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HIGHLIGHTS

Public policies are needed to reduce air pollutomany sectors, not only in
freight transport

LNG helps to reduce PM emissions, but may not b#icent to avoid

attributable deaths in the vicinity of the expreagsv

Only fuel replacement in heavy-duty vehicles used ffeight transport in
expressways is not enough to improve the health thed population
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ABSTRACT

The Brazilian transport system is based on theofideghways and road heavy-duty
trucks are the main type of vehicle to perform tadivity. There are more than 1
million km of highways in the country and the sdéafor alternative technologies to
reduce emissions from the transport industry ise@asing. The Blue Corridor research
started to replace heavy-duty vehicles fueled byweational diesel to liquefied natural
gas (LNG) and its effect on pollutant emissionsugtihns. In this context, this paper
aims at evaluating the atmospheric dispersion ofiquéate matter (PM) from road
heavy-duty trucks in 12 cities in the Sao PaulotéStassessing the impacts of the
replacement of full fleet powered by diesel to Lid&d the effects on the health of the
local population. The model AERMOD was used to d$ataithe dispersion of PM
produced by heavy-duty vehicles fuel combustion #red methodology suggested by
the World Health Organization (WHO) was used tolyea the number of deaths
attributed to the PM emitted. Results showed sonmumicipalities with high PM
concentrations, which exceeded the limits suggdsyed/HO. In terms of health issues,
cardiovascular diseases in a population older 8@ayears were the main cause of death
from PM emissions. When it comes to fuel replaceineNG helps to reduce PM
emissions, but considering this reduction alon@as sufficient to avoid attributable
deaths.

Keywords: Particulate matter; heavy-duty trucks;pallution; LNG; health impact; Air
Quiality Dispersion Model.



83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

1. INTRODUCTION

Air pollution is an urban issue faced in differecities around the world
(Figliozzi, 2017; Lurie et al., 2019; Zhao et @018) and many epidemiological studies
have shown that poor air quality is a risk factmr $everal outcomes in human health.
According to the World Health Organization (WHO,13), 4.2 million premature
deaths worldwide were caused by outdoor air pafufAskariyeh et al., 2017; Baldauf
et al.,, 2008; Finkelstein et al., 2004; Ozdemirl20Wilhelm and Ritz, 2003) and
several studies have shown the impact of partieuhaatter (PM) on the lung and
systemic cardiovascular diseases (Bilenko et @ll52Liu et al., 2020; Wang et al.,
2015). These effects include a decrease in lungtifum an increase in the symptoms of
asthma and chronic bronchitis, leading to moreosericardiopulmonary events, which
result in increased hospitalizations and deatlak@¢ et al., 2009).

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

To assess the population's exposure to emissitaigdeto vehicle traffic considering
time, distance from highways, meteorological andggaphical conditions (Shabanpour
et al., 2018; Shekarrizfard et al., 2016; Tong kt 2020), several atmospheric
dispersion models have been developed. These madlels the identification of
individual source contributions to air pollutiondamssist in the design of effective
strategies to reduce harmful air pollutants. Onthese models is the AERMOD Model
by EPA (US Environmental Protection Agency Regul@tqAskariyeh et al., 2017),
which is an important tool to manage air qualitysteyns. AERMOD is a gaussian
model and is still suggested as a reference mogeakfulatory agencies due to its
simplicity of use (Maffia et al., 2020), includirthe Environmental Company of the
State of Sdo Paulo (CETESB) in Brazil.

One strategy to reduce harmful pollutants is the afsalternative fuels (Dey et
al., 2018), especially in substitution of minerase! oil, which has one of the highest
emissions factors within the available fuels formaheduty transport. Based on the
statements above, this paper aims to estimateghthsl attributable to Piyland PM s

concentrations and analyze the dispersion of pdatie matter by heavy-duty trucks in
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Brazil and its effect on human health. To do si3 $tudy uses the main highways in the
state of S&o Paulo (Brazil) as a case study anchasts the population exposed to
particulate matter and the consequent health irmpamtsidering areas surrounding the
area of study. Furthermore, this study analyzetgradegly to reduce pollution-related
diseases by replacing diesel by liquefied natuaal @ NG) in road freight transport.

This paper is divided as such: Section 2 presenlitei@ture review, section 3
presents the methodology, while section 4 brings tbsults and the appropriate

discussions, with conclusions being drawn in sechio

2. LITERATURE REVIEW

Particulate matter is a concept used for a largessclof particles in the
atmosphere. It also acts as a means of transportotfter substances, such as
hydrocarbons and metals, which are added to theclear (Kim et al., 2015). Size,
chemical composition, and other properties, whefimssical or biological, depending
on the origin and transformations that these gdagibhave undergone in the atmosphere.
The measurement of particles is made accordinbdiv aerodynamic diameter, which
can vary between 0.002 and 100 pm. Particles cativied into ultrafine, which are
less than 0.1 um, fine (PN with a diameter between 0.1 and 2.5 um, large(PM
with a diameter up to 10 um, and smoke (Daniel@érall2008).

A major component of long-term health-related piodloi is the fine particulate
matter with an aerodynamic diameter equal to oowe2.5 um (PM,s) (Liu et al.,
2019). It is estimated that RMexposure leads to millions of deaths globally gwerar
(Burnett et al., 2014; Liu et al., 2019). Hoek kt(2013) presented a review about the
long-term air pollution exposure and their impamtscardiorespiratory deaths and the
results showed that long-exposure to J2Mbove the limits suggested by WHO (10
png/m3 - annual mean) can increase around 11%ske fior cardiovascular diseases.

