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h i g h l i g h t s
� Emissions from a flex-fuel vehicle, fueled with E85 and E75, lead to SOA formation.
� These vehicles show higher regulated and unregulated emissions at �7 �C.
� Unregulated emissions are mainly composed of ethanol and acetaldehyde.
� SOA may arise from oxygenated compounds present in the exhaust.
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a b s t r a c t

Incentives to use biofuels may result in increasing vehicular emissions of compounds detrimental to air
quality. Therefore, regulated and unregulated emissions from a Euro 5a flex-fuel vehicle, tested using E85
and E75 blends (gasoline containing 85% and 75% of ethanol (vol/vol), respectively), were investigated at
22 and �7 �C over the New European Driving Cycle, at the Vehicle Emission Laboratory at the European
Commission Joint Research Centre Ispra, Italy. Vehicle exhaust was comprehensively analyzed at the
tailpipe and in a dilution tunnel. A fraction of the exhaust was injected into a mobile smog chamber to
study the photochemical aging of the mixture. We found that emissions from a flex-fuel vehicle, fueled
by E85 and E75, led to secondary organic aerosol (SOA) formation, despite the low aromatic content of
these fuel blends. Emissions of regulated and unregulated compounds, as well as emissions of black
carbon (BC) and primary organic aerosol (POA) and SOA formation were higher at �7 �C. The flex-fuel
unregulated emissions, mainly composed of ethanol and acetaldehyde, resulted in very high ozone
formation potential and SOA, especially at low temperature (860 mg O3 km�1 and up to 38 mg C kg�1).
After an OH exposure of 10 � 106 cm�3 h, SOA mass was, on average, 3 times larger than total primary
particle mass emissions (BC þ POA) with a high O:C ratio (up to 0.7 and 0.5 at 22 and �7 �C, respectively)
typical of highly oxidized mixtures. Furthermore, high resolution organic mass spectra showed high 44/
43 ratios (ratio of the ions m/z 44 and m/z 43) characteristic of low-volatility oxygenated organic aerosol.
We also hypothesize that SOA formation from vehicular emissions could be due to oxidation products of
ethanol and acetaldehyde, both short-chain oxygenated VOCs, e.g. methylglyoxal and acetic acid, and not
only from aromatic compounds.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The use of biofuels is increasing worldwide as a result of a
promotion to meet the growing demand of transport related en-
ergy as well as to reduce greenhouse gas (GHG) emissions
(European Commission, 2009). Biofuels were seen as a measure to
reduce emissions of GHGs from road transport because they were
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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considered CO2 neutral. The EU has set a target of 10% share of
renewable energy in the transport sector, to be complied with by
2020 (2009/28/EC). Biofuels covered 4.3% of this share in 2010 (80%
biodiesel, 20% ethanol) (European Commission, 2013).

Previous studies have suggested that increasing ethanol content
in fuel blends reduces the emission of some regulated gases (CO
and total hydrocarbons, THC) and CO2 (Clairotte et al., 2013; Durbin
et al., 2007; Graham et al., 2008; Andrade et al., 1998). However,
despite promising benefits in terms of reducing regulated com-
pounds and CO2 emissions, it has been shown that higher ethanol
concentrations in fuel blends lead to higher emissions of ethanol
and carbonyl compounds, mainly acetaldehyde, which are associ-
ated with urban air pollution and the formation of persistent pol-
lutants (Clairotte et al., 2013; Durbin et al., 2007; Graham et al.,
2008; Andrade et al., 1998). In the atmosphere, ethanol is a pre-
cursor of acetaldehyde and peroxyacetyl nitrate (PAN); hence, a
change in the ethanol emissions will affect atmospheric composi-
tion and chemistry. Photochemical oxidation by OH radicals is the
main atmospheric sink of ethanol (Atkinson et al., 2006). Ethanol's
atmospheric life time is about 4 days (Atkinson et al., 2006), with
acetaldehyde being the main oxidation product at ~95% yield.
Acetaldehyde is classified as a hazardous air pollutant by the U.S.
EPA (Chemical Summary for Acetaldehyde), and its subsequent
oxidation can also lead to production of ozone (O3) and PAN. Thus,
the fate of atmospheric reactive nitrogen (NOy) could be affected by
an increase in the PAN to NOy ratio (Millet et al., 2012a). Moreover,
modeling studies have reported that in the case of a considerable
shift from gasoline to ethanol blends, urban ozone levels would
increase (Cook et al., 2011; Diana and Mark, 2012; Jacobson, 2007).

Previous studies have shown that, while in some metropolitan
areas formaldehyde is almost always the predominant carbonyl
emitted by vehicles (acetaldehyde/formaldehyde ratio emitted <1),
for Brazilian cities acetaldehyde/formaldehyde ratios are �1
(Corrêa et al., 2003; Nguyen et al., 2001; Corrêa et al., 2010). This
behavior has been attributed to the use of ethanol and gasohol
(gasoline with 24% of ethanol content) as fuels (Corrêa et al., 2003;
Nguyen et al., 2001; Corrêa et al., 2010). Incomplete combustion of
ethanol results in higher acetaldehyde emission compared to
formaldehyde. Carbonyl compounds are among the main volatile
organic compounds (VOCs) present in the atmosphere of cities
where ethanol blended fuels are used (Corrêa et al., 2010). They are
also the main ozone precursors in those cities (Corrêa et al., 2010).

Atmospheric reactions of VOCs have been of great interest for
the study of secondary organic aerosol (SOA) formation. SOA is a
major contributor to airborne particulate matter (Hallquist et al.,
2009), which is associated with adverse health effects (Pope
et al., 2002). SOA not only impoverishes air quality but also has
an impact on climate via scattering and, absorption of light as well
as aerosolecloud interactions (Ramaswamy et al., 2007; Orlando
et al., 1999; Saleh et al., 2014).

It has been shown that atmospheric photooxidation of several
VOCs generates large amounts of highly oxidized compounds, such
as multifunctional carbonyl compounds (Jang and Kamens, 2001),
which are major SOA components. Many of these oxidized VOCs
have lower vapor pressure and condense to produce SOA. However,
another pathway leading to SOA production may involve non-
radical reactions e.g. hydration, polymerization, hemiacetal and
acetal formation, or aldol condensation (Jang et al., 2002; Kroll and
Seinfeld, 2008). These reactions are influenced by the relationship
between media acidity and relative humidity (RH). The key com-
pounds in these reactions are atmospheric carbonyls and alcohols,
such as those found in the exhaust of ethanol-fueled vehicles, and
water and inorganic acids that act as catalysts. The main atmo-
spheric inorganic acids that could act as catalysts are sulfuric acid
(H2SO4) and nitric acid (HNO3), produced via oxidation of SO2 and
NOx (Jang et al., 2002; Pitts and Finlayson-Pitts, 2000).
Jang et al. (2002) proposed condensation and polymerization

reactions of carbonyls as a possible explanation of SOA mass in-
crease; Kalberer et al. (2006) showed that non-radical compounds
induced acetal polymerization with methylglyoxal being the main
monomeric unit. The polymers formed constituted a large fraction
of SOA produced. They also suggested that other non-radical re-
actions such as aldol condensation reaction could occur in the
complex organicmixture of the aerosol. Therefore, the study of new
emission sources of alcohols and carbonyls is of major importance
since they could lead to a substantial change in urban atmospheric
chemistry.

