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A macro-scale methodology for vehicle emissions estimation is described. The
methodology is based on both correlations between activity level and PM, CO, THC
and NO, vehicle emissions and relationships between demographic and socio-
economic variables and transportation activity level. First, pollutant emissions were
correlated with transportation activity, expressed as vehicle-km/year, using existing
data collected from mobile sources emission inventories in nine urban cities of
Chile. Second, demographic and socio-economic variables were pre-selected from
those that could intuitively be correlated with vehicle activity level and considering
the data availability. Using the individual R® correlation coefficient as variable
selection criterion, population, the number of vehicles, fuel consumption, gross
domestic product, average family incomes and road kilometers were finally chosen.
A different set of explicative variables was considered for different vehicle catego-
ries, based on the selection criterion above mentioned. Then, correlation functions
between these variables and transport activity were obtained by non-linear
Gauss—Newton least square method. This methodology was applied to eighteen
provinces of the country obtaining total annual emission for mobile sources, divided
into six main vehicles categories.
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INTRODUCTION

Most mobile sources emission estimations methodologies are based on
emission factors and operational parameters representing real-world traffic
flow conditions of the zone under analysis (Corvalan & Osses, 2002; Goyal
& Rama Krishna, 1998; Lyons, Kenworthy, Moy, & Dos Santos, 2003;
Reynolds & Broderick, 2000; Sharma & Khare, 2001; Sturm, Almbauer,
Sudy, & Pucher, 1997; Zachariadis & Zamaras, 1999). Emission factors
represent unit emissions as a function of the speed, obtained experimentally
by transient tests conducted on chassis dynamometers. Emission factors are
obtained using a representative sample of technologies and vehicle types
present in the local fleet and using representative driving patterns (Corvalan
& Urrutia, 2000; De Haan & Keller, 1999; Ntziachristos et al., 1999; US
EPA, 1991). On the other hand, operational parameters involve flow den-
sities by arc of the traffic network for different days of the week and hours of
the day, average speed, and activity levels, expressed by vehicle-km/year.
These operational parameters are normally obtained from transport models,
traffic surveys, and vehicle fleet data bases (Cardelino, 1998; De Cea &
Fernadez , 1993; Fernddez & De Cea, 1990; Kim, 2000).

Traffic emission can be related to technical and operational factors like
vehicle technology, vehicle age and mileage, state of maintenance, fuel
quality, existence of emission control devices, street flow density and
average speed and accelerations. On the other hand emissions are also
related to demographic and socio-economic factors. Several studies have
demonstrated that changes in demographic and socio-economic factors can
impact air pollution. Cole and Neumayer (2004), concluded that population
increases are matched by proportional increases in CO, emissions which
confirmed the previous findings of Dietz and Rosa (1997); York, Rosa, &
Dietz, (2003), concerning elasticity of emissions of CO, with respect to
population. Riley (2002) analyzed the influence of population growth, in-
creases in urbanization, and economic development on the growth motor
vehicles in China and their implications; one of which is the associated
environmental impact.

In Chile, emission inventories of not only mobile sources but also
stationary sources were developed for nine urban areas throughout the
country, including the Metropolitan Region of the city of Santiago



(CENMA, 2000, 2002). Mobile sources inventories were constructed by
applying the mobile source emission model, MODEM (Corvalan & Osses,
2002) and the local traffic model, ESTRAUS (De Cea & Fernandez, 1993).
MODEM calculates hourly pollutant production on each arc of the traffic
network for each predefined vehicle category, using emission factors
evaluated at hourly average flow speed obtained from the transport model
ESTRAUS. Since the transport model estimates flow densities and average
speed by arc for only on-peak and out of peak hours of the day, and
considers two aggregated traffic flows (public transport and the rest
vehicles categories), temporal expansion and characterization of traffic
flow into vehicles categories by traffic surveys was needed at the overall
urban areas where emission inventories were constructed. The emission
factors used come from a local experimental test program for light duty
gasoline passenger cars (Corvalan & Urrutia, 2000) and from international
literature for the rest of vehicles categories (Ntziachristos et al., 1999). The
emission factors experimental program involved chassis dynamometer
tests that used driving cycles that represent the real-world driving patterns
of the urban zone under analysis. The driving cycles were obtained by
means of the driving of predefined circuits in the city with an instru-
mented vehicle. Strictly, this should be executed on each city where
emission calculations are desired.

