Int. J. Environ. Sci. Technol. (2014) 11:2155-2168
DOI 10.1007/s13762-014-0562-7

ORIGINAL PAPER

Emission factors of air pollutants from vehicles measured
inside road tunnels in Sao Paulo: case study comparison

P. J. Pérez-Martinez - R. M. Miranda -
T. Nogueira - M. L. Guardani - A. Fornaro -
R. Ynoue - M. F. Andrade

Received: 4 December 2013 /Revised: 28 February 2014/ Accepted: 17 March 2014 /Published online: 9 April 2014

© Islamic Azad University (IAU) 2014

Abstract Burning of fuels from the transport sector is
one of the main sources of air pollutants emission in urban
areas. In order to implement public policies concerning air
quality and public health, there is a need to develop
emission inventories. Measurements inside traffic tunnels
can provide an evaluation of emission factors of vehicles
in-use in real conditions. In this paper, we show mea-
surements of air pollutants for a mixed vehicle fleet, heavy-
and light-duty vehicles (HDVs and LDVs), in two tunnels
in the metropolitan region of Sao Paulo in 2011 in order to
calculate the pollutant emission factors (EFs). Measure-
ments of carbon dioxide, carbon monoxide (CO), nitrogen
oxides (NOy) and particle matter (PM, 5) were taken. High
concentrations related to high-density traffic, especially
during weekdays. EFs were heavily influenced by the
pollutant species loads, so the total vehicle traffic and the
fraction of HDV. The EF values for HDV were 3.6 and
92 gkm ', for CO and NO,, respectively (5.8 and
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0.3 gkm™' for LDV). To determine EF estimates,
parameters such as velocity of the air, cross-sectional area
and length of the tunnel and vehicles passing at 1-h time
interval were considered.

Keywords Emission factors - Road traffic - Urban
tunnels - Sdo Paulo

Introduction

The vehicle traffic is the major source of air pollution in
megacities. The Metropolitan Region of Sdo Paulo (MRSP)
is one of the largest megacities in the world (20 million
population in 8,511 km?). Most of the population is com-
prised in an area of 1,000 km?. In the MRSP, there are ~6.5
million passenger and freight vehicles: 85 % light-duty
vehicles (LDVs), 3 % heavy-duty diesel vehicles (HDVs)
and 12 % motorcycles. About 55 % of LDVs burn a
mixture of 78 % gasoline and 22 % ethanol (gasohol), 4 %
use hydrous ethanol (95 % ethanol and 5 % water), 38 %
are flex-fuel vehicles that are capable of burning both
gasohol and hydrous ethanol, and 2 % use diesel (CETESB
2009). Vehicle traffic is the source of regulated pollutants
majority of carbon monoxide (CO), nitrogen oxides (NOy)
and hydrocarbons (HC) and contributes to the formation of
inhalable particulate matter emissions (PM;y and PM, 5) as
well as being most source of carbon dioxide (CO,). 97 %
of all CO emissions, 85 % of HC, 82 % of NO,, 36 % of
sulfur dioxide (SO,) and 36 % of all PM,, emissions come
from mobile sources (CETESB 2013).

The emission standards for pollutants from road vehicles
are regulated in Sao Paulo by the program for the control of
motor vehicle emissions (PROCONVE), established in
1983, which have defined increasingly restrictive standards
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especially for CO, NO, and PM,, emissions (CETESB
2012). Thus, CO emissions of LDVs improved from
24 ¢ km™' in 1989 to 1.3 g km™' in 2013 (L6 phase) and
NO, emissions of HDVs improved from 14.4 g kW™ in
1994 to 2 g kW' in 2012 (called P7 phase). The uses of
newer technologies in vehicles and fuels (combustion of
biodiesel in HDVs) and after-treatment devices have
reduced the emissions from road vehicles (Altun and Oner
2013). Three-way catalytic converters have reduced CO,
HC and NO, emissions by 90 %, and also for diesel HD Vs,
the use of after-treatment devices has reduced NO, and
PM;, emissions considerably (Sanchez-Ccoyllo et al.
2009).

Measurements of air pollutants in Brazil are usually
taken next to normal road segments or remote places where
it is difficult to know the individual contribution of each
source. Andrade et al. (2012) showed this point: mea-
surements were taken in open-air urban places and it was
difficult to separate vehicle, industrial and other sources.
Meteorological parameters—mostly precipitation, wind
and humidity—can also influence the final results. Mea-
surements inside road tunnels are taken to eliminate
potential noises, allow the identification of individual
vehicle sources and can provide information on in-use
vehicles to describe actual traffic emissions (Sanchez-
Ccoyllo et al. 2009). Tunnel studies assume that the con-
tribution of sources other than the vehicle is negligible
(Kristensson et al. 2004; Marr et al. 1999). Road tunnel
measurements enable actual emissions for a variety of
vehicles to be obtained under certain driving conditions
and environment and provide information that comple-
ments dynamometer test results. Although it is possible to
estimate emission factors (EFs) under real urban conditions
inside tunnels, the accuracy of the calculations depends on
the dispersion of the pollutants (Belalcazar et al. 2010).
Another important consideration is that the rate of occur-
rence of photochemical processes is small since there is no
action of radiation. In order to implement public policies
concerning air quality and public health, there is a need to
develop accurate emission inventories and road traffic EFs,
which are one of the main sources of uncertainties; it is
necessary to reduce these uncertainties, together with the
precision and accuracy of the geographical and the mete-
orological input data, to manage air quality more efficiently
from the transport policy perspective (Molina and Molina
2004; Huerta et al. 2012).