With the advancements of geospatial technologiesspatial datasets are being
increasingly used in health studies and accura@suorements of P, concentrations
and health statistics are the basis for reliablienasions of diseases burden attributable
to PM 5 including cardiovascular, pulmonary, and cogeiteffects (Liu et al., 2019;
Nogueira et al., 2019).

Exposure to air pollutants is a risk factor for lams and many existing studies

attempt to assess the relationship between aiutpmil and mortality using pollutant
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concentration data from air quality monitoring &tas (Abe and El Khouri Miraglia,
2016; Andredo et al., 2018a; de Fatima Andrade.,e2@12; Martins et al., 2017a), on-
site experiments (Nogueira et al., 2019), and nmetegical models (Scovronick et al.,
2016), such as AERMOD model used in this study. &memple of AERMOD use for
health effects was done by Tong et al. (2020), shalyzed the acute morbidity and the
premature mortality in China in combination witle tinotor vehicle emission simulator
(MOVES) model. Other authors like Sonawane et 2012) also use the AERMOD
model to evaluate pollution reduction strategiestfe transport sector, including the
use of natural gas vehicles.

One limitation to do such studies in Brazil is thek of measurements, with few
stations, small-time series, and uneven availgbdit data, with pollutants lacking in
several measuring stations. Air quality monitoriagn its infancy in Brazil and is still
restricted and unsatisfactory in terms of terrdbrand temporal coverage, with
measurements beginning in the year 2000 in SaooRatyl (Andre&o et al., 2018b).
Although there has been an increase of, PRhonitoring stations across the country,
only 9 out of the 27 states have monitoring statiath 397 in total (IEMA, 2019a).
For that reason, most of the studies related tdutamit emissions and atmospheric
concentration fall within the Southeast region, ®h80% of monitoring stations are
found (IEMA, 2019b).

Recent works have tried to either understand poiltlutemission profiles
(Martins et al., 2017a; Suthawaree et al., 2018)aralyzes vehicles emissions (Briant
et al., 2011; de Fatima Andrade et al., 2012; M&ral., 2013; Nogueira et al., 2019;
Shairsingh et al., 2018), or to establish healtipaats from pollutant concentration
through the estimation of premature deaths froreatiss related to pollution (Abe and
El Khouri Miraglia, 2016; Andredo et al., 2018a;ti®aman et al., 2014; Scovronick et
al., 2016). On a particular example of interesheswork done by (Rangel et al., 2018),
due to their application of AERMOD in a Braziliacemario. The authors estimated the
volume of CO, P.M; 5 and NG generated and their dispersion in the atmosphkeeaw
burning sugarcane biomass in rural areas of NosthBeaazil, using the AERMOD
model.

From the pollutant emissions profiles side, Martetsal. (2017) studied the
extreme pollution events in Rio de Janeiro (RJ) 8ad Paulo (SP) metropolitan areas
(MA) and compared the air quality of both MA. A higy concentration of pollutants,
including PM 5, was more frequent during the winter and SP Hagleer probability of



185 experiencing extreme events for all pollutants. Fltima Andrade et al. (2012)
186 quantified the contributions that vehicles mak®W, s concentration in 6 state capitals
187 of Brazil. The project collected samples from thegges and found that in all cities
188 vehicle emissions explained at least 40% of the, £#Mass. Furthermore, only one
189 capital (Recife) had concentrations lower than meiteed by the World Health
190 Organization (WHO). Nogueira et al. (2019a) evadatmissions from buses in 6 bus
191 terminals in the urban metropolitan area of SaAddP@UASP). The study found that
192 emissions of PMs from newer buses are lower and that the renovatighe bus fleet
193 from Euro Il to Euro V and the incorporation of @lc buses had a noticeable impact
194 on NO emissions.

195 From the health impacts side, Scovronick et al16Gnodeled the impacts on
196 air quality and health of ethanol use and productio Brazil. The study takes into
197 consideration not only ethanol consumption in viglsidout also sugarcane burning.
198 Results from their study show that ethanol use doetluce 1100 life-years in the first
199 vyear of analysis and 40,000 life-years and thablgas has better pollution performance
200 than ethanol if life-cycle is taken into considerat Abe and ElI Khouri Miraglia (2016)
201 calculated the avoided deaths from RMbatement scenarios. The authors found that
202 SP could reduce 5 thousand premature deaths aedUsa® 15 billion annually with
203 health expenses if WHO PJM concentration standards were attained. Similarly,
204 Andredo et al. (2018b) calculated the avoidablethdeaf attaining WHO Pl
205 concentration standards in 24 Brazilian citiestHair results, SP showed the highest
206 number of avoidable deaths reaching 82 thousamad &lbcauses in 2017.

207 These studies have provided important insightsrdagg air quality in Brazil
208 and highlighted the importance of monitoring patlatand the resulting health impacts
209 from high pollutant concentrations. However, mothe studies are deterministic by
210 nature and do not include the uncertainties reggrdpatial distribution. Different from
211 previous studies, this study calculates attrib@tat@daths using a Monte Carlo analysis,
212 to take into account the spatial uncertainty wheomes to PM exposure.

213 Moreover, this study models the freight sector andlyzes the avoided deaths
214 from the change in the fuel use status quo paradigBrazil, presenting an analysis of
215 a practical pollution prevention measure.

