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In view of a new amendment to the European legislative
regulation on emissions from two-stroke mopeds a study was
carried out to comprehensively characterize exhaust gases
of mopeds complying current EURO-2 emission standards. Three
mopeds with different engine types (carburetor, direct
injection, and electronic carburetion system ECS) where
investigated by applying two different driving cycles, the
legislative cycle ECE47 and the worldwide motorcycle test
cycle WMTC. Thereby, particulate matter (PM), regulated
compounds, carbonyls, volatile hydrocarbons (VOC), and particle-
associated polyaromatic hydrocarbons (PAH) were analyzed
andozoneformationpotentials (OFP)aswellas toxicityequivalents
(TEQ) determined. The ECE47 emission factors for almost all
species and moped types were much higher in the nonregulated,
prior cold phase than in the hot phase, which is considered
for legislation.Greatdifferencesfor themopedscouldbeobserved
for NOx, VOC, and PM, whereas discrepancies between the
driving cycles ECE47 and WMTC were smaller. In addition, a
positive influence on exhaust composition caused by technical
modifications of the ECS engine was determined. Results
indicate that regulation of total hydrocarbons (THC) alone might
not be sufficient to regulate PM, especially for direct injection
engines. Moreover, recommendations for a revised future
test protocol are demonstrated and discussed, whereby the
cold phase and the hot phase are taken into account.

Introduction
Powered two-wheelers (PTW) play an important role in the
transport sector. In some countries mopeds with two-stroke
engines and displacements of not more than 50 cm3 represent
a large fraction of PTW particularly in southern Europe and
Asia. Across the 27 European Union (EU) countries 18.4
million registered motorcycles compared to 12.9 million
mopeds in 2006 (1). In Asia, PTW account for up to 75% of
the whole vehicle fleet, and approximately 85% of these are
powered by two-stroke engines (2). It is known that for many
exhaust constituents yields from two-stroke engines are
higher than those of four-stroke engines because of the

required mixture of gasoline and lubricant oil, which results
in a substantial fraction of unburned or incompletely
combusted oil e.g. ref 3.

Consequently, contributions of PTW to overall road
transport emissions and therefore to air pollution must be
taken into account. In the past decade, exhaust pollutants
from light and heavy duty vehicles have been reduced
significantly in the EU by continuously implementing stricter
emission regulations. However, a similar gradual reduction
for pollutants in moped exhaust has been delayed since first
legislation came into force in 1999 (4) with one amendment
being passed in 2002 (5). Supporting Information (SI) Table
S1 illustrates all legislative regulations for PTW emissions
and for comparison the three most recent permitted emission
levels for diesel and gasoline passenger cars in the EU.

While there is a lot of literature on exhaust emissions of
passenger cars and heavy duty vehicles available, compre-
hensive surveys on PTW, particularly on mopeds are rare. A
few research groups have investigated the particle fraction
of moped emissions e.g. refs 6-8. Recently, some work on
polycyclic aromatic hydrocarbons (PAH) e.g. ref 3, 9, 10.,
selected volatile organic hydrocarbons (VOC) as well as
carbonyl species (3) have been published.

In view of the preparation of a new amendment to the
European directive 97/24/EC (4) the European Commis-
sion - Joint Research Centre (EC-JRC) Ispra carried out a
comprehensive study in order to evaluate emissions of
mopeds complying with the present legislation EURO-2.
Thereby, main goal was that a wide range of exhaust
constituents in gas and particulate phase were investigated
together. Chemical analysis performed included the regulated
species total hydrocarbon (THC), nitrogen dioxide (NOx),
carbon monoxide (CO) as well as carbon dioxide (CO2), and
particulate matter (PM) mass. In addition, particle-associated
polyaromatic hydrocarbons (PAH), carbonyl compounds, and
volatile organic hydrocarbons (VOC) were studied. PAH are
known to strongly contribute to human health effects (11).
Carbonyls and VOC cause photochemical smog and ozone
formation (12). Some of them are known to be carcinogenic
(13).