Emissions from road vehicles are important to evaluate
the contribution of road traffic to energy demand (Alam
et al. 2013) and environmental pollution (Colberg et al.
2005a) in urban areas. EFs describe the emitted mass (g) of
a compound per distance (km) or volume of fuel consumed
and express the individual contribution of each pollutant
(Colberg et al. 2005b). The present study shows the results
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of PM, 5, CO, CO, and NO, emission factors estimated in
two road tunnels in the MRSP, Brazil. The MRSP can be
considered a good example of using biofuels in large scale.
The vehicles run with gasohol (gasoline with 22-25 %
ethanol) and pure ethanol for LDV fleet, and diesel or bio-
diesel for HDV fleet. The results are representative of
Brazilian conditions and in particular for a mixed fleet
(bypass tunnel) and for a LDV fleet of vehicles (urban
tunnel). We study the effects that different fleet composi-
tion, traffic density and vehicle-related pollutant loading
have on the measured EFs. In the Janio Quadros tunnel
(TJQ), only LDVs are allowed, so it is possible to evaluate
this source and know its contribution. Inside the Rodoanel
tunnel (TRA), some of the vehicles are HDVs, providing
data to know the contribution of diesel vehicles. The results
are also compared with reviewed emission factors for CO
and NO, and with emission factors in currently used
emission inventories and dynamometer studies in Sao
Paulo. The results presented in this study suggest that CO
and NO, emissions from LDVs are underestimated com-
pared to the Brazilian and European emissions standards
for LDVs, oppositely to the EFs of HDVs. The implications
of these underestimation and overestimation of CO and
NO, emissions are discussed. The analysis presented here
complemented and discussed previous results on emission
factor based on tunnel measurements in Sdo Paulo for
measurements performed in 2004 (Sanchez-Ccoyllo et al.
2009; Martins et al. 2006).

Materials and methods
Location, traffic volume and sampling analysis

Field measurements were taken in two experimental cam-
paigns in TJQ, from May 2 to 13, 2011, and in TRA, from
July 4 to 19, 2011. TJQ is located in the southwest area of
Sao Paulo. It is a two-lane tunnel, 850 m length, and the
speed limit is 70 km h™'. Emissions are coming from
gasohol- and ethanol-powered vehicles. TRA tunnel is
located in the northeast area of S3o Paulo. It is a two-lane
tunnel, 1,150 m length, and the speed limit is 90 km h~!
(LDVs) and 70 km h™' (HDVs). LDVs and HDVs burning
gasohol, ethanol and diesel use TRA. Pollutant air con-
centrations were measured at the midpoint inside the tun-
nels (Fig. 1), and background air concentrations were
measured outside the tunnels. The sites outside the tunnels
were located far from the tunnels in order to avoid their
influence. Table 1 summarizes the assets of the two tun-
nels—length (I), cross-sectional area (s), perimeter (P),
natural flow velocity (u), inlet and outlet ventilation rates
(a;, a,) and carbon monoxide (CO) concentrations in inlet
and outlet air (C;, C,)—and the input data for computations
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Fig. 1 Temperature, air speed, vehicle speed, traffic density and
vehicle fleet composition, discrimination between LDV and HDV,
during the measurements in the Rodoanel tunnel (TRA)

Table 1 Estimation conditions for tunnels (one-way, 2 lanes per
direction)

TRA TJQ
(normal/ (normal/
congestion) congestion)
Length, / (m) 1.150 850
Cross-sectional area, s (mz) 100.5 80.6
Perimeter, P (m) 50.3 45.1
Natural flow velocity, uy (m sh 4.9/1.0 6.1/1.0
Inlet ventilation rate, ¢; (min~") 0.3/0.2 0.3/0.2
Outlet ventilation rate, a, (min~ ") 0.3/0.2 0.3/0.2
Concentration in inlet air, C; (ung CO 2.5/5.0 2.5/5.0
m73)
Concentration in outlet air, C, (ng CO 3.9/7.6 3.9/7.6
m’3)
Traffic volume, V (#vehicles hfl) 3,000/ 2,000/
1,600 1,500
Vehicle speed, v (km hfl) 83/12 72/10
Percentage HDV, fi (no units) 0.3/0.0 0.0/0.0
Vehicle emission factor (g NOy kg_l) 12/48 8/32

of pollutant concentrations and emission factors—traffic
volume (V), vehicle speed (v) and percentage of HDVs
(fp). Transverse ventilation was used in the two tunnels.
Table 1 also presents two cases of normal and congested
traffic with mean vehicular speeds of 83/12 (TRA) and
72/10 km h™' (TJQ). Based on measurements, natural
airflow velocities are considered to be 4.9 and 1.0 m s~ '
for normal and congested traffic conditions in TRA and
6.1-1.0 m s~ ' in TJQ. Inlet and outlet ventilation rates—

0.3 min~' for the normal and 0.2/min for the congested
traffic conditions—and CO inlet and outlet concentra-
tions—2.5-3.9 ug CO m’ for the normal and 5.0-7.6 ug
CO m? for the congested traffic conditions—are chosen
based on maximum rates for other road tunnels (Chang and
Rudy 1990).

Cameras were installed in TJQ to obtain the traffic
volumes (3,000 vehicles h™! for normal and 1,600 in
congested traffic conditions). In TRA, an automatic traffic
count system—induction loops combined with vehicle
speed classification—provided information of vehicle
counts (2,000-1,500 vehicles hfl), type (LDVs with
lengths <6 m and HDVs with lengths >6 m) and average
vehicle speed classification every 15 min. In TJQ, traffic
counts were performed with optical counter and vehicles
were classified as motorcycles, light passenger vehicles,
light-duty trucks/vans and taxis, whereas those using the
TRA tunnel were classified as LDVs (70 %) and HDVs
(30 %). Inside and outside the tunnels, air measurements
were taken simultaneously to determine the concentrations
of the species: Particulate matter lower than 10 pg (PM;y),
nitrogen oxide species (NOy,), CO and carbon dioxide
(CO,). It is noted that concentration measurements outside
and inside the tunnels will depend upon the meteorological
conditions and the monitoring location. The monitoring
was performed continuously by the Sdo Paulo State Envi-
ronmental Protection Agency (CETESB 2009). The pol-
lutants measured, analyzers and methods are summarized
in Table 2.

