https://doi.org/10.1016/j.atmosenv.2020.117381. 

Martins, L.D., Wikuats, C.F.H., Capucim, M.N., de Almeida, D.S., da Costa, S.C., 
Albuquerque, T., Barreto Carvalho, V.S., de Freitas, E.D., de Fátima Andrade, M., 
Martins, J.A., 2017a. Extreme value analysis of air pollution data and their 
comparison between two large urban regions of South America. Weather Clim. 
Extrem. 18, 44–54. https://doi.org/10.1016/j.wace.2017.10.004. 

Martins, L.D., Wikuats, C.F.H., Capucim, M.N., de Almeida, D.S., da Costa, S.C., 
Albuquerque, T., Barreto Carvalho, V.S., de Freitas, E.D., de Fátima Andrade, M., 
Martins, J.A., 2017b. Extreme value analysis of air pollution data and their 
comparison between two large urban regions of South America. Weather Clim. 
Extrem. 18, 44–54. https://doi.org/10.1016/j.wace.2017.10.004. 

Misra, A., Roorda, M.J., MacLean, H.L., 2013. An integrated modelling approach to 
estimate urban traffic emissions. Atmos. Environ. 73, 81–91. https://doi.org/ 
10.1016/j.atmosenv.2013.03.013. 

Mouette, D., Machado, P.G., Fraga, D., Peyerl, D., Borges, R.R., Brito, T.L.F., 
Shimomaebara, L.A., dos Santos, E.M., 2019. Costs and emissions assessment of a 
Blue Corridor in a Brazilian reality: the use of liquefied natural gas in the transport 
sector. Sci. Total Environ. 668, 1104–1116. https://doi.org/10.1016/j. 
scitotenv.2019.02.255. 

Nogueira, T., Dominutti, P.A., Vieira-Filho, M., Fornaro, A., de Fatima Andrade, M., 
2019. Evaluating atmospheric pollutants from urban buses under real-world 
conditions: implications of the main public transport mode in são paulo. Brazil. 
Atmosphere (Basel) 10. https://doi.org/10.3390/atmos10030108. 

Ogunkoya, D., Fang, T., 2015. Engine performance, combustion, and emissions study of 
biomass to liquid fuel in a compression-ignition engine. Energy Convers. Manag. 95, 
342–351. https://doi.org/10.1016/j.enconman.2015.02.041. 

Ostro, B., Prüss-üstün, A., Campbell-lendrum, D., Corvalán, C., Woodward, A., 2004. 
Outdoor Air Pollution Assessing the Environmental Burden of Disease at National 
and Local Levels. 

Ozdemir, H., 2019. Mitigation impact of roadside trees on fine particle pollution. Sci. 
Total Environ. 659, 1176–1185. https://doi.org/10.1016/j.scitotenv.2018.12.262. 

Perugu, H., Wei, H., Yao, Z., 2016. Integrated data-driven modeling to estimate PM2.5 
pollution from heavy-duty truck transportation activity over metropolitan area. 
Transport. Res. Transport Environ. 46, 114–127. https://doi.org/10.1016/j. 
trd.2016.03.013. 

Pfoser, S., Aschauer, G., Simmer, L., Schauer, O., 2016. Facilitating the implementation 
of LNG as an alternative fuel technology in landlocked Europe: a study from Austria. 
Res. Transp. Bus. Manag. 18, 77–84. https://doi.org/10.1016/j.rtbm.2016.01.004. 

Rangel, M.G.L., Henríquez, J.R., Costa, J.A.P., de Lira Junior, J.C., 2018. An assessment 
of dispersing pollutants from the pre-harvest burning of sugarcane in rural areas in 
the northeast of Brazil. Atmos. Environ. 178, 265–281. https://doi.org/10.1016/j. 
atmosenv.2018.02.006. 

Rodrigues, C.G., Vormittag, E. da M., Araújo, P., Cavalcante, J.A., Saldiva, P.H.N., 2015. 
Projeção da mortalidade e internações hospitalares na rede pública de saúde 
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