SAE 2023-01-1662

Comparing Real Driving Emissions from Euro 6d-TEMP Vehicles Running

on EO and E10 Gasoline Blends

Varun Shankar?, Ime Usen’, Nick Molden®, Christopher Willman®, Felix Leach®*
@ Department of Engineering Science, University of Oxford, Oxford, United Kingdom
® Emissions Analytics, High Wycombe, Buckinghamshire, United Kingdom

Copyright © 2023 SAE International

ABSTRACT

Several governments are increasing the blending mandate of
renewable fuels to reduce the life-cycle greenhouse gas emis-
sions of the road transport sector. Currently, ethanol is a promi-
nent renewable fuel and is used in low-level blends, such as
E10 (10 %v/v ethanol, 90 %v/v gasoline) in many parts of the
world. However, the exact concentration of ethanol amongst
other renewable fuel components in commercially available fu-
els can vary and is not known.

To understand the impact of the renewable fuel content on the
emissions from Euro 6d-TEMP emissions specification vehicles,
this paper examines the real-driving emissions (RDE) from four
2020 to 2022 model-year vehicles run on E0 and E10 fuels. CO,
CO,, NO, and NO, were measured through a Portable Emis-
sions Measuring System (PEMS). In addition, N,O, formalde-
hyde, acetaldehyde, volatile organic compounds (VOCs), and
other gaseous and particulate tailpipe emissions were measured
and categorized in cold-start, urban, rural, and motorway seg-
ments with a proprietary system developed by Emissions Ana-
lytics. Engine-out emissions were also measured from a single-
cylinder engine at steady-state low speed and load conditions.

The results show that the aldehydes, VOCs, and N,O emissions
were greatest at cold-start and lowest at motorway conditions.
The formaldehyde real-driving emissions increased by 14 % on
average between the EO and E10 fuels. However, the formalde-
hyde engine-out emissions were reduced for E10. Acetalde-
hyde real-driving emissions were below the detectable thresh-
old for both EO0 and E10 fuels, whereas, engine-out emissions
increased for the E10. Whilst CO emissions presented inconsis-
tent results across the cars and driving conditions, a reduction in
CO, emissions with the E10 fuel was observed across all con-
ditions. NOx emissions increased for E10 compared to the EO
fuel in urban conditions and the opposite was observed for the
motorway conditions. These findings highlight the need for the
co-development of emissions regulations as greater ethanol and
other renewable fuel content is blended into gasoline.

INTRODUCTION

Ethanol is widely used as an alternative fuel or an effective addi-
tive to gasoline as it can be produced sustainably from non-fossil
feedstock and has advantageous combustion properties. As a
result, many countries are implementing legislation to increase
the use of ethanol. For example, in India, the 10 %v/v blend-
ing mandate of ethanol was met in 2022 and they have revised
the 20 %v/v blending target to 2025 [1]. By 2030, the European
Union (EU) aims to increase the share of renewable fuel in trans-

port to at least 14 %v/v including a minimum share of 3.5 %v/v
of advanced biofuels produced from non-food crop sources [2].

The effect of ethanol addition to gasoline has presented varied
results on many regulated and unregulated emissions [3]. This
is due to factors such as the fuel composition, the percentage
of ethanol content, ambient conditions, exhaust gas flow veloc-
ity (residence time), and the vehicle’s age, size, and emissions
specification.

In addition to emissions testing in a laboratory on an engine
test cell or vehicle on a chassis dynamometer, it is crucial to
measure the emissions for representative real-driving conditions
with a portable emissions measuring system (PEMS) [4]. Fur-
thermore, an increasingly high proportion of emissions are pro-
duced during cold-start conditions, however, this may be under-
represented if it forms a small share of the official test cycle [5].
Whilst the PEMS can be used to detect emissions in real-time,
the system is limited to certain pollutants such as NO, NO,, CO,
CO,, and total hydrocarbons (THC). The latter encompasses
hundreds of hydrocarbons without speciation and identification
of volatile organic compounds, such as aldehydes. Therefore, a
detailed understanding of the proportion of the emissions based
on driving segmentation will inform the upcoming regulations of
real-world conditions.

