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ABSTRACT

Depending on the final application, several methodolo-
gies for traffic emission estimation have been developed.
Emission estimation based on total miles traveled or other
average factors is a sufficient approach only for extended
areas such as national or worldwide areas. For road emis-
sion control and strategies design, microscale analysis
based on real-world emission estimations is often required.
This involves actual driving behavior and emission fac-
tors of the local vehicle fleet under study.

This paper reports on a microscale model for hot road
emissions and its application to the metropolitan region
of the city of Santiago, Chile. The methodology consid-
ers the street-by-street hot emission estimation with its
temporal and spatial distribution. The input data come
from experimental emission factors based on local driv-
ing patterns and traffic surveys of traffic flows for differ-
ent vehicle categories. The methodology developed is able
to estimate hourly hot road CO, total unburned hydro-
carbons (THC:s), particulate matter (PM), and NO, emis-
sions for predefined day types and vehicle categories.

INTRODUCTION
Total mobile sources can be calculated as the sum of three
specific terms:"? hot emission, cold start, and evaporative

IMPLICATIONS

The impact of road transport on air quality in urban areas
makes accurate emission estimation necessary. This pa-
per presents a methodology to calculate real-world hot
emissions from different vehicle categories under both
spatial and temporal distributions. Examples of the meth-
odology application to the road network in the urban area
in the city of Santiago shows its power and resolution
when applied by decision-makers and researchers to re-
liably simulate microscale impact assessment analysis and
predict future environmental situations.

Volume 52 February 2002

emissions. Hot emission corresponds to the exhaust pipe
emissions under normal operational conditions, cold
starts represent additional emissions due to lower oper-
ating engine temperature, and evaporative emissions
denote the fuel evaporation during travel under daily
temperature fluctuations (diurnal, hot soak, and running
losses). Hot emissions are normally calculated by multi-
plying a speed-dependent emission factor correspond-
ing to the pollutant and vehicle category analyzed by a
term representing the activity level of the vehicle cat-
egory.*® The emission factor represents the emission rate
per unit of activity, normally expressed in grams per ki-
logram, and determined experimentally from chassis dy-
namometer transient tests, applying driving cycles
representing local driving patterns.®? The activity level
could be simply represented by total kilometers traveled
by vehicle category; however, this approach leads to poor
accuracy that prevents any spatial or temporal emission
distributions on the traffic network in an urban zone.
More adequate approaches consist of traffic character-
izations in terms of flow densities and vehicle category
compositions. This can be done from traffic surveys, traf-
fic models, or a combination of both.!*!!

Hot vehicle emissions depend on several parameters,
such as traffic conditions (congestion), vehicle-operating
conditions (average speed, load, trip length, driving mode,
mileage), vehicle technological parameters (model and year,
state of maintenance, engine type, control emission sys-
tem), fuel characteristics (type, chemical composition), and
topography. An emission calculating methodology must
take into account as many of these parameters as possible.
To calculate emissions from mobile sources, several emis-
sion models were developed based on different kinds of
input data, all of which lead to a wide range of accuracy.'>”
Accuracy requirements further depend on the field appli-
cations of the results being higher when microscale analy-
sis is required. Current trends are based on real-time traffic
data taken from direct street observations.
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In this paper, a methodology for estimating hot emis-
sion from mobile sources is presented. The methodology
considers input data from transport modeling and experi-
mental data concerning driving cycles, emission factors,
and traffic flow characterization, in terms of vehicle cat-
egory composition and driving modes. The emission
model developed allows hourly street-by-street hot emis-
sion calculation of CO, NO,, and total unburned hydro-
carbons (THCs). An application of the methodology for
the traffic network of the metropolitan region of Santiago,
Chile, is presented.