Here we present results from a comprehensive study of the
exhaust emissions of a Euro 5a compliant flex-fuel vehicle over the
New European Driving Cycle (NEDC) at 22 and �7 �C carried out in
the Vehicle Emission Laboratory (VELA) at the European Commis-
sion Joint Research Centre Ispra, Italy. Primary emissions, and for
the first time secondary organic aerosol formation from aging of
diluted exhaust from a flex-fuel vehicle fueled using E85 and E75
blends at 22 and �7 �C are reported.

2. Experimental section

The present study was conducted in the Vehicle Emission Lab-
oratory (VELA) at the European Commission Joint Research Centre
Ispra, Italy using a certified chassis dynamometer climatic cell
combined with a mobile smog chamber (Laboratory of Atmo-
spheric Chemistry, Paul Scherrer Institute, Switzerland) for gas/
particle analysis during photochemical aging (see Fig. 1 for test cell
configuration and Platt et al. (2013) for details on the smog
chamber).

The VELA facility comprises a climatic test cell with controlled
temperature and RH to simulate a variety of ambient conditions
(temperature range: �10 to 35 �C; RH range: 50e80 %). Tests were
performed on a chassis dynamometer (inertia range:
454e4500 kg), designed for two and four-wheel drive light duty
vehicles (LDVs) (two 1.22 m roller benches e MAHA GmbH, Ger-
many). The emissions were fed to a Constant Volume Sampler (CVS,
Horiba, Japan) using a critical Venturi nozzle to regulate the flow
(CVS flow range: 3e30 m3 min�1). A series of thermocouples
monitored the temperature of the oil, cooling water, exhaust, and
ambient conditions. A universal exhaust gas oxygen (UEGO) type
sensor was connected to the tailpipe to follow the air to fuel ratio.

A flex-fuel light duty vehicle (hereinafter FFV) was tested (see
technical details in Table 1) over the New European Driving Cycle
(NEDC). The vehicle complied with Euro 5a spark ignition EU
emission standards ((EC) No 692/2008) (European Commission,
2008). The NEDC is a cold-start driving cycle (i.e., performed with
a cold engine at the beginning of the test cycle). It includes a first
urban phase of 780 s (UDC) followed by an extra-urban phase of
400 s (EUDC). The tests were conducted at test cell temperature of
22 and�7 �C, and at 50 ± 2% RH. The temperature refers not only to
the cell temperature but also to the vehicle's oil temperature at the
beginning of each test (±1 �C). The vehicle was kept inside the
climatic cell under the NEDC typical conditions (known as the
soaking time) for at least 12 h. The vehicle was fueled with summer
E85 and winter E75 blends (85 and 75% vol/vol ethanol content,
respectively) when tested at 22 and �7 �C, respectively. A detailed
description of the fuels' characteristics is available in Table 2.

Exhaust emissions were sampled online at the vehicle tailpipe,
offline after dilution (integrated offline measurements, as required
by the legislation) (The Council of the European Communities,
1970), and a constant fraction of the exhaust was injected during
the whole driving cycle into the smog chamber for subsequent
simulation of photochemical aging (Fig. 1). Instruments and



Fig. 1. Schematic of the experimental setup.

Table 1
Vehicle specifications.

Features FFV

Combustion type Spark ignition
Year of registration 2012
EU emission standard Euro 5a
After-treatment Three-way catalyst
Fuel system Direct injection
Engine power (kW) 132
Engine displacement (cm3) 1596
Odometer (km) 24,334

Table 2
Fuel specifications.

Parameter Method Unit E75 E85

RONa ISO 5164 e 102.9 107.8
MONb ISO 5163 e 88.4 89.0
Density at 15 �C ASTM D 4052 kg m�3 772.8 785.7
DVPEc at 100F EN 13016-1 kPa 50.1 35.1
GCVd ASTM D 3338 MJ kg�1 30.85 29.43
Sulfur (S) ASTM D 5453 mg kg�1 <3 3.2
Carbon (C) ASTM D 3343 mass % 60.4 57.4
Hydrogen (H) ASTM D 3343 mass % 13.1 13.1
Nitrogen (N) ASTM D 9291 mass % <0.75 <0.75
Oxygen (O) EN 13132 mass % 26.5 29.5

a Research Octane Number.
b Motor Octane Number.
c Dry Vapor Pressure Equivalent.
d Gross Calorific Value.
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methods deployed to characterize primary emissions and SOA
formation in the smog chamber are summarized in Platt et al.
(2013).
2.1. CVS and tailpipe analytical instrumentation

The vehicle's regulated emissions were measured in conformity
with directive 70/220/EEC and its following amendments, with an
integrated setup (MEXA-7400HTR-LE, HORIBA) that analyzed
diluted gas from the CVS. Gaseous emissions were analyzed from a
set of Tedlar bags. The bags were filled with diluted exhaust from
the CVS (Automatic Bag Sampler, CGM electronics) and CO, total
hydrocarbons (THC), NOx, and CO2 concentrations were measured
using the following techniques: non-dispersive infrared (for CO/
CO2), a chemiluminescence (for NOx) and a heated (191 �C) flame
ionization detector (FID; for THC). Gaseous compounds contained
in the raw exhaust weremonitored at 1 Hz acquisition frequency by
a High Resolution Fourier Transform Infrared spectrometer (FTIR e

MKS Multigas analyzer 2030-HS, Wilmington, MA, USA). The
method is described in more detail in the literature (Clairotte et al.,
2012), therefore, only a brief description is given here. The device
consists of a silicon carbide source (at 1200 �C), a multipath cell
(optical length: 5.11 m), a Michelson interferometer (spectral res-
olution: 0.5 cm�1, spectral range: 600e3500 cm�1) and a liquid
nitrogen cooled mercury cadmium telluride detector (MCT).