This study aims to investigate the use of improved real-driving
emissions (RDE) measurements with a larger array of hydro-
carbon speciation supplementing the traditional PEMS. This
includes the identification of hazardous pollutants such as
formaldehyde, acetaldehyde, acetone, acetic acid, benzalde-
hyde, toluene, and nitrous oxide (N,O) which can be affected by
blending ethanol in gasoline. These emissions (excluding N,O)
are often categorized as non-methane volatile organic com-
pounds (NMVOCs). Studies have found that road transport con-
tributes approximately 16 % of the atmospheric NMVOC emis-
sions [6, 7]. More specifically in urban areas, Liu et al. [8] found
road transport contributed to 33.8 % of the NMVOCs in Beijing,
China, with two-thirds from gasoline vehicles and a third from
diesel vehicles. Furthermore, oxygenated volatile organic com-
pounds, such as formaldehyde and acetaldehyde, can represent
around 40 % of the NMVOCs [7]. A survey of the literature find-
ings on the impact of ethanol-gasoline blends on each of these
emissions in addition to the regulated RDE such as NOx, CO,
and CO, is performed. Understanding the emissions impact of
upcoming alternative fuel blends is vital as road transport is re-
sponsible for around 24 % of the total CO, emissions in the EU
[9] and the source of 58 % of the NOx emissions globally [10].

Formaldehyde - Formaldehyde is classified as a human carcino-
gen by the United Sated of America (USA) Department of Health



and Human Services [11]. Literature found that formaldehyde
emissions are formed at more appreciable amounts with higher
content (over 50 %v/v) of ethanol in gasoline [12—15]. Further-
more, the literature generally found that the rate of increase in
formaldehyde emissions with ethanol content is not as signifi-
cant as the acetaldehyde emissions [16, 17]. Yang et al. [18]
reported that formaldehyde could also depend on the fuel’s aro-
matic content. Clairotte et al. [14] found formaldehyde emissions
to be enhanced at a higher temperature than acetaldehyde emis-
sions.

Acetaldehyde - Cheng et al. [19] found that compared to con-
ventional low-temperature branching pathways, ethanol favors
OH radical scavenging pathways forming acetaldehyde and hy-
droperoxyl (HO,) radicals. Therefore, acetaldehyde is primarily
formed during ethanol’s oxidation pathway explaining the ten-
dency for acetaldehyde to increase with ethanol concentration
[20]. Specifically at the low-temperature conditions found during
the cold-start phase, the literature found a definite increase in
acetaldehyde emissions with any quantity of ethanol addition to
gasoline [12-17, 21-23].

Acetone - Exposure to acetone can affect the eyes and act as
a skin irritant. At moderate to high level exposure, acetone
can irritate the respiratory system and lead to headaches and
light-headedness [24]. Sarathy et al. [20] highlight that acetone
could be produced as a 3-scission product of the parent alcohol
fuel radicals. Dryer et al. associates direct acetone formation
through the secondary radical reaction of iso-octane [25]. How-
ever, Poulopoulos et al. [26] found that whilst acetone engine-
out emissions were increased for E10 at low engine loads, after
the catalytic treatment, the acetone emissions were significantly
decreased. In addition to aldehydes, the impact of low ethanol
content in gasoline on exhaust acetone emissions needs to be
monitored.

Acetic acid - Carboxylic acids (formic and acetic acids) can con-
tribute to the acidity of gas and aqueous phases of the atmo-
sphere [27]. These acids can be formed during combustion. The
generation of acetic acid as an exhaust emission can be linked
to the fuel composition. Battin-Leclerc et al. [27] and Zervas et
al. [28] have found that the presence of aromatic compounds,
such as toluene, in the fuel strongly influences the formation of
acetic acid. Furthermore, they attribute the addition of the OH
to CH3CO radical reaction to contribute to acetic acid formation
[29, 30]. As ethanol oxidation produces OH and oxygenated C,
radicals, fuels with ethanol content could increase the acetic acid
exhaust concentration.

