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ABSTRACT

Even though gasoline reformulation has contributed in abating the high levels of some 
tropospheric pollutants in México City Metropolitan Area (MCMA), such as lead and 
sulfur dioxide, it is still being explored as practical alternative to alleviate other local 
air pollution problems, such as the high ozone levels. Because gasoline is a complex 
mixture of chemical compounds, the number of alternative reformulated gasoline fuels 
(RGF) to be tested is potentially very high. Thus, rapid and inexpensive methods are 
required to make such testing less costly. We report our experience while using a com-
mon ranking technique (Electre method) to select a subset of reformulated gasoline 
fuels (RGF) with low potential to form gaseous toxics and O3-forming compounds in 
vehicle tail-pipe emissions, so that further studies might focus on the most promising 
of them. Ten RGF differing in contents of sulfur, aromatics, olefins and oxygenated 
compounds were subjected to chassis dynamometer tests in two vehicles represent-
ing different engine technologies: Tier 1, as representative of the currently dominant 
technology in MCMA, and Euro 4 which will soon enter the local market. Emissions 
sampling was done at constant volume (CVS) using the Urban Cycle driving test, a 
standardized Mexican chassis dynamometer test that simulates the slow driving con-
ditions at MCMA. All comparisons were based on the contents of regulated gaseous 
pollutants (THC, CO, CO2 and NOx), CH4 and VOC (HC and aldehydes and ketones) in 
the tail-pipe emissions. In tests with the local unleaded gasoline (n = 9), which was used 
as experimental reference (RF), the Tier 1 vehicle had significantly higher emissions 
of most measured pollutants than Euro 4. For selecting the fuels with lower emissions 
of toxics and O3 forming compounds, the emission data were normalized (0-100) and 
weighed by two external factors (w1, for O3 forming potential, and w2 for toxicity of 
each compound) and then subjected to Electre analysis. The best fuel options for data 
representing the average emissions from the two vehicle technologies were: F11 > F6 
> F1 > F7 > F8 > F12, for w1; and F6 > F11 > F1> F5 > F8 > F12, for w2. Thus, by 
both weighing criteria, the Electre method selected F11, F6 and F1 as the best gasoline 
options. The ranks of the remaining fuels depended upon weighing. F11 was formulated 
with low concentrations of aromatics, olefins, benzene and sulfur, whereas F6 had the 



J.L. Jaimes-López et al.60

highest Reid vapor pressure (RVP) and 370 ppm sulfur. According to these results, 
the MCMA’s air quality may be improved by substituting the currently used gasoline, 
which ranked as the last option, by another such as F11, F6 or F1.

Palabras clave: Pruebas CVS, combustibles reformulados, calidad del aire, método Electre

RESUMEN

Mediante reformulación de las gasolinas se han podido disminuir contaminantes 
atmosféricos como el plomo y el azufre en la Zona Metropolitana de la Ciudad de 
México (ZMCM), por lo que la reformulación continúa siendo una alternativa práctica 
para abatir otros importantes contaminantes locales como el ozono. Pero dado que la 
gasolina es una mezcla compleja de componentes químicos, el número de mezclas 
alternativas a valorar antes de introducir una nueva gasolina en el mercado es muy alto. 
Esto plantea la necesidad de contar con métodos rápidos y de bajo costo para evaluar 
las alternativas. Aquí se reporta la aplicación de una técnica de jerarquización (método 
Electre) para preseleccionar un grupo de gasolinas reformuladas con bajo potencial de 
formación de compuestos gaseosos tóxicos y de precursores de ozono en las emisiones 
vehiculares de escape, para enfocar estudios más detallados en ese grupo. Se evaluaron 
diez gasolinas preparadas con diferentes cantidades de azufre, compuestos aromáticos, 
olefinas y compuestos oxigenados. Para ello se utilizaron dos vehículos con diferente 
tecnología: un Tier 1, que actualmente es la tecnología dominante en la ZMCM, y 
un Euro 4, que pronto entrará al mercado local. Las pruebas vehiculares se hicieron 
en un dinamómetro de chasis utilizando la prueba de manejo estandarizada conocida 
como Mex Urban, que simula las condiciones de manejo lento “típicas” de la ZMCM. 
Las muestras de emisiones de escape se obtuvieron con un muestreador a volumen 
constante (CVS). Las comparaciones entre combustibles y vehículos se basaron en 
los contenidos de contaminantes gaseosos regulados (hidrocarburos totales, THC; 
monóxido de carbono, CO; bióxido de carbono, CO2, y óxidos de nitrógeno, NOx); 
metano, CH4 y compuestos orgánicos volátiles (COV, HC y aldehídos) presentes en las 
emisiones de escape. Como referencia experimental se utilizó la gasolina sin plomo que 
se vende actualmente en la Ciudad de México. En las pruebas con esta última gasolina, 
el vehículo Tier 1 tuvo emisiones más altas de la mayoría de los contaminantes que el 
Euro 4. Para seleccionar los combustibles con las emisiones más bajas de compuestos 
tóxicos y precursores de ozono, los datos de la emisión fueron normalizados (0-100) 
y ponderados por dos factores externos (w1, para el potencial de formación de ozono 
y w2 para la toxicidad de cada componente) y posteriormente analizados mediante 
el método Electre. Las mejores opciones de gasolina reformulada (F, fuel) obtenidas 
con las emisiones promedio de los dos tipos de vehículo fueron: F11 > F6 > F1 > F7 
> F8 > F12, con w1; y F6 > F11 > F1> F5 > F8 > F12, con w2. Con los dos criterios 
de ponderación, el método Electre seleccionó a las gasolinas F11, F6 y F1 como las 
mejores opciones. El ordenamiento de los demás combustibles dependió también, de 
los factores de ponderación. La gasolina F11 fue formulada con las menores concen-
traciones de aromáticos, olefinas, benceno y azufre; mientras que la F6 tuvo la más 
alta presión de vapor Reid (PVR) y 370 ppm de azufre. De acuerdo a estos resultados, 
la calidad del aire de la Ciudad de México podría mejorarse sustituyendo la gasolina 
usada actualmente, la cual quedó clasificada como la última opción, por alguna otra 
como las F11, F6 o F1, aunque se requieren todavía estudios de mayor detalle.