The raw exhaust was sampled directly from the tailpipe of the
vehicle with a heated PTFE (polytetrafluoroethylene) line and a
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pumping system (flow: ca. 10 L min�1, T: 191 �C) in order to avoid
condensation and/or adsorption of hydrophilic compounds (e.g.,
ethanol, ammonia). The residence time of the undiluted exhaust
gas in the heated line before the FTIR measurement cell was less
than 2 s. The ambient pressure during the measurement was
1013 hPa (±20), and the temperature of the gas cell of the FTIR was
set to 191 �C. Another set of analyzers, i.e., non-dispersive infrared
(for CO/CO2) and chemiluminescence detector (for NOx) were also
connected to the tailpipe allowing a time-resolved (at 1 Hz) mea-
surement of these compounds from the raw exhaust. CO, CO2 and
NOx measurements from the previously described analyzers were
used to synchronize the FTIR signal. Regulated and unregulated
emission profiles showed very good repeatability (see Figs. 2 and 3
and Fig. S1). An example of the repeatability achieved for CO2
emission profiles, oil temperature and exhaust temperature can be
seen in Fig. S1 of the supplementary material.

The raw exhaust flowwas determined by subtracting the flow of
dilution air introduced into the tunnel, measured with a Venturi
system, to the total flow of the dilution tunnel, measured by a sonic
Venturi (Horiba). Mass flows were derived from the exhaust gas
flow rates (m3 s�1) and from the measured concentration (ppmv).
Emission factors (mg km�1) were calculated from the integrated
mass flow and the total driving distance of the NEDC (11 km).

Previous studies pointed out a poor sensitivity of the FID to-
wards oxygenated VOCs emitted in the exhaust from engines fueled
with high ethanol blended mixtures (Wallner, 2011; Erlandsson
et al., 2010). Therefore, the time-resolved THC volumetric concen-
trations measured with the FID were corrected using the concen-
trations measured with the FTIR of ethanol, methanol,
formaldehyde and acetaldehyde, as described by Clairotte et al.
(2013).

The European Air Quality Directive on Ozone, 2002/3/EC (The
European Parliament and The Council of the European Union,
2002) requires the analysis of 30 VOCs, including 29 C2eC9 hy-
drocarbons and formaldehyde, since they are considered, together
with nitrogen oxides, the main ozone precursors in urban air. Most
of these compounds were not present in the FFV's exhaust;
therefore, a selection of compounds that are considered ozone
Fig. 2. Acetaldehyde and ethanol emission profiles over the NEDC (grey shadow) at 22 �C (t
Test 5). (For interpretation of the references to colour in this figure legend, the reader is re
precursors: carbonyl compounds, ethanol, carbonmonoxide and C2
hydrocarbons (ethane, ethylene and acetylene), were monitored at
the vehicle tailpipe with the FTIR in order to estimate the ozone
formation potential (OFP) of the emissions. The OFPs of these
compounds were calculated in accordance to the maximum in-
cremental reactivity concept (MIR) (Carter, 1994). The MIR concept
is based on a scenario where optimum conditions of precursor/NOx
ratios yield maximum ozone formation. The OFP is presented as the
sum of the ozone produced from each precursor emitted over the
whole cycle.

2.2. Smog chamber and integrated instrumentation

The smog chamber was located inside the vehicle test cell and
thus operated at the same temperature. Instruments were located
outside the test cell and operated at room temperature. Smog
chamber temperature is measured at 3 locations: at the top and the
bottom of the chamber and in the gas phase sampling line down-
stream the chamber, inside the test cell (see also Platt et al., 2013). A
fraction of the exhaust, sampled during the entire NEDC, was
introduced into a smog chamber to study the aging of the mixture
and SOA formation at 22 and �7 �C. A detailed description of the
chamber and its experimental setup is presented in detail in Platt
et al. (2013). The smog chamber is a 12.5 mm thick collapsible
Teflon bag (DuPont Teflon fluorocarbon film (FEP), type 500A,
Foiltec GmbH, Germany) with a volume of approximately 12 m3

when full. The Teflon bag is suspended on an aluminum frame and
illuminated by 40 UV lights (UV black lights Philips Ergoline Cleo-
performance, peak emission at 350 nm, total power 4 kW) to
simulate tropospheric photochemistry. The chamber is connected
to a gas injection system which consists of a pure air generator
(Atlas Copco SF 1 oil-free scroll compressor with 270 L container,
Atlas Copco AG, Switzerland) equipped with an air purifier (AADCO
250 series, AADCO Instruments, Inc., USA). The vehicle emissions
were injected into the chamber using amodified ejector dilutor (DI-
1000, Dekati Ltd, Finland), equipped with a pressurized air heater
(DH-1723, Dekati Ltd, Finland) applying a dilution factor of around
100e200. Around 2 mL (20 ppbv) of butanol-d9 is injected into the
op; blue Test 1, black Test 2 and orange Test 3) and �7 �C (bottom; black Test 4 and red
ferred to the web version of this article.)



Fig. 3. NH3 emission profiles over the NEDC (grey shadow) at 22 �C (left; blue Test 1, black Test 2 and orange Test 3) and �7 �C (right; black Test 4 and red Test 5). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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chamber in order to assess photochemical aging times using the
“OH clock” methodology described in Barmet et al. (2012). The
butanol-d9 decay rate is monitored using a Proton Transfer Reac-
tion Time-of-Flight Mass Spectrometer (PTR-ToF-MS 8000, Ionicon)
and related to photochemical age via known reaction rate with OH.
After a stabilization period, adjustment of the RH in the chamber
and injection of O3 to titrate initial NO to NO2, continuous injection
of nitrous acid (HONO) as additional OH radical source was started
and the UV lights were switched on to initiate photochemistry. The
HONO injection system is based on the continuous flow system
described by Taira and Kanda (1990).

During the tests performed at 22 �C, the RH inside the smog
chamber was held at either 40e50% (Test 1 and Test 2) or 80e90%
(Test 3). Tests at �7 �C (Test 4 and Test 5) were performed at
40e50% RH. Particle size distribution and number concentration
were measured inside the chamber with a scanning mobility par-
ticle sizer (SMPS) and a condensation particle counter (CPC, TSI
3076), respectively. Non-refractory condensed particle matter
(compounds that vaporise at <~650 �C, e.g. organics, sulfate, ni-
trate) were monitored by a high resolution time of flight aerosol
mass spectrometer (HR-ToF-AMS, Aerodyne, see DeCarlo et al.,
2006), using a PM2.5 inlet lens (Williams et al., 2013). Gas phase
CO, THC, NOx, CO2, H2O, CH4 (methane), and O3 were measured
with dedicated monitors (see Platt et al., 2013 for details). In the
smog chamber, VOCs were analyzed by a PTR-ToF-MS. The instru-
ment was operated in standard conditions, with a reaction chamber
pressure fixed at 2.1 mbar, drift tube voltage and temperature at
500 V and 333 K, respectively, corresponding to an electric field
strength applied to the drift tube (E) to buffer gas density (N) ratio
of 125 Td. The data reduction procedure is fully described in
Hellebust et al.. Briefly, 164 ions were identified in terms of their
molecular formulas with a mass accuracy better than 20 ppm.
These ions were then classified into families: aromatics, alcohols,
acids, carbonyls or aliphatic hydrocarbons. In cases where the
compound could neither be assigned to a chemical structure nor
assigned to one of the families, it was classified according to its
chemical formula either as an N-containing compound or an O-
containing compound. For known compounds (benzene, toluene,
acetaldehyde, etc) the concentration was calculated using the k
values detailed in Cappellin et al. (2012). For ions with unknown
rate constant, a default value of 3 � 10�9 cm3 s�1 was used for
oxygen-containing compounds and 2 � 10�9 cm3 s�1 was used for
compounds without oxygen in their formulas. Black carbon (BC)
was monitored using an aethalometer (Aethalometer AE 33 beta,
Aerosol d.o.o.) (Drinovec et al., 2014). Scanning mobility particle
sizer (SMPS, custom built) data from the chamber were corrected
for density, based on the particle chemical composition measured
by the HR-ToF-AMS and subtracting BC, to provide a second mea-
surement of the total non-refractory PM mass (i.e. those species
quantified in the HR-ToF-AMS). This was used to correct for
collection efficiency, CE, which was around 0.8 throughout all ex-
periments. HR-ToF-AMS datawere corrected for background CO2 by
calibrating the observed CO2 in filtered air to external measure-
ments using a cavity ring down spectrometer (Picarro, G2401).