METHODOLOGY

General Approach
The methodology developed calculates hourly hot emis-
sions at a portion of the street (arc) from each vehicle
category present on a traffic network as follows:

E ..=FLEF, ) FP C, 1)
where E, ;. is the emission of pollutant i during the hour
of the day & on the arc of the traffic network j from ve-
hicle category k expressed in grams per hour; F, is the to-
tal traffic volume at the arc j on-peak traffic hours
expressed in vehicles per hour; L;is the total length of the
arc j in kilometers; EF,  (v) is the emission factor of pollut-
ant i and vehicle category k as a function of average speed
vin grams per kilometer-vehicle; FP, is the hourly traffic
flow profile at the arc j for different day types; and C,, is
the fraction of the total traffic volume corresponding to
the vehicle category k on the arcj.

Total traffic volume, F, corresponds to output data
from a transportation model called ESTRAUS, 81 with an
urban road network comprising 7567 arcs distributed over
the greater Santiago area, which is divided into 264 zones.
ESTRAUS is one of the fundamental elements of the meth-
odology for urban transport strategic plans evaluation
developed by the Chilean government in the mid-1980s.
Like most transportation models, ESTRAUS is built on four
main stages: trip generation/attraction, trip distribution,
modal choice/split, and trip assignment. The last three
stages are solved through a simultaneous equilibrium, gen-
erating a solution that reflects a dynamic interaction
among them, instead of through a sequential modeling
approach. This model is used for strategic planning and
covers two main weekday periods of time: morning peak
hour (typically 7:30-8:30 a.m.) and interpeak hour (typi-
cally 10:30-11:30 a.m.).

Regarding emission calculation, the main outputs
from ESTRAUS are traffic volume and time needed to drive
over a given arc of the urban road network. Because the
ESTRAUS model is mainly used for demand analysis, traf-
fic volume is divided only into two types: fix and variable
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flow. Fix flow represents public transportation (urban
buses) and is received as input by the model, but it is
modified during certain stages of modeling, especially at
peak-time hours. On the other hand, variable flow includes
private transportation modes and is associated with vari-
able timing, which allows calculating the average speed
while driving over a given arc. Figure 1 shows the traffic
network for the metropolitan region of the city of
Santiago. To perform emission calculations, this traffic
network is complemented with an additional highway
network around the metropolitan region.

Traffic flow profiles, FP, refer to the daily flow ten-
dencies normalized with respect to on-peak data for each
day type considered. Four types of days in a week have
been defined: Monday to Thursday, Friday, Saturday, and
Sunday. The day-type definition considers homogeneous
traffic characteristics such as flow densities and hours
when on- and off-peak periods take place.

The transportation model provides traffic volume de-
segregated only in two kinds of flows (fixed and variable),
which involves only two aggregated vehicle types. A char-
acterization of traffic flows by additional vehicle catego-
ries is, however, necessary and will be explained in another
section of this paper. Vehicle categories were defined tak-
ing into account vehicle type, final use, technology, and
emission standards. Table 1 shows vehicle categories con-
sidered for the emission model.

Emission factors, EF, , came from experimental programs
for gasoline light-duty vehicles and from COPERT II? for
the remaining vehicle categories. The experimental program
for the determination of emission factors for light-duty gaso-
line vehicles has been previously reported,® where nine stan-
dard representative driving cycles for Santiago (STD driving
cycles) with the same number of average speeds were used.

2000 4000 6000
[

METERS

Figure 1. Traffic network of the metropolitan region of Santiago.
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Table 1. Vehicle categories.
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shown in Figure 3. Further acceleration and
speed histogram analysis leads to the defini-
tion of nine typical driving patterns with av-
erage speeds from 3 to 80 km/hr. Figure 4 shows
as an example a driving cycle with 30 km/hr
average speed (STD30). Table 2 presents the
main characteristics of the local driving cycles.

