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BEYOND NO,: EMISSIONS OF UNREGULATED POLLUTANTS FROM A MODERN GASOLINE CAR

EXECUTIVE SUMMARY

To gain a better understanding of the pollutant emissions of modern gasoline vehicles,

a 2018 Volkswagen Golf TSI was tested on the chassis dynamometer over the regulatory
cycles, and over two real-world cycles. The vehicle was equipped with a gasoline direct
injection engine and was compliant with the emissions norm Euro 6c¢. The tests were
done at different ambient conditions and with a cold and warmed-up engine. The
analysis focused on the emissions of both regulated and unregulated pollutants, with the
following key findings:

1. The vehicle exhibited good emissions performance for regulated pollutants.
The emissions over all of the test runs were below the Euro 6 standards, with the
exception of the cold-start tests at -7°C. Over these low temperature tests, the
Euro 6 limits were exceeded for hydrocarbons (HC) and particulate number (PN).

2. There were a substantial number of particles in the unregulated size range,
from 10 to 23 nm. If solid particles in this sub-23 nm range had been accounted
for, the total emissions of solid PN would have been up to 114% higher. Accounting
for volatile particles would further increase PN emissions by up to 78%.

3. Ammonia emissions are comparable to the emissions of nitrogen oxides (NO)).
Ammonia emissions are becoming a significant source of reactive nitrogen
compound in gasoline exhaust. Ammonia emissions amounted to half the mass
NO, emissions and were 10% higher than the molar NO,_ emissions.

4. Methane and nitrous oxide, both powerful greenhouse gases, were found in
non-negligible amounts in the exhaust gas. Their combined effect accounted
for up to 0.75% of the vehicle’s greenhouse gas (GHG) footprint when using the
20-year global warming potential factors.

5. Formaldehyde, a highly toxic substance, was found in non-negligible amounts
in the exhaust gas. Formaldehyde emissions were constrained to the cold-start
test and were mostly emitted within the first minute of operation.

These findings contribute to the wealth of evidence on the emissions of unregulated
pollutants. They point to the following policy recommendations for post-Euro 6 standards:

1. Extend the low temperature test (type 6 test) at -7°C to include all regulated
pollutants, in particular PN.

2. Reduce the size threshold for solid particle counting from 23 nm to 10 nm and
consider the inclusion of volatile particles in the measurement methodology.

3. Introduce technology- and application-neutral limits for vehicular ammonia
emissions.

4. Establish technology- and application-neutral limits for methane and nitrous
oxide emissions, or account for their CO -equivalent emissions in the CO,
standards.

5. Introduce technology- and application-neutral limits for vehicular formaldehyde
emissions. Formaldehyde emissions are already regulated in the United States.
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ABBREVIATIONS

CH, methane

CO carbon monoxide

CPC condensation particle counter
CS catalytic stripper

CVS constant volume sampling

DAQ data acquisition
E5 gasoline with 5% ethanol volume fraction

EEPS Engine Exhaust Particle Sizer

ET evaporation tube

FTIR Fourier-transform infrared spectroscopy
FTP Federal Test Procedure

GDI gasoline direct injection

GPF gasoline particulate filter

GWP global warming potential

H, hydrogen

HC hydrocarbons

HCHO  formaldehyde

JRC Joint Research Centre

MeCHO acetaldehyde

N,O nitrous oxide

NEDC New European Driving Cycle

NH, ammonia
NH,* ammonium ion
nm nanometer

NMHC  non-methane hydrocarbons

NO nitric oxide
NO, nitrate ion
NO, nitrogen oxides

PCRF particle number concentration reduction factor

PM particulate mass
PMP Particle Measurement Programme
PN particulate number

RDC Real Driving Cycle

RDE Real Driving Emissions

TWC three-way catalyst

UNECE United Nations Economic Commission for Europe
VELA Vehicle Emission Laboratory

VPR volatile particle remover

WLTC Worldwide Harmonized Light-duty Test Cycle

um micrometer
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INTRODUCTION

Motor-vehicle emissions and their link to air pollution have been recognized as a serious
issue since the 1950s, when the link between combustion emissions and photochemical
smog was established (Haagen-Smit, 1952). However, it was not until 1970 that the
matter was addressed with regulatory action at the European level. Directive 70/220/
EEC (Council of the European Union, 1970) established emissions limits for carbon
monoxide (CO) and unburned hydrocarbons (HC) of gasoline-powered vehicles. The
landmark directive was amended several times over the following decades to extend its
scope: Emissions limits for nitrogen oxides (NO ) were introduced in 1977, amendments
to also cover the gaseous pollutants of diesel vehicles were passed in 1983 ,2 and a
particulate mass (PM) emissions limit was introduced for diesel vehicles in 1988.3

In 1992, the introduction of what is known today as Euro 1* marked a new regulatory
era for pollution control. Since then, the European Union has moved quickly to further
tighten emission limits.> Still, the list of pollutants covered by the regulations has
remained the same: CO, HC, NO , and particulates. The Euro 5 standards, howevet,
introduced a new metric to limit the particulate emissions of diesel engines: the
particle number (PN). The PN limits, which only cover solid particles larger than 23
nanometers (nm), were extended to also cover gasoline direct injection (GDI) engines
under the Euro 6 standards.

As the emissions of most regulated pollutants continue to decrease as a result of the Euro
standards, in particular for gasoline vehicles (Bernard, Tietge, German, & Muncrief, 2018),
the emissions of unregulated pollutants become more relevant. Although the tailpipe
concentrations of ultrafine particles smaller than 23 nm, ammonia, aldehydes, and cyanide
compounds are lower than the concentration of regulated pollutants, their marked health
and atmospheric impacts warrant a closer examination. Future emission standards should
take into account the available evidence pertaining to these unregulated pollutants. The
purpose of this study is to contribute to this body of knowledge.

This paper presents the results of chassis dynamometer testing of a Euro 6 GDI vehicle.
The emissions over different driving cycles were measured, and a particular focus

was placed on pollutants that are not currently regulated. The paper starts with a
discussion of the test vehicle and the methodology. Then, for each unregulated pollutant
considered, we present a summary of the available evidence and the results of the
present study, and discuss the relationship of the experimental results with the literature.
Closing the paper, we formulate a set of policy recommendations for the development of
future emission standards.

The results of this testing project are not intended as a generalization of the emissions
behavior of GDI vehicles, but must be interpreted as a case study highlighting areas
where scientific consensus exists or where further research is recommended.

1 NO, limits we introduced by Directive 77/102/EEC (European Commission, 1977).

2 CO, HC, and NO, limits we introduced for compression ignition engines by Directive 83/351/EEC (Council of
the European Union, 1983)

3 Directive 72/306/EEC (Council of the European Union, 1972) addressed black carbon emissions of diesel
vehicles only through opacity measurements. Directive 88/436/EEC (Council of the European Union, 1988)
introduced the direct measurement of the particulate mass.

4 Although Directive 91/441/EEC (Council of the European Union, 1991) is now known as Euro 1, the Euro
nomenclature was first officially introduced in 2007.

5 Directive 96/69/EC (Parliament and Council of the European Union, 1996) defines the Euro 2 standards.
Directive 98/69/EC (Parliament and Council of the European Union, 1998) defines the Euro 3 and Euro 4 limits.
Regulation (EC) No 715/2007; (European Commission, 2007) establishes the Euro 5 and Euro 6 limits.
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METHODOLOGY

A popular gasoline passenger vehicle of the C-segment, compliant with the emission
standard Euro 6¢, was tested at the facilities of the European Commission Joint
Research Centre (JRC) in Ispra, Italy. This section presents the details of the test
vehicle, the experimental setup and instrumentation, and the tests performed on the
chassis dynamometer.

TEST VEHICLE

The test vehicle was a gasoline Volkswagen Golf 1.5 TSI ACT BlueMotion (see Figure 1).
It had a mass in running order of circa 1,350 kg, was equipped with a 7-gear dual-clutch
transmission, and was powered by a 1.5 liter, 4-cylinder engine with a rated power of 96
kW and a rated torque of 200 Nm.