Outside and inside tunnel measurements of fine PM
(with an aerodynamic diameter <2.5 pg, PM, 5) and coarse
PM (with an aerodynamic diameter between 2.5 and 10 pg,
PM, 5_10) were recorded simultaneously using air samplers
(Partisol™ Dichotomous Ambient Particulate Sampler).
These samplers operated at a rate of 16.7 1 min~"'. Six-hour
samplings (2-3 per day) were performed. Flow rates were
calibrated in the laboratory and checked before and after
each filter change. Mass concentrations were obtained
gravimetrically using an electronic microbalance with a
sensitivity of 1 pg (the filters were weighted before and
after sampling on the microbalance after calibration at
constant temperature and humidity). The mass concentra-
tion measurements of PM were also taken by beta-gauges
(5014i-Beta). Measurements of the NO,, CO and CO, at
both tunnels were carried out with NO, (Thermo electron
42i-HL), CO (Thermo electron 48B) and CO, (LICOR-
6262 and Picarro-G1301) analyzers applying the chemilu-
minescence, photometry and infrared methodologies,
respectively. Because these analyzers were double imple-
mented, inside and outside the tunnels, they were checked
in several quality comparison measurements in the labo-
ratory before and after the field campaigns. The calibration
of the automatic samplers was executed everyday at a
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Table 2 CO, and pollutants measured in the Janio Quadros (TJQ) and Rodoanel (TRA) tunnels and methods

Pollutant PM, s—PM, 519 PM,o NO, CO CO,

Method Gravimetry Beta radiation Chemiluminescence Non-dispersive infrared photometry Infrared analysis

Analyzer Partisol 2000-D 5014i-Beta Thermo electron (42i-HL) Thermo electron (48B) LICOR-6262
Picarro-G1301

Accuracy +2.1-0.8 %* +5 % +1.5 % +1-2.5 % +1 %

Resolution 6h 1 min 5 min 5 min 1 min

Units pg m—? pg m— ppb ppm mg~' m~? ppm

? The drift in the flow rates did not exceed these values

specific hour, and the corrected factors were found to be
<5 %. All the measurements were aggregated to 1-h
averages for further evaluation of the emission factors.

Emission factors

To calculate the emission factors, we used the following
expression (Marr et al. 1999):

A[P]
=10 (o o) "

where E, is the emission factor of pollutant P (PM,,
PM, s, PM;s_jo and NO,, in g per kg of fuel burned),
A[P] is the concentration of the pollutant (subtracted from
the background value measured outside the tunnel, in
ug m~?), and A[CO,] and A[CO] are CO, and CO
concentrations. The conversions of CO, and CO to mass
units were done using a molecular weight of 12 g mol ™",
rather than 44 gmol™' and 28 gmol™', and the
concentrations were expressed in g C m™>. The weight
fractions of fuel carbon w. were 0.85-0.87 g of carbon per
gram of fuel, for gasohol and diesel, respectively. The
expression 1 can be used directly in TJQ since the tunnel
has mainly LDVs. In the TRA, emissions from HDVs were
obtained discounting the contribution of LDVs to the total
emissions. Tunnel studies have shown that emissions from
LDVs and HDVs have similar CO emission rates per
kilometer (Kirchstetter et al. 1999, 2002; McGaughey et al.
2004). CO, emissions were calculated from traffic data and
fuel consumption parameters using the following equation:

A[COﬂD _ SoUpppop
4[CO,]  (fpUpppop) + ((1 —fb) - Uspg®a)

where A[CO,]p is the component of A[CO,] emissions
resulting from the diesel burned, fp is the percentage of
HDV, U is the average fuel consumption rate (75 and
450 g km™" for gasohol and diesel fuel, respectively), p is
the fuel density (785 and 850 g 1" for gasohol and diesel
fuel, respectively), o is the fuel carbon fraction (0.85 g of
C per g of fuel and 0.87 for gasohol and diesel,

(2)
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respectively). The subscripts D and G denote diesel and
gasohol. The share of HDV was expressed by:

_ A[P]py )

APl = 41P) = €O o) (ea®) )
where A[P]ypy is the component of A[P] in TRA related to
HDV emissions, and A[CO]--<(1 — fp) is the fraction of
A[CO] emissions from LDV. The emission rates for LDV,
A[P].pv/A[CO]; py, were measured in TJQ. These ratios
were 0.025 and 0.054 for PM,, and NO,, respectively.
Finally, the emission factor of pollutant P and vehicle type
i (LDV and HDV), E;,i (expressed in grams of pollutant per
driven kilometer, g kmfl), was obtained using the
following expression:

Ep; =Ep;- U (4)

where U; is the fuel consumption of vehicle i (LDVs and
HDVs), and Ep; comes from Eq. 1. In Eq. 4, U; depends on
the CO, emission factor (Eco, in grams of CO, equivalent
per driven kilometer, gCO, km™"), the density of fuel j (05,
gasohol for LDV, 785 g 17! of fuel, and diesel for HDV,
850 g 17" of fuel) and the carbon intensity of fuel j (cj,
2,331 g of CO, 17! of gasohol and 2,772 g of CO, 17! of
diesel). Therefore, U; can be calculated according to
expression 5:
Ui = ECOg,i& (5)
Cj
Ecoz depends on the characteristics of the tunnel
(Table 1) and the total traffic flow per time unit. Eco, for
LDV and HDV were obtained using the following
expressions:

[COZLDv'S'MO‘t

A[CO,]
E =10 6
C0,.LDV Vol —fo) -1 (6)
_6 4[CO,] SS-ug -t
E =107° HDY 7
co,,upv = 10 Vool (7)

where A[CO,] is the difference between the concentrations
inside and outside of the tunnel of CO, (pug m_3), s is the
cross-sectional area of the tunnel (m?), uq is the velocity of
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Table 3 Summary table including parameters used in Egs. 1-7