INTRODUCTION

Improving the quality of human life through 
economic and industrial development still involves a 
heavy use of petroleum energy, which implies emis-

sion of environmental pollutants. For instance, a pe-
troleum-based transportation is a well-known source 
of air pollution. Although unwanted vehicle exhaust 
emissions have been lowered by improvements in 
engine technology and fuel quality, some highly 
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populated regions, such as México City Metropoli-
tan Area (MCMA), will remain affected by elevated 
levels of toxic compounds in the air; e.g., nitrogen 
oxides (NOx), carbon monoxide (CO) and hydrocar-
bons. These primary pollutants are also precursors of 
secondary, photochemical pollutants such as ozone 
(O3), which continues to be a critical air pollutant in 
the MCMA. As further improvements in the air quality 
of the MCMA are desirable, it is expected that local 
regulations limiting vehicle exhaust and industrial 
emissions will be increasingly stringent.

Air quality can be substantially improved via fuel 
reformulation since both evaporative and exhaust 
vehicle emissions are largely determined by the 
fuel chemical composition. For instance, lowering 
the olefin content in gasoline reduces the amount 
of total hydrocarbons (THC) and CO in the exhaust 
emissions, though some other toxics such as 1,3-
butadiene, formaldehyde and acetaldehyde may 
increase (Schuetzle et al. 1994). New fuel formu-
lations focus mainly on lowering sulfur, aromatics 
and olefins to reduce direct emissions from these 
pollutants. Some studies report decreased THC and 
NOx exhaust emissions by reducing sulfur levels 
in the fuel (Koehl et al. 1989 and Bensen et al. 
1997), or decreased emissions of benzene, toluene, 
nitrophenols and peroxyacetyl nitrates by reducing 
aromatic contents (Whitten 1999, Graskow et al. 
1998, Auto Oil 1993 and Marshal and Owen 1995). 
Decreases in HC, CO, and 1,3 butadiene tail-pipe 

emissions can be also achieved by increasing the 
contents of oxygenated compounds in the fuels; 
unfortunately, such benefit is counteracted by 
increased emissions of formaldehyde (Ragazzi et 
al. 1999), but this latter effect is minimal for new 
vehicles equipped with oxygen sensors. Increased 
RVP increases evaporative HC emissions (Koehl et 
al. 1989). Thus, a careful prior assessment of toxic 
emissions is required before releasing a new refor-
mulated fuel to avoid or minimize potential adverse 
effects in air quality. For such purpose, controlled 
laboratory experiments are usually conducted as 
primary source of information.

This CVS study compared the vehicle tail-pipe 
emissions from 10 reformulated fuels and the regular 
unleaded gasoline currently in use in the MCMA. 
Two vehicles with different engine technology (Tier 
1 and Euro 4) were used as an emission source. A 
rapid ranking method (Electre) commonly used in 
decision making was used to preselect a promising 
set of alternative reformulated fuels that would better 
reduce the vehicle tail-pipe emissions of toxic and 
O3 forming compounds in the MCMA. 