Figure 1. Volkswagen Golf 1.5 TSI ACT BlueMotion on JRC’s chassis dynamometer

The engine’s GDI system featured a side-mounted, 5-hole fuel injector, with an injection
pressure between 170 and 350 bar. The injection system was capable of up to five
injections per cycle. The engine featured several fuel-saving technologies such as
cylinder deactivation, active coolant temperature control, and controllable camshaft
phasing on both the intake and exhaust valvetrains. The variable valve timing allows
the engine to run in a more efficient part-load combustion mode, dubbed Miller cycle.
While the Miller cycle increases the engine efficiency by reducing the throttling losses
and increasing the expansion ratio, it also results in lower exhaust temperatures, which
can negatively impact the conversion efficiency of the aftertreatment system. However,
the lower exhaust temperatures allow the use of a variable geometry turbocharger,
which provides an additional degree of freedom for emissions calibration. The vehicle
also featured an advanced coasting mode, in which the wheels are decoupled from the
engine during coasting phases.

The aftertreatment system consisted of a close coupled three-way catalyst (TWC), and

a second underfloor TWC. The vehicle was compliant with the Euro 6 standard, stage

¢, and was not equipped with a gasoline particulate filter (GPF).® At the beginning

of the testing, the vehicle’s odometer was close to 11,000 km. However, the original
aftertreatment system was replaced with new parts during the vehicle instrumentation.
The new catalysts were aged for approximately 1,500 km over a mix of urban, rural,
highway, and mountain driving prior to testing. This distance was deemed sufficient to
degreen the TWC. Catalyst degreening eliminates the possibility of the reduced catalytic
activity typical of fresh converters.

6 The 2019 version of the Golf TSI, compliant with the Euro 6d-TEMP standard, does equip a GPF.
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EXPERIMENTAL SETUP AND INSTRUMENTATION

The vehicle testing was performed in the Vehicle Emission Laboratory (VELA) at the
JRC (Giechaskiel et al.,, 2007). The testing facility includes a four-wheel drive chassis
dynamometer (roller diameter of 1.2 m) inside of a climatic test cell with controlled
temperature and humidity. To simulate different ambient conditions, the temperature can
be adjusted continuously between -10°C and 35°C.

The emissions of regulated gaseous pollutants were analyzed by a constant volume
sampling (CVS) system with a critical flow venturi nozzle. The regulated pollutant
emissions were analyzed by Horiba exhaust gas analyzers in the raw exhaust flow (MEXA
7100), as well as in the collection bags (MEXA 7400). The regulated PN emissions were
measured following the guidelines of the United Nations Economic Commission for Europe
(UNECE) Particle Measurement Programme (PMP). A volatile particle remover (VPR),
consisting of an evaporation tube (ET), was used to isolate the solid PN fraction, which
was then measured by a condensation particle counter (CPC) manufactured by AVL, with
a 50% counting efficiency at 23 nm. The PM was not measured for any of the tests.

Emissions of solid particles smaller than 23 nm are currently unregulated. These were
analyzed using a CPC manufactured by TSI (model 3772), with a 50% counting efficiency
at 10 nm. This was installed downstream of the VPR. The size distribution of the emitted
particles was characterized by an Engine Exhaust Particle Sizer (EEPS) manufactured by
TSI (model 3090). The EEPS measured the particle spectrum in 32 discrete bins ranging
from 5.6 to 560 nm. For most of the tests, a catalytic stripper (CS) was used upstream of
the EEPS to eliminate the volatile fraction. For some tests, the CS was not used upstream
of the EEPS. This allowed the examination of the volatile and solid particle spectrums.
The particle size spectrum was approximated by a bimodal distribution to estimate and
analyze the volatile and solid particle modes.

The measurement of unregulated pollutants in the gaseous phase took place directly
in the undiluted tailpipe exhaust flow by high-resolution Fourier-transform infrared
spectroscopy (FTIR) with a spectrometer manufactured by AVL, with a 1 Hz temporal
resolution. The FTIR measured the concentrations of up to 20 exhaust species; this
report discusses only the emissions of ammonia (NH,), methane (CH,), nitrous oxide
(N,0), and formaldehyde (HCHO). The data resulting from the FTIR measurements of
acetaldehyde and cyanide compounds did not allow a thorough analysis. Thus, these
unregulated pollutants are not included in this study.

The location of the different analyzers is shown in Figure 2.

CPC 10 nm

CPC 23 nm

Dilution air Diluted exhaust

CVS tunnel

Collection
bag

QR

Figure 2. Experimental setup at JRC’s VELA facilities

Notes: FTIR: Fourier transform infrared analyzer. MEXA: Gas analyzer. ET: Evaporation tube. CPC:
Condensation particle counter. CS: Catalytic stripper. EEPS: Exhaust particle sizer. CVS: Constant
volume sampling.
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An on-board data acquisition (DAQ) system recorded additional parameters from the
vehicle’s information network and directly from the vehicle’s sensors, such as the engine
speed and torgue, air mass flow, and coolant temperature. The DAQ also recorded the
signals from additional probes installed in the vehicle. The additional probes, relevant for
this study, measured the exhaust temperature upstream and downstream of each TWC,
the electric power generation, the engine-out air-fuel ratio, and the tailpipe air-fuel ratio.

TESTS CONDUCTED

The vehicle was tested over the New European Driving Cycle (NEDC), the Worldwide
Harmonized Light-duty Test Cycle (WLTC), and two other cycles that mimic the vehicle
speed and road-grade profile of a shortened Real-Driving Emissions (RDE) test, one

of them with a more challenging urban portion. The speed and grade profiles of these
cycles were measured on the road during an RDE test compliant with the regulatory
provisions. The chassis dynamometer tests mimic sections of those tests. To avoid
confusion, these cycles are referred to as RDC (Real Driving Cycle) and RDC-City,
respectively. The speed traces for all cycles, and the road grade for the RDC cycles, are
shown in Figure 3.

NEDC WLTC
~ 120 ~ 120
N <
e 90 e 9
< <
5 60 - 60
o o
g 30 g 30
¢ 0 s 0
0 200 400 600 800 1,000 1,200 O 300 600 900 1,200 1,500 1,800
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<
£ 920 5
= 60
3 0
g 30
7]
0] -5
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< 5
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7 60
g (0}
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7]
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Figure 3. Drive cycles used in chassis dynamometer testing

The tests were performed at different ambient temperatures, ranging from -7°C to 23°C,
and starting with cold or hot engine. The standard cold-start tests, with an ambient
temperature of 23°C, used for type approval, were performed as required by UNECE
Regulation 83 rev05 for the NEDC, and regulation EC 2017/1151 for the WLTC. The vehicle
was fueled with commercially available gasoline with a 5% ethanol volume fraction (E5).

The type approval road load parameters were not available, and their determination by
coastdown was not part of the scope of the project. Therefore, the road load parameters
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applied during the NEDC and WLTC tests where calculated based on the vehicle
characteristics, by a methodology already described in the literature (Pavlovic, Marotta,
& Ciuffo, 2016; Tsiakmakis, Fontaras, Ciuffo, & Samaras, 2017). The RDC tests used the
WLTC road load parameters. For tests at -7°C, the road load parameters were increased
by 10%, which is consistent with the Type VI test provisions established in UNECE
Regulation 83 rev05.”

The test program is summarized in Table 1. Due to the limited availability of some
of the instruments, or their malfunction during testing, not all tests resulted in valid
measurements. These instances are detailed in the Results and general discussion section.

Table 1. Test program

I R R S S

23°C Cold 2 runs with no preconditioning
23°C Hot 2
NEDC
23°C Hot 2 Runs with high electric consumer loads?
10°C Cold 2
23°C Cold 3 1run in sports mode
WLTC 23°C Hot 3 1run in sports mode
14°C Cold 2
23°C Cold 2 1run in sports mode
RDC 23°C Hot 2 1run in sports mode
-7°C Cold 1
23°C Cold 2 1run in sports mode
RDC-City 23°C Hot 2 Runs in sports mode
-7°C Cold 1
=7°C Hot 1

aDuring these tests, the air conditioning was operated at the lowest temperature and the highest fan
speed. Additionally, the vehicles lights were on.