Despite the thoroughness of methodology above described, there are
serious limitations on extending application to all of the urban areas of the
country. The main restrictions are the required availability of an up to date
transport model, emission factors representative of the technologies present
in the local vehicles fleet and of the local driving patterns, and the char-
acterization of traffic into categories for the local fleet. Normally emission
calculations have a defined temporal period of validity which corresponds
to period in which vehicle technologies and driving patterns do not change
enough to introduce changes on emissions. Normally emission inventories
are constructed for a temporal period of one year.

The analysis of these emission inventories allows local environmental
authorities and policy makers to identify the relative contributions of dif-
ferent types of source and economic sectors on total criteria pollutant
emissions. Processing and analyzing the data contained in the emission
inventories makes possible to correlate emissions and activity level with
demographic and socio-economic parameters. By using this correlation it is
possible to estimate emission without the application of emission and traffic
models, which are not available to most of the urban localities of the
country.



GENERAL APPROACH

The methodology consists of two main steps. The first one is to cor-
relate pollutant emission with mobile source activity levels, expressed as
vehicle-kilometers per year, segregated into different vehicle categories
present in urban fleets. The second step is first to identify demographic and
socio-economic variables that can be linked with vehicle activity level and
second to find multivariable correlations between them.

In order to correlate pollutant emissions with vehicle activity levels,
data from mobile sources emission inventories corresponding to several
urban areas of the country were used. These emission inventories were
constructed by applying the emission and transport models mentioned
above to the cities covered. Data concerning PM; CO; THC and NO,
vehicle emissions were correlated with vehicle-kilometers per year for the
following vehicle categories: buses, trucks, light duty catalytic cars, light
duty non-catalytic cars, commercial catalytic vehicles, commercial
non-catalytic vehicles, and diesel commercial vehicles. Values of vehicle-
kilometer per year come from transports models which were calibrated by
data from automatic traffic measures network existing in the cities where
transport models are available. These vehicle categories come from an
aggregation of vehicle categories considered in emission inventories, where
a finer distinction of technologies is done using the emission standards
compliance of each one.

The correlations between vehicle activity level and demographic and
socio-economic factors were obtained by identifying factors susceptible to
be linked with emission of each pollutant considered for each vehicle
category. Once variables were selected, multivariable correlations using the
non-linear least square Gauss—Newton method was applied.

Finally, the application of both of the above steps permits the estima-
tion of yearly emissions for each vehicle category and pollutant starting with
the evaluation of demographic and socio-economic factors corresponding
to the urban areas under analysis.

CORRELATIONS BETWEEN TRANSPORT ACTIVITY
AND EMISSIONS

As was above mentioned, data from mobile sources inventories for nine
urban areas of the country are available, including the Metropolitan Region
of the city of Santiago. The MODEM emission model, was used for the
calculation of atmospheric pollutant emissions produced by on-road



