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ABSTRACT
Exposure to traffic emission is harmful to human health. Emission inventories are essential to
public health policies aiming at protecting human health, especially in areas with incomplete or
nonexistent air pollution monitoring networks. In Brazil, for example, only 1.7% of municipal
districts have a monitoring network, and only a few studies have reported data on vehicle
emission inventories. No studies have presented emission inventories by municipality. In this
study, we predicted vehicular emissions for 5570 municipal districts in Brazil during the period
2001–2012. We used a top-down method to estimate emissions. Carbon dioxide (CO2) is the
pollutant with the highest emissions, with approximately 190 million tons per year during the
period 2001–2012). For the other traffic-related pollutants, we predicted annual emissions of 1.5
million tons for carbon monoxide (CO), 1.2 million tons of nitrogen oxides (NOx), 209,000 tons of
nonmethane hydrocarbons (NMHC), 58,000 tons of particulate matter (PM), and 42,000 tons for
methane (CH4). From 2001 to 2012, CO, NMHC, and PM emissions decreased by 41, 33, and 47%,
respectively, whereas those CH4, NOx, and CO2 increased by 2, 4, and 84%, respectively. We
estimated uncertainties in our study and found that NOx was the pollutant with the lowest
percentage difference, 8%, and NMHC with the highest one, 30%. For CO, CH4, CO2, and PM,
the values were 22, 14, 21, and 20%, respectively. Finally, we found that during 2001 and 2012
emissions increased in the Northwest and Northeast. In contrast, pollutant emissions, except for
CO2, decreased in the Southeast, South, and part of Midwest. Our predictions can be critical to
efforts developing cost-effective public policies tailored to individual municipal districts in Brazil.

Implications: Emission inventories may be an alternative approach to provide data for air
quality forecasting in areas where air quality data are not available. This approach can be an
effective tool in developing spatially resolved emission inventories.
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Introduction

Motor vehicle emissions are a key contributor to air
pollution (Lelieveld et al., 2015). Globally, in urban
areas, vehicular emissions account for 25% of the ambi-
ent PM2.5 (particulate matter with an aerodynamic
diameter <2.5 μm) concentrations (Karagulian et al.,
2015). In addition, Sokhi (2011) suggested that motor
vehicle emissions are responsible for 30% of nitrogen
oxides (NOx), 14% of carbon dioxide (CO2), 54% of
carbon dioxide (CO), and 47% of nonmethane hydro-
carbons (NMHC) of global emissions.

Epidemiological studies have demonstrated that these
traffic-related air pollutants are a risk factor for increased
morbidity and early mortality (Svendsen et al., 2012;
Gonzalez-Barcala et al., 2013; Williams et al., 2009;
Keuken et al., 2012; Buonanno et al., 2013; Chen et al.,

2012; Lelieveld et al., 2015). In Brazil, exposure to air
pollutants has been associated with increased lung cancer
occurrences (Fajersztajn et al., 2013), cardiorespiratory
diseases (Paula Santos et al., 2005), asthma (Amâncio
and Nascimento, 2012), and premature deaths (Lin
et al., 2004).

Air pollution concentration data are essential for
controlling source emissions and protecting human
health. Ideally, these data are obtained from air pollu-
tion monitoring networks (Adams and Kanaroglou,
2016; Kanaroglou et al., 2005; Zheng et al., 2011).
However, most developing countries do not have mon-
itoring networks or have inadequate networks. For
example, in Brazil, there are a total of 5570 municipal
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districts, but only 1.7% of them have an air pollution
monitoring network (Alves et al., 2014). Brazil has 1.3
stations per million inhabitants, whereas the USA has
16 stations (Alves et al., 2014), Japan has 15 stations
(Fukushima, 2006), and Germany has 23 stations
(German Environment Agency [UBA], 2013).