Benzaldehyde - An aromatic aldehyde formed as an intermedi-
ate during combustion. At low concentrations, it has been re-
ported as a skin irritant [31]. Generally, the major source of
exhaust benzaldehyde emissions has been from fuel aromatic
hydrocarbons, such as toluene [32—-34]. The impact of blending
ethanol in gasoline on benzaldehyde emissions has presented
competing findings. Some authors found that fuels with low oxy-
genate content, such as E10, slightly enhance benzaldehyde
formation as the aromatic oxidation improves [35, 36]. Dagaut
et al. [32] found that for toluene, an aromatic, oxidation can oc-
cur by H-atom abstraction to form benzyl radicals which oxidize
to benzaldehyde. The OH radicals from ethanol oxidation could
initiate and propagate the H-atom abstraction. Nevertheless,
Magnusson et al. [37] found that the formation of benzaldehyde
from ethanol was negligible in ethanol-gasoline blends and not
detectable from pure ethanol. The presence of low ethanol con-
tent in gasoline fuels with similar aromatic content could highlight
ethanol’s impact on exhaust toluene and benzaldehyde emis-
sions.

Nitrogen oxides NOx - The traditional PEMS is capable of com-
puting NOx which is composed of NO and NO, measurements.
NO is a major constituent of NOx for gasoline Sl engine vehicles.
The impact of ethanol content in gasoline on NOx has varied re-
sults. Some literature shows that NOx emission decreases with

increasing ethanol content in gasoline [3, 38—41]. They attribute
this decrease in NOx emissions due to a reduction in peak in-
cylinder temperature, resulting from combustion retardation, and
the reduction in exhaust temperature, due to lower flame temper-
ature. Masum et al. [42] found that increasing ethanol content
inhibits the thermal NO reaction pathways leading to a decrease
in NOx emissions. Zhang et al. [43] found a significant reduction
in NOx emissions over the catalytic converter and associate this
with the excess air coefficient of the blended ethanol-gasoline
fuel. In contrast, literature also shows increased NOx emissions
with ethanol-gasoline fuels [44, 45]. The higher heat release of
ethanol and the increased oxygen content in the fuel-rich con-
ditions are attributed to the increase in NOx emissions. With
increasingly strict NOx emissions legislation, further evaluation
of the Euro 6d-TEMP emissions stage vehicles with fuels that
contain ethanol is required. Additionally, as O’Driscoll [46] found
NOx emissions were higher during urban driving than the mo-
torway, it is important to evaluate the real-driving NOx emissions
at different driving conditions to understand the implications on
public health.

Nitrous oxide N,O - N,O has been considered for regulation as
it is an air pollutant and greenhouse gas (GHG) with a warming
potential significantly greater than CO, [5]. N,O is formed at low-
temperature (110°C to 350°C) primarily during catalyst light-off
[47, 48]. During this period, when a nitrogen atom encounters a
molecule of NO on the surface, as the catalyst has not reached a
sufficient temperature to completely reduce the NOx, a molecule
of N,O can be formed and released [49]. Graham et al. [50]
found that cold engine start and congested urban driving, which
have cooler exhaust temperatures result in increased N,O emis-
sion rates. Wang et al. [51] found that N,O can also be formed
by the reduction of NO by alkanes at higher temperatures and
aging catalysts take a longer time to warm up, which favors the
formation of N,O. The formation of N,O at different driving seg-
ments with modern vehicles would aid the understanding in de-
veloping ways to curb the emissions.

Carbon monoxide CO - CO is a GHG emission and the effect
of ethanol in gasoline has been previously studied. Suarez-
Bertoa et al. [52] found an increase in CO emissions at cold
ambient temperature and associate this with the use of rich air-
fuel mixtures at cold-starts, incomplete combustion close to the
cold cylinder walls, low catalytic efficiency, and longer periods
to reach catalyst light-off temperature. Despite testing fuels with
increasing ethanol concentration, they found CO emissions are
similar across the fuels over the drive cycle, which is consistent
with previous findings [12, 16, 52]. However, Zhang et al. [43]
found that the CO emissions decreased with increasing ethanol
content in gasoline as the oxygen content in the fuel increases
enabling more complete combustion and easier oxidation of the
CO. Therefore, further evaluation on the formation of CO at dif-
ferent driving segments for fuels with and without ethanol will be
helpful.

Carbon dioxide CO, - Suarez-Bertoa et al. [41] found no sta-
tistically significant trend as a consequence of ethanol content
ranging from 5 to 15 %Vv/v in gasoline. Nevertheless, Jin et al.
[15] reported that the adoption of E10 (10 %v/v ethanol in gaso-
line) had resulted in a reduction of CO, emissions.