7 To simulate operation at -7°C, UNECE Regulation 83 revO5 (United Nations Economic Commission for Europe,
2015) allows to determine the driving resistance at -7°C (through coastdown) or alternatively to determine
road load parameters using the coastdown data at 23°C but reducing the coastdown time by 10%.
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RESULTS AND GENERAL DISCUSSION

REGULATED POLLUTANTS

Although the focus of this paper is on unregulated pollutants, Figure 4 summarizes the
emissions results of the regulated pollutants. The tabulated results shown in Figure 4
can be found in Table Al of the Appendix. The emissions over all of the test runs were
below the Euro 6 standards, with the exception of the cold-start tests at -7°C. Over these
low-temperature tests, the Euro 6 limits were exceeded for nonmethane hydrocarbons
(NMHC) and PN (solid, > 23 nm), but not for NO _and CO. The low temperature PN
emissions are up to three times the Euro 6 limit (6x10" #/km) and up to six times the

PN emissions measured at 23°C, over the same cycle. These are expected results given
that substantial fuel enrichment is required at these low engine temperatures to ensure
that enough gasoline evaporates to sustain combustion and to avoid partial or complete
misfires. However, this strategy can greatly elevate the emissions of particulates, HC, and
CO until the engine warms up. This dependence has been documented in the literature
for Euro 6 vehicles (Suarez-Bertoa & Astorga, 2018) and for GDI vehicles outside of the
EU market (Badshah, Kittelson, & Northrop, 2016).

Currently, only the emissions of HC and CO are regulated through a low temperature
test (type 6 test) over the urban portion of the NEDC test cycle at -7°C. The low
temperature limits for CO and HC are 15 and 18 times the Euro 6 limit at 23°C (type 1
test), respectively. These were not exceeded during the -7°C tests.

BWCold-start M Hot-start M Hot-start, high electric load
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4440000000 90900 4440000000
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Figure 4. Tailpipe emission factors over the tested cycles for the regulated pollutants
Notes: The average (bars) and minimum/maximum (error bars) are shown. Only one valid test was
run for results without error bar.
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ULTRAFINE PARTICULATE EMISSIONS

It has been well established that particulate emissions from mobile sources have direct
consequences on the health and well-being of citizens (European Commission &
European Environment Agency, 2013). Epidemiological studies show that atmospheric
PM is directly linked to premature death and disease in urban populations and that
there is no safe threshold below which exposure to ultrafine particles has no effect on
mortality and morbidity (World Health Organization, 2016).

The health effects of particulate emissions are caused by the inhalation and penetration
of particles into the human body, where both chemical and physical interactions

can induce irritation or damage. Depending on the particle size, different deposition
mechanisms and deposition locations can be identified (U.S. Environmental Protection
Agency [U.S. EPA], 2014b). Figure 5 illustrates the deposition efficiency and the
deposition location for particles of different sizes. Coarse particles, generally larger than
2.5 micrometers (um), readily deposit in the head’s nasal, pharyngeal, and laryngeal
passages through impaction. Fine particles, between 100 nm and 2.5 um, have a

lower deposition and are primarily deposited by sedimentation in the lung region
(bronchioles® and alveoli). Lastly, ultrafine particles, smaller than 100 nm, are deposited
by sedimentation and diffusion in the head’s and lungs’ airways. Ultrafine particles are
deemed to be the most damaging as they have high deposition fractions and exhibit a
large surface-to-volume ratio. The particle surface area seems to be correlated with the
biological activity (Baldauf et al., 2016). Particles can act as Trojan horses, transporting
toxic substances adsorbed on their surface into the human bodly.

0.9
0.8

0.7

0.6

Tracheo-
bronchial

0.5

0.4

Deposition fraction

0.3

0.2

Alveolar

0.1

0 4T T T — T T

1 10 100 1,000 10,000 100,000
Particle size (nm)

Figure 5. Mathematical model of particle deposition via nasal breathing in the whole lung (total),
nose, pharynx and larynx (head), tracheobronchial airways, and alveolar region in healthy adults
Note: Adapted from U.S. EPA (2014b).

The particulate emissions from GDI engines have been the subject of numerous studies
over the past decade (Raza, Chen, Leach, & Ding, 2018). The morphology and size
distribution of GDI particles is generally different than that of diesel engines (Pfau et al.,
2018). Solid particles generated by GDI engines generally have smaller diameters varying
from 10 to 100 nm and exhibit a higher fraction of amorphous carbon. In addition to

8 The main lung airways are called bronchi. These branch off into smaller passageways, the smallest of which are
called bronchioles. At the end of the bronchioles are tiny air sacs called alveoli.
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solid particles, GDI engines also emit copious amounts of volatile particles, which can
sometimes dominate the PN emissions, and contribute to secondary particle formation
(Comte et al.,, 2017; Platt et al., 2017).

Figure 6 shows a typical particle size distribution for a GDI engine, measured during
this study by the EEPS particle size spectrometer, and including both volatile and

solid particles. Two clear modes are observable: A nucleation mode smaller than 20
nm, consisting mostly of volatile particles; and an accumulation mode, consisting
mostly of solid particles larger than 10 nm. The EEPS classifies particles in 32 discrete
bins (green line in Figure 6) based on their electrical mobility.? To convert the electric
signals to particle sizes, we used the soot inversion matrix provided by the equipment
manufacturer. For the tests done without a VPR upstream of the EEPS, we fit the
discrete spectrum to a bimodal distribution (red line in Figure 6) during post-processing.
The bimodal distribution consists of two lognormal distributions, one for the nucleation
mode (blue line in Figure 6), and one for the accumulation mode (gray line in Figure 6).

x 104
3
— Nucleation mode fit
— Accumulation mode fit
55 — Bimodal fit

— EEPS raw spectrum

Particle concentration (#/cm?)
o

0.5

(0] T T T T T T T T T o0
10 100
Particle size (nm)

Figure 6. Representative particle distribution measured during this study by the EEPS particle sizer
in the diluted flow of the CVS tunnel

Note: The respective lognormal distribution fits for the nucleation and accumulation modes are
also shown.

The current regulatory method for determining PN, based on the work of the UNECE’s
PMP, establishes that the measurements are to be conducted in the diluted exhaust (i.e.,
in the CVS tunnel). The diluted exhaust gas is passed through a VPR to eliminate the
non-solid particles from the sample. A CPC, with 50% detection efficiency at 23 nm, then
counts the particles. The size threshold was set at 23 nm because of the repeatability
and reproducibility requirements of legislative procedures. Volatile particles are excluded
for the same reason. However, the substantial presence of sub-23 nm particles, both
volatile and solid, is undisputed.

9 Electrical mobility is the ability of charged particles to move through a medium, in this case air, in response to
an electric field that is pulling them.
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The European Commission has recently funded three projects’™ to develop instruments
and methods for the measurement of sub-23 nm solid particles. Similarly, there are
ongoing efforts within the UNECE’s PMP group to assess the feasibility of lowering the
solid particle size threshold to 10 nm (Giechaskiel et al., 2018).

To be in line with the recent technological and regulatory efforts, targeted at sub-23

nm particles, this analysis focuses mostly on the solid particle emissions. However, the
impact of the volatile particles on the total particle count is also addressed at the end of
this section.

Solid PN emissions above 10 nm and above 23 nm were measured by two separate
CPCs with different cut-off diameters installed downstream of a VPR, as presented in
the Methodology section. The EEPS particle size spectrometer was used to explore in
more detail the particle size distribution in specific events, but not to quantify the total
PN emissions.

The distance-specific solid PN emissions over the NEDC and WLTC cycles are summarized
in Figure 7. The tabulated results can be found in Table A2 of the Appendix. The results
shown correspond to those where the CPC with 10 nm cutoff size functioned properly. The
equipment was not available during the RDC and RDC-City chassis dyno tests.

