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ABSTRACT: For obtaining type approval in the European Union, light-duty
vehicles have to comply with emission limits during standardized laboratory
emissions testing. Although emission limits have become more stringent in past
decades, light-duty vehicles remain an important source of nitrogen oxides and
carbon monoxide emissions in Europe. Furthermore, persisting air quality
problems in many urban areas suggest that laboratory emissions testing may
not accurately capture the on-road emissions of light-duty vehicles. To address
this issue, we conduct the ﬁrst comprehensive on-road emissions test of lightduty vehicles with state-of-the-art Portable Emission Measurement Systems. We
ﬁnd that nitrogen oxides emissions of gasoline vehicles as well as carbon
monoxide and total hydrocarbon emissions of both diesel and gasoline vehicles
generally remain below the respective emission limits. By contrast, nitrogen
oxides emissions of diesel vehicles (0.93 ( 0.39 grams per kilometer
[g/km]), including modern Euro 5 diesel vehicles (0.62 ( 0.19 g/km), exceed emission limits by 320 ( 90%. On-road carbon
dioxide emissions surpass laboratory emission levels by 21 ( 9%, suggesting that the current laboratory emissions testing fails to
accurately capture the on-road emissions of light-duty vehicles. Our ﬁndings provide the empirical foundation for the European
Commission to establish a complementary emissions test procedure for light-duty vehicles. This procedure could be implemented
together with more stringent Euro 6 emission limits in 2014. The envisaged measures should improve urban air quality and provide
incentive for innovation in the automotive industry.

’ INTRODUCTION
For obtaining type approval in the European Union, light-duty
vehicles have to comply with emission limits during standardized
laboratory emissions testing.14 Although Euro 15 tier emission
limits have become more stringent over the past two decades, in
2008 light-duty vehicles still contributed around 8% and 27% to the
overall NOX (nitrogen oxides) and CO (carbon monoxide)
emissions of the European Union (EU).5,6 These shares can be
substantially higher in urban areas where 16% of the population is
currently exposed to NO2 (nitrogen dioxide) concentrations that
exceed established air quality standards.7
The European legislator has responded to this situation by
introducing more stringent Euro 6 emission limits that will be
enforced on light-duty vehicles from September 2014 onward.2,3
Major concerns, however, persist because actual on-road emissions of light-duty vehicles may substantially exceed the emission
levels as determined during type approval in the laboratory.
Several studies have indicated that, in particular, NOX emissions
may be substantially elevated when Euro 24 light-duty diesel
vehicles are driven on the road.810 Nevertheless, a comprehensive analysis of on-road emissions that includes modern Euro 5
light-duty diesel and gasoline vehicles is still unavailable. Here,
we address this knowledge gap by using state-of-the-art Portable
Emission Measurement Systems (PEMS) to analyze the on-road
emissions of 12 Euro 35 light-duty diesel and gasoline vehicles.
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We aim at identifying whether the on-road emissions of lightduty vehicles substantially exceed emission limits enforced during type approval. Addressing this issue allows advancing two
main areas of emissions control:
(i) Emissions modeling: The results can be used to verify and
potentially improve the reliability of emission factors used
for projecting the impacts of current and future emission
limits on air quality.
(ii) Emissions legislation: The results can demonstrate the
necessity of developing a complementary emissions test
procedure for the type approval of Euro 6 vehicles from
September 2014 onward.2