With increasing ethanol content in gasoline driven by govern-
ment mandates, identifying the concentrations of the individual
species across a standardized real-driving emissions test with
known fuel compositions (with and without ethanol) will be effec-
tive to develop methods to control their emissions. Emissions
Analytics have developed a practical method for measuring and
identifying these hydrocarbon compounds and VOCs in real-
world conditions to understand their importance for future reg-
ulations [5]. They are also able to measure regulated pollutants
through the traditional PEMS. Therefore, this work explores the
impact of ethanol addition to gasoline on regulated and unreg-
ulated emissions. Two EN228-compliant [53] fuels, EO (0 %v/v
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Figure 1: Single cylinder engine configuration.

ethanol) and E10 (10 %v/v ethanol), of known composition were
blended. They were tested on four vehicles with Euro 6d-TEMP
emissions specification with real-driving emissions measured on
the EQUA™ test programme using the PEMS and proprietary
VOCs system. The fuels were also tested on a single-cylinder
gasoline direct injection (GDI) spark ignition (Sl) engine in a
laboratory at low speeds and loads with engine-out emissions
measured in real-time (1 Hz) using Fourier transform infrared
spectroscopy (FTIR). Aldehydes and alcohols up to C; includ-
ing formaldehyde and acetaldehyde, acetone, acetic acid, ben-
zaldehyde, toluene, N,O, NO,, CO, and CO, were evaluated for
both fuels.

EXPERIMENTAL SETUP

For this work, emissions measurements were performed on a
laboratory-based engine and onboard vehicles on the road.

SINGLE CYLINDER ENGINE

For the laboratory-based experiments, a single-cylinder engine
was used. The configuration is shown in Figure 1. This en-
gine may be configured for optical access, but a non-optical pis-
ton and barrel were used as optical access was not required.
The Taylor DynPro2 controlled the test cell and Control Tech-
niqgues dynamometer which regulated the engine torque and
speed. For combustion, the fuel was injected at a pressure of
150 bar and a centrally mounted spark plug ignited the mix-
ture. Injection and ignition timing and injection duration were
controlled by the Berkeley Nucleonics Corporation (BNC) model
725 unit using trigger signal inputs from the shaft encoder. An
oil-free combustion system was adopted, so that the emission
impacts can be attributed directly to the fuel and operating con-
ditions. Polyamide-imide piston rings were used and the engine
coolant was maintained at 45 °C to reduce the risk of melting the
rings. K-type thermocouples were used to measure all temper-
atures. This facility has been extensively described in previous
work [54].

Table 1: Single cylinder engine specifications and settings.

Parameter Unit Value
Bore mm 89.0
Stroke mm 90.3
Displacement cm3 562
Compression ratio - 11:1
Fuel pressure bar 150
Valves per cylinder - 2 intake; 2 exhaust
Injection timing °CA aTDC -270
Ignition timing °CA aTDC -46.3
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Low-speed data, such as exhaust temperature, was recorded at
1 Hz by the Taylor DynPro2 system, whilst high-speed data, such
as the cylinder pressure measured using a Kistler Type 6041A
pressure transducer, was logged using the AVL X-ion high-
speed data acquisition system at 0.1 °CA resolution. The load,
represented as the indicated mean effective pressure (IMEP),
was calculated using the cylinder pressure data. Once the en-
gine reached stable operation, three independent runs were
conducted at each operating point with high-speed data for 300
cycles of each run measured. A lambda sensor, placed at the
exhaust of the engine, was used to measure the fuel-air equiva-
lence ratio (¢) and was calibrated in free air. For the E0O and E10
fuels, stoichiometry was assumed at 14.7 and 14.1, respectively.
The specifications of the engine are presented in Table 1.

The emissions were measured in real-time (sampling rate of
5 Hz) using a Fourier transform infrared spectroscopy (FTIR)
gas analyzer (AVL SESAM FTIR i-60). The exhaust sample
line was maintained at 191 °C and 800 hPa to enable effective
gas transfer. The sample flow rate was maintained at 8 L/min
through the 200 mL gas cell. Prior to each operating condition
and fuel change, the background spectrum which determines
the absorbance was normalized by purging inert nitrogen gas
through the gas cell. The high operating temperature of the
gas cell (191 °C) enabled the FTIR gas analyzer to sample the
raw exhaust without contamination of the optics with water va-
por and emission constituents. Upstream, the sample line was
also heated to 191 °C preventing losses from adsorption and
condensation. A heated filter removed particulate matter before
the sample entered the heated line to prevent optical cell con-
tamination. The filter was renewed for each of the fuels tested.
The specifications of the measured emissions presented in this
study can be found in Table 2. The total nitrogen oxides (NOXx)
was calculated as a sum of nitrogen monoxide (NO) and diox-
ide (NOy). The values in Table 2 identify the detection range of
the emission species in this study and the accuracy defines the
nominal accuracy of each of the species within the detectable
range.