MATERIALS AND METHODS

Ten reformulated gasoline fuels differing in con-
tents of sulfur, oxygenated compounds (MTBE), 
aromatics, olefins and vapor pressure (Table I) were 

TABLE I. PHYSICAL AND CHEMICAL PROPERTIES OF THE TESTED FUELS (F1-F13). RF, REFERENCE 
FUEL

PARAMETER RF F1 F2 F3 F5 F6 F7 F8 F11 F12 F13

 Specific weight (20/4) 0.729 0.730 0.730 0.740 0.727 0.718 0.720 0.725 0.727 0.732 0.738
 RVP (Lb/inch-2) 8.80 6.85 6.65 6.68 8.31 10.75 6.45 10.85 6.45 6.42 7.70
1RON 91.1 91.7 91.7 91.0 91.7 90.9 90.1 91.8 91.0 91.4 91.0
2MON 83.9 83.5 83.7 83.9 84.3 84.7 83.5 83.7 84.2 84.0 83.9
 (RON+MON)/2 87.5 87.6 87.6 87.5 87.7 87.9 87.8 87.4 87.6 87.7 87.5
3IBP 38.0 40.8 38.9 41.6 37.6 33.3 35.2 34.3 36.8 37.7 36.4
 10% oC 70.6 71.5 68.8 67.5 57.0 45.1 45.8 51.6 69.7 69.8 57.6
 50% oC 115.2 108.0 105.5 104.6 103.9 107.4 108.8 105.3 107.2 107.4 102.6
 90% oC 172.2 163.5 165.7 164.4 163.4 164.8 161.4 164.9 161.5 161.2 161.8
 FBP 207.4 203 204.8 202 204.8 201.1 201.7 203.4 198.3 198.2 199.8
 Sulfur (ppm) 720 440 410 400 420 370 390 415 215 805 27
 Aromatics (% vol) 27.9 17.2 20.7 18.7 19.9 18.0 37.9 22.6 19.8 17.1 23.6
 Olefins (% vol) 12.50 7.16 7.50 6.62 6.89 7.20 3.87 15.20 2.94 8.49 9.10
 Oxygenated (MTBE, 
% vol) 0.3 0.0 1.0 2.0 1.0 1.0 1.0 1.0 1.0 1.0 1.3

 Benzene (% vol) 1.20 0.88 1.35 0.89 1.39 1.04 2.71 1.43 0.64 0.54 0.15

1RON, Research Octane Number; 2MON, Motor Octane Number; 3IBP, Initial Boiling Point
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compared by their tail-pipe vehicle emissions in CVS 
tests. The unleaded gasoline most used in México 
City served as experimental reference fuel (RF). 
Originally 13 RFG were prepared, but F4, F9 and 
F10 were excluded from the final analysis because 
of measuring problems. All reformulated fuels were 
prepared from a single gasoline stock provided by the 
Miguel Hidalgo petroleum refinery (Tula, Hidalgo 
State, Mexico).

Two vehicles (Tier 1 and Euro4) were used to test 
each gasoline. Tier 1 represents the vehicle technol-
ogy currently in use in Mexico, whereas the Euro 4 
cars are programmed to enter the Mexican market 
in 2008. The main properties of these vehicles are 
summarized in table II. Euro 4 is basically a car with 
higher displacement, power and total metal charge 
compared to Tier 1. Each fuel/vehicle couple was 
tested within two consecutive days: a reformulated 
fuel in day one and RF in day two. All tests were con-
ducted between December 2001 and April 2002.

As the fuels are intended for use in the MCMA, 
the Mex Urban driving test that reproduces the typi-
cally slow driving conditions in México City (Díaz-
Gutiérrez 2002) was used to generate the emissions. 
Table III compares Mex Urban parameters against 
the FTP-75 driving cycle (USEPA 1977). FTP-75 
includes a greater distance (27 %), average speed 
(26 %), maximal speed (19 %) and constant speed 
(73.5 %); whereas the Mex Urban has higher ac-
celeration (11.8 %), deceleration (9 %), minimal 
running (43 %) and stops (64 %). All tests were con-
ducted on a 48 inches Horiba chassis dynamometer 
(Model LDV-48-86-125HP; Road Load Power, AC). 
Vehicles were previously conditioned according to 

the NMX-AA-11-1993SCFI standard method, which 
is used to evaluate gaseous exhaust emissions from 
new gasoline cars in plant (SCFI 993). 