vehicular activity in the mentioned urban areas. This vehicle emissions
model uses as input traffic flows and average vehicle speeds modeled by the
transportation strategic-allocation model ESTRAUS and emission factors to
obtain emissions for several types of pollutants, all of which are determined
for several categories of vehicles, with high levels of spatial and temporary
desegregation. Activity levels come also from transport model, which esti-
mates hourly vehicles flow densities (vehicles/hour) for each arc of prede-
fined traffic networks, each of them with a known length (km). Table 1
shows vehicles-kilometer per year estimated for transport models for each
vehicle categories in the cities considered in the emission inventories.
Figure 1 represents aggregated results expressed as total activity level,
considering all vehicles categories in each urban zone with existing emis-
sion inventories and its geographical location. Examining the figure it seems
that Metropolitan Region of the city of Santiago has the highest transport
activity level which reflects that this urban area concentrates 40% of the
country’s population and almost the 50% of the total vehicle fleet. This
observation suggests that this urban area must be excluded in the correla-
tions between emission and activity level; other wise, considerable distor-
tions could be introduced onto the other urban areas. Table 2, shows
pollutant emissions estimated for all the aggregated vehicle categories by
the existing emission inventories, where remarkably higher emissions in
Metropolitan Region of the city of Santiago are noted, which confirms the
above observation concerning activity level.

In Figure 2, total emissions versus total activity considering all vehicle
categories and the corresponding linear fit curves are plotted. Note the
remarkable linearity between the variables, as is demonstrated by the R*
correlation coefficient also shown on the figure. Data from Metropolitan
Region was excluded in accordance to the above discussion. Table 3 shows
the correlations obtained for each vehicle category and pollutant, with the
corresponding correlation coefficient R®. It seems that very high R” correlation
coefficients are obtained except for THC from non-catalytic commercial
vehicles and for all pollutants emitted by diesel commercial vehicles. No
correlations have been proposed for gasoline PM emission which was
assumed null for this vehicle category in comparison with diesel vehicles.

CORRELATION BETWEEN DEMOGRAPHIC AND SOCIO-
ECONOMIC FACTORS AND TRANSPORT ACTIVITY

Preliminary analysis in order to select demographic and socio-eco-
nomic variables which can be linked with vehicles activity was done.
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FIGURE 1. Total activity level by urban areas considered on existing
emission inventories.

Several factors were considered and selection was made on the basis of
individual correlations between factors and vehicle activity of each vehicle
categories obtained from existing inventories. The following variables with

TABLE 2

Existing Emission Inventories

Urban Zones PM Ton/year CO Ton/year THC Ton/year NO, Ton/year

Osorno 31 3479 349 685
Temuco 71 7371 1090 1283
Concepcion 229 15989 2186 4273
Chillan 26 3425 352 603
Rancagua 44 7948 965 1013
Metropolitan 2425 174196 46180 24456
Region

Valparaiso 210 37034 2739 5839
La Serena 56 4514 455 1230

Antofagasta 74 6751 736 1815
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FIGURE 2. PM; CO; THC and NOy emission v/s vehicle activity levels.

highest individual R® correlation coefficients were pre-selected: vehicle
fleet (number of vehicles), fuel consumption, population, gross domestic
product, average family incomes, kilometers of road and urban zone sur-
faces. The analysis established that the sets of explicative variables are not
the same for different vehicle categories considered, that is to say, vehicle
activity correlates with different variables concerning different vehicle
categories. It is found that only a few variables (number of vehicles, fuel
consumption, and population), correlate in reasonable terms for the overall
vehicles categories.

An additional criterion to be considered in the explicative variables
selection is the feasibility of access to the corresponding data for the zones
under analysis. The variables pre-selected on this work can be evaluated by
accessing the following information resources: Number of vehicles of each
category which compose the fleets of different urban areas can be obtained
by the analysis and processing of data base and statistics coming from the 1/
M programs (periodical technical revision which are obligatorily conducted
for vehicles in order to verify safety and emission aspects) and also from
data bases of municipal vehicle registers. Fuel Consumption is obtained
from regional fuel sells statistics, assuming averages fuel performances of
each vehicle category. Regional and city population data are available from
demographic data bases provided by National Statistics Institute. Regional
Domestic Gross Products are available from Central Bank databases.
Average Family Incomes can be obtained from data administrated by the
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TABLE 4