3. Results and discussion

3.1. Regulated gaseous emissions

The emission factors (EFs; mass distance�1) of the regulated
gases obtained for a Euro 5a FFV tested over the NEDC, as well as
the EFs over each of its two phases (UDC and EUDC), at 22 or �7 �C
are summarized in Table 3. The FFV complied with Euro 5a emis-
sions limits for the two temperatures studied (see Table 3). Notice
that, in the test at�7 �C, known as type VI test (Directive 98/69/EC),
Euro 5a regulation is limited to the urban part of the cycle (UDC)
and only considers CO (15 g km�1) and THC (1.8 g km�1) emissions.
CO emissions, over the entire NEDC, were more than 2 times higher
for the tests performed at �7 �C than at 22 �C and THC, NMHC and
NOx emissions were almost 4 times higher at �7 �C. The EFs of the
regulated compounds were much higher during the urban part of
the cycle (UDC) than over the extra urban (EUDC) (see Table 3), a
similar behavior to that presented by other spark ignition vehicles
fueled with gasoline (Dardiotis et al., 2013). This behavior, known
as cold-start effect, is more pronounced for the tests performed
at �7 �C mainly because catalyst light-off takes place later.

CO2 emissions are not regulated by EU legislation for type
approval emission tests. However, car manufacturers will have to
ensure that their entire light duty vehicle fleet does not emit more
than an average of 130 g km�1 of CO2 by 2015 and 95 g km�1 by
2020. The FFV emitted 149 ± 2 g km�1 of CO2 when tested at 22 �C,
20% less than emissions at �7 �C.

Similar THC, lower CO and higher NOx and CO2 EFs were re-
ported by Clairotte et al. (2013) for a Euro 4 and a Euro 5 FFV tested
over the NEDC at 22 and �7 �C. Dardiotis et al. (2013) reported EFs
of regulated gases and CO2 for a series of Euro 5 (GLDVs) and diesel
light duty vehicles (DLDV) tested over the NEDC at 22 and �7 �C.
THC, NMHC, CO and CO2 EFs of the GLDVs reported in that study
were similar, within uncertainties, to those obtained for the FFV
reported here. NOx EFs were up to 4 times higher for the GLDVs
compared to the FFV. THC and CO emissions of the DLDVs studied
by Dardiotis et al. were 2 times lower than those of the FFV
(Dardiotis et al., 2013). However, NOx emissions weremore than 20
times higher for the DLDVs than for the FFV.

3.2. Unregulated gaseous emissions

Table 3 summarizes the EFs of a number of atmospherically
relevant unregulated compounds, obtained by online FTIR analysis
of the FFV's exhaust at the tailpipe over the NEDC at 22 and�7 �C. A



Table 3
Regulated and unregulated emission factors (mg km�1, *CO2 emission factor (g km�1)) over the NEDC (bold) and its two phases (i.e. UDC and EUDC) at 22 and �7 �C. In
parentheses, maximum semi-dispersion.

22 �C �7 �C EF �7 �C/EF 22 �C

NEDC UDC EUDC NEDC UDC EUDC

THC 102 (±43) 273 (±7) 2.3 (±0.4) 359 (±2) 954.6 (±0.1) 11 (±3) 3.5
CH4 13.5 (±0.3) 35.1 (±0.1) 0.9 (±0.2) 38.4 (±0.6) 103 (±2) 1.0 (±0.1) 2.8
NMHC 88 (±43) 238 (±7) 1.4 (±0.5) 321 (±12) 852 (±26) 10 (±4) 3.6
NOx 6.0 (±0.2) 11 (±2) 3.3 (±0.5) 22.8 (±0.7) 55 (±3) 3.9 (±0.3) 3.8
CO 413 (±40) 924 (±45) 115 (±1) 893 (±23) 2152 (±104) 158 (±25) 2.2
CO2

*g km�1 149 (±2) 195 (±4) 122 (±1) 182 (±8) 249 (±15) 143 (±4) 1.2
N2O 0.4 (±0.1) 1.1 (±0.1) 0 1.8 (±0.0) 2.6 (±0.0) 1.3 (±0.0) 4.1
NH3 4.6 (±0.2) 7.1 (±0.8) 3.2 (±0.1) 6.4 (±0.0) 7.1 (±0.7) 6.0 (±0.3) 1.4
Ethanol 54 (±17) 108 (±48) 22 (±2) 245 (±24) 351 (±66) 183.3 (±0.5) 4.5
Acetaldehyde 12.7 (±0.0) 20 (±3) 8 (±2) 43 (±7) 48 (±9) 39.9 (±0.3) 3.4
Formaldehyde 1.8 (±0.0) 3.6 (±0.2) 0.7 (±0.1) 3.4 (±0.3) 4.8 (±0.6) 2.6 (±0.1) 1.9
Ethylene 6 (±1) 15 (±2) 1.2 (±0.1) 29 (±2) 42 (±4) 21.9 (±0.2) 4.7
Ethane 1.4 (±0.0) 3.5 (±0.0) 0.3 (±0.1) 4.1 (±0.2) 6.0 (±0.1) 3.0 (±0.2) 2.8
Acetylene 2.7 (±0.2) 5.8 (±0.8) 0.9 (±0.1) 17 (±1) 24 (±4) 13.2 (±0.1) 6.4
Toluene e e e 5.9 (±0.2) 71.8 (±8) e