216

217 3. NATURAL GAS AS A WAY TO REDUCE POLLUTION

218



219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

The availability of domestic natural gas reservegrbved fueling infrastructure,
and state incentives helped promote the use ofalagas in the transportation sector
around the world (Singh, 2015). Natural gas vebitiave increased in many captive
heavy-duty fleet applications (Thiruvengadam et @D18), based mainly on the
environmental benefits that natural gas could bhriegarding greenhouse gases and
local pollutant emissions (Singh, 2015).

From the environmental perspective, natural gasid to produce between 70%
and 85% fewer toxic pollutants than gasoline arebeli vehicles, respectively, and a
10% greenhouse gases (GHG) emission reduction gechpa diesel trucks (Arteconi
and Polonara, 2013). The transport sector, thexeferconsidered by many scholars as
an option for natural gas to substitute diesel@hér fuels (Josephs, 2015; Pfoser et al.,
2016; Xian et al., 2015) due to its environmentahdfits. Adding to this, Brazilian
natural gas production has reached the higheskslave018 due to the pre-salt layer,
and new uses are necessary to avoid wasting thosimee since 75% of natural gas in
Brazil is associated to natural gas, which is exé@ with the extraction of oil (SEMSP,
2017).

When it comes to local pollutants, many studiesehfacused on natural gas as
an alternative to the transport sector to reducssans. With the addition of oxidation
catalysts, carbon monoxide (CO) emissions are emtlly 62% in comparison with
uncontrolled natural gas engines (Thiruvengadanalgt 2018), leading to diesel-
equivalent emissions(Stettler et al., 2016). Comrgbao gasoline, Chen et al. (2019)
reviewed 5 experimental papers and all of them si@@ reductions in dual-fuel
engines running with natural gas. The same resadt shown by Kalam et al. [40], who
tested dual-fuel engines and found a 90% reductitren using natural gas in
comparison to gasoline.

Nitrogen oxides (NOx) emissions differentials betwenatural gas and diesel
engines are the most notable among the pollutAntsview made by M. E. J. Stettler et
al. (2016) shows lower NOx emissions compared ésaliengines, and Thiruvengadam
et al. (2018) say that, in the case of stoichiom&mmbustion, three-way catalysts are
efficient in reducing NOx emissions to near-zera. Stettler et al. (2019) also showed
lower average NOx emission factors for both spgrition and HPDI for freight trucks
compared to diesel. However, the authors statedieael trucks are meeting the latest
NOx emissions standards with selective catalytduction, which reduces natural gas
benefits. On the same note, Smajla et al. (2019) L$4G reduces NOx by 80%
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compared to diesel and that LNG trucks with thresrwatalysts have a lower break-
specific emissions and Vermeulen et al. (2017) wdsted 2 LNG trucks, found that
NOx emissions were the same as diesel trucks.

Hydrocarbons emissions of natural gas trucks in paymon to diesel are
reported as higher in M. E. J. Stettler et al. @0Thiruvengadam et al. (2018), and M.
Stettler et al. (2019), due to the fuel methanetemdnand leakage. Finally, PM
emissions, on the other hand, has been reportbd tower in LNG trucks than diesel
by (Thiruvengadam et al., 2018), (Stettler etz019).

4. METHODOLOGY

To evaluate the health impacts from the fuel reptaent of diesel by LNG, it
was necessary to analyze gMind PM s concentrations through the atmospheric air
pollution dispersion in 2016. First, a backgroumaaentration analysis was performed
to evaluate the impacts on population health sumded by the highways. It is important
to note that this value covers different types & Bources (industries, transport,
combustion, environment, etc.). To evaluate theoapheric dispersion, meteorological
and traffic data, PMy and PM s emissions factors, receptors, and locations date w
used as input to the AERMOD model.

The AERMOD model is an air quality model recommeahtyg the EPA, which
applies to complex terrains and incorporates a dewnwash algorithm - PRIME,
which considers the effects of pollutant depositibhus, AERMOD is considered the
best model of last generation Gaussian dispersibiose formulation is based on the
principles of the planetary boundary layer (EPA,020 For this reason, the
Environmental Agency of the State of Sdo Paulo, EEB, recommends using this
model to simulate environmental concentrationspeniods of short and long exposure
(CETESB, 2019).

The results from simulations and the backgroundcentrations were used to
calculate the concentration from the fleet replaeeimand attributable deaths to PM
emissions. Details are found in subsections. Figushows a flowchart of the steps

from the methodology.
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Figure 1 — Methodology flowchart.

4.1 Background concentration

First, to evaluate the impacts of PM atmosphergpelision emissions from
heavy-duty vehicles in both highways, there wasadnfor background concentration
data. These values are important since there aex pbllutant sources, which are not
treated in the model (Borrego et al., 2006) andoif considered, it can be a source of
uncertainty (Stein et al., 2007). According to EPZ005), background data can be
acquired from air quality monitoring stations anddaling output results. In the case of
this work, estimate background concentrations vessiple only for the city of Jundiai,
where there are meteorological and air quality datailable. Since the spatial
representativity technique used by the Environme@tmpany of the State of S&o
Paulo - CETESB (2016) determined that measurem@aktn at Jundiai station are
representative for a range of 50 km and the othescanalyzed are located in a lower
distance, the same background data was used fcitied.