Demographic and Socio-economics Variables Selected

Private
Public ~ Cargo Commercial Light Duty

Variable Units  Transport Vehicles  Vehicles  Vehicles
Vehicle Quantity ~ Units V V \ V
Fuel Consumption m?*/year \/ V \ V
Population inhabitants V V \ \
Regional Internal  NM$ V V J
Gross Product
Average Family NM$ v v \/
Incomes
Kilometers km V \ \
of Roads
Urban Zone km? V
Surface

local Planning and Development Ministry. Kilometers of Road can be
estimated from data provided by Public Works Ministry. Table 4 indicates
the demographic and socio-economic variables finally selected for each
vehicle category.

Determination of vehicle activity functions was done correlating the
selected variables by means of a non-linear model adjusting parameters in
iterative form in order to attain convergence to known vehicle activity
values coming from existing emission inventories. The model proposed is of
the type shown on the following equation:

Y =1£(xp,c) (1)

where: Y is the vector representing the known vehicle activity (veh-km/
year); y, is the matrix of variables considered and B and ¢, are coefficients to
be determined. Coefficient p and c are adjusted so that the set of the known
variables lead to the estimations of vehicle activity. In order to carry out this
adjustment, vector Y contains the set of vehicle activity values for a vehicle
category done at the cities where this parameter is known. Using the sim-
plest Gauss—Newton methods for non-linear squares least regressions it is
possible to find functions of the form:

The adjustment is carried out by taking a matrix with columns containing
the independent variables y which define the problem analyzed and their



corresponding response or objective vector, Y. The method requires an
initial value B’ to start the iterations. On each iteration BX a first order
approximation of the ith function is done around of iteration point B,
obtaining the following equation:

) = funeasB) = 1:(8) + V5(8) " (B~ B) ()

then, the sum of the square of linear residues are minimized obtained the
following iteration point Bk” (equation (4)). The problem is considered
solved when this sum is less than and predefined tolerance e.

. 2

ming = Z(flinear,i(ﬂ) - yl) (4)
Numerically it is possible to face the problem of getting the partial derivates
with respect to the parameter to be determined in the f; functions and then
iterate the matrix equations (5) and (6):

b= (D'D)"'D'Y (5)

8n+1 :gn+b n>0 (6)

where g, is the refined estimations matrix; b, is the estimation changes rate,
Y, is the error matrix (y—f (x,B)) and D is the partial derivates matrix. The
iteration processes are done until the square of residues is less than and
predefined tolerance e.

In order to carry out the methods above described, equation (1) takes
the form:

n
Y = ZC,‘X?i (7)

The model assigns to each independent variable y; the parameters c; and B;
resulting from the non-linear square least method above described. In order
to carry out the iterations leading to the correlations a Matlab program was
written. Table 5 presents coefficients ¢; and B; obtained for each explicative
variable and vehicle category. Note that vehicle categories were segregated
into sub-categories taking into account specific technologies defined by the
emission standards compliances. In an Appendix, the description of
vehicular sub-categories is included.
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RESULTS OF ACTIVITY LEVEL AND EMISSION ESTIMATIONS

The methodology described above was applied to 18 urban areas in the
country where data of demographic and socio-economic parameters in-
volved were available. Chile is politically and administratively divided into
13 regions, each of them divided into provinces with a variable amount of
cities. Since most of demographic and socioeconomic data are of the
regional type, the urban zones considered in this work correspond to a
provincial geographic definition where data of socio-economic variables
were estimated by interpolation of regional data using population as inter-
polation criteria. Figure 3 shows the total coverage achieved considering
urban zones with existing emission inventories and provinces in which
emission inventories were estimated with the methodology developed in the
present work.

