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Abstract

We present a new mobile environmental reaction chamber for the simulation of the
atmospheric aging of aerosols from different emissions sources without limitation from
the instruments or facilities available at any single site. The chamber can be mounted
on a trailer for transport to host facilities or for mobile measurements. Photochemistry5

is simulated using a set of 40 UV lights (total power 4 KW). Characterisation of the
emission spectrum of these lights shows that atmospheric photochemistry can be ac-
curately simulated over a range of temperatures from −7–25 ◦C. A photolysis rate of
NO2, JNO2

, of (8.0 ± 0.7) × 10−3 molecules cm−3 s−1 was determined at 25 ◦C. Further,
we present the first application of the mobile chamber and demonstrate its utility by10

quantifying primary organic aerosol (POA) emission and secondary organic aerosol
(SOA) production from a Euro 5 light duty gasoline vehicle. Exhaust emissions were
sampled during the New European Driving Cycle (NEDC), the standard driving cycle
for European regulatory purposes, and injected into the chamber. The relative concen-
trations of oxides of nitrogen (NOx) and total hydrocarbon (THC) during the aging of15

emissions inside the chamber were controlled using an injection system developed as
a part of the new mobile chamber set up. Total OA (POA + SOA) emission factors of
(370 ± 18) × 10−3 g kg−1 fuel, or (14.6 ± 0.8) × 10−3 g km−1, after aging, were calculated
from concentrations measured inside the smog chamber during two experiments. The
average SOA/POA ratio for the two experiments was 15.1, a much larger increase than20

has previously been seen for diesel vehicles, where smog chamber studies have found
SOA/POA ratios of 1.3–1.7. Due to this SOA formation, carbonaceous particulate mat-
ter (PM) emissions from a gasoline vehicle may approach those of a diesel vehicle of
the same class. Furthermore, with the advent of emission controls requiring the use
of diesel particle filters, gasoline vehicle emissions could become a far larger source25

of ambient PM than diesel vehicles. Therefore this large increase in the PM mass of
gasoline vehicle aerosol emissions due to SOA formation has significant implications
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for our understanding of the contribution of on-road vehicles to ambient aerosols and
merits further study.

1 Introduction

Airborne particulate matter (PM) damages health (Dockery et al., 1993; Dockery and
Pope, 1994) and affects climate (IPCC, 2007). Environmental reaction chambers or5

smog chambers are of considerable utility in the study of PM (Hallquist et al., 2009
and references therein). One application of smog chambers is in the study of aerosol
aging and the formation of secondary organic aerosol (SOA), which in the atmosphere
constitutes a highly variable but significant fraction of the total aerosol mass (Hallquist
et al., 2009). SOA is formed via the reactions of precursors, which may include ma-10

terials already present in the condensed phase, but which partition at least to some
extent to the gas phase (Donahue et al., 2006; Robinson et al., 2007). Thus any signifi-
cant source of volatile organic compounds (VOCs) or primary, directly emitted, organic
aerosol (POA) may be associated with the production of SOA, which when quantifying
emissions, must be added to the POA emission. In this context large-scale combus-15

tion processes, such as biomass burning and fossil fuel combustion may be particu-
larly important contributors to global SOA. Unfortunately SOA production has not been
quantified for many important combustion sources.

In urban areas, where the health implications of pollutants are greater due to higher
population density, road vehicles are an important source of PM (E.E.A., 2006), con-20

tributing for example, up to 50 % of the background aerosol mass in modern European
cities (Mohr et al., 2011). Without considering SOA, diesel vehicles are the most signif-
icant contributor to urban vehicular PM, because diesel PM emission factors (EF) are
orders of magnitude higher than those of gasoline vehicles and diesel vehicles con-
stitute a large proportion of the European fleet. For example, based on a road-tunnel25

study, PM EFs of 3.4 vs. 0.16 g kg−1 fuel were observed for diesel and gasoline vehi-
cles, respectively (Fraser et al., 2003). More recently, chassis dynamometer studies,
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which offer the advantage of highly repeatable and controllable driving conditions, of-
ten following regulatory driving cycles (Barlow et al., 2009), have shown similar results,
with primary PM EFs of 25.61 vs. 0.25 mg km−1 (total carbonaceous aerosol) for a Euro
4 diesel passenger car and a Euro 4 gasoline passenger car, respectively (Chirico et
al., 2012). Furthermore, as mentioned above, a significant fraction of road traffic in Eu-5

rope consists of diesel vehicles (veh). For example the Greenhouse Gas and Air Pol-
lution Interactions and Synergies (GAINS) model, described in IIASA (2005), predicts
that diesel light vehicles and heavy trucks accounted for an estimated 2200 G-veh km
driven in the EU in 2010 vs. slightly fewer, 1820 G-veh km driven, for all gasoline vehi-
cles excluding two-wheelers. Diesel vehicles are therefore subject to legislation aimed10

at reducing PM emission. For example the Euro 5 legislation for diesel passenger cars
and the future Euro VI legislation for heavy duty diesel vehicles has necessitated the in-
troduction of diesel particle filters (DPF) with close to 100 % mass efficiency (Johnson,
2008).

Emission inventories as well as vehicle legislation do not account for SOA produc-15

tion, the quantification of which from road vehicle emissions representative of those in
the real world is technically challenging. Emission generation from high engine loads,
i.e. at high speeds or during acceleration, when not done using on-road methodology
(e.g. on board instrumentation or vehicle chasing), typically requires specialised test-
ing facilities and the use of chassis dynamometers. Thus few smog chamber studies20

or estimates of SOA production and emission factors from vehicles exist, and so far
only for diesel vehicles operated under steady state or simulated low power i.e. simul-
taneous application of power and brakes. Modest SOA production has been reported,
e.g. 0.047 g kg−1 fuel, for a Euro 3 diesel passenger car at simulated 60 km h−1, with
a SOA/POA ratio of 1.3 (Chirico et al., 2010). Likely due to their low primary EFs,25

SOA production for gasoline vehicles has so far not been reported. This information
is needed since without it, the relative importance of gasoline vehicles to PM pollution
cannot be accurately estimated. Similarly, legislation designed to control vehicular PM
may not be effective if only the primary aerosol is considered. Furthermore on a global
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scale gasoline vehicles are more prominent than in Europe. Based on primary emis-
sions only, bottom-up inventories using measured EFs, gasoline on-road vehicle emis-
sions contribute 1029 Gg yr−1 to the global burden of primary carbonaceous aerosol,
vs. 1084 Gg yr−1 from on-road diesel vehicles (Bond et al., 2004), despite lower per km
PM emissions.5

Measurements of SOA production are typically performed in smog chambers. How-
ever, the traditional, stationary, smog chamber is limited by the need to perform exper-
iments with on-site instrumentation or aerosol sources. For ambient studies a further
limitation is that only air in the immediate vicinity of the smog chamber may be sam-
pled. The new Paul Scherrer Institute (PSI) mobile smog chamber was constructed to10

overcome these limitations by using a trailer mountable set up with a flexible, modular,
design it is now possible to take the smog chamber to an emission source and make
use of specialised testing facilities and instrumentation. Some features of this chmaber
are similar to those of the mobile chamber used by Carnegie Mellon University (CMU),
see e.g. Presto et al. (2011).15

Here we characterise the mobile smog chamber in terms of its suitability for the
simulation of atmospheric processes and demonstrate its utility by determining EFs
for both POA and SOA production from a Euro 5 gasoline light duty vehicle during
regulatory driving cycles on chassis dynamometers. These experiments required the
transport to, installation, and operation of the chamber at a second facility, the Vehicle20

Emission Laboratory (VELA) of the the European Commission Joint Research Center
(JRC), Italy.