5x10"

HPN >23nm EPN >10 nm

4x10"

3x10"

2x10"

1x10"

0
NEDC, 23°C, NEDC, 23°C, NEDC, 23°C, NEDC,10°C, WLTC, 23°C, WLTC, 23°C, WLTC, 14°C,
cold-start hot-start hot-start, cold-start cold-start hot-start cold-start
high electric load

Figure 7. Particulate number per km over the NEDC and WLTC with 23 nm and 10 nm counting
thresholds

Notes: The average and maximum error are shown. Only one valid test was run for results without
error bar.

The results in Figure 7 have been corrected to account for particle losses occurring in
the VPR. As part of the PMP requirements, the VPR losses of solid particles above 23
nm are quantified and corrected by the particle number concentration reduction factor
(PCRF). The PCRF is the average of the particle losses observed at 30 nm, 50 nm and
100 nm. The manufacturer’s calibration was used for measuring solid PN above 23 nm.
Because particle losses increase with decreasing particle size, the same calibration is
not suitable to correct for the particle losses between 10 nm and 23 nm. Therefore, the
particle loss correction in that range was done using the particle losses at 15 nm, and
following a methodology previously described in the literature (Giechaskiel, Lahde, &
Drossinos, 2019; Giechaskiel et al., 2018). Catalytic strippers are recommended as VPR
when measuring sub-23 nm particles, as they reduce the occurrence of measurement
artifacts (Giechaskiel, Maricq, et al., 2014). Because a PMP compliant system was used
(i.e., one using an evaporation tube as VPR), a re-nucleation artifact downstream from
the VPR impacting the sub-23 nm results cannot be ruled out.

10 The projects funded under the Horizon 2020 program for research and technological development are:
DownToTen, Sureal-23, and PEMs4Nano.
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Particle losses also take place in the transfer line from the vehicle to the CVS tunnel
through agglomeration, thermophoresis, and diffusion. These losses were not quantified,
and therefore could not be accounted for. Nevertheless, theoretical estimates show that
these losses might reduce tailpipe particle concentrations by up to 17% (Giechaskiel et
al., 2019).

The solid PN emissions of the vehicle, above 23 nm, were below the regulatory limit of
6x10" particles/km for all cold and hot-start NEDC and WLTC tests, even though the
vehicle did not feature a GPF. The vehicle’s solid PN emissions above 10 nm are notably
higher than those above the regulatory threshold of 23 nm. However, the inclusion of
particles below 23 nm does not increase the solid PN emissions above the regulatory
limit. As shown in Figure 8, the fraction of solid particles between 10 nm and 23 nm
range from 25% to 114% of the currently regulated PN emissions, with an average value
of 50% over all the tests with valid results. The observed 10-23 nm solid particle fractions
are consistent with what has been reported for GDI vehicles without a particulate filter
(see Table A6 in the Appendix).

The results from this study also suggest that the 10-23 nm PN fraction is inversely
proportional to the currently regulated PN emissions (see Figure 8). The PN
measurements over the WLTC, particularly over the cold-start tests, show the highest
PN emissions but the lowest 10-23 nm fraction, averaging 40%. Conversely, the PN
emissions over the NEDC were lower, yet they exhibited a higher 10-23 nm fraction at
65% on average. This trend can also be observed in results published in the scientific
literature (Giechaskiel, Manfredi, & Martini, 2014; Giechaskiel, Vanhanen, Vakeva, &
Martini, 2017).
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Figure 8. Fraction of solid PN in the 10-23 nm range as measured by condensation particle counters
over the tested cycles

A deeper analysis of the PN emissions trace over the drive cycles provides further
insight on the sub-23 nm particle fraction. Figure 9 shows the PN (>10 nm and >23 nm)
emissions over the cold-start WLTC test at 14°C as an example. The first 20 seconds of
operation, encompassing the engine crank-start and first vehicle acceleration, constitute
the highest emission period over the complete cycle. Cold crank-start can account

for more than 25% of the particulate emissions of the complete cycle (Khalek, 2019;
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Rodriguez, 2016). Cold-start particles mostly form when liquid fuel accumulates over the
cold surfaces of the combustion chamber and burns during combustion in the absence
of sufficient oxygen, leading to the formation of relatively large particles, as shown in the
top left of Figure 9. As a result, the 10-23 nm solid particle fraction in the early cold-start
phase is lower compared with the rest of the test cycle.
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Figure 9. PN emissions over the cold-start WLTC cycle at 14°C ambient temperature

Notes: The solid PN emissions above 10 nm (red line) and 23 nm (blue line) were measured with
CPCs. The size distributions on the top were measured by the EEPS particle sizer in the diluted CVS
tunnel, without the use of a VPR.

In warmed-up operation at low and medium loads, characteristic of urban and rural
driving (see Figure 9, top center), the median particle size is smaller than in the cold-
start and highway periods, as the particle distribution shifts to smaller particle sizes.
Thus, the 10-23 nm solid particle fraction is significantly higher. Lastly, during high-load
operation, such as in the transition from rural to highway driving, or in sustained
high-speed driving (Figure 9, top right), the PN emissions increase once again with

a noticeable shift of the particle size distribution to larger sizes. Consequently, the
contribution of particles between 10 and 23 nm decreases, compared with low- and
medium-load operation.

The EEPS particle size spectrometer was also used to examine the fraction of non-
regulated volatile particles (estimated by the nucleation mode fit) in the vehicle’s exhaust.
For the test performed without a VPR upstream of the EEPS, the instrument was capable
of measuring the complete particle size spectrum, volatiles and solids, above 5.6 nm.
Using the lognormal distributions determined during data post-processing (see Figure

6), we calculated the ratio of total PN (i.e., sum of nucleation and accumulation modes)
to solid PN (estimated by the accumulation mode fit). The results are shown in Figure

10. Compared with the solid particle fraction only, accounting for volatile particles would
increase the particle count between 52% and 78%, depending on the test.
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Figure 10. Ratio of total (nucleation and accumulation modes) to solid (accumulation mode)
particles over the NEDC tests at 10°C and the WLTC test at 14°C, for which a VPR was not used

The volatile particle fraction range found in this study is within the ranges reported in
the literature (see Table A6 in the Appendix). Nevertheless, the formation or evaporation
of volatile particles during sampling cannot be ruled out. During mixing in the dilution
tunnel, and depending on the dilution conditions, gaseous species in the exhaust

gas can nucleate, and volatile particles can evaporate. These particles are known as
nucleation and evaporation artifacts. Because the EEPS sampled from the CVS and not
directly at the tailpipe, the measured nucleation mode could have been affected by the
temperature, pressure, and dilution ratio of the CVS.

Interim conclusion

The findings of this study are consistent with other studies: The sub-23 nm solid PN
fraction of GDI engines is significant. Systematic efforts in the context of UNECE’s

PMP show that the measurement of solid PN emissions down to 10 nm is feasible for
legislative purposes. Furthermore, lowering the detection size threshold from the current
23 nm to 10 nm can be achieved without large investments or significant modifications
to the existing PMP measurement systems with a 23-nm cutoff (Giechaskiel et al., 2018).
However, further effort needs to be placed on characterizing the sub-23 nm particle
losses, and on investigating the efficacy and variance of the different instruments and
methods, with an emphasis on enabling tailpipe measurements.

Future emissions regulations should consider lowering the PN counting threshold to
reflect the current technical feasibility and the epidemiological evidence regarding the
higher deposition efficiency of sub-23 nm particles. Furthermore, future regulatory
effort should strive for the development of a robust measurement procedure for volatile
particles and consider their inclusion in regulatory limits.