’ BACKGROUND AND METHODOLOGY
Consistent with European legislation, we deﬁne light-duty
vehicles as four-wheel road vehicles, for which emissions testing
during type approval is conducted based on the entire vehicle.
Light-duty vehicles typically include (i) passenger vehicles of
categories M1 and M2 with no more than eight seats and a
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maximum mass of 5 tons as well as (ii) vehicles used for the carriage of goods of the categories N1 and N2, with a maximum mass
of 12 tons.11 On these vehicles, the European Commission
currently enforces Euro 5 tier emission limits for THC (total
hydrocarbons), NMHC (nonmethane hydrocarbons), NOX
(nitrogen oxides), THC+NOX (sum of total hydrocarbons
and nitrogen oxides), CO (carbon monoxide), and PM
(particulate matter)2,3 (see Table 1 in the Supporting
Information). The manufacturers have to ensure that vehicles
comply under normal conditions of use with the emission limits
up to a mileage of 100,000 km or a duration of 5 years.2 In
addition, light-duty gasoline vehicles must comply with emission limits of 15 g/km for CO and 1.8 g/km for THC during a
low temperature test at 7 Centigrade.12 Carbon dioxide
(CO2) emissions are currently unregulated within the EU at
the level of individual vehicles. The European Commission,
however, deﬁnes from 2012 onward a target of 130 g/km for the
ﬂeet-average CO2 emissions of new passenger cars.13
The compliance of light-duty vehicles with emission limits is
veriﬁed by standardized laboratory emissions testing on chassis
dynamometers. The New European Driving Cycle (NEDC) is
used as test cycle within the EU, ensuring that emission measurements can be compared and reproduced in the type approval of
light-duty vehicles4 (see Figure 1 in the Supporting Information).
Emissions are expressed as averages over the entire NEDC in
grams per kilometer [g/km]. The NEDC inherits, however, the
limitation that it captures only a limited range of on-road driving
conditions due to its smooth acceleration proﬁle14 and its narrow
range of engine operation points.15 Moreover, emissions testing
solely based on a single driving cycle faces the risk that engine
control technology detects the cycle and optimizes the emissions
performance for a set of speciﬁc operating conditions. Therefore,
it is possible that vehicles comply with emission limits during
laboratory testing while exhibiting substantially higher emissions
on the road. The European emissions legislation accounts for this
potential problem by mandating the European Commission to
investigate the actual on-road emissions of light-duty vehicles and
to adapt, if necessary, the current test procedures.2 This mandate
forms the basis for our research.
Test Vehicles and Test Routes. The fleet of test vehicles
consists of 12 light-duty vehicles of category M1 and N1,11
comprising 5 Euro 35 gasoline vehicles (Vehicles B, F, J,
K, L); 1 Euro 4 gasoline-hybrid vehicle (Vehicle G); and 6 Euro
35 diesel vehicles (Vehicles A, C, D, E, H, I) (see Table 2 in the
Supporting Information). Standard commercial fuels are used for
all emission tests.
All PEMS on-road tests are conducted at the Vehicle Emissions Laboratory (VELA) of the Institute for Energy and Transport at the Joint Research Centre (JRC) of the European
Commission in Ispra, Italy. We use four standard test routes,
which reﬂect, as far as possible, the diversity of on-road driving in
Europe: Route 1 covers rural, urban, and motorway driving,
Route 2 covers rural and urban driving, Route 3 covers rural and
severe uphill-downhill driving, and Route 4 covers, in large
shares, motorway driving (see Figures 2 and 3 in the Supporting
Information). Vehicles I, J, and L are tested on all four test routes;
Vehicles B, D, E, F, and H are tested on Routes 13; Vehicles G
and K are tested only on Routes 1 and 2. Vehicles A and C are
tested in an early project phase on local routes, representing a mix
of rural, urban, and motorway driving. These routes are comparable to Route 1 in their characteristics. We report the emission
results for Vehicles A and C here because these provide insight
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into the actual on-road emissions of two Euro 3 and 4
light-commercial vehicles of category N1. Each on-road test is
conducted at least twice to detect potential data inconsistencies
and malfunctioning of the PEMS equipment (see Table 3 in the
Supporting Information).
Test Equipment and Parameters. PEMS have been frequently applied to heavy-duty vehicles.1620 Their application
to light-duty vehicles is, however, relatively new.10,21 We use a
state-of-the-art Semtech-DS PEMS from Sensors Inc., which
consists of a tail-pipe attachment, heated exhaust lines, an exhaust
flow meter, exhaust gas analyzers, a data logger to the vehicle
network, a GPS, and a weather station with sensors for ambient
temperature and humidity. The main components of the Semtech-DS PEMS are installed in the cabin of the vehicles; the
exhaust flow meter, GPS, and weather station are installed
outside of the vehicles. The power for the Semtech-DS PEMS
is supplied by external batteries to avoid interference with
the engine operation while enabling PEMS testing for up to
2.5 hours. The exhaust flow meter is equipped with differential
pressure devices and thermocouples that determine the exhaust
mass flow based on the pitot-tube principle. With the SemtechDS PEMS, we measure the exhaust gas concentrations of (i)
THC by a heated flame ionization detector, CO and CO2 by a
nondispersive infrared sensor, and NO and NO2 by a nondispersive ultraviolet sensor. The NOX concentration in the exhaust
gas is calculated as the sum of the NO and NO2 concentrations.
PEMS calculates the distance-specific mass of emissions based on
(i) the exhaust mass flow as recorded by the exhaust flow meter
and (ii) the vehicle speed as recorded by a Global Positioning
System (GPS) or the engine control unit. We uniformly report
on-road NOX emissions that are uncorrected for ambient air
humidity. This practice differs from the official type approval
procedure in which humidity corrections are prescribed;22 our
approach is, however, justified because we aim at reporting onroad emissions as they occur under real-world driving conditions.
We record emissions with PEMS using a time resolution of one
second; we include cranking and cold-start emissions and we
refrain from preconditioning the test vehicles.
Data Analysis. We analyze all emissions and GPS data with
EMROAD, which is an Excel tool developed for extracting and
processing the raw data recorded by PEMS.23 We use EMROAD to
express the on-road emissions of light-duty vehicles in line with the
European emissions legislation2 as grams per kilometer. In addition,
we express emissions as dimensionless deviation ratios that provide
an indication of the deviation between on-road emissions and the
Euro 35 emission limits. The on-road emissions are presented as
(i) route averages,
(ii) averages, calculated over so-called averaging windows that
represent subtrips of test routes and that enable a more
detailed insight into the variability of on-road emissions,
(iii) cold-start emissions that comprise the emissions during
the ﬁrst 300 seconds of each PEMS test.
We deﬁne deviation ratios (DR) here as
DR ¼