AlPMioliov/A[COloy — AINOJipv/AlCOLpy  Usp (gkm™)  pop(gl™)  ocp(@ECg) 6 (@017
(no units) (no units)
LDV (g) 0.025 0.054 785 0.85 2,331
HDV (d) n.d. n.d. 450 850 0.87 2,772
the air wind measured inside the tunnel (m s™'), ¢ is the 4000 —o 200
time interval corresponding to 1 h (3,600 s), V is the § 3000 1
number of vehicles passing the tunnel at the time ¢, fp, is the gx 2000 |
percentage of HDV, and [ is the tunnel length (km). §. 1000 |
Finally, the parameters used in the estimation of the z o 0
emission factors are summarized in Table 3. ¥ L 1200
12 2 —_
€ £
& 8 -m [ 800 g
i S NN s
Results and discussion O 4 M W /400 8
. . 0 VOCs 0
Hourly average concentrations are measured together with G 1.6 1 —cH, [ 3
the number of vehicles inside and outside of the two tunnels. % 1,2 1 W/«\,J“/‘/W /v 2 é
Figure 2 shows the temporal evolutions, with a time reso- g 0,8 - ;;
lution of 1 h, of NO, NO,, NO,, CO, CO,, VOCs, CHy, PM Q 04 - 1o
and traffic for the second week of sampling in TRA. PM,q is 0,0 =T 0 .
correlated with vehicle traffic, especially at peak hours (in S 300 {  Toeveneether [ 6000 %
the morning 06:00-09:00 and afternoon 16:00-19:00). In \g 200 - 4000
TRA, vehicle dens%ty was high during these hours at g 100 I 1™ "‘ S AR n \WAS ( 2000 %
~2,560 £+ 688 vehicles per hour. PM;, concentrations o ‘ 1% =
o . . 0k \J \ o
inside the two tunnels d;ll"ll’lg the peak hours 0n3w0rk1ng days 06/07/2011 08/07/2011 10/07/2011 12/07/2011
were 245 + 59 pg m™ " and 123 £ 31 pg m™~ for TRA and Date

TJQ, respectively. In TRA on weekends, the highest con-
centration, corresponding the hour with the highest vehicle
density, was 119 £ 24 pg m™> for a vehicle density of
1,636 + 170 per hour. For the night periods on working days
(0:00-5:00), the average concentration was
110 #+ 19 ug m™?, indicating that even at low vehicle den-
sity, the concentration of primary emissions of PM;, was
quite significant due to the HDVs traffic.

NO, concentrations were evaluated in both tunnels. NO,
emission shows higher concentrations in TRA compared
with TJQ. The marked difference between the two tunnels
indicates the significant emissions of NO, by HDVs. Diesel
vehicles are an important source of NOy, and on average,
concentration values in TRA were about ten times greater
than in TJQ. In TRA, NO, was mainly presented as NO
(Fig. 2), with and NO,/NOy ratio inside the tunnel of
1.9 + 0.4 % during working days (35.7 & 21.1 % at the
background site) and 2.3+ 0.3 % on weekends
(35.9 £ 15.5 %). The difference between inside and out-
side tunnel concentrations was explained by the higher
ambient contribution with the NO, concentration at the
background site. Consequently, the higher ratio observed
during weekends was due to the higher relative contribu-
tion of the ambient NO, to the overall concentration.

Fig. 2 Time variations of the researched gas and particulate-associ-
ated compounds inside the Rodoanel tunnel (TRA)

Important relationship between CO emissions and
number of vehicles was found in the two tunnels. CO
concentrations inside the two tunnels during the peak hours
on working days were 6.3 &= 1.5 ppm and 6.7 =+ 1.8 ppm
for TRA and TJQ, respectively. At the investigated period,
evening peak was observed in TJQ due to traffic conges-
tion. In TRA on weekends, the highest concentration was
4.4 £ 0.7 ppm for a vehicle density of 2,712 + 161 per
hour (Fig. 2). For the night periods on working days
(0:00-5:00), the average concentration was 2.0 = 1.0 ppm,
indicating that even at low vehicle density, the concentra-
tion of primary emissions of CO was quite significant. A
significant reduction of CO emissions from LDVs was
observed in TJQ compared with former studies (Martins
et al. 2006). Reductions of CO emissions can be explained
by the improved combustion of gasoline and ethanol use.
Ethanol has higher oxygen content resulting in lower par-
ticle and CO emissions (Correa and Arbilla 2008). All
pollutants showed higher concentration values inside the
tunnel than outside, expressed as ratios. In TJQ, these ratios
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Fig. 3 Traffic counts, pollutant concentrations and NO, to CO and
CO, ratios. One-hour averages from 00:00 to 23:00, average over the
fourteen sampling days in the Rodoanel (TRA) and Janio Quadros
(TJQ) tunnels. Average diurnal traffic flow (vehicles h™") and
fraction of the flow, which was classified as heavy-duty diesel during

were: 3.3, 1.6 and 7.1 for CO, NO,, and PM,,, respec-
tively. In TRA, the differences between concentrations
were 3.1, 9.0 and 2.2.

Background-corrected concentrations, ratios and traffic
counts

The background-corrected CO, CO,, NO, concentrations,
NO, to CO and CO, ratios (A[NO,]/A[CO], A[INO,]/
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the 14 days of the study, HDVs based on vehicle counts (a, d).
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(b, e). Ratios of A[NO,] to A[CO,] and A[CO] (c, ). Note error bars
denote the standard deviation of the mean

A[CO;]), and PM;, to CO, ratios (A[PM;q]/A[CO,])
measured during these two tunnel experiments are shown
in Figs. 3b, c, e, f and 4a—d. Together with the concen-
trations and ratios, Fig. 3a, d shows the traffic counts and
percentage of HDVs. In TRA, it can be seen that CO,, CO
and NOy concentrations increase during the morning peak
hour (8:00-9:00 a.m.) due to increased LDV traffic vol-
umes (Fig. 3a). Figure 3b also shows that NO, and CO,
increase by similar relative amounts but CO increases at a
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Fig. 4 NO, and PM;(/CO, versus CO (a, b) and NO,/CO back-
ground-corrected concentrations (¢, d). The color scale map indicates
the percentage of HDV in TRA (a, ¢) and the total traffic per hour in