2 Materials and methods

2.1 Mobile smog chamber and integrated systems

The mobile chamber and integrated systems, as set up during the gasoline vehicle25

emissions aging experiments are illustrated in Fig. 1, which also highlights the modular
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design of the mobile smog chamber, while the instrumentation used in this study, is
listed in Table 1. The modular design provides significant flexibility in terms of installa-
tion and operation at host facilities. For example during the gasoline vehicle emissions
aging experiments, the chamber and sampling system was placed inside a testing cell
with the vehicle, while the instruments and injection system were operated from out-5

side of the cell. This allowed access to instrumentation during testing. Photographs
illustrating this set up are shown in Fig. S1, in the Supplement (SI).

The mobile smog chamber (Fig. 1, purple) is an approximately 12 m3 (when
full), nominally 9 m3 (2.5 × 1.8 × 1.9 m, L × W × H), 125 µm thick collapsible Teflon bag
(DuPont Teflon fluorocarbon film (FEP), type 500A, Foiltec GmbH, Germany) sus-10

pended from a mobile aluminium frame (2.3 × 2 × 2.5 m, L × W × H) with a battery of
40 × 100 W UV lights (Cleo Performance solarium lamps, Philips).

Controlling concentrations of gas phase species (e.g. NOx) inside smog chambers
may be necessary in order to simulate atmospheric processes, see Sect. 2.3.2, there-
fore as illustrated in Fig. 2, the chamber is connected to an injection system, allowing15

the input of gases or liquids under controlled conditions. The injection system con-
sists of a pure air generation system (Atlas Copco SF 1 Oil-free scroll compressor
with 270 l container, Atlas Copco AG, Switzerland) with an air purifier (AADCO 250 se-
ries, AADCO Instruments, Inc., USA). The air from the pure air generation system has
mixing ratios of oxygen (O2) and nitrogen (N2) matching that of ambient air while for20

other gas species the manufacturer’s purity specifications include <1 ppbv ozone (O3),
methane (CH4) and non-methane hydrocarbons (NMHCs), nitrogen oxides (NOx), hy-
drogen sulfide (H2S), sulfur dioxide (SO2), carbonyl sulfide (COS), carbon monoxide
(CO), sulfur hexafluoride (SF6), and fluorocarbons. Pure air may be injected directly
into the chamber through the main injection line, an insulated 12 mm stainless steel25

tube which can be heated up to 150 ◦C (Fig. 2, red hatching, To Chamber). The maxi-
mum operational flow rate from the pure air generation system is 120 l min−1. Since the
Teflon bag is not fixed onto the frame, but rather suspended from rollers, the volume of
the chamber may be adjusted by filling with pure air or withdrawing air through a pump.
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Rapid cleaning of the chamber is therefore possible by sequentially reducing the bag
volume to around 1 m3 and flushing with O3 and humidified, pure air (see Sect. 2.3.2).

All or part of the pure air stream may be diverted through different sections of
the injection system using a series of two- and three-way valves. The ratio direct air
into the main line to air through the injection system is controlled using rotameters.5

Gaseous components e.g. NO, NO2, or propene (C3H6) are injected from gas bottles
through one of two mass flow controllers: a low flow 1–1000 ml min−1 or a high flow
1–10 l min−1. Air inside the chamber can be humidified by diverting part of the pure
air at ∼20 l min−1 through a glass flask containing heated ultrapure water. To prevent
condensation, heated (∼80 ◦C) stainless steel tubing (red hatching, Fig. 2) is used10

after the flask and the humidified stream is mixed with dry air in the main line, also
heated to ∼80 ◦C. O3 is generated by passing pure air over a UV light source housed
inside a stainless steel cylinder. Using this system O3 concentrations in the range ppb
– ppm can be generated inside the chamber. Nitrous acid (HONO) may be injected
into the chamber using the continuous HONO generation system described by Taira15

and Kanda (1990). Briefly, constant flows of sodium nitrate and sulfuric acid, regulated
by a programmable peristaltic pump (REGLO Digital MS-4/8, IDEX Health & Science
GmbH, Germany), are mixed in a custom-built glass vessel to produce HONO. Pure
air passes through the vessel to purge the HONO and then through a polytetrafluo-
roethylene (PTFE) filter before injection into the chamber. Waste chemical solution is20

removed from the vessel by the peristaltic pump. Liquid volatile organic compounds
(VOCs) can be injected through a septum into the main injection line.

Emissions sampling into the chamber is performed using a modified ejector dilutor
(DI-1000, Dekati Ltd, Finland), equipped with a pressurized air heater (DH-1723, Dekati
Ltd, Finland). The Dekati is placed inside a stainless steel housing and may be heated25

up to 150 ◦C, preventing losses of emissions’ hydrocarbons and aerosols. The sampling
lines are constructed from separable 2 m segments of insulated 12 mm silica steel
tubing (outer diameter), also heatable up to 150 ◦C. Using separable segments allows
the distance between the chamber and emissions source to be varied as required,

28349

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/28343/2012/acpd-12-28343-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/28343/2012/acpd-12-28343-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 28343–28383, 2012

SOA formation from
gasoline vehicle

emissions

S. M. Platt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

providing maximum flexibility in terms of installation at different facilities. Sampling lines
to the instrumentation are of variable length and constructed from stainless steel or
copper for aerosol sampling, or Teflon for gas phase sampling. Temperature probes
are placed at the top and the bottom surface of the bag (Fig. 1, T1 and T2). Relative
humidity (RH) and a third temperature reading, are measured in the sampling lines5

directly adjacent to the chamber (Fig. 1, RH/T3).
Data from the gas phase instruments (NOx, CO2, total hydrocarbon (THC), O3, Table

1 and Sect. 2.4) and the RH sensor are recorded and saved in real time using a data
acquisition (DAQ) system (NI 9201 8 channel analogue input module and cDAQ-9178
8 slot USB chassis, National Instruments, Texas). Temperature at T1 and T2 is also10

recorded using the same DAQ system (NI 9214 16 channel module for high accuracy
thermocouple measurements, National Instruments, Texas).