The background concentration was calculated corisgleehe methodology
proposed by Tchepel et al. (2010) and Python prognag language was used to
model this part. As suggested by Tchepel et all@20a time series of hourly averaged
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concentrations were used to calculate backgroung, Bbhcentration measured at the
Jundiai Station (CETESB, 2020) for 2016. The gpékeinalysis enables to evaluate the
contribution of different frequencies of fluctuat® on the time series and the
Kolmogorov-Zurbenko (KZ) filter was used to remdvequencies higher than 0.0905
h™ (12 h period). The filter consists of calculat@gnoving average of the time series
with a subset of three consecutive values. Thisutaion is repeated three times, once
on the unfiltered series and twice on the previpugldated series. The background
concentration is then determined by averaging itterdd time series. Here, the annual
PM concentration average is determined by calagatie mean of the hourly values of
the filtered series. The standard deviation was eddculated and showed a lower value
than for the unfiltered series, as the filter ree®tigh-frequency peaks.

In order to analyze the health impacts from thdamgment of the full fleet of
conventional heavy-duty vehicles using diesel byd,M Monte-Carlo analysis was
developed to calculate a range of possible deatbscated with air pollution. To reach
this goal, we calculate 10,000 times the concantratconsidering background, diesel,
and LNG contributions. To evaluate the concentretidue to the full replacement, Eq.

1 was performed.

CREP = CBG - CDIESEL + CLNG (1)

Where: Gep — Concentration from the full fleet replacementsG- Background
concentration; GeseL — Diesel concentration from heavy-duty trucks gsihis fuel;
Cine — LNG concentrations from heavy-duty trucks usinig fuel. It is important to
highlight that this equation results in the conitibn of only primary PM emitted by
the freight traffic on the two roads considered204.6.

4.2 Air Quality Dispersion Model

Considering data availability and the importanceh® southeast region, more
specifically of the Sao Paulo state, this study$se on two highways that connect two
important cities of the State, which compose thigdst concession highway system in
terms of revenues in the state of S&do Paulo ar8razil (CCR, 2020). The stretch
considered connects the city of Sdo Paulo to Camspind is composed of the

highways Anhanguera (SP 330) and Bandeirantes 48, 8hown in Figure 2. Data



339 from the vehicle traffic was obtained with Braailitnfrastructure Ministry, considering

340 the number of heavy-duty trucks in 2016.

341
N
HORTOLANDIA . shopauto |
i j,;“@?
§- VALINHOS
FRANCISCO MORATO
g \1_/‘/_; }
§_ FRANCO DA ROCHA?
Legend
§_ == Highways Anhanguera (SP330) / Bandeirantes (SP348)
;85 Municipalities
Coordinate system: SIRGAS 2000 UTM Zone 23S; Source: IBGE. 2010, 1 0 5 10 km
I E—
342 280000 300000 320000
343 Figure 2 — Highways and cities considered in thidwsdy.
344
345 To study the atmospheric dispersion around the wagh, the software

346 AERMOD (EPA, 2020), an Air Quality Dispersion Moddeveloped by EPA (the
347 United States Environmental Protection Agency) waed. It is a Gaussian plume
348 model based on the turbulence structure of theepday boundary layer and scale
349 concepts, including the treatment of surface ardatéd sources. However, AERMOD
350 does not consider any chemical reactions and, fhretehere only primary PM is
351 considered. EPA provides a set of preprocessorshanel only AERMET, which is
352 responsible for processing meteorological data, wased. Data such as surface
353 characteristics, roughness, albedo, wind speedtdire and temperature are provided

354 for AERMET to pre-process the surface charactedgstf the meteorological data.
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AERMOD uses data from AERMET to calculate atmosjhéispersion. The software
is capable to model different types of sources,thdrethey are punctual, volumetric,
line, or area, which is the way that this study wascessed. Table 1 shows the input
data used to run the AERMET model.

Table 1 — Meteorological input data.

Parameter Data Source
Temperaturg Measurement 2m CETESB station (Jundiai)
Height
Wind Measurement 10m CETESB station (Jundiai)
Height
Wind Speed Data considering the IoerIOdCETESB station (Jundiai)

01/01/2016 to 12/31/2016

Climatological height g0 o ot a1 (Sanchez et
Boundary-Layer Height calculated by Sanchez et al. al 20'20)

(Sanchez et al., 2020)

The stretch was divided into 28 pieces due to curoe the roads and to
facilitate the analysis. Latitude and longitudenfrthe initial and final points from each
piece were identified using ArcGIS software andspdsto AERMOD. The daily
distribution of emissions for heavy-duty vehicleasmused from the study performed by
Andrade et al. (Nogueira et al., 2019). Using tagdn vehicles counting at toll plazas,
vehicles' average speed, PM emission factors, &iuvay width it was possible to

calculate the daily emission rate, which is showrl. 2.

S
EF;xTot,x>229 )

DR = ( — 3600 2)(

Where: DR — daily rate (g/sm?); EF emission factor from the pollutant i (g/km); i —
pollutant analyzed; Tet— number of vehicles; .z — average speed (km/h); D — the
distance between initial and final points for epadce of a stretch; W — highway width.
The highway width is needed because the model AERMithulates lines as areas and
ask for a width.