By applying the model of non-linear regression to obtain vehicle
activity from demographic and socio-economic factors identified on
Table 4 using coefficients ¢ and B shown on Table 5, vehicle activity
functions are obtained for each vehicle category. Using the corre-
sponding data for variables for each province analyzed, predicted vehicle

NEW INVENTORIES DEVELOPED CITIES WITH EXISTING INVENTORIES
Arica Antofagasta
Iquique
El Loa La Serena
Copiapod
Valparaiso
Elqui
Limari o .
Region Metropolitana
San Felipe e
Qillota Rancagua
San Antonio
Colchagua Chillan
Cachapoal
Curico Concepcion
Talca
Linares Temuco
Bio-Bio
Malloco Osorno

Valdivia
Llanquihue

FIGURE 3. Total encourage achieved with the application of proposed
methodology.



activity levels shown on Table 6 with the percentage distribution by
vehicle categories shown on Figure 4 are finally achieved. It is noted that
the distribution of non-catalytic vehicle activity is almost homogeneous
in the overall provinces analyzed but has a higher dispersion than the
other vehicle categories activity. Variables like population, average
family income and regional internal gross product define the division of
transport type which results in different distribution of vehicle categories
activity.

Introducing the vehicles activity values on correlations of Table 3,
the predicted pollutant emissions shown on Tables 7-10, for each
province and vehicle categories are obtained. Figure 5 shows the PM,
CO, THC, and NO, total emissions in the provinces analyzed. The
maximum CO emission is detected in the province of Cachapoal which
can be explained by the highest total vehicle activity and highest non-
catalytic vehicle activity calculated for this province. Graphs of Figure 6
represent the contribution of each vehicle categories on total emissions
of the four pollutants considered. Great dispersion of contributions of PM
emission is noticed due mainly to the relative activity distribution of
buses and trucks, as can be observed on Figure 4. In regard to gaseous
pollutants a more homogeneous distribution of contributions to total
emission from different vehicle categories is observed except for buses
which can be explained by the same argumentation presented above in
the activity analysis.

In order to verify the predicted results obtained, a comparison be-
tween “predicted” and ‘“‘observed”” values of activity level and emissions
was done. Results of application of the conventional emission model,
MODEM, using transport model and emission factors was available for
four urban zones inserted on provinces modeled by the present meth-
odology. Table 11 shows the predicted and observed results of activity
level and total emissions of PM; CO and THC, and Table 12 shows the
percent variations referred to predicted values. Positive figures indicate
that predicted values are greater than observed and negative figures
mean that methodology predict values lower than observed. The percent
differences are in the range of -32% to 71.4% which could be con-
sidered high but these differences seem reasonable for an aggregate
macro-scale methodology, taking into account that observed results come
from detailed modeling of traffic activity in an specific urban zone and
the utilization of emission factor for each vehicle technologies for each
vehicle category present on the fleet, and predicted results come from a
correlation between explicative variables of the provincial basis and
activity level.
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FIGURE 4. Vehicle activity distribution by categories on provinces where
methodology was applied.

DISCUSSION AND CONCLUSION

The methodology described above constitutes a macro-scale alterna-
tive model to estimate transport emissions in urban areas without regard to
output of sophisticated transport and emission models which are not always
possible to apply to any region of the country. As an example of application,
results concerning a set of the important urban zone of the country, in terms
of population and vehicle fleet sizes, where it was possible the recompi-
lation of reliable data of explicative variables were presented and analyzed.
One advantage of the methodology proposed is the fact that socio-eco-
nomic variables, in general terms, change slower than parameters involved
in methodologies based on transport and emissions models which suggest
that validity of results lasts for a longer time.