Emissions of regulated pollutants were measured 
for each test (THC, Horiba, model: FIA-236; CO, 
Horiba, Model: AIA-210; NOx, Horiba, Model: 
CLA-220; CO2, Horiba, Model: AIA-220 and 
methane, Horiba, Model: GFA-220). Hydrocarbons 
(C1-C9) and aldehydes and ketones were measured 
for samples collected in Tedlar bags by gas chro-
matography coupled to ionization flame detector 
(Agilent technologies, model 6890), using method 
TO-14 (USEPA 1999a). Carbonyls were trapped 
with cartridges containing dinitrophenyl hydrazine 
and quantified by high performance liquid chroma-
tography (HPLC, Agilent technologies, model 6890) 
according to method TO-11A (USEPA 1999b).

The vehicle technology tail-pipe emissions when 
using the reference fuel were compared by t-tests for 
unpaired samples (n = 9). In contrast, vehicle emis-
sion comparisons for the reformulated fuels were 
done by t-tests for paired samples because each fuel-
vehicle combination had only one replicate.

Fuels were ordered by the Electre method, a rank-
ing technique that compares decision alternatives 
using concordance and disconcordance concepts 
(Roy 1991). In this case, the pollutants emitted dur-
ing each CVS test were used as criteria, whereas 
the fuel types were considered as alternatives. Prior 
to ranking, the measured amounts of each pollut-
ant were normalized. Normalization proceeded by 
column (compound), assigning the maximum value 
(100) to that fuel showing the lowest emission rate. 
The remaining column values were obtained by lin-
ear interpolation. Each value was then weighed by 
an external factor (w1) representing a compound’s 
potential to form O3, according to Carter (1994). A 
second weighing factor (w2) expressed the potential 

TABLE II. MAJOR PROPERTIES OF THE TESTED VE-
HICLES

TIER 1 EURO 4

Engine 4 cylinders. Dual 
overhead cam

4 cylinders. Dual 
overhead cam

Displacement 1.8 l 2.0 l
Fuel management 
system

Multiport fuel 
injection

Multiport fuel 
injection

Brake power 125 hp at 5600 rpm 150 hp at 5500 rpm
Compression ratio 9.0 to 1 9.1 to 1
Catalytic converter TWC, under-body

Platinum-Rhodium
TWC, close coupled
Palladium-Rhodium

Total metal charge 1.5585 2.5081
Metal ratio 5/0/1 0/6.5/1

TABLE III. COMPARISON OF THE MEX-URBAN AND 
FTP-75 DRIVING CYCLES

Parameter Mex
urban

USEPA (1977)
FTP-75*

Distance (km) 8.8 12.07
Time (sec) 1360 1371
Average speed (km h-1) 23.4 31.7
Maximal speed (km h-1) 73.6 91.2
Constant speed (% time) 5.3 20.0
Acceleration percentage 38.0 34.0
Deceleration percentage 31.4 28.8
Percentage at minimal running 24.7 17.2
Stops (km) 2.3 1.4
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toxicity of each compound (Yin and Pratt 2001). The 
data matrices weighed by w1 and w2 were separately 
submitted to Electre analysis. The basic concepts 
underlying Electre calculations can be summarized 
as follows:

Concordance is defined as:

Ca/b = [∑ wj (uaj/ubj)] / ∑ wj (1)

j = 1 j = 1

Where:
Ca/b = concordance between alternative a and alterna-

tive b
wj = external weighing factor for each criteria (pol-

lutant) 
uaj = value of alternative a for each criteria
ubj = value of alternative b for each criteria

Disconcordance is defined as:

Da/b = (Maximum opposition difference
between alternatives a and b) / d  (2)

Where:
Da/b = disconcordance of alternative a respect to 

alternative b
d = maximum opposition value

RESULTS AND DISCUSSION

Vehicle emissions comparisons
In tests with the regular gasoline currently in use 

in the MCMA (RF), the Tier 1 vehicle had higher 
emissions of most measured pollutants than the Euro 
4 (Tables IV and V). Tier 1 emitted on average 15.5 
% more total regulated gaseous pollutants (THC, 
CO, CO2 and NOx) than Euro 4 (Table IV). These 
technology differences were higher and more vari-
able for the low abundance chemical compounds; 
e.g., Tier 1 produced on average 200 % more NOx 
(p < .001) and 69 % more THC (p < .001) than Euro 
4. Tier 1 also emitted CH4 at slightly higher rates 
than Euro 4 (p < .05). Euro 4 tended to emit higher 
levels of CO, but such difference was no statisti-
cally significant. Table V summarizes VOC and 
total carbon emissions. Tier 1 had also significantly 
higher emissions of most measured VOC than Euro 
4: formaldehyde (262 %, p < .001, t-test), acetal-

TABLE IV. TAILPIPE EMISSIONS OF REGULATED POL-
LUTANTS AND METHANE BY VEHICLES 
FUELED WITH REGULAR UNLEADED MEXI-
CAN GASOLINE (REFERENCE), mg km-1