Table 2: FTIR emissions specifications relevant to this study.

Emission Formula Unit Range Accu-
component racy
Formaldehyde HCHO ppm 0-1000 +0.15
Acetaldehyde CH3;CHO ppm 0 - 3000 +0.35
Nitrogen monoxide NO ppm 0 - 10000 +0.15
Nitrogen dioxide NO, ppm 0- 1000 + 0.06
Nitrous oxide N-O ppm 0-1000 + 0.05
Carbon monoxide CO ppm | 0-100000 + 0.1
Carbon dioxide CO, ppm | 0-200000 +10.0




REAL DRIVING EMISSIONS

On-road tailpipe exhaust emissions were measured by Emis-
sions Analytics using SEMTECH-LDV Portable Emissions Mea-
surement System (PEMS) developed by Sensors Inc [55]. The
measurement accuracy and linearity of the SEMTECH-LDV
PEMS satisfy the European Union (EU) and the United States
of America (USA) emissions testing requirements and are within
the range of laboratory testing [56-58].

The SEMTECH-LDV PEMS unit (Figure 2) was equipped with a
tailpipe attachment, heated exhaust lines, a range of gas ana-
lyzers, a Global Positioning System (GPS) receiver, a weather
station for ambient measurement, and an interface with the ve-
hicle’s on-board diagnostics [57]. A non-dispersive infrared sen-
sor was used to measure the carbon monoxide (CO) and carbon
dioxide (CO,), whereas a non-dispersive ultraviolet sensor was
used for nitrogen monoxide and dioxide which were summed
to calculate the nitrogen oxides (NOXx) concentration [55]. All
the gaseous emissions were recorded at 1 Hz. The GPS re-
ceiver recorded vehicle speed, longitude, latitude, and altitude
[46]. The engine operation was not affected by the PEMS as it
was powered by batteries and the additional weight of the PEMS
was uniform for each test. This additional weight may have af-
fected the test vehicle’s power-to-mass ratio and previous results
have found a potential increase in CO, emissions by up to 3%
[56]. Further detail on the PEMS installation and SEMTECH-
LDV operation can be found in the literature [57, 59].

Figure 2: SEMTECH-LDV portable emissions measuring system
(PEMS) (left) and an example vehicle with the PEMS experimental mea-
surement set-up (right).

The concentrations of volatile organic compounds (VOCs), semi-
VOCs, hydrocarbons with two carbon atoms up to at least forty-
four carbon atoms (C, to Cy4), formaldehyde (CH,0), nitrous ox-
ide (N2O), and many others were measured using an innovate
patent-pending system by Emissions Analytics [5, 60]. This pro-
prietary VOCs system sampled real-driving exhaust emissions
onto tubes (Figure 3) which were subsequently analyzed us-
ing gas chromatography in a laboratory. A two-dimensional gas
chromatography (GCxGC) system coupled with a time-of-flight
mass spectrometer (TOF-MS) from SepSolve Analytical (UK)
and Markes International (UK) was used [61, 62]. The identifi-
cation and quantification of the compounds were enabled by the
TOF-MS and supported by other detectors such as flame ion-
ization detector (FID) and electron capture detector (ECD) for
nitrous oxide (N,O). Formaldehyde (CH,O) was analyzed by the
1220 Infinity Il high-performance liquid chromatography (HPLC)
technique provided by Agilent [63].

The system could simultaneously sample onto multiple tubes
with distinct characteristics. For formaldehyde (CH.0), the
tubes contained a 2,4-dinitrophenylhydrazine (2,4-DNPH) car-
tridge which transformed CH,O into a stable form for complete
capture, whereas, for N,O, the tubes had a molecular sieve.
This approach enabled the identification and collection of a wide
spectrum of measured compounds with a high degree of sensi-
tivity thus picking up species with low concentrations.