higher rate (proportional to CO emissions factor of LDVs).
Thus, A[NO,]J/A[CO,] does not show any trend over the
morning peak hour, whereas A[NO,]/A[CO] decreases for
the same period (Fig. 3c). Generally, as the morning pro-
gresses, vehicle speeds increase due to increased LDV and
decreased HDV traffic. This difference demonstrates the
advantage of using A[NO]J/A[CO,] rather than A[NO,]/
A[CO] ratios as the basis for tracking LDV and HDV
emissions, especially where fleet composition is changing
from low-diesel HDV traffic to high-gasoline LDV traffic.
Generally, in TJQ, it can be seen that CO, and CO con-
centrations increase during the afternoon peak hour due to
the increased LDV traffic and decreased speeds (Fig. 3d).
Figure 3e also shows that CO, concentrations increase by a
higher rate than NO,, and A[NO,]/A[CO,] ratio shows a
significant trend over the afternoon (Fig. 3f). The existence
of a trend in A[NO,]J/A[CO,], proportional to NO, LDV
emission factors, in Fig. 3f demonstrates that LDV emis-
sions of NO, per unit fuel show strong dependence of
driving conditions over the range of hour averages in the
afternoon. This indicates congestion episodes, represented
by the high standard deviations of LDV traffic flows
(Fig. 3d).
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The background-corrected [NO,] versus [CO] concen-
trations, measured in TRA and TJQ tunnels, is shown in
Fig. 4a, b. The frequency distribution of [NO] to [CO]
ratio in TRA is relatively skewed (skewness x3.3). The
skewness is likely due to the high variability of a mixed
vehicle emission source, fleet composed by a mixture of
HDVs and LDVs, which depends upon parameters such as
vehicle age, engine type, fuel type (ethanol, diesel, gaso-
line), maintenance and driving conditions (Perez-Martinez
2012). Thus, as expected, relatively few, more polluting
HDVs (high NO, and PM; emitters) are accounting for a
significant percentage of the total emissions (Chirico et al.
2011). In Fig. 4a, the presence of HDVs increases the mean
[NO,] versus [CO] ratio since HDVs emit more NOy per
CO unit. There is a significant difference between the ratios
based on the two tunnel measurements, with the TJQ
results being normal distributed (Fig. 4b, skewness ~0.0).
This distribution is centered to 0.05 & 0.01 (mean and
SD), consistent with the expectation that at homogeneous
fleet, LDVs emit a large fraction of the total fleet, impacts
the tunnel measurements. Also shown in Fig. 4c is
A[PM(]l/A[CO,] versus A[NO,]J/A[CO] frequency distri-
butions for the different HDVs events (measured by the
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Fig. 5 Average vehicle speed, percentage of heavy-duty vehicles in
the fleet and total traffic volume as a function of time of day (a).
Emission factors for NOx (b) and PM,, (¢), estimated by Egs. (1-7),
versus the percentage of HDVs. Note the two linear fits (a, b) reported
the Pearson correlation coefficients (R), the slopes and the intercepts

percentage of HDVs) in TRA. The background-corrected
concentrations of PM;, normalized by the CO, concen-
tration to account for the fuel consumption, decrease with
decreasing NO,/CO ratios: for low NO,/CO values, the
PM,(/CO, values decrease by a factor of ~3 and the map
scale of the plots indicates that at the same time, the per-
centage of HDVs decreases (Fig. 4c). HDVs emit more
PM,, than LDVs, and high percentage of HDVs implies
high concentrations of PM;, per CO; unit. Analyzing also
the distribution of the A[PM,(]/A[CO,] with respect to
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A[NO,J/A[CO] ratios for the different vehicle events
(measured by the total traffic per hour) in TJQ (Fig. 4d),
we can see that lower NO, vehicle emissions per CO unit
and PM;, vehicle emissions per CO, unit are related to
high LDV traffic. Vehicle speeds decrease due to increased
LDV traffic, and higher traffic leads to higher CO, (fuel
consumption) and CO LDV emissions. The distribution of
the Fig. 4c corresponding to TRA is also more skewed
compared to TJQ.

The background-corrected concentrations of PM;
vehicle emissions, normalized by the CO concentration to
account for dilution of urban background air, are related to
the percentage of HDVs in TRA (R = 0.68); the A[PM,]/
A[CO] ratios were 0.17 & 0.05 for 20 % of HDVs and
PM;o concentrations inside the tunnel of
148 + 33 pg m_3; these ratios were two—three times
higher, from 0.20 to 0.29, for 50 % of HDVs and lower
PM,, concentrations of 90—120 pg m . It seems evident
the impact of the fleet composition, expressed as per-
centage of HDVs, on the A[PM,o]/A[CO] ratios. In TJQ, it
was not observed strong relationships between A[PM;q]/
A[CO] ratios and total traffic. In both tunnels, strong
relations between traffic and inside tunnel parameters—
vehicle speed, traffic flow, air velocity and percentage of
HDVs (Fig. 1; Table 1)>—and pollutant concentrations
(Fig. 2) were observed. Thus, in TRA, an increase in the
traffic flow, and also a decrease in the number of HDVs,
resulted in an increase in the air velocity inside the tunnel.
At a traffic flow of about 250 vehicles per 15 min, an
increase in the vehicle speed is observed, with speeds
increasing from 70 to 80-90 km h™' (Fig. 5a). The peri-
ods with higher speeds correspond to the daytime with
higher NO, (>3,000 ng m ) and PM,, concentrations
(=200 pg m>) (Fig. 5b, c¢). Higher concentrations of
these pollutants during peak hours corresponded to higher
air velocities. In TJQ, the air velocity also increases with
the traffic flow, but with the difference that higher con-
centrations during peak hours, where a traffic flow of
about 2,500 vehicles per hour, did not correspond to
higher air velocities. One explanation of this could be the
existence of stagnant air in the tunnel due to traffic con-
gestion episodes.

Emission factor estimates and literature comparison

The EFs of NO, and PM,, as obtained with Eqgs. 1 and 4,
are shown in Fig. 5 against the percentage of HDVs,
indicating an increase in the EFs with the fraction of HDVs
in TRA. NOy (Fig. 5b) and PM; (Fig. 5¢c) measurements
are mapped by the NO, and PM concentrations inside the
tunnel. At 25 % of HDVs, corresponding to the traffic peak
hours (Fig. 5a), the EFs of NO, and PM,, varied between
~1.5 and ~4.0 gkm " and ~15 and ~450 mg km ",
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respectively. During the central hours of the day, the color
mapping according to the concentrations shows that higher
EFs of NO, and PM; are related to higher concentrations
and higher traffic flow of LDVs. Off peak hours, corre-
sponding to higher percentages of HDVs (and average
speed lower than 80 km h_l), are related to lower con-
centrations and lower traffic flow of LDVs. Considering the
rush hours (9:00 am and 17:00 pm) with 658 4+ 202 HDVs
and 1,902 + 485 LDVs per hour (and average speed over
80 km h™!), we can estimate that 94.8 + 2.4 and
87.5 £ 6.2 % of the total NO, and PM;, emitted per dri-
ven kilometer inside the tunnel by all the vehicles is due to
HDVs. HDVs emit much more NOy and PM;q per driven
kilometer and a 25 % fraction of HDVs significantly affect
the total NO, and PM;, vehicle emissions.