Emission Factors
For light-duty gasoline vehicles, an experimental
program was conducted to determine emission fac-
tors.® This program involved chassis dynamometer
transient test using driving cycles described previ-
ously. A total of 166 vehicles constituted the sample,

Vehicle Type Category Description
Buses Bus A Urban buses pre-EPA-91
Bus B Urban buses EPA-91
Bus C Urban buses EPA-94
Bus D Other buses
Trucks Truck A Light- and medium-duty trucks
Truck B Heavy-duty trucks
Private vehicles PPV-CAT Light-duty catalytic private passenger cars
PPV-NCAT Light-duty noncatalytic private passenger cars
Commercial vehicles ~ CV-CAT Light- and medium-duty catalytic commercial vehicles
CV-NCAT Light- and medium-duty noncatalytic commercial vehicles
CvD Light- and medium-duty diesel commercial vehicles
Taxis T-CAT Catalytic taxis
T-NCAT Noncatalytic taxis
Motorcycles M-2S Two-stroke motorcycles
M-4S Four-stroke motorcycles

including catalytic and noncatalytic cars. Almost
2000 individual emission tests were performed.
Equations 2—4 and 5-7 represent the emission fac-
tors obtained as a function of average speed, V, in

Driving cycles were obtained from an instrumented car
running predetermined circuits around the city, as dis-
cussed in detail in another section of this paper. A general
scheme of the methodology just discussed is described in
Figure 2, indicating type and source of the input data.

Driving Cycles
Driving cycles are one of the most important parameters
that influence hot exhaust emissions, as reported in pre-
vious research.?!>* To get real-world emission estimates,
real-world driving cycles are required that can be ob-
tained from modeling, travel survey data, or measure-
ments taken from an instrumented car. The emission
model described in this paper uses driving cycles obtained
by on-road measurement methodologies. A vehicle fit-
ted with a data acquisition system for instantaneous
engine revolutions per minute and distance driven over
a predefined circuit around the city, applying the float-
ing car technique, results in speed-distance plots such as

DRIVING CYCLES
EXPERIMENTAL
PROGRAM

|

EMISSION FACTORS
EXPERIMENTAL

PROGRAM
TRANSPORTATION HOT EMISSION TRAFFIC FLOWS
MODEL 1 wobeL CHARACTERIZATION
(ESTRAUS) EXPERIMENTAL
PROGRAM

km/hr for catalytic and noncatalytic private light-
duty gasoline vehicles, respectively.

EF pvats caranyst (CO) = 20.844. 7 -0.70% 2
EF PRIVATE CATALYST (N Ox) =3-10°-V° - 3-10* V2 +

0.0068-V + 0.4941 3)
EF prrvate camaryst (THC) = 0.3681-V-040% “4)

EF pp e NoNcaTALYST (CO) =0.0243-V2 -
2.5613-V +76.977 5)

EF PRIVATE NONCATALYST (N Ox) =9.5-10°V%-0.0016-V? +

0.0738-V + 1.2586 (6)
EF rvste voncarayst (THC) = 8.8083. V70472 )

Commercial and private cars have to meet different
emission standards; because of this, differentiated emission

Spend |kmihir}
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Figure 2. Hot emission model scheme.
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Figure 3. Example of speed-time traces obtained from the
instrumented car.
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Figure 4. Driving cycle of 30-km/hr average speed.

factors were determined for commercial vehicles. Equa-
tions 8-10 and 11-13 correspond to the best fit of experi-
mental data obtained for commercial catalytic and
noncatalytic vehicles, respectively.

EF COMMERCIAL CATALYST (CO) =-8-107°-V* +
0.0011-V + 0.5633 8)
EF COMMERCIAL CATALYST (N Ox) =8-10°-V¥ + 0.001-V2 +
0.03-V +0.4419 9)
EF COMMERCIAL CATALYST (THC) = 0.0003-V? —
0.0277-V + 0.7856 (10)
EF COMMERCIAL NONCATALYST (CO) =0.0228-V2 -
2.4598-V + 79.998 (11)
EF COMMERCIAL-NONCATALYST (N Ox) =3-10°-V* -
0.0042-V2+0.1669-V + 1.738 (12)
EF COMMERCIAL-NONCATALYST (THC) = 0.0006-V? -
0.0891-V + 4.5941 (13)

Table 2. Characteristics of the nine local driving cycles.