Coupled with the PEMS unit that had exhaust flow rate and GPS
data, the concentration of the measured VOCs was converted

Figure 3: Thermal desorption tube from Markes International (left) and
two-dimensional gas chromatography (GCxGC) system coupled with a
time-of-flight mass spectrometer (TOF-MS) from SepSolve Analytical
(right) adapted from [5].

to mass values, and subsequently, distance-specific emission
rates were calculated and presented as milligrams per kilome-
ter. With this approach, the sample collection on tubes would
be cumulative meaning that the real-time (second-by-second)
data was not obtained. Therefore, the average concentrations
determined may be biased. To address this, a proprietary on-
board constant volume sampling and proportional flow dilution
system together with a geofencing system, that automatically
switched between different sample tubes at pre-set geographical
points on the test cycle, enabled an understanding of the break-
down of emissions between different driving modes [5]. For this
work, the driving modes and respective geofences were cold-
start (CS), urban (U), rural (R), and motorway (M). An example
of test route geofencing is shown on the right of Figure 4. The
array of tubes, with rows for geofenced segments, and columns
for different sample tubes (VOCs, CH,0, N,O, etc) are shown on
the left of Figure 4 [5].
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Figure 4: Sampling tube array for the proprietary system (left) and an
example geofencing of the test routes (right) adapted from [5].

EXPERIMENTAL METHODOLOGY
FUELS

The bespoke fuels were carefully designed to be market repre-
sentative and meet the EN228 specifications [53] with the prop-
erties shown in Table 3. They were made from refinery streams
blended together by Coryton Fuels. The EO fuel represents a
gasoline blend with 0 %v/v ethanol and the E10 fuel represents
10 %uv/v ethanol in refinery-based market gasoline. Both fuels
were tested on the laboratory-based engine and all four vehi-
cles.

The fuel composition shown in Table 3 was derived from the fuel
supplier’s detailed hydrocarbon analysis performed according to
the ASTM D6730 standard [64]. This test method determines in-
dividual component concentrations in the range of 0.01 % to ap-
proximately 30 % by mass, however, for oxygenate components
such as methanol, ethanol, and methyl tert-butyl ether (MTBE),
the concentration ranges from 1 % to 30 % by mass. Therefore,
the test method’s detection of 0.03 %v/v of ethanol for the EO fuel
could be associated with the inherent uncertainty in the ASTM
D6730 test during the measurements of the EO fuel or present
in minimal traces from one of the refinery streams.



Table 3: EO and E10 fuel properties and composition specification.

Property Unit EO E10
RON - 95.5 95.7
MON - 85.6 85.2
Density at 15°C kg/L 0.7429 0.7497
DVPE at 38°C kPa 67.6 60.6
E70 % vol 27.5 46.5
E100 % vol 49.8 62.1
E150 % vol 86.7 93.8
Net calorific value MJ/kg 42.83 40.82
n-paraffins % ViV 9.3 11.8
iso-paraffins % VIV 43.0 34.2
olefins % VIV 10.8 8.1
naphthenes % VIV 4.1 2.3
aromatics % vIv 32.1 33.3
Oxygenates (ethanol) Y% vIv 0.03 10.2

SINGLE CYLINDER ENGINE

The engine was first warmed up until the coolant temperatures
had stabilized, and the tests were carried out at ambient air in-
take conditions (298 + 5 K). The operating conditions were var-
ied between two IMEPs of 2 and 3 bar (+ 0.20 bar) and two
engine speeds of 1100 and 1500 rpm (+ 10 rpm) whilst at sto-
ichiometry. Across all tests, the median coefficient of variation
(CoV) of IMEP was 3 %. The fuel-air equivalence ratio (¢) and
IMEP were controlled by adjusting the throttle position and in-
jection duration. For each test, the data from 300 consecutive
cycles were collected and then averaged. Three runs were per-
formed for each operating condition.

The engine-out emissions results presented are an average of
three independent runs collected for 300 consecutive cycles
each. The error bars on the results plots represent the maxi-
mum and minimum of the respective emission from each run.