Pollutant TIER 1 EURO 4 p(t)

THC1  0.22 ± 0.019  0.13 ± 0.013 ***
CO2  1.72 ± 0.157  1.90 ± 0.299 NS
CO2

1  240.5 ± 2.91  207.9 ± 3.32 ***
CH4

1  0.020 ± 0.004  0.016 ± 0.005 *
NOx

2  0.27 ± 0.063  0.09 ± 0.010 ***

Values are mean (± SD, n = 12). p (t) significant differences from 
two-sided t-tests:
*<.05, **<.01, ***<.001. NS, not-significant
1 t-tests assuming equal variance
2 t-tests assuming unequal variance

TABLE V. TAILPIPE EMISSIONS OF VOC BY VEHICLES FUELED WITH REGULAR UN-
LEADED MEXICAN GASOLINE (REFERENCE)

Pollutant n TIER 1 EURO 4 p(t)

Formaldehyde1, mg km-1 10  1.92 ± 0.301  0.53 ± 0.123 ***
Acetaldehyde, mg km-1 10  0.81 ± 0.093  0.41 ± 0.135 ***
Acetone, mg km-1 10  0.90 ± 0.147  0.67 ± 0.243 *
Methyl ethyl ketone, mg km-1 10  0.29 ± 0.051  0.12 ± 0.040 ***
Aldehydes & ketones, mg km-1 10  5.54 ± 0.669  2.29 ± 0.812 ***
Aromatics, % weight 6  27.5 ± 3.18  32.1 ± 6.07 NS
Paraffins, % weight 6  23.2 ± 8.68  25.3 ± 5.73 NS
Isoparaffins, % weight 6  27.0 ± 5.29  22.5 ± 7.02 NS
Olefins, % weight 6  20.1 ± 1.36  12.2 ± 2.98 **
Naphtenes1, % weight 6  2.42 ± 1.122  7.97 ± 4.906 *
Total C, % weight 6  25.2 ± 2.35  14.4 ± 2.00 ***

Significant differences associated to t-tests for samples with equal variance: *<.05, **<.01, ***<.001. 
N, number of tests. NS, not-significant
1 t-test assuming unequal variance
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dehyde (98 %, p < .001), acetone (34 %, p < .05), 
methyl ethyl ketone (142 %, p < .001), olefins (65 
%, p < .01), naphtenes (229 %, p < .05) and total C 
(75 %, p < .001). No significant differences between 
vehicles were detected for emissions of aromatics, 
paraffins and isoparafins.

The vehicle emissions comparisons based on 
reformulated fuels were in general consistent with 
those observed for the reference fuel (Table VI and 
Table VII). Tier 1 emitted most regulated pollutants 
at higher rates than Euro 4: THC (95 %, p < .001), 
CO2 (15%, p < .001), NOx (253%, p < .001). How-
ever, Euro 4 emitted 92% more CH4 than Tier 1 (p < 
.001) and had slightly higher CO emissions, but this 
later difference was not statistically significant. In 
terms of VOC, Tier 1 had a higher mean production of 
formaldehyde (242 %, p < .001), acetaldehyde (85 %, 

p < .01), acetone (56 %, p < .05), methyl ethyl ketone 
(164 %, p < .001), aldehydes and ketones (128 %, 
p < .001) and olefins (47 %, p < .01). No significant 
differences were detected for aromatics, paraffins, 
isoparaffins, naphtenes and 1,3 butadiene emissions. 
Euro 4, however, emitted benzene at higher rates than 
Tier 1 (77 %, p < .01).

As indicated by simple correlation tests, the fuel 
composition related to tail-pipe emissions depended 
upon vehicle type. For Tier 1, increasing aromatics 
in the gasoline resulted in higher emissions of THC 
(r = .73, p = .01), aldehyde and cetones (r = .67, p 
= .02) and total aromatics (r = .78, p = .01), but it 
decreased the paraffin emissions slightly (r = -.59, 
p = .06). In contrast, for Euro 4, adding aromatics 
to the gasoline decreased the emissions of THC (r = 
-.63, p = .04), but increased benzene (r = .75, p = .01) 
and total VOC (r = .76, p = .01). The olefin content 
appeared associated to several compound increases 
and decreases in the tail-pipe emissions: for Tier 1, 
increases were observed for CO (r = .68, p = .02), 
naphtenes (r = .73, p = .01), benzene (r = .82, p < 
.01) and total VOC (r = .83, p =< .01), and decreases 
were observed for formaldehyde (r = -.58, p = .06), 
acetone (r = -.71, p = .02), methyl ethyl ketone (r = 
-.66, p = .03) and isoparaffins (r = -.80, p < .02). For 
Euro 4, the olefin gasoline content produced higher 
emissions of CH4 (r = .70, p = .02) and decreased 
emissions of 1,3 butadiene (r = -.64, p = .03). The 
used contents of MTBE in the reformulated fuels 
did not correlate with to any observed change in 
pollutants emission. Sulfur contents only increased 