2.2 Light characterisation experiments

Actinometry experiments to determine the photolysis rate of NO2 (JNO2
) were per-

formed to characterise the smog chamber lighting. 80 ppbv of nitrogen monoxide (NO,15

1000 ppmv, 5.0, Carbagas) was injected into the chamber followed by injection of ozone
(O3). After allowing several minutes for equilibration the lights were switched on. NOx
and O3 concentrations were monitored throughout (see Sect. 2.4.2 for details on smog
chamber instrumentation). The photolysis of formaldehyde (HCHO) was also measured
in a separate experiment, during which liquid HCHO (98 %, Aldrich) was injected into20

the chamber to produce a mixing ratio of 400 ppbv and shortly afterwards the UV lights
were switched on. The HCHO concentration was monitored using a custom built ab-
sorption spectrometer based on the fluorimetric Hantzsch reaction, detailed in Bel-
man (1963). Briefly, the reaction between acetyl acetone, ammonia and HCHO inside
the instrument produces 3,5-diacetyl-1,4-dihydrolutidine, the fluorescence of which is25

proportional to the original HCHO concentration. HCHO reacts with OH radicals as
well as undergoing photolysis. To account for this reaction, OH concentrations were
measured using the “OH clock” methodology developed in Barmet et al. (2012). This
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method involves spiking the chamber with 1 µl (∼20 ppbv) of nine times deuterated
butanol (butanol-D9, 98 % Aldrich), a unique OH tracer, and measuring its decay, here
using a proton transfer reaction time of flight mass spectrometer (PTR-ToF-MS, Ionicon
Analytik).

The light spectrum was measured using a photometer (USB2000 UVVIS, Ocean Op-5

tics, Inc., USA). The effect of varying temperature on light emission, and accordingly
photochemistry, was inferred by placing a small number of UV lights inside a refrigera-
tion unit and measuring the spectrum over the range −7 ◦C to 25 ◦C.

2.3 Gasoline exhaust aging experiments

We report the results of two emission aging experiments performed at the Vehicle10

Emission Laboratory (VELA) of the EC-JRC, on exhaust emissions from a gasoline light
duty vehicle (GLDV). The experiments were conducted on 13 October 2011 (Exp. 1)
and 14 October 2011 (Exp. 2). The emissions were studied after injection into the
smog chamber and directly at the tail pipe. The emission measurements from the smog
chamber also allowed an assessment of the performance of the smog chamber during15

typical operating conditions, including wall losses, leak rates and sampling efficiencies,
see Sect. 3.1.

2.3.1 Vehicle emissions laboratory testing procedure

We studied the emissions of one EURO 5 GLDV on a chassis dynamometer (two 48”
roller benches, Maha GmbH) climatic test cell (temperature range −10 ◦C to 35 ◦C)20

equipped with a constant volume sampler (CVS) with a critical flow venturi (Horiba,
Germany).The temperature inside the test cell was 22 ◦C during the experiments. The
GLDV features a three-way-catalyst (TWC) and stop-start system; technical details for
this vehicle are summarised in Table S2.

Emissions were generated during the New European Driving Cycle (NEDC, Fig. 3,25

grey) used for type approval of light duty vehicles in Europe. The test started after a
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mandatory minimum ambient temperature (22 ◦C) soaking time of 6 h and is made up
of a first urban phase of 780s followed by an extra-urban phase of 400s, following EU
Regulation 692/2008 (EC, 2008), as highlighted in Fig. 3. Regulated emissions (THC,
NMHC, CO, NOx, and PM) were sampled from the CVS and measured offline in ac-
cordance with Directive 70/220/EEC (EEC, 1970), and its following amendments by5

means of non-dispersive infrared (regulated CO and unregulated CO2), chemiluminis-
cence (NOx) and flame ionization detector (THC) (Horiba MEXA 7400 HTRLE). In ad-
dition, a time-resolved (1Hz) tailpipe emission characterisation was performed with the
same methods described above (for CO, THC, NOx and CO2) and with a High Resolu-
tion Fourier Transform Infrared spectrometer (HR-FTIR, MKS Multigas analyzer 2030,10

Wilmington, MA, USA), used to monitor alkanes and alkenes (e.g. methane, ethylene
and toluene), nitrogen species (NOx and ammonia), and oxygenated compounds such
as formaldehyde, acetaldehyde, and ethanol, see Clairotte et al. (2011) for details.

2.3.2 Smog chamber experimental procedure

Prior to all experiments the mobile chamber is cleaned by reducing its volume to ∼1 m3
15

and flushing first with O3 and humidified air, illuminating the chamber with UV light for
a period of around 1 h and then flushing with pure dry air for several hours, typically
overnight. At the start of each experiment the bag was filled to approximately two thirds
full with humidified air (i.e. leaving a volume free for sample injection during several
minutes). Emissions from the NEDC were then sampled directly at the vehicle tailpipe20

and injected into the chamber using the Dekati ejector dilutor. The Dekati and sampling
lines were heated to 150 ◦C.

Subsequent to injection of the exhaust, the chamber was filled to close to maximum
volume with pure air, ensuring more rapid mixing of the sample and allowing longer
experiment times (since sampling from the chamber involves reducing its volume).25

To exclude partitioning induced artifacts due to higher than atmospherically relevant
PM loadings, only enough of the total exhaust as was required to produce concentra-
tions after injection of 30 and 15 µg of primary aerosol (representative of ambient PM

28352

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/28343/2012/acpd-12-28343-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/28343/2012/acpd-12-28343-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 28343–28383, 2012

SOA formation from
gasoline vehicle

emissions

S. M. Platt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

concentrations) in the chamber after final dilution, was injected during the first and sec-
ond experiment, respectively. The relative humidity at this point was 50 % and 64 % for
Exp. 1 and 2, respectively.

A period of several minutes was allowed for the equilibration inside the chamber and
for characterisation of the primary emissions. After this 1 µl (∼20 ppbv) butanol-D9 was5

injected to quantify OH exposure during the experiment (see Sect. 2.2). Gasoline en-
gines emit significant NOx (Fig. 3) which consumes OH radicals, thereby altering the
ozone production cycle and thus SOA formation, in a process dependent on the relative
VOC concentration (Atkinson, 2000). Thus for these experiments ozone was injected
to titrate NO to nitrogen dioxide (NO2), to change from a reducing to an oxidising atmo-10

sphere, followed by propene (1000 ppm, 5.0, Carbagas) to adjust the ratio VOC/NOx
to, in the case of these experiments, approximately 6 : 1. The oxidation of propene is
not likely to produce condensable products (due to its high volatility) and has previously
been used to adjust the VOC/NOx ratio during smog chamber experiments (Odum et
al., 1996; Chirico et al., 2010). After adjusting the gases in the chamber and after allow-15

ing time for instrument readings of the injected gases to stabilise, the UV lights were
switched on to initiate photochemistry. Aging of the emissions and associated SOA
production were then measured during a period of ∼4 h.

The procedure described here may be adapted for the study of other emissions
e.g. from ship engines, wood combustion etc. Adjustment of VOC/NOx ratio, if at all20

necessary, may in other studies also be achieved by the addition of NOx, in cases
where the NOx concentration is low in the chamber.

2.4 Instrumentation

Table 1 reports a non-exhaustive list of instrumentation typical of that available for mea-
surements from the mobile chamber. Data from the high resolution time of flight aerosol25

mass spectrometer (HR-ToF-AMS) are analysed using high-resolution analysis fitting
procedures. A detailed description of the working principles of the HR-ToF-AMS and
associated data analysis may be found in DeCarlo et al. (2006). The HR-ToF-AMS used
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for these experiments was equipped with a newly developed lens, which has a lower
size limit of 100 nm for 100 % transmission, and can sample aerosol larger than 2.5 µm
(Williams et al., 2012). Correcting scanning mobility particle sizer (SMPS) data from
the chamber for density based on the relative contributions of sulphate, nitrate, ammo-
nium and organics (assumed density 1.3 g cm−3) measured by the HR-ToF-AMS, and5

subtracting black carbon (BC) as measured by the aethalometer, provides a second
measurement of the total non-refractory PM mass (i.e. those species quantified in the
HR-ToF-AMS). This second measure of non-refractory mass was used to correct for
the collection efficiency (CE) of the HR-ToF-AMS.