Emission inventories may be an alternative approach to
provide data for air quality forecasting in areas where air
quality data are not available (Smit et al., 2008; Lozhkina
and Lozhkin, 2015; Coelho et al., 2014; Bandeira et al.,
2011). In Brazil, only a few studies have reported informa-
tion on vehicle emission inventories (Réquia et al., 2015;
Ueda and Tomaz, 2011; Gallardo et al., 2012; Duarte et al.,
2013). However, these investigations have only presented
results for specifics cities, such Brasília (Brazil’s capital), São
Paulo (the biggest Brazilian city), andRio de Janeiro. To our
knowledge, the exception is a study for South America
(Alonso et al., 2010), which the authors estimated emissions
based on the analysis and aggregation of available inven-
tories for major cities. Due to limited number of local
inventories, Alonso et al. (2010) extrapolated vehicle emis-
sions based on the vehicle density, urban population, and
socioeconomic factors. In Brazil, most of the emission
inventories are estimated by the Brazilian Environmental
Agency (national inventories) and the state environmental
agencies (state or regional inventories). To date, only a few
state environmental agencies in Brazil have reported emis-
sion data. Most of the regions in the North, Northeast, and
Midwest do not have emission inventories.

In this study, we predict vehicular emissions for
5570 municipal districts in Brazil, spanning throughout
the country during the period between 2001 and 2012.

Materials and methods

Study area

Brazil has approximately 200 million inhabitants and cov-
ers a surface of 8,515,767 km2 divided into 26 states and a
federal district. The states are further subdivided into 5570
municipal districts (Figure 1). The largest three cities, São
Paulo, Rio de Janeiro and Salvador, have populations of
10,009,000, 5,613,000, and 2,331,000, respectively. Regional
transit and public transit across Brazil vary in their quality
of services between states. The national highways/freeway
system includes 2 million kilometers of roads, of which
approximately 200,000 km are paved.

Vehicle emission inventory

We chose a top-down approach for predicting emis-
sions, and we used the following equation:

Ex;i;z;y¼
vfx;i;y�αy
� ��Dty�Ef i;z;y
� �

106
(1)

where E are the annual emissions in metric tons; Vf is
the number of vehicles; α is fraction of fleet in use; Dt is
the average distance traveled in km/yr; Ef is the emis-
sion factor in grams of pollutant per unit distance (g/
km); x is the municipal district (5570); i is the year
considered to estimate emissions (from 2001 to 2012); z
is the pollutant type; and y is the vehicle type.

We predicted emissions for carbon monoxide (CO),
nonmethane hydrocarbons (NMHC), methane (CH4),
nitrogen oxides (NOx), particulate matter (PM), and
carbon dioxide (CO2). For PM emissions, we consid-
ered the sum of emissions (exhaust, brakes, tires, and
pavement wear). For CH4 and NMHC, we accounted
for only evaporative emissions. Furthermore, we con-
sidered six vehicle categories: light vehicles (passenger
cars), utility vehicles (for transport of passengers or
goods), motorcycles, trucks (light, middle, and heavy
duty), urban buses, and interstate buses. In Appendix 1
(Supplemental Material), we present the characteristics
each vehicle type. Finally, to estimate the total emis-
sions of a pollutant z for year i, and for municipal
district x, we used the following equation:

TAEz;i;x ¼ ELv;z;i;x þ EUv;z;i;x þ EMo;z;i;x

þETr;z;ix þ EUb;z;ix þ EIb;z;i;x
(2)

where TAE are the emissions, in tons, for light vehicles
(Lv), utility vehicles (Uv), motorcycles (Mo), trucks
(Tr), urban buses (Ub), and interstate buses (Ib).

Vehicle fleet (Vf)
Vehicle fleet data were obtained from Brazil’s National
System of Traffic (NST) (Denatran, 2015). NST con-
siders buses as unique category. According to the
Brazilian Environmental Agency (MMA, 2013), 10%
of the buses are interstate and 90% are urban.