AMMONIA

Vehicular ammonia (NH,) emissions are currently unregulated in the light-duty
standards. Heavy-duty engines, on the other hand, are subject to a limit of 10 ppm,
averaged over the certification cycle. NH, emissions can represent a serious threat to
urban air quality, given ammonia’s significant role in the formation of secondary particles
(Erisman & Schaap, 2004). Although agricultural activity is the main overall source of
NH, emissions (Backes, Aulinger, Bieser, Matthias, & Quante, 2016), vehicular emissions
can surpass the agricultural sector as the main source of NH, emissions in urban
centers (Fenn et al,, 2018; Sun et al., 2017). Urban centers are typically ammonia-limited
environments. As a result, NH, readily reacts in the atmosphere to form secondary
aerosols, such as ammonium nitrate and ammonium sulfate, increasing PM, . levels (Link
et al.,, 2017; Suarez-Bertoa et al., 2017).
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With the reduction in gasoline NO, emissions achieved in the past decade through

the full deployment of TWCs in gasoline engines (Bernard et al., 2018), several studies
indicate that NH, is becoming the dominant fixed nitrogen compound emitted by
stoichiometric spark-ignited engines (Bishop & Stedman, 2015; Link et al., 2017; Suarez-
Bertoa & Astorga, 2016a; Suarez-Bertoa & Astorga, 2016b; Suarez-Bertoa et al.,, 2017).
Ammonia is not a byproduct of the combustion process; however, it can be formed

in substantial quantities in the TWC through various reaction pathways involving the
water-gas-shift reaction of CO and hydrogen (H,), the steam-reforming of unburned HC,
and the reduction of nitric oxide (NO) (Suarez-Bertoa et al., 2015). The ideal conditions
for NH, production are fuel-rich events with high engine-out CO, H,, and HC emissions,
low oxygen content, and high exhaust temperatures (Bielaczyc, Szczotka, Swiatek, &
Woodburn, 2013). These are the conditions encountered during periods of aggressive
acceleration or high sustained engine load.

Figure 11 summarizes the measured emissions of NH, over the different test cycles. The
results are presented as emission factors in units of mg/km, as well as the average NH,
concentration over the test cycle, to allow a direct comparison with the heavy-duty

limit of 10 ppm. The tabulated results can be found in Table A3 of the Appendix. NH,
emissions ranged from 2.7 mg/km for the cold-start WLTC test at 14°C to 11.2 mg/km for
the cold-start RDC-City test at -7°C. The results are consistent with the ranges reported
in the scientific literature (see Table ABG).
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Figure 11. NH, emissions and average NH, concentration over the tested cycles
Notes: The average and maximum error are shown. Only one valid test was run for results without
error bar.

Compared with the other fixed nitrogen species in the exhaust, NH, emissions are
approximately half of the NO _emissions on a mass basis, and are 10% higher than NO_
emissions on a molar basis. NO, and NH, participate in the formation of PM2.5 through
the nitrate (NO,) and ammonium (NH,*) ions. Although the formation of PM2.5 from
NO,_ and NH;, is a complex process in atmospheric chemistry, the molar comparison
gives a better indication of the relative contribution of each species in secondary
particle formation.

The coolant temperature at the start of the test did not have a large impact on the NH,
emissions over the NEDC and WLTC tests, although significant increases were seen

on the RDC at -7°C. Hot-start tests result in higher NH, emissions than the cold-start
counterparts for the WLTC and RDC tests, but the trend is reversed on the NEDC and
RDC-City tests.
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Figure 12 shows the NH, emission traces for selected cycles, which are representative

of the results summarized in Figure 1. In most cases, the stepwise increases in NH,
emissions occur immediately after periods of heavy acceleration, late in the drive

cycle (e.g., in the start of the highway phase). Consistently, three factors drive this
phenomenon: high catalyst temperatures, low air/fuel ratios (i.e., fuel enrichment), and
high exhaust mass flow. These parameters are all highly dependent on engine calibration.
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Figure 12. NH, emissions over selected test cycles

Using the RDC cold-start test at -7°C as an example, a significant amount of NH,

is produced in the period from 1,500 to 1,600 seconds (Figure 12, bottom). During

this period, and despite the low ambient temperature, the upstream temperature of

the close-coupled TWC averages 550°C, the average air/fuel ratio is 2% richer than
stoichiometric (i.e., average lambda = 0.98), and the air mass flow averages 110 kg/h.

In comparison with the RDC tests at 23°C, the lower ambient temperature triggered

a calibration with a slightly richer air-fuel mixture to ensure combustion stability and
rapidly warm-up the TWC. As a result, the average lambda over the complete cold-start
RDC test at -7°C was 2.6% lower (i.e., richer) than for the tests at 23°C. Despite the lower
ambient temperature, the average temperature upstream of the close-coupled TWC was
6.7% higher in the -7°C test than in the 23°C tests.

The results also indicate a high sensitivity of NH, emissions to the auxiliary loads on the
engine (see Figure 11). Emissions over the hot-start NEDC test at 23°C with a higher load
from electric consumers (i.e., air conditioning and lighting systems) are approximately

3 times the emissions over the same cycle without the additional auxiliary loads (Figure
12, top). In the hot-start tests with high electric load, the vehicle uses a richer air-fuel
mixture. The average lambda over the tests with high electric load was 5.2% lower (i.e.,
richer) than for the tests with normal electric load. Furthermore, in the tests with higher
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load, the average temperature upstream of the close-coupled TWC was 14% higher than
in the test without the additional electric consumption.

In case of rich operation, engine-out CO emissions are directly proportional to the level
of enrichment. Given the connection between air-fuel ratio and NH, production, it has
been proposed that CO emissions from gasoline vehicles are indicative of NH, formation
over the TWC (Kean et al,, 2009; Livingston, Rieger, & Winer, 2009; Suarez-Bertoa,
Zardini, & Astorga, 2014). This link was explored in the experimental results from the
present study and is shown in Figure 13.
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Figure 13. NH, and CO emissions scatter plot for all tests, showing no correlation was identified

Figure 13 differentiates between cold-start and hot-start tests. In cold-start tests, CO
increases rapidly at the beginning of the cycle, due to the low activity of the TWC,

but NH, is not produced as catalyst temperatures are low. Hot-start tests remove the
differential impact of the cold-start on CO and NH,, as CO is expected to be formed only
in rich operating phases at high loads, which could favor NH, formation. However, no
strong correlation could be identified for either test group.

Previous studies (Bishop & Stedman, 2015; Bishop, Stedman, Burgard, & Atkinson, 2016)
indicate that TWCs increase their NH, production as they age. As the aging continues
and the catalysts begin to lose their catalytic activity, NH, production declines again.
Therefore, the NH, emission trends reported in this study, and their link to CO emissions,
do not necessarily reflect the behavior of vehicles with higher odometer readings.

Interim conclusion

Ammonia emissions have become a significant source of fixed nitrogen species of
gasoline exhaust, contributing directly to the formation of secondary particles through
atmospheric processes. The results contribute to the wealth of evidence highlighting

the need to regulate vehicular NH, emissions. The results from this study, summarized in
Figure 14, suggest that a correlation exists between the average NH, concentration and
the distance-specific NH, emissions over the regulatory chassis dynamometer cycles (i.e.,
cold-start NEDC and WLTC). However, if NH, emissions are to be regulated as part of the
RDE procedures, a distance-specific NH, limit (in mg/km) would provide a more robust
approach, in comparison with limiting the average NH, concentration as is currently
done for heavy-duty engines.

15
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Figure 14. Correlation between average NH, concentration and distance-specific NH, emissions,
clustered by hot-start vs. cold-start and by test type

GREENHOUSE GASES

Methane (CH,) and nitrous oxide (N,O) are both powerful greenhouse gases (GHGs)

that can be found in significant quantities in the exhaust of motor vehicles. The 20-year
global warming potentials (GWPs)" of these two species are 84 and 264 respectively
(Intergovernmental Panel on Climate Change [IPCC], 2013). Due to the short atmospheric
lifetime of CH, (~12 years), but the long atmospheric lifetime of N,O (-120 years), the 100-year
GWP of CH, decreases to 28, but the GWP for N,O s slightly higher at 265 (IPCC, 2013).