Benzene e e e 3.6 (±0.2) 43.9 (±6) e
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comprehensive analysis was performed with respect to the exhaust
emissions of: formaldehyde and acetaldehyde, classified as human
carcinogen and as probable carcinogenic, respectively by the US
Department of Health and Human Services; ammonia (NH3), which
is a precursor of atmospheric secondary aerosols (Pope et al., 2002;
Behera and Sharma, 2010) and is also classified under the European
dangerous substances directive (67/548/EEC) as toxic, corrosive and
dangerous for the environment; ethanol, precursor of acetaldehyde
and PAN in the atmosphere; (Millet et al., 2012a, 2010) and two
greenhouse gases (GHG), nitrous oxide (N2O) and methane (CH4).
The emissions of toluene and benzene were also monitored. Note
that the aromatics content (% vol) in E5 gasoline is approximately
31%, and about 4.5 and 7.5% in the E85 and E75 ethanol blends,
respectively. While emissions of benzene or toluene were below
FTIR detection limits at 22 �C, 3.6 and 5.9 (±0.2) mg km�1 of ben-
zene and toluenewere emitted at�7 �C (see Table 3). The cold-start
operation of spark ignition vehicles is typically associated with rich
combustion to avoid misfires due to condensation effects on the
cylinder. The enrichment of the air/fuel mixture during cold-start
operation results in incomplete fuel combustion, leading to
higher CO and HC emissions during cold-start (Dardiotis et al.,
2013). Moreover, since three-way catalysts (TWC) require a
certain temperature (typically above 300 �C) to work at full effi-
ciency, emissions are significantly higher until the catalyst reaches
the optimal working conditions (Millet et al., 2012b). At lower
ambient temperatures, the engine and catalyst take longer to
warmup, which results in higher emissions.

The emissions of the unregulated compounds were higher
at �7 �C than at 22 �C over the NEDC, as it was in the case for the
regulated compounds. Emission factors of most unregulated com-
pounds were also substantially higher over the UDC than over the
EUDC. The only exception was ammonia, with slightly higher
emission during the UDC. However, once the catalyst reached the
optimal operating temperature, the other unregulated compounds
were essentially under the limits of detection. At �7 �C the catalyst
light-off takes longer (see Fig. 2), as a consequence, compounds
such as acetaldehyde, ethanol and other VOCs are emitted for a
longer period, which in some cases reached the phase 2 (EUDC) of
the cycle as reflected in Table 3. The emission profiles of ethanol
and acetaldehyde at both temperatures can be seen in Fig. 2.

Table 3 shows that EFs of ethanol weremore than 4 times higher
for tests performed at �7 �C than at 22 �C. Clairotte et al. (2013)
reported similar ethanol EFs for a Euro 5a tested at 22 �C but
at �7 �C, ethanol EFs reported were 2 times higher than those of
our FFV. The acetaldehyde/formaldehyde mass ratio obtained (~6)
is consistent with those measured in cities where ethanol blends
are widely used (Grosjean et al., 2002).

Acetaldehyde, a product of the incomplete oxidation of ethanol,
presented a similar emission profile to that of ethanol, i.e. emissions
at �7 �C were higher (3 times) than at 22 �C, with abundant
emissions still present during the EUDC at �7 �C (see Table 3).
Formaldehyde EFs were approximately 2 times higher at �7 �C. EFs
of formaldehyde were similar to those reported in previous studies
(Clairotte et al., 2013). EFs of acetaldehyde were similar to those
reported byWesterholm et al. (2008) but lower than those reported
by Clairotte et al. (2013).

In spark ignition vehicles, NH3 is formed in the TWC after
catalyst light-off (Whittington et al., 1995; Huai et al., 2003; Bradow
and Stump, 1977), through a mechanism that involves NO and H2,
and continues for the entire duration of the tests. Molecular
hydrogen is produced from a wateregas shift reaction between CO
and water or via steam reforming from hydrocarbons (Whittington
et al., 1995). NH3 formation over the catalyst is enhanced at low air/
fuel ratios, also known as rich combustion, where conditions are
reductive and higher concentrations of CO and H2 are present
(Whittington et al., 1995; Heeb et al., 2010). These are typical
conditions during the accelerations, which explain the higher
emissions of NH3 during the acceleration events present in the
cycle (see Fig. 3). NH3 emissions will then depend on driving mode
and combustion enrichment. Hence, higher NH3 emissions are
expected for an aggressive or dynamic driving style, where accel-
erations (rich combustion) and decelerations (lean combustion)
take place more often (Huai et al., 2003). The NH3 EFs were
consistent with the literature for other Euro 5 spark ignition vehi-
cles (Kean et al., 2009; Livingston et al., 2009; Suarez-Bertoa et al.,
2014).

The emissions of NH3 were affected by low ambient tempera-
tures since the vehicle runs under rich conditions (air/fuel ratio < 1)
for a longer period at low temperature than at 22 �C. As a conse-
quence, the emissions of NH3 at�7 �Cwere 1.4 times higher than at
22 �C.

Table 3 shows that N2O emissions were affected by low ambient
temperature, increasing from 0.4 mg km�1 at 22 �C to 1.8 mg km�1

at �7 �C, which is in agreement with previous studies (Graham
et al., 2008). N2O is catalytically produced, especially at colder
catalyst temperatures, consistent with larger observed emissions
during the UDC. Similar N2O EFs were reported by Clairotte et al.
(2013) at 22 �C. However, they reported N2O emissions 6 times



Fig. 5. Composition of the fresh and aged (after 10 h equivalent OH exposure) mixtures
measured at the smog chamber by PTR-ToF-MS at 22 �C (Test 1) and �7 �C (Test 4),
broken down by chemical families.
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lower at �7 �C than here. Graham et al. (2009) reported median
N2O EFs equal to 1 and 12 mg km�1 for a series of GLDVs and DLDV,
respectively.

CH4 EFs were 3 times higher at �7 �C than at 22 �C. As reflected
in Table 3, the UDC accounts for almost all the CH4 emissions at
both temperatures. Overall, CH4 and N2O emissions, with their
global warming potential (25 and 298 eq g CO2 over 100 years for
CH4 and N2O, respectively), were responsible for a 0.5 g km�1 and
1.5 g km�1 increase in terms of CO2 equivalent emissions at 22
and �7 �C, respectively. FFV CH4 emissions were similar to those of
GLDV reported by Dardiotis et al. (2013).

3.3. Ozone formation potential

The estimated OFPs (mg O3 km�1) and the percentage contri-
butions of a group of compounds emitted by the FFV over the NEDC
at 22 and �7 �C are illustrated in Fig. 4. The columns in Fig. 4
represent the total OFP and show the contribution of each com-
pound considered. This group of compounds accounted for more
than 90% of the THC mass at 22 �C, and nearly 100% (within the
uncertainties of the instruments) at �7 �C. Besides CO, the com-
pounds used for the estimation of these OFPs are mainly emitted
during the cold-start. At �7 �C, the calculated OFPs were 4 times
higher than that those obtained at 22 �C.