PM emission factor data for heavy-duty vehicles@®@d by diesel was obtained
from the Environmental Company of Sdo Paulo Statlbed CETESB (CETESB, 2017)
and heavy-duty vehicles powered by LNG was obtafraa Mouette et al. (2019). An
average of 0.07 gPMkm was used for Diesel, while an average of 0.0§PRky/km
was used for LNG. Although these values were useother studies or even used as
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based to calculate emissions from heavy-duty truckSCETESB, there is some
uncertainties about the emission factors such@aeiigine characteristics, location, life
cycle and other. Other point to be raised is tim 8M;o emission factor was available.
In order to estimate PM emission factor, the relationship proposed by @str al.
(2004) was used. When all values are availabls, preferred to use the measurement

data, but in cases without these, R2idan be estimated through the ratio between £M

and PMy. Considering the case of exhaust emissions, @hiis is found in literature in a
large range since between 0.5 to 1, since it dependseveral parameters (EEA, 2012;
Sajnchez-Triana et al., 2015). In order to covergbssibilities, the ratios of 0.5, 0.8,
and 1 were considered in this paper.

The simulation was performed for the 2016 period&8 hours). Considering
the entire area, 8,883 receptors have been pladeekein each of them shows the
simulated PMp and PM5s concentration on the annual time scale. It is kwort
mentioning that the replacement of diesel fuel bByG_was 100% for the cargo vehicle
fleet. The simulation was performed for the 12esitshowed in Figure 2 using the
AERMOD model. Each city was divided into receptimsations using a Cartesian grid
with 500 meters between each grid point. Table @wshthe number of receptors
according to the city. The model was performed Pdi;, and PM s for both fuels
(diesel and LNG) using flat conditions for the &#nr; as the location does not present a
substantially complex terrain and 0.5 meters ofjlieexhaust tailpipe. Results from
AERMET preprocessors were also used to run the ABRNhodel.

Table 2 — Population and number of receptors in edccity.
. : Population Density?* Number of
1

Clty 2016 Population (People/km?) receptors

Caieiras 93,215 970 398

Cajamar 69,584 530 522
Campinas 1,144,862 1,439 3,177
Francisco Morato 164,718 3,350 193
Franco da Rocha 141,824 1,059 525

Hortolandia 209,139 3,359 251

ltupeva 51,082 255 807
Jundiai 393,920 914 1,724

Louveira 41,700 754 225

Valinhos 116,308 784 600
Véarzea Paulista 114,170 3,298 142

Vinhedo 69,845 855 319




405 (IBGE, 2016).

406 4.3 Estimating health impacts

407

408 Regarding the public health impacts from road freigansport, a methodology
409 suggested by WHO (Ostro et al., 2004) was usedidmtify the deaths attributable to
410 air pollution. It is an environmental burden diseg&BD) model, which has great
411 relevance for environmental health studies, asai show the magnitude of the
412 problems in the area and of encouraging the planoinpreventive measures. This
413 model considers the concept of the attributabletifva to estimate the number of lives
414 saved if concentrations of particulate matter figfi the air quality standard.

415 To characterize the probability of occurrence ofeaant such as the case of an
416 acquiring a disease, it is necessary, in epidemicdb studies, to calculate the risk
417 associated with this event. In this study, the RedaRisk (RR) is calculated, which
418 shows how much the risk is higher in one group wihecompared to another. An RR
419 of 1 suggests that there is no association betwgpasure and outcome. A RR greater
420 than 1 suggests the existence of this associatiod, below 1, indicates a negative

421 association. The risk functions for EBD are presdmn Table 3.

422
423 Table 3 — Recommended health outcomes and risk futans.
Outcome and exposure metric  Relative Risk (RR) Suggestedp coefficient Subgroup
(95% ClI)
Respiratory mortality and short- (B(X-X0)] 0,00166
= Age <
term exposure to PM R=em o (0,00034 — 0,0030) 98 <>years
Cardiopulmonary mortality and X+17° 0,15515
=|— Age >
long-term exposure to PM [Xo + 1] (0,0562 - 0,2541) ge > 30 years

_ B
Lung cancer and long-term _ [X + 1] 0,23218 Age > 30 years

exposure to Pk Xo+1 (0,0853 - 0,37873)

424 Where: X — Current pollutant concentration (ug/m&)— Target pollutant concentration (10 pg/ms for
425 PM,sand 20 pg/m3 for PM). Source: WHO. Environmental Burden of DiseaséeSeNo. 5. Outdoor

426 Air Pollution: Assessing the environmental burdédisease at national and local levels (Ostro et al
427 2004).

428

429 The result of the RR enables the calculation ofAttebutable Fraction shown

430 in Eqg. 3 and the number of cases associated wittodution shown in Eq. 4.
431

RR-1

432 AF = —— (3)

433
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E=AF xP (4)
Where: E — expected number of deaths due to dutpoi; AF — attributable fraction; P
— population exposed to a health effect.

The mortality data for childhood respiratory diseaelderly respiratory disease,
cardiovascular disease, and cancer disease weamethtfrom the online mortality
system (Codes J09-J18 and J20-J22, J09-J18 ani1d40-60-169 and 120-125, C30 —
C39, respectively) of the Brazilian Integrated He&ystem (SUS) (DATASUS, 2020)
for each city by age group for 2016. Using Matlslonte-Carlo analysis was developed
to calculate a range of possible deaths associaibdair pollution. This provides a
probability of associated deaths, not a determmistlue, which is necessary since the
data from DATASUS does not provide information abpeaople’s location, or where
they live, work, etc. Thus, there is uncertaintypatbthe PM concentration that each
person is exposed to since the concentration vavieseach city area.

The data obtained from the AERMOD simulations wesed to analyze the
impacts on human health through the calculatiorthef attributable deaths to PM
emissions. The attributable deaths were calculda@@00 times, changing the PM
concentration, based on the spatial distributioovigled by AERMOD. These values
were calculated considering the background conagotis and the scenario with full
fleet replacement. The avoided deaths from the flggdacement were calculated based
on Eq. 5:

AVD = ADBG - ADLNG (5)

Where: AVD - Avoided deaths; A2 — deaths attributable to background PM
concentration with the current fleet (100% diesé) nc - deaths attributable to
background PM concentration with LNG fleet (100%@&Neplacement scenario).