CH, emissions occur as a result of incomplete combustion. During combustion, gasoline
is broken up into consecutively smaller hydrocarbons until it is fully converted into water
and CO, in the case of complete combustion. CH, is a major intermediate product in
these reaction processes (Kar & Cheng, 2009). If there is not a high enough temperature
or enough time to complete the combustion reaction, CH, escapes the engine in the
exhaust gases. Methane is the least reactive hydrocarbon, and high energy is required

to break the primary carbon-hydrogen bond. In practical terms, this means that higher
temperatures are required for the TWC to achieve high CH, conversion rates, when
compared with other longer-chained hydrocarbons (Raj, 2016).

CH, emissions are implicitly regulated in current emissions legislation in the European
Union, as total HC emissions are limited to 100 mg/km under the legislation on vehicles
with positive ignition. However, this limit is not driven by the climate-forcing impacts
of CH, but rather by the need to limit the emissions of other more reactive and toxic
hydrocarbons. In the United States, a CH, limit has existed for light-duty vehicles since
2012. The applicable limit is 18.8 mg/km over the Federal Test Procedure (FTP) test.

N,O does not form as a byproduct of combustion but is formed inside the TWC. During
the catalytic reduction of NO_ to nitrogen, N,O forms as an intermediate product. At high
enough temperatures, the TWC is effective in reducing NO directly to nitrogen. However,
at lower temperatures, an alternative reaction pathway takes place, forming N,O as an
intermediate product (Behrentz, Ling, Rieger, & Winer, 2004). The ideal conditions for
the net production of N,O are when the TWC has warmed sufficiently to show some
catalytic activity, but has not yet reached full operating temperature (Graham, Belisle, &
Rieger, 2009).

1 The GWP is a measure of how much heat a gas traps in the atmosphere up to a specific time horizon,
relative to CO,,.
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It has also been reported that the composition of the TWC (i.e., loading of precious metals)
has a significant effect on N,O production. Rhodium, platinum, and palladium differ
significantly in their propensity to produce N,O. Rhodium produces the largest rates of N,O
at low temperatures, but quickly falls at higher temperatures. Palladium gives rise to N,O at
the lowest temperature and also gives the highest concentrations at temperatures above
350°C. Platinum produces the least N,O (Cant, Angove, & Chambers, 1998).

N,O emissions are not regulated in the current emissions legislation in the European
Union. In the United States, an N,O limit has existed for light-duty vehicles since 2012;
the applicable limit is 6.3 mg/km over the FTP cycle. Chinese emission standards, China
6, limit N,O emissions to 20 mg/km.

Figure 15 summarizes the measured distance-specific emissions of CH, and N,O over the
different test cycles. The results are presented as emission factors for each species, in
units of mg/km, as well as the total CO,-equivalent emissions (i.e,, CH, and N,O
combined) in units of g/km. The emissions of CH, and N, O are converted to equivalent
grams of CO, using the aforementioned 20-year and 100-year GWPs.
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Figure 15. CH, and N,O emission factors, and their combined 20-year and 100-year CO, equivalence,
over the NEDC, WLTC, RDC, and RDC-City tests

Notes: The average and maximum error are shown. Only one valid test was run for results without
error bar.

N,O emissions ranged from 0.2 mg/km for the hot-start RDC tests (at both 23°C and
-7°C), to 1.5 mg/km for the cold-start NEDC tests (at both 23°C and 10°C). CH, emissions
ranged from 0.8 mg/km for the hot-start WLTC test at 23°C to 4.9 mg/km for the
cold-start NEDC test at 10°C. The N,O results are consistent, although in the lower end,
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with the values reported in the scientific literature for gasoline vehicles equipped with
TWC and fueled with low sulfur gasoline (see Table A6). CH, emissions are in the range
reported in the literature (see Table A6).

In general, CH, and N,O emissions in stoichiometric gasoline engines are predominantly
an issue of insufficient catalytic activity at the beginning of the driving cycle. To illustrate
this fact, Figure 16 shows the cumulative CH, and N,O emissions over the cold- and hot-
start WLTC at 23°C. The first 50 seconds of the cold-start test are responsible for 56% of
CH, emissions and 72% of N,O emissions. During the hot-start test, the first 50 seconds
account for 25% and 65% of the CH, and N,O emissions, respectively.

N,O and CH, emissions are higher over the NEDC than the WLTC because the NEDC is less
transient and has more idling time than WLTC. This means the engine and aftertreatment
take longer to reach their optimal operation temperature. For the same reason, the
emissions over the RDC-City test tend to be higher than those over the RDC test.
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Figure 16. CH, and N,O emissions over the cold-start and hot-start WLTC tests at 23°C
ambient temperature

Figure 17 shows the combined emissions from CH, and N, O, in equivalent grams of CO,,
as a percentage of the CO, emissions over all the tests performed in this study. Using

the 20-year GWPs, the combined emissions of CH, and N,O account for up to 0.75% of
the vehicle’s GHG footprint. That figure drops to 0.25% when using the 100-year GWPs.
Previous studies (Nevalainen et al., 2018; Winer & Behrentz, 2005) suggest that the N,O
production increases with TWC aging. Therefore, the N,O emission trends reported in this
study do not necessarily reflect the behavior of vehicles with higher odometer readings.
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Figure 17. Combined CO,-equivalent emissions of CH, and N,O, adjusted by their 20- and 100-year
GWPs, as a percentage of the measured CO, emissions over the different cycles

Interim conclusion

CH, and N,O emissions can both be found in non-negligible amounts in the exhaust
gas of the tested Euro 6 gasoline vehicle. Since both species are strong GHGs,

their contribution to the climate impact of gasoline vehicles should receive a closer
examination. In particular, N,O emissions are highly dependent on the TWC formulation
and on the warm-up strategy of the aftertreatment system. Given the strong climate-
forcing effect of CH, and N, O, their emissions should be properly accounted for in
the fleet-averaged CO, emissions of a manufacturer. The United States Environmental
Protection Agency (U.S. EPA) established limits for light-duty emissions of N,O and
CH,, applicable for vehicles with model year 2012 onward. The applicable limit in the
United States is 0.01 g/mile for N,O and 0.03 g/mile for CH, over the FTP cycle. It is
recommended for the European Union to include these pollutants in its regulatory
framework as well.

ALDEHYDES

Aldehydes are a group of organic compounds containing the functional group -CHO.
Aldehydes in the atmosphere are primarily a result of direct emissions from industrial
and mobile sources, and secondarily from photochemical reactions (Altemose et al.,
2015). The two most common aldehydes emitted from mobile sources are formaldehyde
(HCHO) and acetaldehyde (MeCHO), mainly from vehicles fuel with gasoline-ethanol
blends (Manzetti & Andersen, 2015).

Exposure to aldehydes presents a significant health risk, yet the mechanisms of aldehyde
toxicity are poorly understood. Nevertheless, the genotoxicity of HCHO and MeCHO has
been established; both aldehydes can cause nasopharyngeal cancer in humans and have
been shown to instigate respiratory carcinomas in rodent models (LoPachin & Gavin,
2014). U.S. EPA classifies both aldehydes as probable human carcinogens (Walsh, 2003),
and has set an HCHO limit of 4 mg/mi for the U.S. Tier 3 standards (U.S. EPA, 2014a).

Emissions of HCHO and MeCHO from spark-ignited engines are predominantly the
result of partial oxidation of the alcohol and gasoline content of the fuel. Aldehydes are
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mainly emitted during the cold-start phase. Although HCHO is present in the exhaust
gas of engines fueled with pure gasoline (EO), its presence steadily increases with the
fuel’s ethanol fraction. On the other hand, MeCHO is primarily produced from the partial
oxidation of ethanol, and its presence is negligible when the engine is fueled with EO.
However, as the ethanol fraction increases above 10%, MeCHO rapidly overtakes HCHO
as the dominant aldehyde (Jin et al., 2017).

Figure 18 summarizes the distance-specific emissions of HCHO over the test cycles
measured in this study. Although the emissions of MeCHO were also measured by the
FTIR, the results are not presented due to the high test-to-test variability observed, the
uncertain background concentration, device calibration, and high signal noise.