There are significant linear correlations between the EFs
of NO, and PM,, and the percentage of HDVs (R equal to
0.79 and 0.62 for NO, and PM,, respectively, Fig. 5b, c).
The linear regression analysis reflects an estimation of the
EFs for HDVs (slope of the regression) and LDVs (inter-
cept). The EFs of NOy values were 7.5 £ 0.4 and
0.54 0.1 gkm™', for HDVs and LDVs, respectively.
Analogously, the EFs of PM;, values were 426 + 41
(HDVs) and 14.2 & 14.5 mg km™' (LDVs). The results
show the patterns reported in other studies where the NO,
and PM;, emissions from HDVs were by and order of
magnitude or more higher than the LDVs emissions (Chi-
rico et al. 2011). There are differences between the two
pollutant species (reflected by the correlation coefficient
and the variability with concentrations). Therefore, PM;q
experiments a concentration effect due to partitioning
during rush hours and higher EFs are associated with
higher concentrations (Fig. 5c). However, the values of
EFs of NOx versus the percentage of HDVs (Fig. 5b) show
little dispersion with concentration, excluding different
driving patterns and vehicle speeds as a source of the
former EFs (PM,q) dispersion. Thus, more accelerations

Table 4 Emission factors (g km™', g kg™

and decelerations and higher speeds (over 80 km h™")
during heavy traffic periods and more constant vehicle
speed (lower than 80 km h™!) for situations without traffic
and higher percentages of HDVs (Fig. 5a) can explain the
dispersion of EFs (PM;).

Emission factors were calculated for LDVs and HDVs
according to the methodology proposed (Eqs. 1-7). The
vehicles using TJQ had cleaner technology than in other
parts of the city related to the higher income of the popu-
lation in the area, and, on the other hand, HDVs using TRA
were old trucks. Thus, the emission factors presented in this
paper may underestimate the emission of LDVs and over-
estimate the emission of HDVs. The fuel-based emission
factors measured during this study (mixed fleet and HDV in
TRA and LDV in TJQ) are presented in g km™"' in Table 4
(except for PM, s, expressed in mg km '), together with the
values from a past field study (Martins et al. 2006). The
values of EFs estimated for CO and NO, for LDVs in the
present work show significant reduction when compared the
values of EFs calculated in the experiment conducted in
2004 (Martins et al. 2006). The reduction ratio was 2.2
times for CO and 3.2 for NO,. In recent decades, control of
NO, emissions from gasoline burning cars has been expe-
rienced by use of catalytic converters in the exhaust system
of vehicles. Modern three-way catalysts use platinum and
rhodium surfaces, changing the nitrogen oxides back to
nitrogen and oxygen elemental (Heck and Farrauto 2001).
Similarly, for HDVs, the values of EFs showed significantly
reduction for CO and NO,. Comparing the EFs of LDVs
and HDVs, we observed the highest contribution of light
vehicles to CO emissions; this was expected since CO
emissions originate from gasoline vehicles are higher than
for diesel vehicles (Heywood 1998). The marked difference
between the two tunnels in terms of the concentration of
NO, and PM,, indicates the significant emissions of such
pollutants by HDVs. The emission factors for these two
pollutants were shown to be higher for HDVs.

of fuel burned) from 2011 in comparison with values calculated in 2004 study (mean £ SD)

Vehicle Local measured Fuel CO (g km™" NO, (g km™") PM, s (mg km™") CO, (g km™")
(kmkg ) (gkg™") (gkeg™h (gkeg "’ (gkg™)
LDV  TIQ (2011) 137 £ 184 58 +3.38 03 +£02 20 + 8 219 + 165
81.5 + 41.5 42+ 1.7 03 £ 0.1 2,964 + 96
HDV  TRA (2011) 22427 3615 92 +27 277 + 108 1,422 £ 1,179
79 + 4.1 258 + 7.6 0.7 £03 3,177 £ 9
LDV  TJQ (2004) (Martins et al.  n.d. 14.6 + 2.3 1.6 £03 n.d. n.d.
2006) n.d. n.d. n.d. n.d.
HDV  TMM (2004) (Martins et al. n.d. 20.6 &+ 4.7 223 +98 n.d. n.d.
2006)* n.d. n.d. n.d. n.d.

? Tunnel Maria Maluf, Sdo Paulo (2004)

° Results using the gravimetric measurement device (Partisol 2000-D)
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The use of a non-gravimetric measurement devices and
measurement of PM;, instead of PM,s has potential
restrictions and could lead to extraordinary high EFs
(particularly for LDVs) due to the influence of re-sus-
pended road dust. In this case, observed PM,, concentra-
tion levels are a major concern and restrictions can be
mitigated using a gravimetric PM, 5 sampler (as the Par-
tisol 2000-D, Table 2). In Table 4, the values of the EFs
estimated for PM,s were 277 &+ 108 (HDVs) and
20.2 £ 8.4 mg km~' (LDVs). In TRA, about 80 % of total
PM concentrations inside the tunnel were due to PM, 5 and
the EFs (PM,() obtained for the HDVs using the non-
gravimetric sampler (~297 + 245 mg km™') approximate
well to the values estimated using the concentration levels
of the gravimetric device. The EFs (PM,y) for LDVs in
TRA (determined by the intercept of the regression of
Fig. 5¢c, 14.2 + 14.5 mg km™") approximate to the values
of PM; 5 in TJQ. The higher values in TJQ could be due to
the presence of traffic congestion episodes.