BC concentrations and aerosol optical absorption spectra were measured using an10

Aethalometer (Model AE33 prototype). This new Aethalometer incorporates two paral-
lel sampling channels from the same input stream collected at different rates of accu-
mulation, resulting in different loading of the filter with collected aerosols on the two
respective spots. Loading effects can then be extrapolated to zero, allowing online
“loading effect” compensation for all wavelengths used for the measurement.15

A suite of gas phase instruments was used here and is typically available for stud-
ies using the mobile smog chamber. Reactive gases such as O3 and NOx may be
monitored throughout every experiment, while emphasis has also been placed on the
measurement of combustion products, e.g. CO2, CO, CH4 and THC (Table 1). NOx is
monitored using instrumentation that measures directly NO as well as all nitrogen ox-20

ides (NOy), with NOy assumed to be almost exclusively NO2 during most experiments.
A proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS, Ionicon

Analytik) was used to measure concentrations of VOCs inside the chamber, includ-
ing that of butanol-D9. The instrument performances have already been described in
detail previously (Jordan et al., 2009; Graus et al., 2010). The high mass resolution25

of the PTR-ToF-MS (m/∆m ranging from 3200 to 4500 between m/z 21 and m/z
149) combined with an accuracy below 20 ppmv allows separation and formula as-
signment of most of the ions comprising the mass spectra of both primary and sec-
ondary vehicle emissions. Based on a 2 min integration time, typical LODs determined
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as the 3σ uncertainty measured with a Pt catalyst heated at 350 ◦C were below
10 pptv. Data analysis was carried out using TOF Viewer 1.4.3. ToF-to-mass assign-
ment was performed using hydronium ion isotope (H18

3 O+, 21.022) and protonated
acetone (C3H7O+, 59.049). Peak fitting and integration was performed using Gaussian
functions.5

3 Results

3.1 Mobile chamber characterisation

The suite of tests conducted (see Sect. 2.2) and emission experiments (see Sect. 2.3)
allowed us a detailed characterisation of the mobile chamber.

3.1.1 Chamber blank and leak rate10

Figure 4 illustrates an example of results from the second emission experiment, show-
ing time series and concentrations of several gas phase species as well as organic
aerosol concentrations measured from the smog chamber and the temperature inside
the chamber. In the empty chamber, before sample injection, measured particle num-
ber concentration was always below the CPC detection limit (<0.1 cm−3), whereas the15

CO2 concentration was around 35 ppmv. CO2 did not increase during emissions aging
(Fig. 4b, green), which would otherwise indicate significant leaks in the system. An av-
erage leak rate of 0.08 % h−1 (i.e. ∼9 l h−1) was calculated by measuring the increase
in CO2 and CH4 due to diffusion of external air into the empty chamber. The most likely
source of these leaks is cracks in the chamber. These results show that the cham-20

ber has minimal contaminants and that leaks are minor over the course of a typical
experiment lasting 5 to 6 h.
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3.1.2 Temperature control

Since the chamber is not housed in an enclosure, the temperature inside the bag is
that of the ambient. For the gasoline aging experiments the ventilation inside the VELA
was sufficient to maintain a stable temperature to within 1 ◦C, as indicated in Fig. 4a.

3.1.3 Particle loss rates5

During smog chamber experiments particles are lost to the walls through deposition
following diffusion and gravitational settling. These losses limit the maximum duration
of smog chamber experiments by continually removing suspended particle mass until
instrument detection limits are reached. The loss rate for a given chamber depends
largely on the surface to volume ratio of the chamber, with higher ratios leading to10

higher loss rates. Other parameters affecting particle loss rates include particle size
(small particles have higher diffusion loss rates, while larger particles are more af-
fected by gravitational settling) and turbulence inside the chamber, due to for example
temperature gradients.

Aethalometer data, shown in Fig. S2 (SI), was used to determine particle loss rate15

to the chamber walls during the gasoline aging experiments based on the method
adopted by Grieshop et al. (2009) and used in other combustion emission smog cham-
ber studies (Chirico et al., 2010; Heringa et al., 2011). Briefly, by assuming an internally
mixed aerosol, i.e. equal loss rate to the walls of all aerosol species, BC can be used
to infer a wall loss corrected PM mass (PMWLC):20

PMWLC(t)=
PM(t)

exp(−t/t1/2)
, (1)

where t and t1/2 refer to experiment time and particle half-life, respectively. Although
BC is expected to be inert, aethalometer measurements are affected by coating of
soot particles with SOA, which increases the effective absorption coefficient and hence
apparent concentration (Saathoff et al., 2003), clearly visible in Fig. S2. Therefore a25
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fitted BC concentration is used. Figure S2 also shows two such fits, one before lights
on in the chamber, where no change in absorption from particle coating is expected,
and one after 3 h of lights on where particle growth is negligible. The pre-UV exposure
fit before lights on was chosen to correct for losses as the fit after lights is more likely
to be influenced by coating. Significant influences due to turbulence during aging as a5

result of heating from the lights are not expected as only a small change in temperature
after UV light exposure was observed and a longer half-life is observed during lights
on (Fig. S2). Fitted BC data (Fig. S2) indicate a particle half-life due to wall losses
of between 3.3 and 4.0 h for the period before lights on and the period after lights
on, respectively, for Exp. 2. The particle half-life was shorter during Exp. 1, and the10

average half-life determined using fitted aethalometer data from the primary emissions
(before lights on) over both experiments was 2.8 ± 0.8 h. These values indicate that
particle losses in the chamber are sufficiently low to conduct experiments over several-
hour timescales. Particle half-life in the mobile chamber is shorter than the average
5 h observed in the 27 m3 PSI stationary smog chamber (Paulsen et al., 2005), an15

expected consequence of the increased surface to volume ratio of the mobile chamber.

3.1.4 Actinometry

Figure 5a shows the light spectrum at 25 ◦C (red) and −7 ◦C (blue) of the UV lights of
the mobile smog chamber normalised to the peak intensity. The peak in emission is
at 368 nm and is in a narrow window between 310–430 nm. The emission fingerprint20

as a function of wavelength and temperature, (I(λ,T )), of the smog chamber lighting
overlaps with the absorption cross-section (σ(λ,T )) for the photolysis of many important
atmospheric trace gases including the OH radical sources O3, HONO, and HCHO, as
well as NO2 (DeMore et al., 1997; Atkinson et al., 2004, 2006). Therefore although
emission intensity may be higher than sunlight over the spectral region at which they25

emit and much of the solar spectrum is not represented, UV lights are a good substitute
for ambient sunlight in smog chambers (Carter, 1995). An advantage of UV lights over
other light sources, such as for example xenon arc lights, is that they do not produce
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significant heat. Consequently UV black lights are used in many environmental reaction
chambers.