HCHO emissions ranged from O mg/km (i.e., below the detection limit for the
instrument) for all hot-start RDC tests, to 0.23 mg/km for the cold-start NEDC tests.
As expected, HCHO emissions over the NEDC and WLTC are several times higher in the
cold-start tests than in the hot-start ones. The HCHO results are consistent with the
values reported in the scientific literature for gasoline vehicles (see Table ABG).
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Figure 18. HCHO emissions over the test cycles
Notes: The average and maximum error are shown. Only one valid test was run for results without
error bar.

The results from this study corroborate previous findings that HCHO emissions are
predominantly a cold-start phenomenon. Figure 19 shows the cumulative HCHO
emissions over the cold- and hot-start NEDC and WLTC tests at 23°C, and over the RDC
cold-start tests at 23°C and -7°C.
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Figure 19. HCHO emissions over selected test cycles

The first minute of operation over the cold-start test is responsible for approximately
70% of the HCHO emissions over the NEDC and WLTC, and for more than 90% over the
RDC cycle. This is an expected result given the higher reactivity of HCHO and MeCHO in
the TWC, compared with other hydrocarbons such as aromatics and alkanes (Bogarra
et al,, 2017). The higher dynamicity of the RDC cycle allows a faster warm-up of the
aftertreatment system, constraining the HCHO emissions mostly to the first minute of
operation. Comparing the RDC cold-start tests at -7°C and the WLTC cold-start tests at
23°C, the former achieves 350°C at the underfloor TWC after 350 seconds. It took 750
seconds to achieve the same temperature over the WLTC tests.

Interim conclusion

HCHO emissions can be found in non-negligible amounts in the exhaust gas of the
tested Euro 6 vehicle fueled with E5. Formaldehyde emissions were constrained to the
cold-start test and were mostly emitted in the first minute of operation. Given the high
toxicity of HCHO and other aldehydes, this non-regulated pollutant should receive a
closer examination, particularly if the market share of flex-fuel vehicles increases or if
gasoline-ethanol blends with a higher alcohol fraction are introduced.
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SUMMARY AND POLICY RECOMMENDATIONS

In this study, a C-segment passenger vehicle, equipped with a gasoline direct injection
engine and compliant with the Euro 6¢ standard, was tested on the chassis dynamometer
over the regulatory NEDC and WLTC cycles, and over two RDE-like cycles. The tests were
performed at different ambient conditions and with both cold and warmed-up engines.
The analysis focused on the emissions of the following types of pollutants:

1. Regulated pollutants

2. Particulate emissions with a size between 10 and 23 nm
3. Ammonia

4. Methane and nitrous oxide

5. Aldehydes

The vehicle exhibited good emissions performance for regulated pollutants. The
emissions over all test runs were below the Euro 6 standards, with the exception of

the cold-start tests at -7°C. Over these low-temperature tests, the Euro 6 limits were
exceeded for HC and PN, but not for NO, and CO. The low-temperature PN emissions
are up to three times the Euro 6 limit (6x10" #/km) and up to six times the PN emissions
measured at 23°C over the same cycle.

The number of particles in the 10-23 nm size is substantial. If these particles had been
accounted for in the tested vehicle, the total PN emissions would have been 25% to

114% higher. The results from this study are consistent with the data available in the
literature and suggest that the 10-23 nm PN fraction is inversely proportional to the total
PN emissions. For a given GDI engine, the median size of the emitted particles and the
number of particles emitted are usually tied to each other. High-emission events also
shift the particle size distribution to larger diameters. Consequently, as manufacturers
strive to reduce the regulated PN emissions of GDI engines, the solid particle fraction in
the unregulated 10-23 nm range is expected to become more significant.

Ammonia emissions are a result of the reduction of NO_in the three-way catalyst in an
oxygen-deprived, high-temperature environment. These conditions are encountered in
the fuel-rich excursions typical of aggressive transient operation or during sustained
high engine load. The widespread introduction of three-way catalysts on stoichiometric
gasoline engines in the past two decades led to an effective reduction in NO, emissions.
Ammonia emissions are therefore becoming a significant source of reactive nitrogen
compound in gasoline exhaust. The results of the measurements from this study show
that ammonia emissions are comparable to the emissions of NO,. They amounted to half
the mass NO, emissions and were 10% higher than the molar NO, emissions.

Methane and nitrous oxide are both powerful greenhouse gases. While methane
emissions are the result of incomplete combustion and low oxidation rates in the
three-way catalyst, nitrous oxide forms in the three-way catalyst as a consequence

of low catalytic activity. However, once the three-way catalyst achieves its operating
temperature, the tailpipe emissions of methane and nitrous oxide drop significantly. The
emissions of these two compounds are highly dependent on the TWC formulation and
on the warm-up strategy of the aftertreatment system.

Aldehydes are highly toxic substances that can be found in non-negligible amounts in
the exhaust gas of gasoline vehicles, particularly when fueled with gasoline-ethanol
blends. Formaldehyde emissions were constrained to the cold-start test and were

22




ICCT WHITE PAPER

mostly emitted in the first minute of operation, due to the low temperature of the
aftertreatment system. Formaldehyde emissions are regulated in the United States.

POLICY RECOMMENDATIONS

The discussions on the post-Euro 6 era of emissions regulations have begun. While there
are many issues that must be addressed in the ongoing and upcoming discussions, this
study highlights the importance of extending the set of regulated pollutants, using the
testing results of a gasoline direct injection vehicle as an example. In particular, we offer
the following recommendations:

1. Extend the requirements of the low temperature test (type 6 test) at -7°C to
include all regulated pollutants, in particular PN emissions. Furthermore, the
current type 6 test limits for CO and HC, which are set at 15 and 18 times the
Euro 6 limit, should be adjusted downward.

2. Reduce the size threshold for particle counting from 23 nm to 10 nm. The
technical feasibility of measuring sub-23 nm particles has been discussed at
length in UNECE’s Particle Measurement Programme. The results of this working
group suggest that lowering the current detection size threshold from 23 nm
down to 10 nm for solid particles is possible without large investment costs or
significant modifications to existing measurement systems. The inclusion of
volatile particles and the measurement of the PN at the tailpipe should also be
considered for the development of future methodologies.

3. Introduce technology- and application-neutral limits for vehicular ammonia
emissions. Ammonia contributes directly to the formation of secondary particles
through atmospheric processes. Although agricultural activity is the main overall
source of ammonia, vehicular emissions can surpass the agricultural sector as the
main ammonia source in urban centers. A solid methodology already exists to
measure ammonia emissions in the laboratory, and pilot tests using portable FTIR
systems indicate that ammonia measurements could also be included in future
RDE procedures. A distance-specific limit in mg/km is suggested, in combination
with a concentration limit, in ppm, to avoid ammonia spikes that can be detected
by the human nose at low concentrations and are perceived as unpleasant.

4. Establish technology- and application-neutral limits for methane and nitrous
oxide emissions, or account for their CO,-equivalent emissions in the CO,
standards. Methane and nitrous oxide have a strong global warming potential,
the latter having a longer atmospheric lifetime and a higher global warming
potential. Nitrous oxide and methane limits already exist in the United States and
China, and it is recommended for the European Union to include these pollutants
in its regulatory framework as well. Similar to ammonia, a solid methodology
already exists to measure methane and nitrous oxide emissions in the laboratory.
The future use of portable FTIR systems can provide an avenue to include these
pollutants in the RDE framework.