5. RESULTS AND DISCUSSIONS

Results are separated into two topics: PM atmaogpluispersion and health
impacts. Each one shows the results obtained ®&hidhways stretch and the impacts
of the replacement of road heavy-duty vehiclesedatith conventional diesel by LNG

on background concentration.
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5.1. PM atmospheric dispersion: heavy-duty vehiclesin the Anhanguera-

Bandeirantes complex

The transport of atmospheric pollutants is mainiyeh by predominant wind
flow. Figure 3 shows the wind rose produced with Wind data used by the AERMOD
simulation. It is clear that the wind is more freqtly from the SE direction in this
region. This pattern has a substantial influencetloe atmospheric dispersion of

pollutants.

Figure 3 — Wind rose for CETESB station (Jundiai)m 2016.

PM atmospheric dispersion, emitted by heavy-dutigks in the Anhanguera-
Bandeirantes complex, was simulated using AERMODetaluate the pollutant
behavior, route, and which cities could be moreda#d. Figure 4 shows the mean
concentrations considering Ryemissions only from road heavy-duty vehicle t@ffi

fueled by conventional diesel (current fleet, oe k#ft) and LNG (right). The influence
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of wind direction is noticed in the concentratioattprn. It is expected that the highest
concentration is found near the roads, which aee gburce of pollution. As the
predominant wind direction is mainly aligned witlhet road’s orientation, the
concentration is even higher near the roads, we#s Idispersion in the southwest-
northeast axis. Another issue to be highlighteithas highways areas, especially for the

Bandeirantes, there are a few buildings, whichriloue to air pollution dispersion.
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Figure 4 —Annual PM1o concentration from trucks emissions using Dieselgft) and
LNG (right)

Note that the simulated concentrations vary froacelto place. As expected,
the highest concentrations are located close taitffevays (highlighted in darker blue.
As the model shows, the concentrations decreaséspsrsion increases; meaning that
the further away from the highways, the plume disjpa increases, and PM
concentrations decrease.

Figure 4 also shows that the results vary from @&00m/m?3 to 19.54 pm/m3 for
diesel, highlighting the lowest concentration ire thity of Campinas, far from the
highway, while the highest concentration is in thy of Jundiai (19.54601um/m3),
close to the Bandeirantes highway (SP-348), foltbwg Cajamar (16.19795um/m3),
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close to the Anhanguera highway (SP-330). For LM®,range was from 0 pm/m3 to
0.00562um/m3, with the lowest concentration foundGampinas (1.158 receptors),
Francisco Morato (44 receptors), Franco da RocBad6eptors), Jundiai (9 receptors)
and Valinhos (29 receptors), far from the highwaysg] the largest concentration was in
Jundiai close to the Bandeirantes highway. It iso abbserved that the lowest
concentration of PM for diesel is higher than the highest concentratay LNG fuel,
showing a reduction in particulate material whemfilrel replacement is performed. It is
important to notice that here only the PM directipitted from the freight traffic in
Anhanguera and Bandeirantes roads is considered.

Figure 5 illustrates the results of annual mearcentrations considering PM
emissions from diesel and LNG, based on the sameitoans and period of PM

DIESEL PM 2.5 LNG PM 2.5
- R il - I (ERICANA {j\h »\-,\ ™ PEDREIRA . o Y
g S e & i 4
27 / L 7. SAO PAUL 2
B o ?\,q\( Eéll __ffr
iy
L e CAMPINAS
HORTOLANDIA
g e
s | e
g = f o
8-‘ g ONTE LQ{' /
@ : $ ‘
k8 ; !
C\i % VALﬁM)_S%\ﬁ
g 1 s
SEEVINHEDO VINQEDO f\w

~/LOUVEIRA /\
B S

7440000
1

g \ ;
3 '\ITUPEVA ’ “\/?
I
J = o 5 IMED PRI
L G JUNDIAI ped AULISTA
1 VARZEA PAULISTA
' : o e
2 s \ FRANCISCO MORATO
= g 2% i
2 1| Legend - 24| Legend i & [FRANCO DA ROGHA
5] ~ 2 MARIPORA
& || PM2.5 concentration CAJAMAR ™ || PM2.5 concentration L :\ e
{ug/m3) b~ (ng/m3) aov S Lm‘i‘r'@"{s .
0,00523 0,00000 TS LS
@® 0,00524 - 0,38662 0,00001 - 0,00030 ‘—‘“
® 0,38663 - 2,14477 [ARTAHARE EARMER o || ® 0.00031-0,00144 :
g_ ® 2,14478 - 1563662 o B ,2 | 84| ® 000145-000464 e, R S S
87 — Highways SP-330 / $P-348 RARUER] (S % || — Highways SP-330/ 5P-348 — sl
~ Municipalities | Coordinate svst;:r:"GSEIngéézzf)S?‘JUTM Zone 235; Municipalities fra | Coordinate syslse;tj:riall?lgggzgno:)GUTM Zone 233,|
280000 300000 320000 280000 300000 320000

Figure 5 — Annual PM, s concentration from trucks emissions using Dieselgft)
and LNG (right)

Similarly, as expected since BMemissions were estimated based on;PM
emissions, the simulated concentrations for,PWary according to the proximity and
distance to the highways. In general, the lowektegare far from the highways, while

the highest values are close to them (highlighteddarker purple). Moreover, the
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simulations showed that fuel replacement can redRMgs emissions and impacts for
the surrounded neighborhood.