The Brazilian vehicle fleet is fundamentally different
from the European and US fleet. For this reason, we decide
to include some results from the European and US
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emission factor studies that provide references for com-
parison of the relative emission rates of Brazilian vehicles.
The fuel-based CO and NO, emission factors measured
during this study (LDVs and HDVs) are shown in Fig. 6,
together with the estimates from other reviewed studies,
reported as individual mean values (data points). Figure 6
shows reported values of CO and NOy emission factors
from on-road LDVs and HDVs, expressed by grams of
pollutant per driven kilometer (LDVs, Fig. 6a and Fig. 6¢)
and by grams of pollutant per kilogram of consumed fuel
(HDVs, Fig. 6b and Fig. 6d), by reference year. In Fig. 6
plots, the study 1 represents the mean EFs computed with
the measured parameters of Egs. 1-7 using the TRA
(HDVs) and TJQ (LDVs) data. These plots illustrate the
overall decreased on-road CO and NO, emissions from the
late 1990s reference years, since the implementation of the
consent decrees: represented by the European EURO and
Brazilian PROCONVE emission standards. Figure 6 also
displays the vehicle engine dynamometer certification
standards for new LDV and HDV engines, represented as
step horizontal lines. As can be seen in Fig. 6, although the
consent decrees did have an effect in reducing on-road
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«Fig. 6 Mean LDVs kilometer-driven and HDVs fuel-based CO and
NO, emission factors from this study (LDVs: a—c; HDVs: b-d),
compared with reviewed literature (reported mean values) and the IVE-
derived emission factors optimized for Sao Paulo, plotted versus study
reference year. The step horizontal lines represent the new vehicle
engine certification standards, in g km™' (LDVs) and in g kg™'-fuel
(HDVs), for Europe (EURO, solid lines) and Brazil (PROCONVE,
dotted lines). Note (1), references used in a and b (CO): ! this study; 2
Perez-Martinez (2012), bottom-up modeling from the road transport in
Spain; 3 Lents et al. (2007), international vehicle emissions (IVE)
obtained from chassis dynamometer analysis under urban conditions and
corrected for driving patterns in Sao Paulo; 4 Becker et al. (1999),
dynamometer study of mixture of gasoline and diesel vehicles; > Pierson
et al. (1996), summary of studies in the Tuscarora mountain tunnel
(Pennsylvania, PA, USA), real-world automotive emissions from
gasoline-powered vehicles; ® Pierson et al. (1996), Fort McHenry tunnel
(Baltimore, MD, USA), uphill (3.3 %) traffic emissions; 7 Pierson et al.
(1996), Fort McHenry tunnel (Baltimore, MD, USA), downhill (1.8 %)
traffic emissions; 8 Kirchstetter et al. (1999), Caldecott tunnel (San
Francisco, CA, USA), uphill (4.5 %) emissions; ° Yanowitz et al. (2000),
in-use mean emissions from heavy-duty diesel vehicles; '° Burgard et al.
(2006), HDVs from 10,000 to >100,000 pound weight (pound equivalent
to 0,453 kilograms) and with 10,000 to 1,000,000 miles (mile equivalent
to 1.61 kilometer); ! perez-Martinez and Vassallo-Magro (2012), top-
down modeling and Euro Emission Pollutant Standards (EMPS); 12
Weingartner et al. (1997), LDV emissions in the Caldecott tunnel; 13
McGaughey et al. (2004), LDV emissions in the Washburn tunnel (TX,
USA); '* Kristensson et al. (2004), emissions in the Soderleds tunnel
(Stockholm, Sweden); ' Bishop and Stedman (2008), site plot (Phoenix,
Arizona, USA), uphill (1.3 %) LDV emissions; 16 Bishop and Stedman
(2008), site plot (West Los Angeles, CA, USA), uphill (2.0 %) LDV
emissions; ! Colberg et al. (2005a), Gubrist tunnel (Switzerland), uphill
(1.25 %) mixed fleet emissions (20 % HDVs) during weekdays at a
driving speed of 90 km h™'; '® Colberg et al. (2005b), Lundby tunnel
(Sweden), uphill (0.50 %) vehicle emissions during weekdays at
75 km h™'; ' OASIS (2011), emissions of an EURO III diesel car,
vehicle-specific power of 12 W kg™', speed of 100 km h™" in a trip
from Madrid to Villacastil (Spain); 20 EMEP (2009), results of the
COPERT model based on dynamometer study of EURO III gasoline
LDV at 90 km h™'; ' Achour et al. (2011), dynamometer study of
EURO III gasoline car; >* Pujadas et al. (2004), dynamometer study of
EURO II gasoline car; 2 Joumard et al. (2003), dynamometer studies of
EURO II LDVs and EURO II 3.5 t vans; ** Zhai et al. (2008), HDV
emission rates based on dynamometer study at principal arterials; 2
Lépez et al. (2009), dynamometer study of EURO IV urban bus; 2%
CETESB (2012), tile pipe emissions; Note (2), references used in ¢ and
d (NO,): ! this study; 2 Perez-Martinez (2012); > Lents et al. (2007);
Beckeretal. (1999); 6.7 pierson et al. (1996); 8 Kirchstetteretal. (1999);
° Ban-Weiss et al. (2008); '° Ban-Weiss et al. (2008); ! Yanowitz et al.
(2000); 12 Burgard et al. (2006); 13 Perez-Martinez and Vassallo-Magro
(2012); '* Wang et al. (2012), Chase dynamometer study in Chongging
(China) based on results of 2010 level 124 trucks; ' Colberg et al.
(2005b); 16 Grieshop et al. (2006), results of tunnel experiments; 17
Gillies et al. (2001), measurements of mixed LDVs and HDVs in the
Sepulveda tunnel (Los Angeles, CA, USA); 18 Weingartner et al. (1997);
19 McGaughey et al. (2004); 20 Kristensson et al. (2004); 2! Sanchez-
Ccoyllo et al. (2009), LDVs emissions in the Janio Quadros and Maria
Maluf tunnels (Sao Paulo, Brazil); 22 Keanetal. (2003), uphill emissions
of HDVs from dynamometer studies, specific power of 12 W kg~' and
speed of 75 km h ' % Harley et al. (2005), Caldecott tunnel (San
Francisco, CA, USA), LDVs emissions; 24,25 Bishop and Stedman
(2008); %® Colberg et al. (2005b); 2’ OASIS (2011); 2 EMEP (2009); *°
Achour et al. (2011); > Pujadas et al. (2004); *' Joumard et al. (2003); *>
Francoetal. (2013), ARTEMIS 300 database and dynamometer study of
EUROIV HDV on an articulated motorway Art-MW-150-3hot (15.3); >
Zhai et al. (2008); ** Lépez et al. (2009); *° CETESB (2012)

LDVs CO and NOy emissions, they are above their engine
emission standards at the most of the studies reviewed
(including this work). For HDVs, the EFs reviewed are
under their engine emission standards. Figure 6d also
shows that 1990s and 2004-2006 study year references
have similar NOy emission factors, even though the cer-
tificated emission standards have decreased fourfold.
Similarly, 2007-2011 study year references are based on
newer engines that produce more power per kilogram of
fuel used, bringing NO, emission factors closer to the
standards.