Emission factors for taxis were assumed to be equal
to those of private vehicles because of similar technical
characteristics. A comparative analysis of local emission
factors (eqs 2-13) with those proposed by other sources,
such as COPERT and U.S. Environmental Protection
Agency (EPA) AP-42, was presented in a previous paper
by the authors.® This analysis denotes that local emission
factors for private and commercial noncatalytic vehicles
forecast higher emissions than AP-42, being closer to
COPERT II. Higher speed influence was observed on emis-
sion for local results and COPERT II compared with the
AP-42 approach, which is more evident for CO and THC.
A better agreement was obtained between experimental
data and COPERT II and AP-42 for catalytic vehicles. Nev-
ertheless, important discrepancies are noted on low-speed
ranges, where CO and THC emissions predicted by mod-
els are lower than experimental data.

For diesel vehicles and motorcycles, no experimental
facilities were available; thus, emission factors from
COPERT II* were used (see Table 3). PM emission factors
for types A and D buses were corrected by incrementing
by ~20% the COPERT proposal, considering the low level
of particulates in the maintenance state of these buses in
the local fleet. On the other hand, emission factors for
type A trucks were obtained from a combination of emis-
sion factors for light and medium trucks proposed by
COPERT. As an example, emission factors evaluated at 20
km/hr, which should be considered a representative aver-
age speed for the city, are presented and compared with
emission factors from COPERT II evaluated for the same
speed (Table 4).

Traffic Flow Characterization
The hot emission model involves the terms FP, and C,
(eq 1) representing 24-hr traffic flow profiles and the flow
fraction corresponding to the vehicle category k at the arc
j, respectively. As mentioned earlier, output data from the
ESTRAUS traffic model include traffic vol-
umes desegregated into fixed and variable

flow, with no distinction made for vehicle

Average Max Speed Duration Acceleration Max Idle  categories that must be considered for
Cycle Speed Time Acceleration  Time  hourly emission calculations for each ve-
(km/hr) (km/hr) (sec) (%) (m/sec’) (%) hicle category present at the local vehicle
fleet, according to eq 1. On the other
STD 05 30 252 2390 142 20 67.1 hand, the traffic model gives data only for
STD 10 1.1 36.0 239.0 325 15 254 .
2-day periods (on-peak and off-peak data).
STD 20 19.6 57.6 249.0 324 2.0 256 T | ext lati f traffi fil
STD 30 29.7 61.9 2440 129 2.1 143 criporalextrapolation of Latlic protiies
STD 40 38.4 791 2490 488 18 6.4 and their desegregation into vehicle cat-
STD 50 463 733 2740 422 23 40  egories was needed.
STD 60 55.3 771 2740 49.1 35 15 To estimate C,, for field traffic, a char-
STD 70 66.4 84.7 274.0 38.2 23 0.7 acterization of different vehicle catego-
STD 80 72.9 948 279.0 436 28 18  ries was carried out using a total of 75
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manual measuring points distributed
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Table 3. Emission factors for diesel vehicles (COPERT 11%4.

Vehicle Pollutant Emission Factor Original Source

Category (9/km) Application
PM 0.0000125 1# - 0.000577 V+0.2880

CVD o) 0.00020 1# - 0.0256 V/+ 1.8281 Light-duty diesel
THC 0.000066 V£ —0.0113 V/+ 0.6024 vehicles
NO 0.00014 1# - 0.01592 V+ 1.4921 <35ton
PM 12.09253 1/ 0750

Buses Aand D 0 59.003 V074 Conventional
THC 43,647 100 buses
NO 89.174 1051
PM 5.109585 /070

Bus B o) 29.5015 |/ ™47 Urban buses
THC 32.73525 1O Stage |
NO 62.4218 17051 (91/542/EEC)
PM 3.14436 17070

Bus C o) 23,6012 V™7 Urban buses
THC 30.5529 110! Stage Il
NO 44,587 1051 (91/542/EEC)
PM 4.2074 o1