REAL DRIVING EMISSIONS

Four small to medium-sized vehicles with Euro 6d-TEMP emis-
sions regulation stages and further descriptors, shown in Table
4, were used in this study. All vehicles were solely powered
with a gasoline internal combustion engine (ICE) and none of
the vehicles were hybrid with electric drive functionality. The ve-
hicles were selected from four different manufacturers. Three
out of the four cars tested had manual gearboxes and the de-
fault driver selectable mode was engaged. The vehicles had
similar after-treatment system architecture composed of a three-
way catalyst (TWC) and a gasoline particulate filter (GPF). Car
1 was an older model vehicle than Cars 2 to 4 and had a greater
mileage than the other vehicles which may impact the condition
of the after-treatment systems. All vehicles were tested in Octo-
ber 2022. Both fuels were tested in each vehicle and the entire
fuel system was flushed before running the tests. The emis-
sions for each vehicle were measured at the tailpipe using both
the SEMTECH-LDV PEMS and the proprietary VOCs system.

All the vehicle and fuel combinations were tested on Emissions
Analytics’ standard EQUA™ Index test cycle which was twice as
long and has a wider range of dynamic driving modes compared
to the certification real-driving emissions (RDE) test [5]. Further-
more, the EQUA™ route was used as it contained boundary
conditions of speed, acceleration, idling, and gradients, there-
fore providing good repeatability.

A cold-start (CS) phase was included whilst the urban (U), ru-
ral (R), and motorway (M) driving modes were conducted with a
warm engine. The cold-start emissions were collected in a sepa-
rate tube. The cold-start phase was conducted in urban-like con-
ditions but with no stop/start scenarios. The end of the cold-start
driving condition was determined at a point when the engine
temperature reached between 80 - 84 °C and this approach was

Table 4: Specification of the four cars used in this study.

Car 1 Car2 [ Car3 | Car4
Model year 2020 2022
Regulatory Euro Euro 6d-Temp-EVAP-ISC (WLTP)
stage 6d-Temp
(WLTP)
Vehicle Medium Multi- Small Car (B)
Segment Car (C) purpose
Car (M)
Make Kia Peugeot Citroen Renault
Model Sportage 2008 C3 Clio
Power (kW) 129.8 96.2 61.1 67.1
Engine 1.591 1.199 1.199 0.999
capacity (dm?)
Mileage (miles) 24332 8101 471 1901
Gearbox Manual 6 | Automatic Manual Manual
speed 8 speed 5speed | 6 speed

maintained across all vehicle and fuel combinations. The dis-
tances for the cold-start, urban, rural, and motorway conditions
were 4.0 miles, 26.6 miles, 11.3 miles, and 38.7 miles, respec-
tively, totaling approximately 80.8 miles on average across all
vehicle and fuel combinations. Furthermore, the mean speeds
of the cold-start, urban, rural, and motorway conditions were
28 mph, 19 mph, 29 mph, and 65 mph on average across all
vehicle and fuel combinations, respectively. The fuel consump-
tion (liters per 100 km) of the vehicles for each fuel during this
study is shown in Appendix A. The test route in this study was
aimed to replicate real driving conditions in the United Kingdom.
The higher speeds on the test were achieved during the motor-
way condition where the speed limit is 70 mph (112 km/h).

A single test was performed for each vehicle-fuel combination.
Prior to commencing each test, the fuel was drained from the
tank by pumping it completely out and the new fuel was pumped
in. Once the new fuel was put in the vehicle, it was run for 100
miles to be pre-conditioned and exposed to the new fuel. Addi-
tionally, for all cars in the study, the vehicles were first run on the
EO and subsequently the E10 fuel.

As the tailpipe exhaust emissions collected through the
SEMTECH-LDV PEMS unit were recorded in real-time (1 Hz),
the data was divided into respective driving modes based on the
geofences. This enabled comparison with VOCs data collected
through the Emissions Analytics proprietary VOCs system. The
vehicles had an active start/stop system during the testing. This
affected the emissions data collected. There were instanta-
neous peaks of emissions measurements that were anomalous
to the test run and were excluded from the PEMS data.

RESULTS AND DISCUSSION
ALDEHYDES

As aldehydes are inherently formed during ethanol's low-
temperature oxidation, the impact of ethanol addition in an E10
fuel compared to EO was investigated. The real-driving emis-
sions using the proprietary VOCs system could distinguish the
concentration of exhaust aldehyde emissions at each of the driv-
ing segments and this was evaluated across the cars and fuels.
Engine-out emissions measurements from the laboratory-based
engine data at low load and engine speed conditions were used
to corroborate the findings.