The vehicle fleet data include all vehicles owned in a
municipal district rather than the fleet in use. For our
analysis, we excluded vehicles that were no longer in use
(old vehicles) and vehicles purchased in the municipal
district but used in another. To determine the vehicles in
use, wemultiplied the NST emission data by the fraction of
vehicles in use, α, as recommended by the Brazilian
Environmental Agency, which considers the vehicle age
and type. The value α is based on a scrapping curve. For
example, the Brazilian Environmental Agency recom-
mends an α value equal to 0.95 for light vehicles with ≤5
yr. It means that 95% of the light vehicles with ≤5 yr are in
use. Since it was not possible to determine the fleet age, we
assumed a median age for vehicles <20 yr (according to
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NST, 95% of vehicles have a maximum age of 20 yr).
Specifically, we used the following multipliers for active
vehicles for α: light vehicles (0.85), utility vehicles (0.75),
motorcycles (0.55), trucks (0.80), urban buses (0.85), and
interstate buses (0.85).

Distance traveled (Dt)
We obtained distance traveled data from the
Brazilian Environmental Agency (MMA, 2013).

According to the agency, the distance traveled
depends on the both vehicle age and type. As men-
tioned previously, it was not possible to obtain data
on vehicle age. Therefore, we calculated an average
use for vehicles between 0 and 20 yr old, which are
13,524 km/yr for light vehicles, 14,524 km/yr for
utility vehicles, 7714 km/yr for motorcycles; 67,366
km/yr for trucks, 69,857 km/yr for urban buses, and
194,048 km/yr for interstate buses. In the

Figure 1. Study area.
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supplemental Appendix 1, we present the data set
provided by the Brazilian Environmental Agency.

Emission factor (Ef)
We obtained emission factor data from the Brazilian
Environmental Agency (MMA, 2013) and
Environmental Agency of São Paulo (CETESB, 2012).
The emission factor is a function of vehicle age, and we
adopted the same procedure as for distance traveled.
Appendices 2 and 3 present emission factors for vehicle
type (y), pollutant (z), and year (i) used in our study.

Evaluation of the emission inventories

We compared our predictions with those reported in
the National Emission Inventory by the Brazilian
Environmental Agency (MMA, 2013). We performed
two comparisons using results from E (eq 1) and TAE
(eq 2), respectively.

Since the national inventory reports total emissions
for the entire country, there is no spatial disaggregation
by state or municipal district. Consequently, we used
the sum of emission from all 5570 municipal districts to
evaluate emission predictions using the following
equations:

TEB0
i;z;y ¼

XN

1

Ei;z;y (3)

TEB00
i;z;y ¼

XN

1

TAEi;z (4)

where TEB’ is the total emission in Brazil considering
all type of vehicles; TEB’’ is the total emission in Brazil
per type of vehicle; and N is the number of municipal

districts. Finally, we evaluated our results as the follow-
ing equations:

ER0
i;z;y ¼

TEB0
i;z;y � BEA0

i;z;y

BEA0
i;z;y

� 100% (5)

ER00
i;z ¼

TEB00
i;z � BEA00

i;z

BEA00
i;z

� 100% (6)

where ER′ is the evaluation of emission considering all
vehicle types and BEA′ is the emissions for all vehicles
types, which we obtained from the Brazilian
Environmental Agency. Furthermore, ER″ is the evaluation
of emissions considering the vehicles categories; and BEA″
is the emissions per vehicles category, which we obtained
from the Brazilian Environmental Agency as well.

The Brazilian Environmental Agency estimated the
emissions using the same approach that we used, the
top-down method. However, the agency estimates
the emissions at the country level; there is no disaggre-
gation by municipal districts.