For diesel, the variation corresponds to the rarfiges 0.0052 pm/ms3 to 15.63
um/ms3, as shown in Figure 5, with the lowest vafae Campinas, far from the
highways, and the highest value in Jundiai, clas¢he highway Bandeirantes. For
LNG, the variation ranges from 0 pm/ms3 to 0.0046/mfnwith the lowest value away
from the highways, in part of the municipalities @dieiras (144 receptors), Campinas
(1616 receptors), Varzea Paulista (19 receptorg)hado (44 receptors), Francisco
Morato (188 receptors), Franco da Rocha (315 receptitupeva (2 receptors), Jundiai
(263 receptors), Louveira (66 receptors) and Vala(B35 receptors), and the highest
value located in the municipality of Jundiai, clégs¢he Bandeirantes highway.

One issue to be mentioned about the concentratesults found using
AERMOD model is that it is directly dependent onission factor of heavy-duty
vehicles. Considering the sector and technologiethe road freight transport, there are
some gaps about pollutant emissions factor and timse values are used in the
scientific community. Experimental works (Adam ét, 2017; Alamia et al., 2016;
Ogunkoya and Fang, 2015) with different type ofl§ueave been done around many
countries, but each one has specific characteasticmaybe, cannot be considered for
everywhere. However, some papers use these remsllts starting point for other
research, without consider the differences. Thasthis paper, PM emissions factor

used were considering the values used by CETE&8anil.

5.2. Health impacts

To evaluate the air pollution impacts on human thefaibom PM emissions, the
methodology proposed by Ostro et al. (2004) wagl usecalculate the attributable
deaths for lung cancer, cardiovascular and regpyatliseases in the elderly and
children. As previously mentioned, the attributabkaths were calculated for all 12
cities surrounded by highways Anhanguera and Basmakeis.

It is worth to remember that other pollutant doagpact human health in
different ways, but the idea of this paper is taleate the health impact regarding PM
from road freight transport. In this case, as ayeanentioned, only the primary
pollutant was considered. Although other pollutagitectly impact the human health,

such as the case of black carbon — PM major conmpdran incomplete combustion
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(Watson and Valberg, 2001), the methodology progpdse WHO (Ostro et al., 2004)
considers the whole Piland PM s to quantify deaths attributable to air pollutiomed
to a short and long exposure. Regarding the gleb@aksions of black carbon, it is
estimated that road transport contributes approeinal0%, with on-road diesel
engines emitting more than 85% in the transportosg@heng et al., 2016), as future
research, it is interesting to estimate the coatigm of black carbon and the impacts on
human health.

Figure 6 shows the attributable deaths to PM eomssifor the background
concentrations (24.63 pmR¥mM3), which includes the emissions from dieselksjdor
all cities analyzed. This phase of the process mesessary since the background
concentration accounts for PM emissions from diffiér sources. Considering the
background concentration, only this value exceddsannual mean (20 pmR§m?3)
target by WHO.
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Figure 6 — Attributable deaths to PM concentrationdue to lung cancer (top-left),
cardiovascular diseases (top-right), respiratory dieases in elderly (bottom-left),
and respiratory diseases in children (bottom-right)
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Considering the diseases analyzed, Figure 6 shmatsardiovascular problems
presented the highest number of deaths attributal®®1 concentration with an average
of 188 deaths, ranging from 8 to 296 deaths in 201® results found in the study
presented by (Rodrigues et al., 2015) for the S@ddPState also found the highest
values for cardiovascular diseases, representiagpbthe major air pollution effects on
human health. Followed by respiratory diseaseddarly people, ranging from 52 to
190 deaths and lung cancer, with a range from 182taleaths attributable to PM
concentration. The lowest number of attributablatke regards respiratory diseases in
children, with 1 death attributable to PM conceinbra

Considering the use of LNG in road heavy-dutykeun the highways analyzed,
Figure 7 shows the deaths attributable to PM canaton if 100% of road heavy-duty
fleet fueled by conventional diesel would be repthby road heavy-duty vehicles using
LNG. It is possible to note that the behavior af #itributable deaths to PM emissions
considering only the use of LNG is similar to thalues from PM background
emissions, with only the use of diesel, presente#figure 6. Cardiovascular diseases
represent the major causes of deaths attributed®Mb emissions even with the

replacement of 100% of the road heavy-duty trutdet fusing LNG.
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Figure 7 — Attributable deaths to PM concentrationconsidering the LNG
substitution due to lung cancer (top-left), cardioascular diseases (top-right),
respiratory diseases in elderly (bottom-left), andespiratory diseases in children
(bottom-right).

The results have shown that even with a full flegtlacement, the number of
expected deaths would not change in the periodreftme, this item needs to be
considered alongside other measures in the transpotor to guarantee a decrease in
the number of deaths. Figure 8 shows the deaths dbald be avoided in the
replacement scenario. In Figure 8, the attributsatits to PM emissions are around 1 or
2, varying according to the disease. These resefisesent a starting point to discuss
the need for public policies in different areasriocentivize emissions reductions, not

only of PM but also of other pollutants, such afoa monoxide and nitrogen oxides.
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Figure 8 — Reduction of attributable deaths due tohe fuel replacement for lung
cancer (top-left), cardiovascular diseases (top-rig), respiratory diseases in elderly
(bottom-left), and respiratory diseases in childrer(bottom-right).