The photolysis rate of NO2 (JNO2
) can be calculated using the photostationary steady

state relation:

[O3] =
JNO2

[NO2]

k[NO]
, (2)5

where the concentrations of O3, NO2 and NO as well as the rate constant k between
O3 and NO are known (Seinfeld and Pandis, 2006), in this case from smog chamber
measurements. NOx was measured with both Thermo and Monitor labs NOx analysers
(Table 1) and an average JNO2

of (8.0 ± 0.7) × 10−3 molecules cm−3 s−1 was calculated
from Eq. (2), after a correction of 5 % to account for formation of NO2 in the (dark)10

sampling lines.
JNO2

as a function of wavelength and temperature within a given window λ2-λ1 is
given by

JNO2
(λ,T ) =

λ2∫
λ1

ϕNO2
(λ,T ) ·σNO2

(λ,T ) · I(λ,T )dλ, (3)

where ϕ(λ,T ) is the quantum yield of NO2 photolysis as a function of wavelength and15

temperature (Seinfeld and Pandis, 2006). Thus while I(λ,T ) in Fig. 3a) is given by the
light photometer in arbitrary units only, absolute values for the photolysis rates of a
compound i (Ji ) can be inferred from JNO2

:

Ji = JNO2
·
∫λ2
λ1ϕi (λ,T ) ·σi (λ,T ) · I(λ,T )dλ∫λ2

λ1ϕNO2
(λ,T ) ·σNO2

(λ,T ) · I(λ,T )dλ
. (4)

Inferred photolysis rates at 25 ◦C from Eq. (4) are given for several compounds in Ta-20

ble 4, where International Union of Pure and Applied Chemistry (IUPAC) recommended
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values of ϕ(λ,T )and σ(λ,T ) (Atkinson et al., 2006, 2004) were used in Eq. (4). The pre-
dicted photolysis rates show that the lighting system of the mobile smog chamber can
be expected to be particularly effective in generating OH radicals from HONO or from
HCHO (when in the presence of NOx) and to a lesser extent from O3.

Figure 5 shows that the emission fingerprint is largely unchanged over the given5

temperature range. Theoretical rate constants at −7 ◦C, shown in Table 4, were also
determined using Eq. (4). The methodology for the calculation of ϕ−7 ◦C(λ) and σ−7 ◦C(λ)
for each compound is given in the Supplement. For I−7 ◦C(λ), measured values (Fig. 5a,
blue) were used. Table 4 also shows the ratio of gas phase photolysis rates Ji at −7 ◦C
and 25 ◦C, Ji ,−7 ◦C/Ji ,25 ◦C. The ratio is in the range 0.30–0.41, while the ratio in emission10

intensity at these temperatures, I−7 ◦C(λ)/I−25 ◦C(λ), is 0.28 (Fig. 5b). Therefore the de-
crease in photolysis rates can be largely explained in terms of the decrease in emission
intensity of the UV lights. A power fit (dashed lines Fig. 3b) of the measured intensity
at different temperatures can therefore be used to predict the relative gas phase pho-
tolysis rate of species i as a function of temperature (Jrel,i (T )):15

Jrel,i (T ) = Ji (25 ◦C) ·
(
−0.064 ·

(
1.080

1+exp(−2.466− (T/6.218)

))
. (5)

Equation (5) suggests that although significant loss of intensity occurs at low temper-
atures, the lighting in the mobile chamber will still initiate photochemistry. The mobile
chamber may thus be for aerosol aging studies even at zero or sub-zero temperatures.
Under such conditions the HONO injection system described in Sect. 2.1 could be used20

to compensate for the loss in intensity by providing an additional OH source. As Fig. 5
illustrates the mobile chamber may be operated down to ∼10 ◦C without large loss in
light intensity.

The predicted photolysis rate constants in Table 4 were validated using the decay
in HCHO concentration measured in the mobile chamber under UV light. During the25

HCHO experiment OH was measured with a PTR-MS using the butanol-D9 tracer
method. Note that the PTR-MS here is not the same instrument described in Sect. 2.4
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used for the gasoline aging experiments. A predicted HCHO decay rate, including
the sum of both photolysis pathways (at 25 ◦C) from Table 4 and OH reaction rates,
kOH+HCHO = 8.5 × 10−12 molecules cm−3 s−1 (Atkinson et al., 2006), is shown in Fig. S3
(SI). A background OH concentration of 3.6 × 106 cm−3 was calculated, with possible
sources including HONO off-gassing from the chamber walls, previously suggested5

as a significant OH source in smog chambers (Metzger et al., 2008; Pfaffenberger et
al., 2012), and photolysis of hydrogen peroxide (H2O2), a byproduct of HCHO photol-
ysis. The rate constant k, determined from an exponential fit of measured data, and
the predicted k was 9.5 × 105 molecules cm−3 s−1 and 8.3 × 105 molecules cm−3 s−1 re-
spectively, indicative of small error only in the values given in Table 4.10

During both aging experiments the OH exposure was close to zero molecules cm−3

h during sampling of primary emissions. The integrated exposure at the end of each
experiment, after UV light exposure and aging, was around 11 × 106 molecules cm−3

(colour scale, Fig. 4). Assuming a global annual mean concentration of 106 OH
molecules cm−3 h (Prinn et al., 2001), this corresponds to 11 h in the atmosphere,15

thereby demonstrating that the lighting of the chamber generates sufficient OH to study
atmospheric processes occurring over relevant time scales.

While this study shows that the mobile chamber lighting can be used to simulate
atmospheric photochemistry over a range of temperatures some uncertainties remain.
For example the photolysis rates of some compounds, notably ketones and aldehy-20

des, may be enhanced compared to ambient conditions when using UV lights (Carter,
1995). Furthermore oxidised SOA mass can be lost under UV black lights when OH
concentration decreases from 107 to 106 molecules cm−3 s−1 (Donahue et al., 2012).
This suggests that photolysis and other OA processing pathways initiated by the UV
lights compete with the photooxidation pathways responsible for SOA formation. This25

effect would theoretically lead to an underestimation of the SOA production for the
gasoline vehicle in this study, for example. However, the UV light and sunlight spec-
trums overlap, thus the relative importance of the SOA formation/ SOA processing
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(likely photolysis) pathways will depend both on relative light intensity and OH concen-
trations, each highly variable in smog chambers and the ambient atmosphere.

3.2 Gasoline exhaust aging experiments

Figure 4 shows the concentrations measured with respect to time for several gas phase
species as well as organic aerosol concentrations measured from the smog chamber5

during Exp. 2. Using this data, emissions factors for a pollutant P per mass of fuel com-
busted (EFMASS), shown on the right axis for aerosol and hydrocarbon emissions as a
function of time in Fig. 4, were calculated based on a carbon mass balance approach
(adapted from Phuleria et al., 2006):

EFMASS =

(
∆P

∆CCO2
+∆CCO +∆CHC +∆COC +∆CBC

)
·WC, (6)10

where C denotes carbon mass from CO2, CO, gas phase hydrocarbon (HC), particle
phase organic carbon (OC), from high resolution AMS analysis (Aiken et al., 2008) and
black carbon (BC)). WC is the fuel carbon mass fraction, 0.859, for the gasoline used.
All values are determined from the change in concentration (∆) observed in the smog
chamber before and after sample injection or aging.15

An emission factor per km (EFKM) can then be calculated based on fuel economy:

EFKM = EFMASS ·e ·ρ, (7)

Where e is the fuel economy, 5.27 and 5.22 l 100 km−1 for Exp. 1 and 2, respectively,
and ρ is the fuel density, 0.759 kg l−1 for the gasoline fuel used.