Results and discussion

Descriptive analysis

Light vehicles represent approximately 59% of the fleet.
The respective numbers for motorcycles, utility vehi-
cles, trucks, and buses (urban and interstate) are 28, 10,
2, and 1%. In 2001, the entire fleet in Brazil (all vehi-
cles) comprised approximately 23 million vehicles. In
2012, the fleet doubled to approximately 46 million
vehicles. Light vehicles increased by 72%, utility vehi-
cles by 75%, motorcycles by 287%, trucks by 53%,
urban buses by 52%, and interstate buses by 49%.
Figure 2 shows a box-plot graph of vehicle numbers

Figure 2. Number of vehicles during the period 2001–2012. Light vehicles (red); utility vehicles (orange); motorcycles (yellow); trucks
(green); urban buses (blue); and interstate buses (purple).
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between 2001 and 2012. As noted above, we only con-
sidered vehicles in use to predict emissions, the number
of which was lower than that of vehicles registered (76
million in 2012).

The Brazilian fleet represents a non-negligible frac-
tion of the global one. According to the World Health
Organization (WHO), during the period 2000–2010,
Brazil had the second largest fleet increase behind
China (WHO, 2012). The Brazilian Energy Agency
(EPE) reported that by 2050, the country fleet will
increase by more than 300%, totaling an estimated 130
million registered vehicles (EPE, 2014). This will have an
adverse impact on environmental quality, human health,
and urban mobility (Ribeiro et al., 2014; Weber et al.,
2014; Lima et al., 2014; Chandran et al., 2013).

Light vehicles and trucks emit the highest amount of
pollutants (Figure 3). In 2012, for example, light vehicles
were responsible for 48% of CO, 40% of NMHC, and 51%
of CH4, whereas trucks were responsible for 58% of NOx

and 47% of PM. Finally, light vehicles and trucks were
responsible for 36% and 34% of CO2 emissions,
respectively.

According to Gallardo et al. (2012), vehicle age is an
important parameter for determining emission by vehi-
cles type, especially for the diesel fleet. Older vehicles
emit more pollutants per distance. For example, the
authors suggest that trucks are an important source of
PM due to their age. On average, trucks are the oldest

category of vehicles (Denatran, 2015). As mentioned
above, in our study trucks were responsible for the
highest emissions of PM.

As expected, CO2 was the pollutant with the highest
emissions, approximately 190 million tons per year. For
the other pollutants, we estimated an annual average of
approximately 1.5 million tons of CO, 1.2 million tons
of NOx, 209,000 tons of NMHC, 58,000 tons of PM,
and CH4 presented the lowest emission, 42,000 tons.

Our findings are in agreement with other studies
(Brondfield et al., 2012; Nejadkoorki et al., 2008; Nagpure
andGurjar, 2012). From2001 to 2012, traffic emissionsCO,
NMHC, andPMdecreased by 41, 33, and 47%, respectively,
whereas those of CH4, NOx, and CO2 increased by 2, 4, and
84%, respectively. Figure 3 shows the temporal variation of
emissions by vehicle and pollutant type.

The decline of CO, NMHC, and PM emissions is a
result of the implemented emission control strategies
over the last 30 yr, for example, the national program of
air quality control (PRONAR) and the program to
control vehicular emissions (PROCONVE). The bene-
fits of these environmental policies have been reported
by other emission inventory studies, such as Gallardo
et al. (2012) and Vlachokostas et al. (2009). In contrast,
the PRONAR and PROCONVE programs do not
include regulations for CO2 emissions. This and the
fleet growth are the main reasons for the dramatic
increase in CO2 emissions between 2001 and 2012.

Figure 3. Air pollution inventories between 2001 and 2012 by vehicle and pollutant type. Emission inventories for (a) CO, NMHC,
CH4, NOx, and PM and (b) CO2. Light vehicles (Lv); utility vehicles (Uv); motorcycles (Mo); trucks (Tr); urban buses (Ub); and interstate
buses (Ib). There is a large difference for the scale of values between the CO2 and other pollutants. Therefore, we present the results
for CO2 in a separate chart (b).
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Evaluation of uncertainties in emissions

We estimated uncertainties in emissions and found that
urban and interstate buses were the category with the
highest values, 67% and 65%, respectively, and trucks
with the lowest value, 16%. The respective estimates for
light vehicles, utility vehicles, and motorcycles were 29,
49, and 46%. In Appendices 4–9 (Supplemental Material)
we compare our predictions by vehicle and pollutant type
with those reported in the National Emission Inventory
by the Brazilian Environmental Agency.