Moreover, tests were carried out by applying two different
driving cycles, the European legislative driving cycle for
mopeds, ECE47, and a new proposed driving cycle for
motorbikes, WMTC.

Experimental Section
All experimental work was carried out at the Vehicle Emissions
Laboratory (VELA) of the Institute for Environment and
Sustainability (IES) at the EC-JRC Ispra, Italy.

Test Fleet. The test fleet consisted of three new mopeds
of different manufacturers with two-stroke engines, dis-
placements of 50 cm3, and oxidation catalysts. All three
complied with the latest European emission legislative
standard for mopeds, EURO-2, but had three different engine
technologies. In particular, one moped (moped-CA) was
equipped with an ordinary carburetor, one moped (moped-
DI) had direct injection technology, and the third moped
(moped-CAec) was equipped with an electronic carburetion
system (ECS). Latter one consists of an engine control unit
(ECU) and an electro-actuated carburetor, whereby the air/
fuel (A/F) ratio and the oil dosing are electronically controlled
according to several engine operating conditions.

For all tests semisynthetic oil (API TC, Jaso FC, ISO-L-
EGD) and a certified reference fuel (CEC RF-02-99 oxy
0.8-1.2; SI Table S6) were used.

* Address correspondence to either author: E-mail:
dr-thomas-adam@gmx.net (T. A.); covadonga.astorga-llorens@
jrc.ec.europa.eu (C. A.).
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Emissions of Fine Particles and Organic Compounds from Mopeds
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Abstract

In 2004 worldwide sales of powered two-wheelers (PTWs) were about 34 million units and are predicted to
rise to over 40 million by 2009. Only in the last 10 years has the environmental impact of mopeds (scooters in-
cluded) and motorcycles been seriously considered. Particular concern has been raised over two-stroke (2-S)
scooters which in several countries such as Italy are widely used in congested city centers.
In this study, the emissions of fine particles and some organic compounds (benzene, formaldehyde, 1,3-buta-
diene, and benzo(a)pyrene) the exhausts of nine mopeds (2-S and 4-S), responding to different European emis-
sion legislative standards (pre-Euro, Euro 1, and Euro 2), were evaluated during the type approval driving cy-
cle. Particulate was characterized as total mass collected on filters and as the total number of particles and size
distribution in the range 7 nm–10 �m measured by the ELPI (Electrical Low Pressure Impactor). Introduction
of the 4-S working cycle and oxidation catalyst on small engine two-wheeler vehicles, resulting from Euro 1
and Euro 2 limits coming into force, has appreciably reduced emissions of total hydrocarbons (including ben-
zene, 1,3-butadiene, formaldehyde, and benzo(a)pyrene) and particulate matter. When considering engine tech-
nology, 2-S emit about three times more quantified organic compounds compared to 4-S. Total particle num-
ber emissions, occurring mainly during the acceleration phase, which corresponds to a rich combustion mixture,
range from 7 � 1012/km to 6 � 1013/km, with higher values for 2-S engines. Size distribution of solid particles
peaks at about 0.1 �m.

Key words: unregulated emissions; particle size distribution; two-wheeler emissions; particle number emissions;
emission factors

1

Introduction

IN 2004 global powered two-wheeler (PTWs) sales were
about 34 million units, a figure which is predicted to rise

to over 40 million by 2009 (Pinch and Reimer, 2007). The
most frequently sold (especially in Asia and in some
Mediterranean countries) are small size, low-power, and
low-cost PTWs. There is a parallel select market of high-
value and large-engine motorcycles (chiefly in North Amer-
ica, Europe, and Japan). Depending on the proportion of
PTWs in the circulating fleet, urban air pollution can be
strongly influenced by two-wheeler emissions, which are not
negligible when compared with those of modern passenger
cars. Indeed, CO and HC emissions of motorcycles are much
higher than those of modern passenger cars, which are low
emitters of such incomplete combustion products. Recently,