3.2.1 Gas phase emissions20

The average EFs over Exp. 1 and 2, where experimental conditions were the same,
determined from smog chamber data using Eq. (6) and Eq. (7) for the Euro 5 GLDV
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regulated compounds, CO, HC, non-methane hydrocarbons (NMHC) and NOx, from
the primary emissions as well as the Euro 5 limit values are shown in Table 2. HC and
NMHC are reported in units of carbon mass, i.e. grams C kg−1 fuel. Figure 3 shows
emissions of THC, CO and NOx for Exp. 2 over the course of the NEDC.

As shown from the CVS data in Table 2, the GLDV in this study complies with Euro5

5 regulations. Furthermore, emissions of regulated compounds are close to those pre-
viously observed from a Euro 5 GLDV during the NEDC cycle (EC, 2010 and Internal
Communication, Joint Research Centre) as well as from a Euro 4 GLDV tested during
different driving cycles (Chirico et al., 2012). This indicates that the vehicle of this study
is typical of a modern, very clean gasoline passenger car as may be found on the road10

in Europe today. A substantial fraction of the VOCs in the primary emission, average
0.63 out of 0.84 g NMHC kg−1 fuel (carbon mass) over both experiments, could be
identified and quantified using the PTR-ToF-MS.

Measurements of the THC concentration in the raw exhaust vs. those in the chamber
could be also used to quantify VOC losses in the sampling system of the mobile cham-15

ber, Chirico et al. ()2010) suggest that SOA formation is unaffected by sampling line
temperature over the range 80–150 ◦C, since an aerosol sample will respond dynam-
ically to changes in temperature and concentration. That is, upon entering the smog
chamber, emitted particles will partition as though in the atmosphere, regardless of
temperature and concentration in the sampling system itself. However, SOA formation20

may also be influenced by the loss of gaseous precursors in the emission sampling
lines. Assuming no loss of inert CO2 in the system, the fraction of THC lost in the
sampling lines can be estimated:

THC lost = 1−
(

∆THCChamber/THCExhaust

∆CO2Exhaust/CO2Exhaust

)
, (8)

where ∆THCChamber and ∆CO2Chamber is the change in THC and CO2 concentration25

measured in the smog chamber, respectively, and THCExhaust and CO2Exhaust are the
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average exhaust concentrations of THC and CO2 measured by VELA instrumentation.
CO2 in Eq. (8) can also be replaced with other tracers, such as NO, also measured
from both smog chamber and using VELA instrumentation. Using this methodology an
average THC loss of 20 % was determined, with both NO and CO2 as tracers giving
the same result. This calculated loss encompasses instrument error (two different in-5

struments were used for each gas, one sampling from the chamber and one from the
CVS), losses in instrument sampling lines, the effect of different measurement location
(CVS in the VELA vs. smog chamber), losses to the chamber walls as well as losses in
the exhaust sampling lines. Such losses appear minor, although depending on which
individual VOCs, i.e. whether SOA precursors are lost, and to what extent, a small10

under-estimation of SOA production is possible.
For this study the emissions were sampled directly at the tailpipe of the vehicle,

thereby avoiding potential particle losses in the CVS. The CVS operates with a dynamic
dilution system, ensuring that the total flow through the system is constant, even as
exhaust flow rate varies during a driving cycle. This offers significant advantages in15

terms of quantification, and indeed is required for legislative testing, but is likely to
incur particle losses as the system is not heated even at relatively low dilution. In this
study for example the dilution in the CVS varied between 2 and 200, while the average
dilution during the whole NEDC for both experiments was 37, less than the dilution
inside the chamber during both experiments (average dilution factor 100).20

As Fig. 4a shows, a significant quantity of NOx was present in the exhaust injected
into the chamber during sampling, thereby requiring the addition of propene to pro-
duce atmospherically relevant OH concentrations inside the chamber, as described in
Sect. 2.3.2. This is seen in the increase in THC concentrations in the smog chamber
shortly before lights on, Fig. 4b, blue. The propene is likely to persist in the chamber25

after lights on, and oxidation products are also expected, thereby influencing many
of the lighter aliphatic and oxygenated compounds, e.g. propene and formaldehyde,
quantifiable using the PTR-ToF-MS. However, the added propene is unlikely to affect
SOA measurements to a significant extent.
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3.2.2 Particle phase emissions

Table 3 shows the two-experiment average EFs for carbonaceous aerosol from the
GLDV. Black carbon (BC) emission factors were calculated using aethalometer data,
presented in Fig. S2, from which average values EFMASS =(16.0 ± 6) × 10−3 g BC kg−1

fuel and EFKM = (0.6 ± 0.2) × 10−3 g BC km−1 were retrieved. A higher value, EFMASS of5

52.5 × 10−3 g BC kg−1 fuel is used in the emission inventory of Bond et al. (2004), for
regions, e.g. United States and Europe, where relatively stringent emissions controls
were in place as of 2004. This is consistent with the adoption of emissions controls
and newer engine technology subsequent to 2004, e.g. Euro 4 in 2005 and Euro 5 in
2008. As expected, BC emissions for the GLDV were much lower than those observed10

for a diesel light duty vehicle (Chirico et al., 2010), Fig. 6, black. The Ångström expo-
nent (α), a standardised parameter describing the decrease in light absorbance with
respect to wavelength for BC, and a useful tool for source apportionment (Sandradewi
et al., 2008) is also shown in Fig. S2 for Exp. 2. The initial value of 1.2 was obtained
for aerosols from the gasoline car, which is higher than values reported for diesel cars15

(Sandradewi, 2008, and references therein). A slow reduction of α during the experi-
ment was observed, except immediately after the UV-light switch-on, where a transient
increase of α is observed. These changes could be caused by an increase of coating
thickness due to condensation or evaporation, and oxidation of the adsorbed species.