Truck A co 18.64 1069 Light- and medium-
THC 30.09 V& duty trucks
NO 46.43 V7% (0-60 km/hr)

0.00077 12 —0.10045 V/+ 5.346 (60 < V < 100 km/hr)

PM 87127071

Truck B co 29.824 |/ 706% Conventional
THC 32.096 1/~087™ heavy-duty
NO, 86.688 /06! trucks
co -0.001 12 +0.172 V+18.1 Conventional

M-2S THC 0.0035 1£ - 0.409 V+20.1 heavy-duty
NO, 0.00003 £~ 0.002 V+0.064 trucks
co 0.0123 ¥ -1.19 V+428 Conventional

M-43 THC 0.0022 1 - 0.257 V+9.28 heavy-duty
NO 0.00005 V£ - 0.0008 V/+ 0.1 trucks

Table 4. Emission factors evaluated at 20 km/hr average speed.
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around the city. On each counting point,
traffic flow volumes for 15 vehicle catego-
ries were identified through on-peak and
off-peak periods (see Table 1). Results were
expressed as a fraction of total traffic vol-
ume corresponding to each vehicle cat-
egory, which was calibrated by data
collected from automatic total traffic vol-
ume counting stations, some of which
were placed close to the manual traffic
count points. Through data analysis, nine
city sectors were defined where vehicle
category distributions were homogeneous
with a statistical dispersion of less than
10%. On the other hand, as a simplifica-
tion of the problem, vehicle category dis-
tributions were considered constant along
the day due to the low variations obtained,
as shown in Figure 5. Figure 6 shows a
graphical representation of the nine sec-
tors defined and the location of the
manual traffic counting points. In each
geographical sector, an average vehicle cat-
egory distribution was assigned.
Temporal extrapolation of traffic profile,
represented by FP, in eq 1, was obtained by
mean data collected from continuous 24-hr
traffic counting stations. Processing and
analysis of this set of data made it possible
to generate 24-hr traffic profiles normalized
by morning on-peak values, for each one
of the four types of day defined. Figure 7
shows an example of traffic profile ob-
tained for sector 3, corresponding to a
downtown zone of the city of
Santiago. Two types of traffic
profiles were used: one for

buses and one for the remain-

Vehicle Type Local Emission Factors Copert Il Emission Factors®

co THC NO co THC NO pM ing vehicle categories.

X X
Private-CAT 2.10 0.11 0.53 2.50 017 0.42 - MODEL RESULTS
Commercial-CAT 0.55 0.35 0.60 151 0.13 0.40 - The hot emission model devel-
Private-No CAT 3547 2.10 2,64 3212 3.03 176 - oped is able to calculate hourly
Commecial-No CAT 39.92 3.05 364 31.94 3.40 182 -~ CO, THGs, PM, and NO_ emis-
Commercial-Diesel na na na 1.40 0.40 1.23 0.28 sions on each arc of the traffic
BusAandD na na na 6.34 1.99 18.86 1.33 .
network for each vehicle cat-

Bus B na na na 317 1.50 13.21 0.56 tin the local vehicl
Bus C na na na 254 140 9.43 035 Ccgorypresentinthelocalvenicie
Truck A na na na 128 217 486 049 fleet. As an example, Figure 8
Truck B na na na 905 930 775 104 shows a graphical representation
M-2S na na na 2114 13.32 0,076 _ of PM emissions from buses (kg/
M-4S na na na 23.92 5.02 0.104 - hr) in the morning peak period

of a working day on each arc of

Note: na means local emission factors for these vehicle categories not available.
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a certain street in a downtown
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Figure 5. Daily flow distributions in sector 3 (downtown): (a) private
vehicles and taxis; (b) commercial vehicles, buses, and trucks.

zone of the city (sector 3). This type of analysis can be made
for each vehicle category, hour of the day, and pollutant.