m  sNEDC
s  mL

ð1Þ

where m represents the cumulative mass of the respective
pollutant [g] emitted during the averaging period, s stands for
the actual distance [km] traveled during one averaging period,
mL represents the cumulative mass of the respective pollutant [g]
emitted during NEDC emissions testing in the laboratory
8576

dx.doi.org/10.1021/es2008424 |Environ. Sci. Technol. 2011, 45, 8575–8581

Environmental Science & Technology

ARTICLE

Figure 1. Route-average on-road emissions as established with PEMS and emissions as measured during laboratory testing based on the NEDC;
uncertainty intervals represent the maximum emissions for each route and vehicle; the Euro 3 CO and THC emission limits for passenger cars refer to
2.3 g/km and 0.2 g/km, respectively, and are not shown here; CO emissions of Vehicle L on Routes 3 and 4 substantially exceed the Euro 5 emissions
limit and reach up to 1.9 g/km and 4.5 g/km, respectively.

according to the respective Euro 35 emission limits, and sNEDC
stands for the distance of the NEDC i.e., 11.007 km.
Along with the average emissions of each vehicle on each test
route, we also present the maximum emissions of each vehicle on
each test route; this information is most useful for addressing air
quality objectives. To calculate average emissions over individual
subtrips, i.e., averaging windows,20 we need to determine the
distance [km] of the subtrips. We deﬁne here that subtrips shall
cover exactly the distance a test vehicle needs to drive until it has
emitted a cumulative mass of CO2 [kg] that is equal to the
cumulative mass of CO2 [kg] emitted during laboratory testing
with the NEDC. This way, we make reference to the type
approval of light-duty vehicles. The short trips, i.e., averaging
windows move at time increments of one second, which is equal
to the sampling period of PEMS.
For representing cold-start emissions, we refrain from diﬀerentiating individual test routes because these are similar in their
characteristics during the ﬁrst 300 s of PEMS on-road testing.
Instead, we calculate the average and maximum values for the
cold-start emissions of each vehicle based on the emission
measurements of all test routes.