As illustrated in Fig. 4, acetaldehyde, ethylene and their pre-
cursor, ethanol, were the main contributors to the OFP, accounting
for up to 90% of the total at both temperatures. As a consequence of
increased use of ethanol fuel in Brazil, acetaldehyde, associated
with emissions from FFVs, has become the fourth largest ozone
precursor in some Brazilian areas (Corrêa et al., 2010), demon-
strating that the fuel used by a big part of a city's vehicular fleet
could dominate the urban atmospheric composition. The studied
FFV presented an OFP 1.6 times higher than that reported for two
flex-fuel vehicles by Graham et al. (2008). When comparing the FFV
with modern gasoline and diesel vehicles from the literature, it can
be observed that OFPs are affected by the compounds directly
related to the high concentration of ethanol present in the E85 and
E75 blends, and to a large extent by low ambient temperatures. In
fact, the OFPs at 22 �C were 5 times and 1.6e5 times higher than
those reported by Clairotte et al. (2013) and Adam et al. (2011)
respectively.

3.4. Photochemical aging of emissions

Fig. 5 illustrates the composition of the fresh and aged mixtures
measured at the smog chamber by the PTR-ToF-MS at the studied
temperatures. FFV emissions were dominated by a mix of carbonyls
and alcohols. In the smog chamber, carbonyls and alcohols
accounted for about 60% and 65% of the total HC volume measured
by the PTR-ToF-MS, at 22 and �7 �C, respectively. This is in contrast
Fig. 4. Estimated OFPs (mg O3 km�1) (left) and the percenta
to a previous smog chamber study on GLDVs and DLDVs where
emissions were dominated by aromatics and aliphatic hydrocar-
bons, and carbonyls only, respectively (Hellebust et al. in prep).

The proton affinity of ethane (596 kJ mol�1), ethylene
(641 kJ mol�1) and acetylene (641 kJ mol�1) are lower than that of
water (about 697 kJ mol�1). Therefore, these NMHCs could not be
measured in the smog chamber using the PTR-ToF-MS. Using the
FTIR measurements made at the vehicle tailpipe, it was estimated
that they accounted for 11% and 15% of the total NMHCmeasured by
the FFV during the tests at 22 and �7 �C, respectively.

In the aged mixtures (see Fig. 5), the organic acids made up 40%
of the total, and the carbonyls up to 48%, indicative of a well pro-
cessed system. In the fresh mixtures, acetaldehyde (C2H5Oþ) and
formaldehyde (CH3Oþ) were the main carbonyls observed. In
contrast, in the agedmixtures, ions with the assigned ionic formula
C3H7Oþ, C3H5O

þ
2 , and C4H7O

þ
2 , tentatively identified as propanal

or/and acetone, methylglyoxal and dimethylglyoxal, respectively,
represented more than 30% of the carbonyl family. The main
organic acids observed in the aged mix were formic ðCH3O

þ
2 Þ and

acetic acids ðC2H5O
þ
2 Þ and represented 11% and 30% (CH3O

þ
2 and

C2H5O
þ
2 ) of the total mass at 22 �C and 8% and 18% (CH3O

þ
2 and

C2H5O
þ
2 ) at �7 �C.

Fig. 6 illustrates the evolution of a series of organic compounds
measured at the smog chamber after stabilization of the FFV
exhaust as a function of the time after lights on. It can be seen that
while the concentration of ethanol (C2H7Oþ) decreased with aging
time, the concentration of the oxidation products acetaldehyde,
formaldehyde, formic and acetic acid, methylglyoxal and
ge contributions (right) at 22 and �7 �C over the NEDC.



Fig. 6. Progression inside the smog chamber of the main species contained in the exhaust mixtures and the reaction products, for the tests at 22 and �7 �C, as a function of time
after lights-on measured by PTR-ToF-MS. Each test represents 10 h equivalent OH exposure. On the right axis, concentration (ppbv) of acetic acid ðC2H5O

þ
2 Þ, acetaldehyde (C2H5Oþ)

and ethanol (C2H7Oþ).
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dimethylglyoxal, increased.
The presence of the ions C5H9Oþ, C3H9O

þ
2 , C4H9O

þ
2 , which could

correspond to pentenone, 1-ethoxy-metan-1-ol, ethyl acetate (see
Table 4), after aging, suggests that a series of non-radical reactions
(aldol condensation, Claisen condensation, acetylation, Baeyer-
Villiger oxidation) involving ethanol, acetaldehyde, formaldehyde
could have taken place. Moreover, methylglyoxal and dimethyl-
glyoxal could lead to polymerization processes, as suggested by
Kalberer et al. (2006). Altieri et al. (2008) and Tan et al., (2010)
reported that methylglyoxal oxidation by OH radicals could also
lead to highmolecular weight compounds and carboxylic acids that
are found predominantly in the particle phase.

3.5. Secondary organic aerosol formation

Table 5 summarizes the FFV emission factors of BC and POA and
SOA formation potential in mass carbon (C) per mass of fuel units at
22 and �7 �C. Fig. 7 shows the concentration of the carbonaceous
condensed phase (mass per mass of fuel units) measured at the
smog chamber after the injection of the FFV exhaust as a function of
the time after irradiation at 22 and �7 �C.

Primary emissions (BC and POA) are taken from the average
concentrations measured before lights on. Absolute masses of both
Table 4
Exact mass and molecular formulas of the main ions measured by the PTR-Tof-MS,
together with the most probable compound that corresponds to the obtained ion
mass.

m/z Protonated ion Most probable compound

31.0178 CH3Oþ Formaldehyde
45.0337 C2H5Oþ Acetaldehyde
47.0125 CH3O

þ
2 Formic acid

47.0486 C2H7Oþ Ethanol
59.0481 C3H7Oþ Propanal; acetone
61.0277 C2H5O

þ
2 Acetic acid; glycoaldehyde

73.0279 C3H5O
þ
2 Methylglyoxal

85.065 C5H9Oþ Pentenone; pentenal
77.0532 C3H9O

þ
2 1-ethoxy-metan-1-ol

87.044 C4H7O
þ
2 Dimethylglyoxal

89.0589 C4H9O
þ
2 Ethyl acetate

93.0698 C7H
þ
9 Toluene
primary and secondary components are converted into emission
factors (potential of production, for secondary species) per mass of
fuel (EFMASS, right axes) using a chemical mass balance approach
(adapted from Phuleria et al., 2006):

EFMass ¼
DP

DCCO2
þ DCCO þ DCHC

�WC (1)

where P is the mass of a pollutant, C denotes the carbon mass from
CO2, CO, gas phase hydrocarbon (HC), particle phase organic carbon
(OC) from aerosol mass spectrometer measurements analysis, and
BC. WC is the fuel carbon content for the fuel blends used (0.604
and 0.574 for E75 and E85 blends respectively; see Table 5).