As Fig. 6 shows, POA emissions from the GLDV are lower than those previously20

reported for a Euro 3 diesel vehicle equipped with an oxidation catalyst, but no DPF
(Chirico et al., 2010). However, after aging of the emissions, SOA dominates OA for
gasoline. The large increase in PM mass from gasoline car emissions due to SOA
formation observed here, if it also occurs across a wider range of gasoline vehicles,
would have very significant implications for our understanding of the contribution of25

gasoline vehicles to ambient PM. Furthermore, this SOA was formed after an OH ex-
posure equivalent to approximately 11 h of ambient aging (assuming a 24-h ambient
mean OH concentration of 106 cm−3), indicating that SOA formation occurs rapidly in
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the atmosphere. That is, significant gasoline vehicle SOA may be expected in the ambi-
ent atmosphere or around regions with large numbers of gasoline vehicles. This result
is in agreement with a recent ambient study which concludes that gasoline SOA is the
largest source of vehicular carbonaceous PM in the Los Angeles basin (Bahreini et al.,
2012).5

Indicated in the Fig. 4 is the O : C ratio of the POA and of the SOA, determined from
the high resolution AMS analysis, which increases with time and OH exposure in the
chamber. An increasing O : C, reflecting increasing oxygen content following oxidisa-
tion, is predicted by theory (Jimenez et al., 2009) and has been observed in ambient
datasets (Ng et al., 2010). Highly aged ambient aerosols typically have O : C ratios ap-10

proaching unity, whereas urban combustion related aerosol have been observed in the
range 0.06–0.1 (Aiken et al., 2008). The O : C ratio of 0.7 observed here is the same
as that of the ambient observed low volatility oxygenated organic aerosol (LV-OOA)
(Ng et al., 2010). That is, the mobile smog chamber provides a good approximation
of real atmospheric aging. The O : C ratio of smog chamber generated SOA aging has15

been linked to PM loading, with lower loadings resulting in higher O : C following in-
creased partitioning of volatile species to the gas phase (Pfaffenberger et al., 2012).
However, previous smog chamber studies, performed at similar PM concentrations to
those here, on a wide range of emissions from wood burning (Heringa et al., 2011) to
biogenic SOA precursors (Ng et al., 2010), do not typically result in the production of20

SOA with such high O : C (values below 0.5 are typically reported). This remarkable re-
sult suggests that the SOA precursors present in gasoline exhaust emissions become
highly oxidised before condensing. The identity of these precursors is unknown and
merits further study.

SOA represents only a modest mass fraction for the diesel vehicle shown in Fig. 6,25

green. The average factor increase in mass, after wall loss correction, was 15.1 and
1.3 for the gasoline and diesel vehicle, respectively. Similarly Robinson et al. (2007)
report a factor of around 1.7 increase in mass due to aging (OH exposure 2 × 106

molecules cm−3) from diesel emissions. This difference in emission profile after aging
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may be largely explained in terms of differences in the magnitude of THC, i.e. SOA
precursor, emissions, which are typically higher for modern gasoline than for diesel
vehicles. The average THC emission from smog chamber data was 40 mg km−1, while
a value of 96.5 mg km−1 has also been reported for a Euro 5 GLDV from an NEDC cycle
(EC, 2010). Diesel engines operate under lean conditions with a higher air/fuel ratio in5

comparison to the spark ignition engines typically used by GLDVs. For this reason,
diesel engine exhaust contains less THC (as well as less CO and typically higher NOx)
than gasoline engine exhaust (Khair and Majewski, 2006).

SOA is not included in emissions inventories, (e.g. EEA, 2006; Bond et al., 2004),
and would appear far less significant for diesel vehicles, especially those including10

an oxidation catalyst. That is, gasoline vehicles may be a significantly underestimated
source of PM in urban areas. These results also suggest that the impact of diesel
vehicles on ambient PM concentrations may further decrease in Europe where meeting
emissions regulations will necessitate the use of DPFs on new vehicles. For example
light duty diesel vehicles require a DPF in order to reach Euro 5 onwards, while heavy15

duty diesel vehicles are expected to require DPFs in order to meet Euro VI legislation
(Johnson, 2008). The potential use of a particle filter for gasoline vehicles would likely
be ineffective in reducing SOA as this is produced some time after emission from the
tailpipe. A DPF has close to 100 % efficiency in terms of mass when used correctly.
Thus most of the BC and POA shown in Fig. 6 for the diesel would be removed by20

fitting a DPF (though the effect of filter regeneration should not be neglected), leaving
only the relatively small SOA fraction (Chirico et al., 2010), and total emissions would
be much lower than those of the gasoline vehicle after aging. More studies, across a
wider range of vehicles under different conditions are required.

4 Conclusions25

We have shown that the new Paul Scherrer Institute mobile environmental reaction
chamber can be of considerable utility in atmospheric science. Due to the flexible
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design of the chamber, a wide range of emissions aging or ambient studies are pos-
sible with a single facility. We have demonstrated this utility and potential with results
from measurements at a specialised testing facility, the Vehicle Emission Laboratory
(VELA) of the European Commission Joint Research Center (JRC).

An understanding of the impact of vehicle emissions on public health and the environ-5

ment requires an understanding of the sources of vehicular PM. We show that gasoline
vehicle emissions can produce significant SOA. This suggests that the contribution of
gasoline vehicles to ambient PM is considerably greater than previously thought. In
contrast diesel vehicles produce much less SOA. Therefore these results suggest that
both primary and secondary aerosol from vehicles should be included in PM models to10

realistically represent vehicle effects on ambient PM. However, this would require the
development of a standardised protocol for determining the secondary aerosol produc-
tion potential (SAPP). Since only one vehicle was tested, we suggest that SAPP from
gasoline vehicles merits further study.

Supplementary material related to this article is available online at:15

http://www.atmos-chem-phys-discuss.net/12/28343/2012/
acpd-12-28343-2012-supplement.pdf.
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Table 1. Overview of instrumentation used to study the aging of emissions in the mobile smog
chamber.

Measured Parameter Instrument Manufacturer Lower limit/Range

Size resolved non-refractory
particulate matter (mainly
organics (OA), nitrates, sulfates,
ammonia, chloride)

High Resolution Time-
of-Flight Aerosol Mass
Spectrometer (HR-ToF-
AMS) with high pressure
lens

Aerodyne <1µg m−3/Dp 0.1–2.5 µm

Number-weighted aerosol size
distribution

Scanning Mobility Particle
Sizer (SMPS)

Home built, with
TSI long DMA,
TSI 3022 CPC

0.01 cm−3, Dp 15–850 nm

Black carbon (BC) Aethalometer AE33
(beta)

Aerosol d.o.o. 30 ng m−3 >100 ng m−3

10 ng m−3 >100 µg m−3

Particle number Condensation particle
counter CPC 3776

TSI 4 nm, 0.01–107 particles
cm−3

NO+NOy (Trace level) NOx Monitor 42C Thermo
environmental

0–200 ppb

NO+NOy NOx Monitor 9841A Monitor Labs 0–2000 ppb

O3 UV Photometric O3
Analyzer Model 49C

Monitor Labs 0.05–1.0 ppm

CO2+CO+CH4+H2O Picarro Cavity Ring-Down
Spectrometer G2401

Picarro 0–1000 ppm (CO2)
0–5 ppm (CO)
0–20 ppm (CH4)
0–7% (H2O)

Total Hydrocarbon (THC) THC Monitor APHA-370 Horiba 0.02–100 ppmC

Trace volatile organic
compounds (VOCs)

Proton Time-of-Flight
Mass Spectrometer
(PTR-ToF)

Ionicon Analytik 10 ppt–1 ppm

Relative Humidity and
temperature

Dew point hygrometer
SC-05

Rotronic RH 0–100 %, −40–100 °C

Temperature at smog chamber
surface and sampling lines

Thermocouple type K Messelemente
Hettstedt

0–1200 °C
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Table 2. Emission factors for regulated compounds calculated for a Euro 5 gasoline light duty
vehicle from smog chamber data and VELA (CVS) data, averaged over two experiments, with
the standard deviation, and Euro 5 limit values for gasoline light duty vehicles.