’ RESULTS
The on-road CO and THC emissions of the tested light-duty
vehicles generally stay below the Euro 35 emission limits
(Figure 1). One exception presents the substantially elevated
CO emissions of the Euro 5 gasoline Vehicle L during uphilldownhill and high-speed driving on Routes 3 and 4. These
emissions are associated with high catalyst temperatures of up to
400 C and point to insuﬃcient CO oxidation that may be
explained by low air-to-fuel ratios at high engine loads.
Figure 1 indicates an increase in the on-road THC emissions
from Euro 3 to Euro 5 gasoline vehicles, both in absolute
terms and as percentage of the respective emissions limit. Still
on-road THC emissions remain below the respective emission
limits.
By contrast, the route-average on-road NOX emissions of
diesel vehicles (0.93 ( 0.39 g/km), including modern Euro 5
diesel vehicles (0.62 ( 0.19 g/km), exceed emission limits by
320 ( 90%. The Euro 35 diesel vehicles thereby substantially
exceed the established emission limit for the sum of NOX and
THC emissions. These results conﬁrm and extend the ﬁndings of
Pelkmans and Debal8 and Vojtisek-Lom et al.,10 who reported
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elevated on-road NOX emissions of ﬁve Euro 34 light-duty
diesel vehicles. Our results suggest that no reasonable decline in
the on-road NOX emissions from Euro 3 to Euro 5 diesel vehicles
has been achieved in the past decade. The NOX emissions of
gasoline vehicles (0.03 ( 0.02 g/km) generally stay within the
Euro 35 emission limits (Figure 1).
Among NOX emissions, NO2 is of particular interest because
of its adverse eﬀects on human health. We ﬁnd that the share of
NO2 on the route-average NOX emissions amounts to 48 ( 9%
for diesel vehicles and 5 ( 8% for gasoline vehicles. These results
are similar to the outcome of earlier laboratory tests of Euro
24 diesel and gasoline vehicles2426 as well as of recent on-road
emission tests in Germany.27 The limited sample size and
relatively large variability of results precludes us, however,
from identifying an increase in the share of NO2 in the
NOX emissions of Euro 3 to Euro 5 vehicles as reported by
D€unnebeil et al.26
The route-average on-road CO2 emissions of all tested
passenger cars amount to 160 ( 22 g/km (Figure 2). Diesel
cars emit 157 ( 8 g CO2/km and gasoline cars emit 162 ( 29 g
CO2/km. The tested passenger cars thereby exceed during onroad driving the future ﬂeet-average performance requirements13
by 31 ( 20%. In addition, the route-average on-road CO2
emissions exceed the type approval emission values by 21 (
9%; diesel and gasoline vehicles show similar deviations of 24 (
8% and 18 ( 10%, respectively.
A more detailed insight into the variability of on-road emissions can be obtained by averaging emissions over shorter
subtrips, i.e., the so-called averaging windows. Figure 3 indicates
that the NOX emissions of all averaging windows for Euro 5
diesel Vehicle H and of at least 79% of the averaging windows for
Euro 5 diesel Vehicle I exceed the Euro 5 emission limit. The onroad emissions of Euro 5 diesel vehicles H in several cases exceed
those of Euro 4 vehicles.
Speciﬁcally, driving at high engine loads, e.g., during uphill
driving (Route 3) and at high speeds on the motorway
(Route 4), results in elevated NOX emissions. This ﬁnding can
be explained by deﬁcient exhaust gas recirculation, thus insuﬃcient
NOX removal from the exhaust gas stream. Roughly 20% of the
averaging windows on Routes 3 and 4 show NOX emissions that
exceed the Euro 5 limit by more than 8 times.
Among all on-road driving events, cold start emissions are
most critical because these substantially exceed the average onroad emissions while predominantly occurring in urban areas.
The results for both diesel and gasoline vehicles indicate that onroad cold-start emissions exceed the Euro 35 limits by 270 (
135% for NOX, 115 ( 51% for CO, and 47 ( 21% for THC.
The cold-start emissions show no decline from Euro 3 to Euro 5
diesel and gasoline vehicles and span a large range for individual
vehicles. Typically, emissions are higher during cold start than
during average on-road driving because catalyst temperatures
are low, causing a low eﬃciency in the oxidation of CO and
THC as well as in the reduction of NOX. The concentration of
NOX in the exhaust of diesel vehicles is commonly controlled
by exhaust gas recirculation and exhibits a weaker temperature
dependence.