TABLE VI. MEAN (±SD, mg km-1) TAILPIPE EMISSIONS 
OF REGULATED GASEOUS POLLUTANTS 
AND METHANE BY VEHICLES FUELED 
WITH 10 DIFFERENT REFORMULATED 
GASOLINES 

Pollutant TIER 1 EURO 4 p(t)

THC  0.23 ± 0.051  0.12 ± 0.016 ***
CO  1.67 ± 0.372  1.77 ± 0.283 NS
CO2  239.7 ± 4.71  207.8 ± 3.41 ***
NOx  0.26 ± 0.058  0.07 ± 0.015 ***
CH4  0.023 ± 0.005  0.012 ± 0.004 ***

Significant differences associated to two-sided t-tests for paired 
samples: *<.05, **<.01, ***<.001

TABLE VII. MEAN EMISSIONS OF VOC BY VEHICLES FUELED WITH 10 
DIFFERENT REFORMULATED GASOLINES

Pollutant TIER 1 EURO 4 p(t)

Formaldehyde, mg km-1  1.85 ± 0.491  0.54 ± 0.128 ***
Acetaldehyde, mg km-1  0.66 ± 0.169  0.36 ± 0.119 **
Acetone, mg km-1  0.95 ± 0.297  0.61 ± 0.246 *
Methyl ethyl ketone, mg km-1  0.27 ± 0.081  0.10 ± 0.046 ***
Aldehydes & ketones, mg km-1  4.94 ± 1.345  2.17 ± 0.675 ***
Aromatics, % weight  20.1 ± 9.82  24.7 ± 4.53 NS
Paraffins, % weight  25.7 ± 9.73  23.6 ± 3.93 NS
Isoparaffins, % weight  27.6 ± 11.05  29.0 ± 6.32 NS
Olefins, % weight  21.5 ± 6.09  14.6 ± 4.62 **
Naphtenes, % weight  5.6 ± 9.28  8.2 ± 4.58 NS
1,3 butadiene, ppbC  1.83 ± 1.348  2.21 ± 0.792 NS
Benzene, ppbC  15.4 ± 8.47  27.3 ± 10.53 **
Significant differences from two-sided t-tests for paired samples: *<.05, **<.01, 
***<.001. N = 10 fuels. NS, not-significant
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TABLE VIII. STANDARDIZED VEHICLE TAIL-PIPE EMISSION DATA
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F13 47.5 45.2 43.5 45.5 39.9 63.0 62.4 100 61.8 8.4 64.8 50.0 94.4 100 77.8 80.9
F11 100 100 100 100 100 58.9 97.4 54.0 100 8.7 67.5 44.4 98.8 100 34.3 84.4
F6 72.5 53.8 61.4 55.6 52.7 65.1 74.1 69.3 51.0 13.2 73.6 66.7 99.0 100 68.1 100
F7 51.8 34.1 45.0 50.0 42.2 100 70.5 47.6 62.3 11.0 94.2 50.0 99.9 100 38.1 38.1
F3 39.7 38.9 36.0 35.7 36.9 90.6 100 43.8 31.4 100 66.8 44.4 98.0 100 39.1 97.8
F2 46.8 25.9 43.5 27.8 24.8 83.5 96.4 43.3 43.9 23.8 80.3 57.1 98.9 50.0 44.7 60.6
F8 48.3 40.0 47.4 50.0 39.0 85.0 72.1 60.9 73.8 6.6 70.4 57.1 100 50.0 100 40.7
F5 47.5 27.5 45.0 45.5 38.7 78.4 95.4 50.3 43.2 14.1 68.9 44.4 98.6 100 72.7 81.7
F1 64.4 51.9 61.4 45.5 44.8 86.1 75.3 47.6 47.2 27.0 100 100 97.8 100 33.6 87.1
F12 54.7 35.0 22.5 41.7 32.8 89.3 76.5 52.9 58.5 8.9 87.9 57.1 96.7 100 54.8 66.0
RF* 53.7 34.1 41.5 41.7 38.3 60.9 72.1 69.0 65.2 12.4 69.3 44.4 97.7 50 47.0 57.7