CO THC NMHC NOx

From Smog Chamber Data

EFMASS (g kg−1 fuel) 13.76 ± 0.44 1.02 ± 0.08 0.84 ± 0.04 0.92 ± 0.22
EFKM (g km−1) 0.55 ± 0.02 0.041 ± 0.003 0.034 ± 0.003 0.037 ± 0.009

From CVS Data

EFMASS (g kg−1 fuel) 18.84 ± 0.68 1.75 ± 0.21 1.75 ± 0.21 0.89 ± 0.14
EFKM (g km−1) 0.741 ± 0.03 0.069 ± 0.009 0.069 ± 0.009 0.035 ± 0.005

Euro 5 Limit Values for GLDVs

EFKM (g km−1) 1.000 0.100 0.068 0.060
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Table 3. Emission factors for carbonaceous aerosol for a Euro 5 gasoline light duty vehicle cal-
culated from smog chamber data, averaged over two experiments with the standard deviation.

Emission Black carbon Primary organic aerosol Secondary organic aerosol
factor (EF) (BC) × 10−3 (POA) × 10−3 (SOA) × 10−3

EFMASS (g kg−1 fuel) 16.0 ± 6.1 24.5 ± 19.7 345.4 ± 1.9
EFKM (g km−1) 0.6 ± 0.2 1.0 ± 0.8 13.7 ± 0.0
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Table 4. Predicted gas phase photolysis rates of selected compounds in the mobile smog
chamber at 25 °C and −7 °C.

Compound Reaction Ji (10−5 cm2 molecule−1 s−1) Ratio

25◦C −7◦C Ji ,−7 ◦C/Ji ,25 ◦C

Nitrogen dioxide NO2 >NO+O(3P) 797 259 0.32
Ozone O3 >O(1D) 43.1 17.8 0.41
Nitrous acid HONO>OH+NO 214 68.4 0.32
Nitrate NO3 >NO+O2 0.00 0.00 –

NO3 >NO2+O(3P) 444 135 0.30
Formaldehyde HCHO>HCO+H 1.50 0.53 0.36

HCHO>CO+H2 3.74 1.35 0.36
Acetaldehyde CH3CHO>products 0.11 – –
Methyl hydroperoxide. CH3OOH>products 0.43 – –
Glyoxal (CHO)2 >products 0.71 – –
Methyl vinyl ketone CH3C(O)CH=CH2 >products 0.34 – –
Acetone CH3C(O)CH3 >products 0.01 – –
Methyl nitrate CH3ONO2 >products 0.29 – –
Peroxy acetyl nitrate (PAN) CH3C(O)OONO2 >products 0.04 – –
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UV Lights

~12 m3

T1

T2

T3/ RH

Inside VELA test cell
Exhaust

Gas Phase
 Instruments

Aerosol
 Instruments

Pump

Pure Air
Generator

Injection System

Heated Ejector
 Diluter
~150°C

Exhaust

VELA 
Instrumentation 

Emission Sampling

Injection System

Instrumentation

Smog chamber+UV lights

FanTest Vehicle

Dynamometer

Fig. 1. Schematic (not to scale) of the mobile chamber as set up during experiments on a
Euro 5 gasoline light duty vehicle emissions at the vehicle emissions laboratory (VELA) of
the European Commission Joint Research Center (JRC), Ispra, Italy. Highlighted are different
sections of the setup. Green: emissions sampling is performed using a modified Dekati ejector
equipped with a pressurized air heater. Purple: the smog chamber. Blue: instrumentation, which
was located outside of the test cell. Gas phase instruments are connected to the chamber via
Teflon tubing, while steel or copper tubing is used to connect aerosol instruments.
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Fig. 2. Schematic (not to scale) of the primary component injection system of the mobile cham-
ber. All or part of the pure air stream may be diverted through different sections of the primary
injection system using a series of two- and three-way valves.
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Fig. 3. Vehicle speed during the New European Driving Cycle (NEDC, grey area, left axis)
and average exhuast concentrations of the regulated compounds carbon monoxide (CO, black)
and total hydrocarbon (THC, blue), both on the first right axis, and oxides of nitrogen (NOx,
orange) second right axis, for Exp. 2 during the driving cycle. The NEDC is split into two phases
representing urban driving and extra urban driving, respectively.
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Fig. 4. Measured concentrations and calculated emissions factors (EF) inside the mobile smog chamber of gas and
particle phase species after injection of emissions from a Euro 5 gasoline light duty vehicle (GLDV) (Exp. 2) as a
function of time after lights on in the chamber. (A) NOx (yellow), O3 (magenta) and chamber temperature (grey). After
an initial spike due to sample injection, a small decrease in NOx before lights on follows the injection of additional air
required to completely fill the chamber. O3 increases after lights on as a consequence of the photochemical processing
of emissions occurring inside the chamber. Temperature is stable to within 1 °C throughout the experiment. (B) Car-
bonaceous gases. After an initial decrease due to the dilution CO2 (green) and CO (lilac) concentrations are constant
indicating that the system is airtight. The increase in total hydrocarbon (blue) before lights on follows the addition of
propene required to adjust the VOC/NOx ratio. (C) Wall loss corrected carbonaceous aerosol (black carbon, BC + or-
ganic aerosol, OA) increases after lights on due to secondary organic aerosol (SOA) formation. OH exposure is shown
by the colour scale. Aging increases the O : C ratio of the emissions from 0.05 for the primary to 0.7 for the secondary,
a ratio equivalent to the low volatility oxidised OA observed in highly aged ambient aerosols. The right axis in (B) and
(C) shows the EF calculated for THC and carbonaceous aerosol using Eqs. (6) and (7).
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Fig. 5. (A) Emission spectrum of the UV black lights of the mobile smog chamber normalised to
the peak in emission at 368 nm at 25 °C (red) and −7 °C (blue). The emission fingerprint does
not change significantly over this temperature range. (B) The normalised intensity of the smog
chamber lighting measured at 368 nm and from integrating the full spectrum. The dashed lines
show a power fit to the data. Intensity does not vary significantly between 10 °C and 25 °C (less
than ∼10 % decrease). At −7 °C, intensity is decreased significantly (∼70 % decrease).
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Fig. 6. Aerosol emission factors calculated for the Euro 5 gasoline light duty vehicle (GLDV)
(average over Exp. 1 and 2) of this study and the results of a previous smog chamber study
on a Euro 3 diesel passenger car (with oxidation catalyst, but without diesel particle filter, DPF)
by Chirico et al. (2010). The diesel emissions are dominated by black carbon (BC, black) and
primary organic aerosol (POA, blue) with only a small secondary organic aerosol (SOA, green)
fraction. Conversely, a large fraction of the GLDV emission comprises SOA after aging. The
large SOA fraction for the GLDV suggests a larger contribution from gasoline vehicles to ambi-
ent particulate pollution than has so far been recognised based on primary emissions. Further,
future use of DPFs would remove almost all of the primary BC and POA emissions from diesel
vehicle emissions, in which case the total particulate emissions (i.e. POA + SOA) for the GLDV
may exceed those of a diesel vehicle.
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