Figure 6 reported on-road emission factors by year of
measurement, pollutant (CO and NOy) and type of study.
The figure presents analysis of 35 studies dealing with the
determination of the emission factors of various types of
traffic emission models and employing different method-
ologies: measurements in tunnels, bottom-up and top-down
modeling, dynamometer laboratory tests and remote sens-
ing. The mean EFs (LDV) and EFs (HDV)—approximately
584+38g COkm™' (LDV), 03+ 02g NO km™'
(LDV), 794+ 41g COkg ' of fuel (HDV) and
25.8 £ 7.6 g NO, kg{l of fuel (HDV)—estimated in this
study are directly comparable to other reported average
values. Most of the reviewed mean values fall between the
mean and standard deviation of the EF values determined
here, especially those from recent studies and from HDVs.
Some high EFs for LDVs have been reported in past
studies. However, continued LDV’s EFs measurements at
similar locations over the subsequent years demonstrate a
significant reduction in the LDV’s EFs. The larger varia-
tion of LDV predictions, compared with HDV EF esti-
mates, may be associated with different definitions between
models and emission standards (i.e., measurement meth-
odologies, driving conditions, non-exhaust contribution
and life cycle analysis). The minor deviations of study
predictions to emission standards, when the studies are
categorized according to model technique, correspond to
dynamometer studies (especially for LDVs). When the
studies are based on tunnel measurements of LDV traffic,
CO and NO, EFs are overestimated after the middle 1990s.
Note also that LDV and HDV emission standards shown in
this study are for comparisons only, since they are based on
tests performed on engine dynamometers under specific
conditions that may be not include real driving operations
and conditions.

Conclusion
Gas species (CO, NOy, CO,) and PM;, were measured in
TJQ and TRA tunnels during 2 weeks in May and July

2011. Concentrations had a typical diurnal profile with two
concentration peaks related to vehicle traffic in the morning
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peak hour (6:00-9:00, 3,090 vehicles h~'in TRA) and in
the afternoon peak hour (16:00-19:00, 3,800 vehicles h™!
in TJQ) on working days. Peak traffic flow corresponds to
the highest value of the standard deviation of the mean,
while the fraction of HDV at peak volume is generally
lower and indicates congestion episodes, especially at TJQ.
In TRA, the NO, and PM;, concentrations were higher on
working days, when the percentage of HDVs (p) was
38.7 &+ 4.3 %, while on weekends with p 20.1 &= 7.1 %,
the concentrations fell by a factor of 2 (while the traffic did
substantially decrease on weekends). The NO, and PM,,
background-corrected concentrations were normalized to
the CO, concentration, to account for the fuel consumption
in the tunnels, and in TJQ were higher when the NO,/CO
and NO,/PM;, had maximum values. In TRA, high NO,/
CO and NO,/PM,, ratios were associated with diesel
vehicle emissions from HDVs and NO,/CO, and PM,y/
CO, ratios presented less variations. In TIQ NO,, emis-
sions per unit fuel show strong dependence on traffic
conditions including congestion episodes. The difference in
the two tunnels demonstrates the advantage of using NO,/
CO, rather than NO,/CO ratios especially where fleet
composition is changing from HDV to LDV traffic as in
TRA. In TRA, more polluting HDVs are responsible for
a significant percentage of the total emissions and in
TJQ LDVs emit a large fraction of the total fleet
emissions.

The estimation of the EFs depends on the time periods
considered. Although weekday, weekend and high traffic
periods are averaged, the standard deviation measures the
uncertainty of the estimates and reflects different traffic
conditions: traffic volumes, percentage of HDV and speed.
The EFs estimated for CO,, CO, NO, and PM,,, and the
NO,/CO and PM,(/CO ratios were strongly affected by the
traffic and proportion of HDVs. EFs for HDVs and LDVs
were calculated in TRA and TJQ tunnels. The EF(NO,); pv
was 03 +02¢g km~!' and the EF(NO,)ypy Wwas
9.2 + 2.7 g km™" for a temperature of 20-25 °C inside the
tunnels. Similarly, the EF(PMq); pv was 20 £ 8 mg km™!
and the EF(PMo)gpv was 277 =+ 108 mg km~! for TRA
and TJQ, respectively. Driving conditions and traffic
composition were quite different in the two measurement
tunnels. In TRA, the values of EFs of PM, experiment a
concentration effect due to partitioning and are associated
with higher concentrations, oppositely to the values of NO,
that show little dispersion with concentration. In TJQ, the
EF estimates presented in this paper are directly applicable
to urban ambient conditions because they derived from
PM; concentrations that are a factor of only 2.5-3.5 higher
than urban concentrations.

The present study results have implications for NO, and
CO measurements and emission standards regulations.
Although it is difficult to find out differences between
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pollutant species, vehicle categories and methodologies,
when comparing the EF estimates with the emission stan-
dards, an overestimation for CO and NO, was established
for LDVs and practically for all estimation techniques (EF
estimates have been moving from underestimation to
overestimation since the middle 1990s.). In the case of
HDVs, reviewed studies (including this work) always
underestimate the EFs both for CO and NOy. The pollutant
standards of HDVs, especially for NOy, were established
extremely high and did not reflect properly the commit-
ment and capacity of the industry to reduce the emissions.
The deviations were corrected during last years. Oppo-
sitely, the standards of the LDVs were quite restrictive
from the very beginning, especially for CO, forcing the
industry to reduce the emissions. The study results suggest
that additional dynamometer, on-road measurements, and
modeling estimates are needed in Sdo Paulo in order to
corroborate our findings and to improve the urban emission
inventories in the MRSP in support of national and inter-
national policies, and estimates of impacts on external
costs (health, environment and climate). Differences in
vehicle age, engine size, driving pattern and meteorological
conditions lead to differences in emission factors between
the reviewed studies and this study.
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