5. Introduce technology- and application-neutral limits for vehicular formaldehyde
emissions. Formaldehyde is a highly toxic organic compound that can be
found in the exhaust of spark-ignited engines, particularly if fueled with ethanol
blends. Formaldehyde emissions increase with the ethanol content of the fuel
blend. Therefore, it is recommended that a technology- and application-neutral
formaldehyde limit is introduced to reduce the risk that an increase in the ethanol
concentration in fuel blends, or an uptake in flex-fuel vehicles, results in an
increase in the atmospheric concentration of this genotoxic compound.
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APPENDIX: TABULATED EMISSIONS

Table Al. Bag emission factors over the tested cycles for the regulated pollutants

NO, PN NMHC co
Cycle Temp. (mg/km) (# 10"/km) (mg/km) (mg/km)

23°C Cold 172 £ 1.6 110 £ 0.04 232+28 157 + 25
23°C Hot 59+14 0.58 + 0.24 23+12 237
NEDC
25°C Hot, high load? 6.1+ 0.6 0.67 £ 0.13 28+0.2 37+t6
10°C Cold 18.0 £ 0.2 3.39 + 0.51 268+ 0.4 163 + 10
23°C Cold 13.6 + 0.4 1.46 £ 0.06 1.4 £1.4 916
WLTC 2I5C Hot 8.3+ 21 0.90 + 0.16 11+ 0.4 50 £ 22
14°C Cold 13.2 £1.7 244 +0.08 131+ 0.9 116 + 26
23°C Cold 9.3+12 226 £ 01 126 1.4 159 + 20
RDC 25°C Hot 6.5+ 0.5 1.21+ 0.12 3.6 £0.3 85+ 20
=7/°C Cold® 16.9 13.68 65.4 336
28°C Cold 124 + 3.6 3.38 £ 0.74 14.4+0.3 200 +7
PERE Hot 9.0+16 1.31+ 0.21 3.2+0.0 130 £ 7
RDC-City
=7/°C Cold® 28.0 16.97 78.0 389
=7/9C Hot? 5.7 1.89 2.8 40

Note: The average and maximum error are shown.

aDuring these tests, the air conditioning was operated at the lowest temperature and the highest fan
speed. Additionally, the vehicles lights were on.

°Only one valid run was recorded

Table A2. Emission factors over the NEDC and WLTC for solid PN with 23 nm and 10 nm counting
thresholds

PN (>23 nm) PN (>10 nm)
Cycle Temp. (# 10"/km) (# 10"/km)

25°C Cold 110 £ 0.04 1.77 £ 0.03

2FC Hot 0.59 £+ 0.03 0.89 + 0.03
NEDC

2HC Hot, high load?® 0.67 £ 0.13 1.22 + 0.06

10°C Cold® 3.39 + 0.51 4.26 £ 0.62

25°C Cold® 1. 2.04
WLTC 2EC Hot¢ 1.07 1.56

14°C Cold 244 +0.08 3.2+ 0.06

Note: The average and maximum error are shown.

aDuring these tests, the air conditioning was operated at the lowest temperature and the highest fan
speed. Additionally, the vehicles lights were on.

®No valid CPC measurements for PN > 10 nm. Estimation from CPC > 23 nm and EEPS results.

cOnly one valid run was recorded.
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Table A3. Ammonia emission factors and average ammonia concentration over the NEDC, WLTC,

RDC, and RDC-City tests

Cycle Temp. (mg/km) (ppm)
25°C Cold 3.3+0.8 6.1+12
23°C Hot 1.7 £ 0.1 49+0.3

NEDC
28°C Hot, high load?® 58+10 14.6 + 3.0
10°C Cold 3.0+18 59+ 3.0
25°C Cold 3.2+0.5 6.6 + 0.5
WLTC 289G Hot 41+15 77 +2.5
14°C Cold 2.7+ 0.5 6.6 +1.3
25°C Cold 6.0+16 10.3 £ 4.0
RDC 28%C HotP 71 9.8
-7°C ColdP n.5 17.5
25°C Cold 81+0.9 1.6 +23
RDC-City 28°C Hot 48+ 27 57+19
-7°C ColdP 1.2 19.1
-7°C Hot® 6.7 6.3

Note: The average and maximum error are shown.

aDuring these tests, the air conditioning was operated at the lowest temperature and the highest fan

speed. Additionally, the vehicles lights were on.
°Only one valid run was recorded

Table A4. Methane and nitrous oxide emission factors, and their combined 20-year and 100-year
CO, equivalence, over the NEDC, WLTC, RDC, and RDC-City tests

CO,-eq CO,-eq
CH, N,O (20 year) (100 year)
Cycle Temp. (mg/km) (mg/km) (g/km) (g/km)
23°C Cold 3705 1.5+0.3 0.71+ 0.10 0.23 + 0.03
23°C Hot 2.3+0.2 0.4 £ 0.1 0.29 + 0.04 0.09 + 0.01
NEDC
23°C Hot, high load?® 1.6 + 0.1 1.4+ 0.3 0.51+ 0.08 0.18 £ 0.03
10°C Cold 49+0.2 1.5+0.2 0.80 £ 0.07 0.25 + 0.02
23°C Cold 1.3+£0.2 0.5+0.2 0.25 + 0.03 0.08 £ 0.01
WLTC 23°C Hot 0.8+0.2 0.3+0.1 014 + 0.04 0.05 + 0.01
14°C Cold 1.5+ 0.1 0.7 £ 0.1 0.30 + 0.04 0.10 = 0.01
23°C Cold 1.8+ 0.2 0.4 £+ 0.0 0.27 £+ 0.02 0.08 + 0.01
RDC 23°C HotP 1.7 0.2 0.19 0.05
-7°C ColdP 4.8 0.9 0.64 0.20
23°C Cold 23+0.2 0.5+0.1 0.33 + 0.01 0.10 + 0.01
23°C Hot 1.5+£0.2 0.2+0.0 0.18 £ 0.02 0.05 + 0.01
RDC-City
-7°C ColdP 55 1.3 0.82 0.25
-7°C Hot® 0.9 0.2 0.12 0.04

Note: The average and maximum error are shown.

aDuring these tests, the air conditioning was operated at the lowest temperature and the highest fan

speed. Additionally, the vehicles lights were on.
°Only one valid run was recorded
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Table AS5. Formaldehyde emission factors over the NEDC, WLTC, RDC, and RDC-City tests

HCHO
Cycle Temp. (mg/km)

23°C Cold 0.23 + 0.5x1072

23°C Hot 0.06 + 0.9x102
NEDC

23°C Hot, high load? 0.07 + 1.8x10%2

10°C Cold 0.20 * 0.9x1072

23°C Cold 0.4 +1.9x107
WLTC 23°C Hot 0.04 * 11x102

14°C Cold 0.7 * 0.4x102

23°C Cold 0.07 + 0.4x1072
RDC 23°C Hotb -

7°C Cold® 012

23°C Cold 0.09 * 0.6x102

23°C Hot® =
RDC-City

-7°C Cold® 014

-7°C Hot® -

Note: The average and maximum error are shown.

aDuring these tests, the air conditioning was operated at the lowest temperature and the highest fan
speed. Additionally, the vehicles lights were on.

"Below the detection limit

cOnly one valid run was recorded

Table A6. Range of unregulated emissions found in the literature

T T I S

74 - 94% (Giechaskiel et al., 2019)
10 to 23 nm solid 0 - 260% (Ntziachristos et al., 2019)
particle fraction
36 - 50% (Giechaskiel et al., 2017)
O - 49% (Momenimovahed, Handford, Checkel, & Olfert, 2015)
Volatile to total 30 - 59% (Xue et al., 2015)
particle fraction
68 - 93% (Hedge, Weber, Gingrich, Alger, & Khalek, 2011)
3 - 25 mg/km (Suarez-Bertoa et al., 2017)
NH, 6 - 55 mg/km (Suarez-Bertoa & Astorga, 2016a)
4 - 70 mg/km (Suarez-Bertoa et al., 2014)
0.7 - 3.7 mg/km (Chan et al., 2013)
N,O 4 - 64 mg/km (Behrentz et al., 2004)
4.3 - 43 mg/km (Huai, Durbin, Wayne Miller, & Norbeck, 2004)
0.7 - 3.8 mg/km  (Suarez-Bertoa & Astorga, 2016b)
. 31-36mg/km  (Chan et al, 2013)
0.3 - 1.3 mg/km Jin et al., 2017), Fuel: E85
HCHO 0.4 - 0.7 mg/km (Suarez-Bertoa et al., 2015), Fuel: E5

0 - 0.8 mg/km

(Graham, Belisle, & Baas, 2008), Fuel: E20
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