The observed increase in aerosol concentration after wall loss
correction is considered to represent the SOA production. Wall loss
correction factors were derived from the decay of the black carbon
mass (Aethalometer, 880 nm channel). The organic aerosol con-
centration COA was corrected for wall losses (COA,WLC) assuming
material lost to the walls does not partition via (e.g. Hildebrandt
et al., 2009):

COA;WLC ¼ COA;SUSP:ðtÞ þ
Zt

0

kðtÞ � COA;SUSP:ðtÞdðtÞ (2)

where the COA,SUSP is the observed OA concentration at time¼ t and
an exponential decay constant k taken from an exponential fit of BC
as a function of time after lights on (average particle half-life is
2.2 ± 0.6 h).
Table 5
Emission factors (units 10�3 g C kg�1) of BC and POA, and SOA production after 10 h
of aging in the mobile smog chamber.

Test T �C RH % BC POA SOA SOA/BC SOA/POA SOA/(POA þ BC)

Test 1 22 40 0.4 0.4 2.3 5 6 3
Test 2 22 40 0.3 0.4 3.0 10 7 4
Test 3 22 90 0.4 0.1 1.3 3 13 3
Test 4 �7 40 4.5 1.0 13.4 3 14 2
Test 5 �7 40 5.1 4.9 38.2 8 8 4



Fig. 8. (a) Observed secondary aerosol formation (wall-loss corrected) in the smog
chamber during aging of the FFV's emissions at 22 �C and 40% RH (yellow), 22 �C and
90% RH (grey) and �7 �C and 40% RH (blue). (b) Apparent SOA mass yield as a function
of suspended OA concentration (COA) per reacted aromatics mass. Maximum (low NOx)
and minimum (high NOx) SOA yields for m-xylene are shown as blue and red line,
respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 7. Emission factors (g C kg�1) of BC (grey) and POA (blue), and SOA (green) pro-
duction from the FFV's emissions measured after aging in the mobile smog chamber.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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The wall loss characteristic time (1/k, Eq. (2)) before switching
on the lamps is very similar to the one after, also based on our
previous results (Platt et al., 2013; Zardini et al., 2014).

Fig. 8 illustrates how gas-phase processing of the FFV exhaust
results in SOA formation at 22 and �7 �C. The presented SOA was
formed after an OH exposure that corresponds to 10 h of atmo-
spheric aging assuming a global annual mean OH concentration of
106 molecules cm�3 (Prinn et al., 2001), suggesting that SOA for-
mation, from this type of mixture, is a fast process in the atmo-
sphere even at low temperatures. Fig. 9 displays the wall-loss
corrected concentration and emission factor of the organic aero-
sol in the smog chamber as a function of the time after irradiation
and OH exposure at 22 �C together with the concentration of BC
and POA. Table 5 shows that, as for spark ignition vehicles (Mathis
et al., 2005), primary emissions increase at lower temperatures.
Hence, EFs of BCwere 11e17 times larger at�7 �C than at 22 �C, and
EFs of POA were 3e12 times higher at �7 �C compared to 22 �C.
Furthermore, SOA was 4e16 times higher at �7 �C than at 22 �C.
Analogously to GLDVs reported in previous studies (Platt et al.,
2014; Gordon et al., 2014a), the FFV's aged exhaust produced
more secondary organic mass than primary emissions, empha-
sizing the importance of secondary pollutants for a full under-
standing of vehicle emissions. SOA was 3e10 times larger than BC
mass, 6 to 24 times larger than POA mass, hence, about 3 times
larger than the total primary emissions (BC þ POA) (see Table 5).
The relatively low primary emissions have been attributed to the
difference in physico-chemical properties of the ethanol blend,
being the oxygen content in the fuel the primary contributing factor
for lowering particulate emissions, by affecting combustion kinetics
(Karavalakis et al., 2014). SOA formation is very sensitive to ambient
conditions, and very small variations in e.g. temperature, OH con-
centration, chamber surface/volume, RH, organic aerosol loading,
VOC/NOx ratio, and emission composition etc. will add up to pro-
duce the relatively large variations observed. It should be under-
stood that the reported SOA formation does not represent an
absolute value (the real atmosphere is extremely variable), rather,
possible values under plausible conditions. The increase in aerosol
mass was mostly due to condensation of new material on pre-
existing seed particles, the primary emission (see Fig. S2 in the
supplementary material). The largest part of the aerosol was be-
tween 100 and 500 nm in all experiments, indicating that particles
werewithin the transmissionwindow of the AMS. Test 3 (22 �C and
smog chamber at 90% RH) resulted in similar EFs and composition
of the gaseous emissions to Test 1 and Test 2 (22 �C and smog
chamber at 40% RH). While similar BC emissions were measured in
the smog chamber for the three tests at 22 �C, POA emissions and
SOA formation were lower for Test 3 than for Test 1 and Test 2.
Nonetheless, the SOA (BC þ POA) ratio resulted to be similar for the
three tests (see Table 5). The divergence of SOA formation observed
for Test 1 and Test 2 was slightly higher than the one observed
between Test 1 and Test 3. For all these reasons, and the absence of
further tests at 90% RH, we could not assess if different RH in the
smog chamber leads to different SOA formation. Therefore, only
Test 1 and Test 2 are discussed.

The measured primary aerosol emissions were substantially
lower than those previously reported for a Euro 5 and series of LEV I
and LEV II GLDV (Platt et al., 2013; Gordon et al., 2014a) but higher
than those measured from a series of heavy duty diesel vehicles
(HDDVs) equipped with diesel particle filter (DPF) system (Gordon
et al., 2014b). At 22 �C, the FFV presented lower SOA production
than those from the Euro 5 reported by Platt et al. (2013) and the
series of LEV I and LEV II GLDVs reported by Platt et al. (2013) and
Gordon et al. (2014a). The SOA formed from the exhaust of the FFV
at 22 �C was two orders of magnitude lower than from the Euro 5
GLDV (Platt et al., 2013) and one order of magnitude lower than
those reported for the LEV I and LEV II GLDVs (Gordon et al., 2014a).



Fig. 9. Development of organic aerosol mass in the smog chamber as a function of the
time after irradiation (x axis) and OH exposure (color legend) at 22 �C. Dark grey il-
lustrates black carbon, light grey primary organic carbon and green secondary organic
carbon. The presented is wall-loss corrected data. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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However, SOA formation from the FFV was two times larger than
those reported for the HDDVs equipped with a DPF (Gordon et al.,
2014b). Higher SOA formation from gasoline vehicles exhaust may
be due to the larger emissions of aromatic compounds and other
heavier hydrocarbons. On the other hand, the difference in SOA
formation between the FFV and the HDDVs equipped with a DPF
could be explained in terms of differences in the magnitude of THC
emissions, which are typically higher for spark ignition vehicles
than for modern diesel vehicles. Furthermore, Gordon et al. (2014b)
showed that catalyzed DPFs are very effective in reducing both
primary particulate emissions and SOA production (Gordon et al.,
2014b).