TI
ER

 1

F13 46.0 51.1 50.4 43.8 45.0 23.2 72.0 4.1 72.9 18.2 91.2 82.6 92.1 100 38.5 36.2
F11 40.3 50.6 39.8 32.6 46.3 36.1 69.5 2.7 57.9 100 100 63.3 96.5 100 100 53.8
F6 67.1 78.9 74.3 66.7 73.4 100 41.1 3.5 42.0 100 62.6 100 97.4 66.7 37.5 46.1
F7 38.7 52.9 37.9 41.2 40.3 20.7 100 3.2 83.2 45.5 91.2 67.8 95.5 100 100 100
F3 45.4 59.2 60.4 53.8 59.3 68.1 57.4 3.3 42.9 20.4 96.4 70.4 98.0 100 64.6 39.7
F2 51.8 81.8 63.9 48.3 55.7 47.9 59.1 2.9 51.0 24.4 97.8 86.4 95.9 66.7 30.6 51.4
F8 100 100 100 100 100 58.5 50.7 100 45.3 3.2 57.8 95.0 100 100 36.6 16.6
F5 51.3 83.3 50.4 56.0 62.5 31.0 77.6 2.6 75.1 76.9 85.9 54.3 96.6 100 43.5 47.7
F1 70.5 80.4 80.9 66.7 72.0 50.6 48.7 3.4 55.8 27.0 92.4 76.0 98.5 100 31.4 57.7
F12 61.6 88.2 71.4 58.3 74.6 49.4 29.1 4.7 100 40.0 84.8 52.8 96.1 66.7 100 43.3
RF 43.4 56.2 61.1 48.3 52.3 28.6 61.4 3.7 62.1 37.3 77.4 67.8 96.4 100 47.8 41.4

w1*
w2*

12.9
12.0

9.9
8.0

1.0
6.0

1.56
5.0

9.72
5.0

7.78
10.0

0.84
1.0

2.58
2.0

11.4
6.0

4.04
5.0

5.38
6.0

10.8
3.0

0.90
1.0

0.90
1.0

19.55
10.0

0.75
19.0

*w1, external weighting factor for potential ozone formation; w2, external weighting factor for toxicity; RF, reference fuel (average 
value of 9 replicates)

the emission of acetone in Euro 4.
According to these results, the introduction of 

Euro 4 vehicles in the MCMA could be expected to 
have a positive impact on the local air quality, as it 
would lower considerably the concentrations of NOx 
and THC, and to a lower extent CO2 and most mea-
sured VOC, in the local air. The better performance of 
this vehicle can be partially explained by its improved 
capacity to control the air-fuel ratio precisely and the 
close coupled three way catalysts (TWC) technology 
for better light off catalyst performance that means 
lower THC emissions. Additionally, the Euro 4 vehi-
cle uses Palladium-Rhodium catalytic converter with 
higher metal contents than Tier 2 vehicles generally 
focused in controlling emissions of NOx. 

Fuel comparisons
Table VIII and table IX show the normalized 

emission data used for Electre analyses. The RGF 

preference rankings generated by Electre are shown 
in table X. Although fuel ranks depended on vehicle 
engine technology and weighing criterion, RF and 
F2 ranked consistently as the worst options in all 
cases; i.e., they had the highest potential to increase 
toxics and O3 forming compounds in exhaust vehicle 
emissions. This may be due to the comparatively 
high contents of aromatics, olefins and benzene in 
the composition of RF and F2.

Ranking by the average emissions from both 
vehicles, the best options by both weighting criteria 
were F11, F6 and F1, i.e., they had the lowest poten-
tial production of the studied unwanted compounds. 
In general, these fuels were formulated with relatively 
low contents of aromatics, olefins, benzene and sul-
fur. In particular, F11 contained the lowest olefins 
content, the second lowest content of sulfur (215 
ppm), a low Reid’s vapor pressure, and relatively low 
contents of benzene and aromatics. F11 produced the 
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lowest emissions of aldehydes and ketones, olefins 
and methane, and it also produced low emission of 
benzene in Euro 4 (Table VIII). Tier 1 was not as 
efficient in burning up F1; however, this fuel also had 
low emissions of naphtenes, 1,3 butadiene and regu-
lated gaseous pollutants (Table VIII). F6 produced 
the lowest amounts of aromatics, naphtenes and NOx 
in Tier 1, and it had the lowest production of benzene 
in Euro 4. F1 was the lowest producer of NOx and 
CH4, and it was a rather low producer of aromatics, 
including benzene, in Euro 4. This fuel was not as 
efficient in Tier 1, but it had relatively low production 
of aldehydes, NOx and other regulated pollutants.