Another result of the model concerns total annual
emissions for each sector of vehicle category and pollut-
ant. As an example, NO_ emissions from buses for nine
sectors are graphically represented and compared to NO_
emissions of the remaining vehicle categories (Figure 9).
The major incidence of emissions from buses is in sec-
tors 3 and 4, where a great activity level of this vehicle
category stands out. It is also evident that total emis-
sions, considering all vehicle categories, are greater in
sectors 3, 5, and 6, which denotes higher activity levels
for older vehicle technologies, corresponding to lower
socioeconomic sectors.

Emission scenario analysis permits emission pro-
jections from baseline emission inventory. This is
normally used for effective evaluation of emission re-
duction strategies by mean emission estimation fore-
casting. The model is able to calculate predicted
emissions using adequate projection of activity levels
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Figure 6. Sectors with homogeneous vehicle category distribution
and location of manual counting station.

and emission factors. As an example of this, Figure 10
represents a comparison of 1997 baseline and projected
2005 CO, PM, HC, and NO_hourly emissions at a
microzone of sector 1. Emissions corresponding to 2005
were estimated by means of a projection of traffic flows
from the ESTRAUS model, which predicts a 65% total
increase of the activity level (vehicle-km/year). In ad-
dition, increasing rates of 10% per year for the com-
mercial vehicle fleet and 7-8% for the other vehicle
categories were considered. A rate of 2% of withdrawal
per year for all vehicle categories was also estimated.
The type of results just discussed corresponds to
microscale analysis, which constitutes a powerful tool for
sector-scale emission management. Additional macroscale
analysis is also possible via integration of hourly street-by-
street emission calculations of primary pollutants over the
year and the entire traffic network. An example of this analy-
sis is shown in Figure 11, where annual emissions from de-
segregated vehicle categories and activity levels (ACTs)
described by fuel consumption (FC) and vehicle-kilometer

SECTOR D

a
= =

Ed | 4 swenaeen i T

Ef :" ' l.‘ C b

=t = & =
B, " R e I i
Ea [ b " I.
3 e oy

Figure 7. Example of traffic flow profile.
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Figure 8. Example of street-by-street hourly emission estimation for
vehicle category and pollutant predefined: PM bus emissions (kg/hr) in
morning on-peak hour at downtown zone (sector 3).

per year are shown for the entire metropolitan region. This
type of analysis allows the identification of major primary
pollutant emissions among desegregated vehicle categories.

Figure 9. Total annual emissions by geographical sectors: NO, bus
emissions compared with NO, emissions from remaining vehicle
categories.
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Figure 10. Comparison of 1997 and 2005 CO, PM, HC, and NO,
hourly emissions by arc at a microzone of sector 1.

In the example in Figure 11, it is clear that more than 80%
of total annual emissions of PM comes from buses and trucks,
despite being lowest in annual mileage. Buses also have an
important participation in NO, emissions. On the other
hand, private cars represent the highest contribution to CO
and THC emissions. This analysis can be improved by con-
sidering more desegregated vehicle categories to allow more
specific design strategies in terms of, for example, emission
regulation and transportation planning.

DISCUSSION AND CONCLUSIONS

The hot emission model described above renders spatial
and temporal high-resolution emission distribution, thus
allowing hourly emission estimates for street portions
(arcs) defined on a real traffic network for 15 vehicle cat-
egories. Input data correspond to real-time traffic data
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Figure 11. Annual emission, ACT, and FC distributions per vehicle
categories.
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recollection and, in the case of gasoline light-duty vehicles,
emission factors from an experimental program where
local driving cycles were used. The complexity of the
methodology forces some hypotheses and simplifications
to be improved in further research work. An example could
be the development of an experimental program to de-
termine emission factors for diesel vehicles, as well as
characterization of traffic flows at the urban road network
in more detail and, thus, lifting the assumption of con-
stancy along the day. The methodology discussed here
only concerns hot emissions, so it must be extended to
cold start and evaporative emissions as well. This implies
the development of a methodology based on area scale
instead of arc scale as done here, which corresponds to
the present work being done by the authors.
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