Through the Monte Carlo simulation, it was possiltb find a range of
attributable deaths for each disease analyzed &wdthe accumulated probability.
Figure 9 shows the accumulated probability of agdideaths according to the disease.
For lung cancer, there is a 100% chance that ks 5 deaths per year would be
reduced. For cardiovascular diseases, the maximoatdvbe 14 deaths, but with a 90%
chance of fewer than 5 deaths being avoided. Regamspiratory diseases in the
elderly, there is a 100% chance that less than eé&ihd would be avoided in the
replacement scenario. Finally, there is no chanceliesel substitution for LNG alone
to avoid any deaths due to respiratory diseasehildren. These results point out that
the other sources that contribute to the backgraromtentration have a substantially
higher impact in public health for this area thhaa toad freight traffic, suggesting that
other measures are needed to improve air qualityhis cities, maybe including

changing fuel for local traffic heavy-duty vehiclasd buses.
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631 Figure 9 — The accumulated probability of deaths fom LNG replacement for lung
632 cancer (top-left), cardiovascular diseases (top-rig), respiratory diseases in elderly

633 (bottom-left), and respiratory diseases in childrer(bottom-right).
634
635 As previously mentioned in the methodology, thrégedent ratios of PMsand

636 PM;o were considered to calculate PMemissions. Figure 10 shows the accumulated
637 probability of deaths avoided for each diseasewds observed that the difference
638 between PM/ PMygratios is small. In the case of lung cancer, carsig all ratios,
639 there is a 100% chance that less than 6 deathgeperwould be reduced with LNG
640 replacement. For cardiovascular diseases, the nuaximumber of deaths avoided is
641 14. For respiratory disease in the elderly, theimam number of avoided deaths is 12
642 and in children, 1 death would be avoided for tire¢ PM sand PMg ratio.

643
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Figure 10 - The accumulated probability of deathsrbm LNG replacement for lung
cancer (top-left), cardiovascular diseases (top-rig), respiratory diseases in elderly
(bottom-left), and respiratory diseases in childrer(bottom-right) considering the
different ratio between PM, 5 and PMo.

6. LIMITATIONS AND FUTURE RESEARCH SUGGESTIONS

The results simulated by AERMOD were consistent @ndias possible to
evaluate PM atmospheric dispersion in this worksi@es, the concentrations found in
the model output enabled to evaluate the healtlaatspof PM emitted by freight traffic
in Anhanguera and Bandeirantes roads. Other studemonstrated the good
performance of AERMOD (Heist et al., 2013; Huerasl., 2017; Perugu et al., 2016;
Wen et al., 2017; Zhang et al., 2019). However, esanput data associated with the
present study have limitations. First, vehicle dodata covers only the road freight
sector, without considering other types of vehiciesthe study. Another issue to
consider is the emission factor, making it necgsgaapproximate PM emission factors

considering all vehicles. Besides, there are atleetors responsible for PM emissions,
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such as industries, which make it difficult to az& emissions only from cargo
vehicles. Another limitation concerns the meteogadal and air quality data. The State
of S&o Paulo does not have comprehensive covefageteorological stations and not
all of them measure all types of pollutants. Theref a meteorological station that
covers all municipalities in the study area wasseimo The simulation of pollutants
concentration by AERMOD is unable to reproduce sdeaoy pollutants, formed by the
chemical reactions in the atmosphere. These seppngdallutants, particularly
secondary PM, also cause great impact on humathheapecially when considering
long term exposure, and may affect larger areaseftlgeless, a photochemical model
is required to perform this investigation and ibigside the scope of the present work.
This research is especially useful to understara ridationship between traffic
dynamics and air quality. Future research is sugdds differentiate the impact of each
type of vehicle for studies on highways, as welt@study other types of pollutants,

including secondary PM, that affect human healih thie environment.

7. CONCLUSIONS

This paper evaluated the air pollution dispersionsadering the emissions from
heavy-duty trucks and the impacts on human health td the short and long-term
exposure. Modeling urban air pollution represemsnaportant component to quantify
the adverse effects of traffic emissions on pulbléalth. Results show the spatial
distribution of pollutants PMand PM:s, highlighting that the largest emissions related
to diesel and LNG are concentrated along with #eptors close to the highways,
while the concentrations of pollutants decreasthadlistance from the road increases
as concluded by Misra et al. (2013). Also, coneditns vary along the highways,
showing higher concentrations in specific citieshsas Jundiai and Cajamar, which can
be explained by the intense flow of cargo vehidtesertain sections of the road. It is
worth remembering that these concentrations froem AERMOD simulations cover
only the emissions from heavy-duty trucks and theslees reach almost the targets
established by WHO for PM and PMs From the public health side, the fleet
replacement showed that the substitution of ditseLNG in the full fleet avoids, on
one hand, deaths in lung cancer, cardiovasculaasgés, and other respiratory diseases
in elderly people, but does not eliminate all deat®n the other hand, however,

accumulated probability showed that, when consideonly primary PM, there is
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100% chance to reduce only 1 death due to respjraliseases in children with full
fleet replacement. This comes to show that otheasmes to reduce PM emissions
must be in place together in addition to the stultstin of the road transport fleet,
including the change of local traffic to less-ptdint vehicles and the implementation of
public policies aiming to reduce emissions in ddfg sectors than transport (civil

construction, industry, and agriculture, for exaapl
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