Other RGF, such as F12 and F13, did well both for 
Tier 1 and Euro 4. In particular, F12 had the lowest 
production of both O3-forming and toxic compounds 
in Tier 1, and it was a low producer of toxics in Euro 
4. F13 produced low amounts of O3 precursors in both 
cars. However, F12 would not be recommendable for 
use in MCMA because of its high sulfur concentra-

tion, and the environmental problems and negative 
effects of this pollutant on the performance catalytic 
emission controls (Carter 1994). 

Thus, the Electre method was able to distinguish 
which fuels would potentially improve the air qual-
ity in the MCMA by considerabely lowering the 
concentration of O3 precursors and toxics in the local 
air. However, these results are not yet conclusive as 
the raw data set was limited by budgetary restric-
tions. They however allowed us to select a subset of 
promising fuels for further detailed studies.

CONCLUSIONS

According to the results, the Tier 1 vehicle emit-
ted a higher volume of THC, NOx, CO2 and CH4 than 
the Euro 4. Some technological differences, such as 
a more efficient catalytic converter and two oxygen 
sensors, make the Euro 4 a vehicle with lower tail-

TABLE IX. AVERAGE STANDARDIZED DATA MATRIX
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F1 67 66.1 71.1 56.1 58.4 68.3 61.8 25.5 51.5 27.0 96.2 88.0 98.1 100.0 32.5 72.4
F2 49 53.8 53.7 38.1 40.3 65.7 77.7 23.1 47.5 24.1 89.0 71.7 97.2 58.3 37.6 56
F3 43 49.0 48.3 44.7 48.1 79.3 78.7 23.5 37.1 62.2 81.8 57.4 98.0 100.0 51.8 68.7
F5 49 55.4 47.7 50.7 50.6 54.7 86.5 26.5 59.1 45.5 77.4 49.3 97.6 100.0 58.1 64.7
F6 70 66.3 67.8 61.1 63.7 82.5 57.6 36.4 46.5 56.6 68.1 83.2 98.2 83.3 52.8 73
F7 45 43.5 41.4 45.6 41.2 60.3 85.2 25.4 72.7 28.2 92.7 58.9 97.7 100.0 69.0 69
F8 74 70.0 73.7 75.0 69.5 71.7 61.4 80.4 59.5 46.0 64.1 76.0 98.0 75.0 68.3 28.7
F11 71 75.3 69.9 66.3 73.1 47.1 83.4 28.3 78.1 54.3 83.4 53.8 97.1 100.0 67.1 69.1
F12 58 61.6 46.5 50.0 53.7 69.3 52.8 28.8 79.2 24.4 86.3 54.9 96.4 83.3 77.4 54.6
F13 47 48.1 47.0 44.6 42.6 43.1 67.2 52.0 67.3 13.3 78.0 68.3 93.2 100.0 58.1 58.5
RF 49 45.1 51.3 45.0 45.3 44.7 66.7 36.3 63.6 24.8 73.3 56.7 97.0 75.0 47.4 49.5

TABLE X. ELECTRE RANKING OF TESTED GASOLINE FUELS ACCORDING TO VEHICLE AND AVERAGE 
TAIL-PIPE EMISSIONS OF OZONE FORMING COMPOUNDS (w1) AND NON-SULFUR TOXICS (w2). 
RF IS THE UNLEADED REGULAR GASOLINE CURRENTLY USED IN THE MCMA. 1st AND 11th 
REPRESENT, RESPECTIVELY, THE BEST AND THE WORST POTENTIAL OPTIONS FOR IMPROV-
ING THE LOCAL AIR QUALITY

Vehicle Weighing factor 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th

Tier 1 w1 F12 F5 F13 F11 F6 F7 F3 F8 F1 F2 RF
w2 F12 F1 F5 F13 F11 F6 F7 F8 F3 F2 RF

Euro 4 w1 F6 F1 F13 F11 F8 F12 F3 F7 F5 RF F2
w2 F6 F1 F12 F13 F11 F3 F8 F7 F5 F2 RF

Average
w1 F11 F6 F1 F7 F8 F12 F13 F5 F3 F2 RF
w2 F6 F11 F1 F5 F8 F12 F13 F7 F3 F2 RF
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pipe emissions. Three reformulated gasoline fuels 
(F11, F6 and F1) had the lowest emissions of both 
O3-forming and toxic compounds. Thus, these fuels 
are candidates for further studies as they are promis-
ing alternatives for improving the local air quality, 
the best to consider for incorporation into the local 
market. Fuel F11 was ranked in the first place for both 
technologies (Euro 4 and Tier 1). This fuel contains 
the lowest concentration of aromatics, olefins and 
benzene and it is a good alternative fuel and could be 
used in the México City metropolitan area.
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