’ DISCUSSION
This paper shows that the on-road NOX emissions of diesel
vehicles substantially exceed the Euro 35 emission limits. We
regard this ﬁnding robust albeit associated with limitations.
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Figure 2. Route-average on-road CO2 emissions as established with
PEMS and emissions as measured during laboratory testing based on the
NEDC; uncertainty intervals indicate the maximum emissions for each
test route and vehicle; the future ﬂeet-average CO2 emissions target
varies depending on the vehicle weight (see ref 13); vehicles A and C
represent light-commercial vehicles for which no emissions target is
deﬁned.13

All test vehicles have been type approved and are subject to
established durability requirements.2 The selected vehicles are
therefore suitable for identifying whether the on-road emissions
of light-duty vehicles exceed emission levels as established during
type approval in the laboratory. Our results do not, however,
represent the average on-road emissions of light-duty vehicles in
Europe for two reasons:
(i) The ﬂeet of test vehicles is relatively small and excludes,
e.g., midsize and full-size luxury cars, sport-utility vehicles,
and a range of small commercial vehicles.
(ii) The test routes comprise driving on public motorways as
well as national, regional, and local roads. The routes are
selected to cover a wide range of driving patterns but not
to represent the average European driving. A preliminary
data comparison reveals that the average vehicle speed on
our test routes reaches 50 ( 17 km/h while the average
idling shares account for 8 ( 3%. These two parameters
are well in range with the European driving data used
for the development of the new Worldwide harmonized
Light-duty Test Cycle (WLTC; i.e., 51 km/h and 13%,
respectively).28
The data sets for several test vehicles are partially incomplete
because not all vehicles are tested on all four test routes. This
limitation is justiﬁed given practical and ﬁnancial constraints of
on-road emissions testing in general.
The Semtech-DS PEMS used here fulﬁlls the requirements
regarding, e.g., accuracy and linearity as speciﬁed for type
approval emissions testing in the USA and EU, being now
comparable to the accuracy of conventional laboratory
equipment.17,20,29 Rubino et al.30 compared the emission measurements obtained with the Semtech-DS PEMS and standard
laboratory equipment based on the NEDC and a custom-made
driving cycle. Their results indicate that laboratory equipment
yields 50 ( 20% lower THC emissions, 60 ( 2% lower CO
emissions, and 4 ( 4% lower CO2 emissions, whereas the values
for NOX emissions were identical given the uncertainty intervals
8578
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Figure 3. Averaging window NOX emissions of Euro 35 diesel vehicles; vertical red lines indicate from right to left the Euro 35 emission limits; Euro
34 Class II emission limits for Vehicles A and C are not indicated; vertical red dotted lines indicate from right to left the factors two and one of the
respective Euro 35 emission limits.

of the analytical equipment. The high relative deviations for
THC and CO refer to low emission levels and are likely to
become smaller if emissions increase, e.g., beyond the respective
emission limits. These ﬁndings indicate the uncertainty of the
PEMS measurements is limited and justiﬁable given the scope of
this research. Relevant for the established on-road emission levels
is the weight of the PEMS system, which amounts to 170 kg (kg)
and thus accounts, together with a codriver weighing 75 kg, for
up to 22 ( 4% of the weight of the test vehicles. The PEMS
equipment may, therefore, be regarded as intrusive with respect to
standard laboratory emissions testing. However, PEMS can be