Geographic segregation of emissions estimated by the methodology
depends on the type of demographic and socio-economic information
available. In the application presented provincial information was obtained
by using interpolation of regional available data, and as a result the emis-
sions estimated correspond to this geographical unit. Nevertheless, accu-
racy of calculation can be improved if original data from smaller areas, for



TABLE 7

Predicted PM Emissions (ton/year)

Provinces Buses Trucks Total
Llanquihue 21 24 46
Valdivia 24 19 43
Malleco 10 26 35
Bio Bio 18 22 40
Linares 9 34 43
Talca 22 28 50
Curico 17 30 47
Cachapoal 46 44 90
Colchagua 4 17 20
San Antonio 31 34 65
Quillota 16 18 35
San Felipe 5 15 21
Limarf 12 13 25
Elqui 26 20 46
Copiapd 12 17 29
El Loa 21 24 45
Iquique 30 35 66
Arica 26 15 41

example province or individual urban cities, is available. Then, one of the
most important limitation of the methodology is the fact that socio-eco-
nomical and demography variables data are normally available on de
provincial basis, and these variables are correlated with activity level cor-
responding to specific urban areas.

Comparisons of predicted and observed results of activity level and
emissions for four urban zone denote that, despite the lower precision of
methodology compared to those based on transport and emission model, it
is good enough to estimate order of magnitude of total emission in an urban
zone and even to determine the relative contribution of different vehicle
categories to the total transport emissions.

In general terms, emission of pollutants analyzed correlates very well
with vehicle activity, except the emissions of THC for non catalytic and
diesel commercial vehicles and PM emissions from diesel commercial
vehicles. Nevertheless, considering the overall vehicle categories, THC and
PM emissions correlate significantly better with R? equal to 0.77 and 0.98
respectively. The lower correlation detected could originate from inaccu-
racies in input data coming from existing emission inventories and vehicle
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FIGURE 5. Estimated emission for provinces considered.

activity determined by transport model which were extrapolated from the
original coverage (urban cities) to provinces which were sometimes inter-
polated from regional data using linear population proportionality.
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FIGURE 6. Responsibility of each vehicle categories on total emissions of
the four pollutants considered, on the each province analyzed.
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TABLE 12

Percent Variations Referred on Predicted Values

Province NA % PM % CO % HC %
Copiapd -21.6 29.2 17.8 14.3
Talca -9.5 61.9 -13.9 -30.4
Bio-Bio -43.3 71.3 -32.0 12.1
Valdivia 34.0 71.4 57.2 55.9

The selection of summation functions in order to correlate vehicle activity
with socio-economic and demographic variables instead other approaches,
like product functions, is based on quicker convergence of Gauss—Newton
method, despite a more reasonable sensitivity that can be reached with the
type of functions selected. For each vehicle categories, different sensitivities
are obtained with vehicle fleet, fuel consumption and average family in-
comes being the most influential variables, which appear to be a very
reasonable result.

The methodology presented here can be used effectively to create mobile
sources emission inventories and extend them to a national coverage. Never-
theless it is not appropriate to design and evaluate specific emission reduction
measures and strategies mainly because socio-economic and demographic
variables are not sensitive to typical environmental management measures,
like implementation of new and in-use vehicles emission standards, inspec-
tion-maintenance programs, improvement of fuel quality, rationally car use,
and others. In this context, the vehicles emission determination by the use of
traffic and emission models must to be continued and efforts must to be directed
to the micro-scale analysis of specific urban areas and even the implementation
of more accurate methods like on road emissions.
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APPENDIX

Vehicles Categories and Sub-categories Considered

Emission
Vehicle Vehicle Year Standards
Categories Sub-categories Model Compliance
Buses Bus type 1 Before 1993 No emission standard
Bus type 2 1993-1996 EPA91 or EUROT1
Bus type 3 After 1996 EPA94 or EURO2
Trucks Trucks type 1 Before 1993 No emission standard
Trucks type 2 After 1993 EPA 91
Commercial Non Catalytic Before 1992 No emission standard
Vehicles Catalytic After 1992 EPA 94
Diesel All
Light Duty Non Catalytic Before. 1992 No emission standard
Vehicles Catalytic After 1992 EPA 94
Motorcycles All
Non catalytic taxis Before 1992 No emission standard
Catalytic taxis After 1992 EPA 94
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