The O:C ratio of the fresh and aged organic aerosol (OA) rapidly
increased with OH exposure. The increase of the O:C ratios in-
dicates the addition of oxygenated organics to the aerosol (Platt
et al., 2013; Jimenez et al., 2009; Ng et al., 2010). The O:C ratio
observed for the aged OA at 22 �C is in the range (~0.7) of ambient
low-volatility oxygenated organic aerosol (LV-OOA) observed by Ng
et al. (2010) and it is also similar to that reported for a Euro 5 GLDV
by Platt et al. (2013). At �7 �C, the O:C ratio measured for the aged
OA was slightly lower, 0.5.

The contribution of the aromatics to SOA formation was esti-
mated by calculating an apparent aerosol yield, yapparent, assuming
that all SOA comes from aromatic precursors, as described in Platt
et al. (2014):

yapparent ¼ CSOA

,X
i

Di (3)

where CSOA is the SOA produced (mg m�3) for a given mass change
in aromatic i (Di, i¼ benzene, toluene or C2eC4 alkylated benzenes).
Calculated apparent yields were well above the SOA yields for m-
xylene, a major aromatic constituent of gasoline, considering a high
NOx scenario, indicating that most SOAmust be from non-aromatic
precursors (Fig. 8). We assume high NOx as considerable NO2 was
present during all experiments, ensuring the presence of some NO
via photolysis (see e.g. Platt et al., 2014). Furthermore, a constant
stream of HONOwas injected (see experimental section) which also
photolyses to produce NO. Similar conclusions were drawn from a
gasoline vehicle whose fuel contained ~5 times more aromatics
than the ethanol blends used here (Platt et al., 2013). The obtained
SOA apparent yields (about 0.1e0.4 at 106 h cm3 OH exposure and
10 mg m�3 loading) were in the same range of those reported for
gasoline vehicles emissions by Gordon et al. (2014a). Due to un-
certainties in yield estimates in our study and in Gordon et al.
(2014a), it is not clear whether the non-aromatic SOA precursors
present in gasoline and in ethanol blends emissions are the same or
whether additional precursors present in flex-fuel vehicles emis-
sions, such as oxygenated compounds, may play a role in SOA for-
mation. An unambiguous determination of SOA precursors for both
gasoline and ethanol flex-fuel exhaust emissions would require
further study.

Fig. 10 shows examples of the obtained high resolution mass
spectra. The top panel spectra are a good representation of
hydrocarbon-like organic aerosol (HOA) presenting typical hydro-
carbon signatures (Ng et al., 2010) dominated by the series CnH 2nþ1
and CnH 2n�1 (m/z 27, 29, 41, 43, 55, 57 …). The bottom panel
spectra show high 44/43 ratios (ratio of the ionsm/z 44 andm/z 43)
which is commonly related to low-volatility oxygenated organic
aerosol (LV-OOA). The oxygenated organic aerosol (OOA) compo-
nent is distinguished by the prominent m/z 44 ðCOþ

2 Þ in its spec-
trum and the lower intensity of higher mass fragments. Very few
oxygenated fragments are present at high m/z of the aged OA mass
spectra at both temperatures, which indicates the possible preva-
lence of oligomers.

The fraction 44:43 (m/z:m/z) of the aged OA is lower (2 times)
at �7 �C than at 22 �C. The total concentration of the organic acids,
measured by PTR-ToF-MS is 40% higher at �7 �C than at 22 �C.

The higher concentration of regulated and unregulated com-
pounds present at �7 �C than at 22 �C resulted in more SOA at �7
than at 22 �C. The reason could be a drop of the saturation vapor
pressure of the reaction products, which, at 22 �C were in the gas
phase while at �7 �C may be in the condensed phase, or the higher
concentrations of reacting compounds which could lead to for-
mation of high molecular weight compounds, including oligomers
(Kalberer et al., 2006). The lower O:C ratio at�7 �Cmay suggest the
formation of oligomers by aldol condensation which leads to the
loss of H2O (Reinhardt et al., 2007) and/or the above mentioned
condensation of additional organics at the low temperature.

4. Conclusions

The results obtained in our study show that widespread use of
vehicles running on high ethanol-content fuel blends, E85 and E75,
needs to be thoroughly evaluated due to the negative effects that
their emissions may have on urban air quality.

The flex-fuel vehicle (FFV) studied here complied with Euro 5a
emission regulations. However, high emissions of ethanol (54 (±17)
and 245 (±24) mg km�1, at 22 and �7 �C, respectively) and toxic
and harmful compounds such as acetaldehyde (12.7 (±0.0) and 43
(±7) mg km�1, at 22 and �7 �C, respectively), ammonia (4.6 (±0.2)
and 6.4 (±0.0) mg km�1, at 22 and �7 �C, respectively) were
measured. Emissions factors of all the compounds studied
increased at the lower temperature. The FFV emissions resulted in a
high ozone formation potential (OFP), which was nearly 4 times
higher at lower temperature (218 and 860 mg O3 km�1 at 22
and �7 �C, respectively).

The studied system presented a reaction mixture of short-chain
VOCs (mainly ethanol and acetaldehyde), which, after aging led
into a highly oxidized aerosol, with O:C ratio 0.5e0.7. SOA was one
order of magnitude higher at �7 �C (13.4e38.2 10�3 g C kg�1 and
1.3e3.0 10�3 g C kg�1 at �7 and 22 �C, respectively). These results



Fig. 10. Example of the high resolution mass spectra measured from the smog chamber of the emitted fresh (top panel) and 10 h aged (bottom panel) organic aerosol. Top and
bottom left correspond to the test performed at 22 �C. Top and bottom right correspond to a test performed at �7 �C.
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show that SOA formation fromvehicular exhaust can arise from the
reaction and/or oxidation of small functionalized molecules such as
acetaldehyde and ethanol and not only from aromatics, as it is often
hypothesized.

In the present study, SOA was, on average, 3 times larger than
total primary emissions (BC þ POA) at both, 22 and �7 �C. There-
fore, at the time being, and as for gasoline vehicles, vehicular PM
regulation would neglect the largest fraction of the total PM
emitted and formed from the FFVs.

As it is often observed for the spark ignition vehicles, most of the
THC emissions (>90%) occurred before the catalyst light off, during
the cold-start. Therefore, a shorter time until vehicle catalyst light-
off is needed to reduce THC emissions, which act as SOA and O3

precursors.
The use of flex-fuel vehicles with high ethanol content fuel

blends is being promoted in regions like northern Europe, where
very low temperature is a common scenario. The extensive use of
these vehicles at low temperature will result in high emissions of
ethanol and acetaldehyde that may lead to large formation of O3
and SOA.
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