considered nonintrusive with respect to our objective of measuring
on-road emissions during normal vehicle use that often includes
the transport of several persons, vacation luggage, and sports
equipment.
Our approach to report NOX emissions that are uncorrected
for the variability in air humidity is justiﬁed because we intend
to capture on-road emissions as they occur under the wide range
of on-road driving conditions. Furthermore, applying the standard humidity correction is only valid within the narrow speciﬁcations of laboratory testing.22 Still, if we correct our PEMS
emission values for the variability in ambient humidity, we ﬁnd
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that humidity-corrected on-road NOX emissions are on average 7
( 5% lower than the uncorrected values. Humidity correction is
thus negligible with respect to the outcome of this research. On a
related note, the reported shares of NO2 for gasoline vehicles are
uncertain because the recorded on-road NO and NO2 emissions
are extremely low, i.e., in range of the resolution of the PEMS
equipment.
PEMS have recently experienced a remarkable development,
resulting in a substantial reduction of size, weight, and response
time as well as in an increased accuracy. The new generation of
modular PEMS equipment allows expanding applications from
heavy-duty vehicles18,20,31,32 to light-duty vehicles, including
micropassenger cars. The application of PEMS to light-duty
vehicles is relatively new and still partial; future test campaigns
should successively cover the full range of engine technologies,
after-treatment systems, and fuels.
Our results are directly applied to two areas of emissions
control. First, the PEMS measurements have been used for
validating emission factors applied in emission models for the
transport sector, e.g., the European COPERT (COmputer
Programme to calculate Emissions from Road Transport33,34).
The results for Vehicles B, D, F, and H suggests that COPERT
may overestimate on-road emissions from gasoline vehicles
but underestimate NOX emissions of Euro 45 diesel vehicles
by up to 60%.33 Although these ﬁndings may not be representative for the entire vehicle ﬂeet in the EU, they can support
the establishment of more reliable projections regarding the
impact of stricter emission limits on (i) the actual on-road
emissions of light-duty vehicles and thus (ii) the overall air
quality.35
Second, our results provide the empirical basis for the further
development of the European type approval procedure for lightduty vehicles.2 The European Commission currently participates
in the development of a World-wide harmonized Light-duty Test
Cycle (WLTC) and establishes a complementary test procedure
for the type approval of light-duty vehicles. This procedure
should prevent potential cycle detection and cycle beating and
thereby eﬀectively limit vehicle emissions under a wide range of
on-road operating conditions. To achieve this objective, the
complementary test procedure must introduce a high degree of
randomness into emissions testing and cover polluting driving
conditions such as
(i) transient vehicle operation that cause a time lag in closedloop emissions control in gasoline vehicles
(ii) high engine loads, which cause over fueling at full throttle
and poor combustion, while limiting exhaust gas recirculation (EGR) in diesel vehicles
(iii) low exhaust gas temperatures during idling, low-load
operation, and low-temperature operation that cause a
low eﬃciency of catalytic converters (e.g., three-way
catalysts in gasoline vehicles or selective catalytic reduction (SCR) catalysts in diesel vehicles10,36)
The European Commission evaluates until the end of 2011
two candidate procedures: (i) a random laboratory driving cycle
and (ii) on-road emissions testing with PEMS. We have shown
that emissions testing with PEMS oﬀers several strengths, including the ability to capture a wide range of on-road operating
conditions, introduce randomness, and eﬀectively test emissions
of novel hybrid-electric vehicles. PEMS are, however, currently
not yet able to measure the particle mass and particle number in
the exhaust of light-duty vehicles.
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Introducing the WLTC together with a complementary
emissions test procedure and more stringent Euro 6 emission
limits in 2014 may substantially reduce the on-road emissions of
new light-duty vehicles. To achieve this objective, vehicle manufacturers may need to
(i) adapt the operation of engines (e.g., decreasing compression ratios, enabling low-temperature combustion and
exhaust gas recirculation, deploying advanced fuel injection systems, and combustion control)
(ii) adopt additional exhaust after-treatment technologies
(e.g., selective catalytic reduction, lean NOX absorbers
and traps, as well as particle ﬁlters for vehicles equipped
with diesel engines and direct injection gasoline engines)
The required technologies are either mature or in a stage of
advanced pilot testing. The costs associated with their introduction will be small compared to the overall manufacturing costs of
vehicles37,38 and can be expected to decline even further due to
economies of scale and technological learning.39 The European
Commission’s policy of making light-duty vehicles cleaner
can accelerate the large-scale diﬀusion of novel emission abatement technologies, reinforce innovation in the automotive
industry,40,41 and ultimately improve the urban air quality
throughout Europe.
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