it was further demonstrated that the motorcycle fleet con-
tributes considerably to total vehicular NOx emissions (al-
most 20% that of cars) (Vasic and Weilenmann, 2006); this is
due to the leaner and closer to stoichiometric operative con-
ditions of new technology two-wheelers (Ntziachristos et al.,
2006). According to 2005 data, there are over 5 million
mopeds circulating in Italy, which represent over 55% of all
two-wheeler vehicles (ANCMA, 2004). The term “moped”
describes any low-powered motor-driven vehicle with an en-
gine capacity of less than 50 cm3 and a maximum design
speed of 45 km/h. Although in recent years Italian sales of
two wheelers with an engine capacity higher than 50 cm3

have exceeded those of mopeds, there has been increased at-
tention in moped emissions due to the high pollution levels
of two-stroke (2-S) engines which constitute almost 80% of
all mopeds in use. For most regulated and unregulated pol-
lutants 2-S vehicle emissions are much higher than those of
four-stroke (4-S) engines because the combustion process in-
volves a mixture of gasoline and lubricant with a substan-
tial emission of unburned oil. Owing to the introduction of
European legislative emission limits for mopeds (Directive

*Corresponding author: Istituto Motori—CNR, Viale Marconi, 8—
80125, Naples, Italy. Phone: �39 0817177210; Fax: �39 0812396097;
E-mail: m.v.prati@im.cnr.it
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Real-time Particle Emissions from 2-stroke Motorbikes with and 
without PMP Sampling System 
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ABSTRACT 

This paper describes various aspects of the particle emissions from a 2-stroke motorbike. It gives an indication 
of issues which may face emissions engineers if (or when) such vehicles become subject to particulate 
legislation similar to that for light duty vehicles.  

A DMS500 fast particulate spectrometer was used to examine transient particle emissions from the CVS tunnel 
for two 2-stroke motorbikes over the European ECE R47 and urban New European Drive Cycle (NEDC) drive 
cycles. One was direct injected and the other was carburretted. 

Transient size spectra and number data from the output of a two stage, Particulate Measurement Program (PMP) 
compliant heated dilution system are presented for the carburretted 2-stroke motorbike running the urban phase 
of the NEDC. Estimates of the particle number emissions relative to the Euro 5b light-duty diesel vehicle 
legislation are presented. 

INTRODUCTION 

The majority of light-duty on-road vehicles have 4-stroke engines, either gasoline or diesel fuelled. Emissions 
legislation has encouraged a steady reduction of PM mass emissions, and the new European limit for solid 
particle number (measured by the PMP methodology) will have a significant further reduction of  particle 
number emissions [5,6,7]. For small motorbikes, 2-stroke engines have significant advantages. Their power-to-
weight ratio generally exceeds that of 4-stroke engines, while their relative mechanical simplicity can result in 
lower manufacturing costs. 

Crankcase-scavenged 2-stroke engines suffer from two main emissions problems. “Short circuiting” occurs 
when un-burnt fuel passes straight from the transfer port and out of the exhaust, while high oil consumption is 
due to the use of intake air directly from the crankcase. The use of Gasoline Direct Injection (GDI) technology 
resolves the short circuiting problem, but careful engine calibration is required to avoid high particle emissions 
due to local variations in air-to-fuel ratio (AFR).  Additionally, the 2-stroke engine may introduce engine oil 
into the fuel, together with oil droplets carried through from the sump. This oil may be involved in combustion 
and leads to the possibility of significant ‘large’ particle emissions. 

Traditional techniques such as SMPS instruments [8] have been used to study engine emissions, and are 
generally highly sensitive. However, their scanning nature makes them unsuited to transient measurements. 
Transient emissions may be disproportionately significant, since accurate control of the engine during these 
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