NOx was the pollutant with the lowest percent different,
8%, and NMHC with the highest one, 30%. For CO, CH4,
CO2, and PM, the values were 22, 14, 21, and 20%, respec-
tively. In Figure 4, we compare our predictions with those
reported in the national inventory. Other studies have
shown similar differences with national inventories. For
example, Zhou et al. (2014) estimated emissions for four
cities inChina and found an average difference of 39.9, 33.9,
46.3, and 46.9% for SO2, NOx, NMHC, and CO,
respectively.

Spatiotemporal distribution

Figures 5 and 6 show the spatiotemporal variability in
emission inventories during the period 2001–2012.

Emissions increased in the Northwest and Northeast. In
contrast, pollutant emissions, except for CO2, decreased in
the Southeast, South, and part of Midwest. CO2 emissions
(Figure 6, map B) increased significantly throughout the
country. In Appendices 10–15, we present maps of spa-
tiotemporal distributionwith better scale for visualization.

The fleet growth rate in Brazil between 2001 and
2012 differed by economic region. The northern part of
the country is less affluent than the southern one. As
result, parts of the Midwest, Southeast, and South have
approximately 85% of the national fleet. However,
recently, the fleet has increased in most of the munici-
pal districts in the Northwest and Northeast due to
strong economic growth. The fleet growth rates for
the different regions, during the period 2001–2012,
were as follows: 140% for the Northeast, 187% for the
Northwest, 133% for the Midwest, 91% for the
Southeast, and 105% for the South 105%.

Other studies have shown that association economic
factors are important variables to distinguish spatial
variability of fleet growth and traffic emissions. Austin
et al. (2013), for example, identified high association in
particle composition in the United States based on
geographic locations, emission profiles, population,
and economic variables. Zou et al. (2014) examined

Figure 4. Comparison between our predictions and those reported in the Brazilian Environmental Agency national inventory. This
study (blue line); national inventory (green line); and difference (red dots). CO2 emissions are at 103 tons.
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spatial cluster of air pollution exposure across the
United States and suggest economic variables as signif-
icant components.

Limitations

Our study has a few limitations. We did not have data
on fleet age; instead, we used the rate α and data on the

Figure 5. Spatiotemporal distribution of emission inventories of CO, NMHC, CH4, and NOx (tons/year). Emissions of (a) CO; (b) NMHC;
(c) CH4; and (d) NOx. The values are log-normalized.
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average number of vehicles in use from the Brazilian
Traffic Agency. In addition, we had no data on the
diurnal variation of emissions and emissions from
cold start or idling periods. Finally, we were unable to
distinguish the type of fuel (gasoline or alcohol) for the
light and utility vehicles.

Conclusions

There are no studies predicting emission inventories in
Brazil at the municipality level. This is an important first
step in understanding contributions and finding solu-
tions to environmental problems, especially in areas
without air pollution monitoring network. Brazil has a
rapidly growing fleet, and its emissions contribute sig-
nificantly to South America and even at a global level.
Our approach can be an effective tool in developing
spatially resolved emission inventories; this enables us
to develop mitigation strategies tailored to specific muni-
cipal districts in Brazil. Our findings have identified
spatial differences of municipal districts, which warrant
the attention of policy makers and environmental agen-
cies at local, regional, and national levels. Further inves-
tigations may assess spatial patterns of traffic emissions
in order to understand the geographic phenomena. This
analysis is important to identify groups of municipal
districts with varying levels of traffic emissions.
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