Formaldehyde

Across all four vehicles, the tailpipe exhaust formaldehyde emis-
sions were greatest during the cold-start (CS), whereas the low-
est was during the motorway (M) driving phase. This trend
is consistent for both EO and E10 as shown in Figures 5 and
6, respectively. These findings agree with the literature since
the low combustion and exhaust temperatures, as well as the



longer duration for after-treatment system warm-up, leads to in-
creased formaldehyde emissions at cold-start. During the mo-
torway phase, the temperatures will be sufficiently higher to
consume the formaldehyde during combustion and the after-
treatment system would eliminate the remainder. The rural (R)
and urban (U) driving phases present comparable formaldehyde
emissions for both fuels. This is different from the literature
as the urban driving segment would experience more stop-and-
start scenarios thus reducing the exhaust temperature and lead-
ing to greater formaldehyde. This could be because the after-
treatment system effectively eliminates formaldehyde emissions
at these conditions despite the fluctuation in engine conditions.
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Figure 5: Tailpipe exhaust formaldehyde emissions (mg/km) across the
four different vehicles (columns) and driving conditions (rows) with the
EO fuel.
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Figure 6: Tailpipe exhaust formaldehyde emissions (mg/km) across the
four different vehicles (columns) and driving conditions (rows) with the
E10 fuel.

For each of the cars, the relative magnitude of the formaldehyde
emissions is similar showing consistency in the testing methods
and the effectiveness of the modern emissions treatment sys-
tems. For all vehicles, except Car 3, the formaldehyde emissions
slightly increased for the E10 fuel compared to EQ. For Car 2,
the formaldehyde emissions double for the E10 fuel at the cold-
start. The moderate increase in formaldehyde emissions is in
line with literature findings, particularly as a low-content ethanol
fuel was tested [12].

To better understand the impact of the fuel, the engine-out
formaldehyde emissions from the laboratory engine at 1100 and
1500 rpm, and 2 and 3 bar are evaluated as presented in Figure
7. Both fuels, E0 and E10 were tested at each of the operating

conditions. The error bars present the maximum and minimum
readings across the 300 cycles of each of the three repeats.
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Figure 7: Engine-out formaldehyde emissions for EO (gray) and E10
(green) at engine speeds of 1100 rpm and 1500 rpm and engine loads
of 2 and 3 bar IMEP at stoichiometric conditions. Error bars represent
minimum and maximum emissions over three runs of 300 cycles each.

Interestingly, a decrease in engine-out formaldehyde emissions
is observed with the E10 fuel for most operating conditions ex-
cept at 1100 rpm and 2 bar. The decrease is exemplified at the
higher speed and load condition suggesting the combustion con-
ditions with E10 were more suitable for formaldehyde consump-
tion. As the ignition timing was early, this may have favored the
ethanol combustion leading to higher cylinder temperatures.

Acetaldehyde

Acetaldehyde was detected as an engine-out emission, albeit
at low quantities, across all operating conditions and for both
EO and E10 fuels. Interestingly, acetaldehyde emissions were
observed even for the EO fuel. This could be attributed to its
formation from non-oxygenate components such as iso-octane,
as shown in previous work by the group at the same low speed
and load conditions [54]. Iso-octane made up 20 % of the iso-
paraffin content for the EO fuel, whereas only 7 % for the E10
fuel. Figure 8 clearly displays that for both speed and load con-
ditions, the acetaldehyde emissions increase for the E10 fuel. At
the lower speed (1100 rpm) conditions, the acetaldehyde emis-
sions increase by approximately 70 %, whereas, at 1500 rpm,
the increase is only around 30 %. This suggests the combustion
temperatures are low and suitable for acetaldehyde formation at
low speed and load conditions as also found by Wallner et al.
[18]. These observations agree with literature findings [14, 15,
21, 22].

In real-driving scenarios, these conditions can be translated to
when the vehicle starts and the engine is not fully warmed up,
such as the cold-start (CS) phase, and during urban or rural con-
ditions where the vehicles start/stop more frequently and move
at lower speeds.

For all four vehicles, driving segments, and both fuels, tailpipe
exhaust acetaldehyde emissions were not detected. As ac-
etaldehyde has been observed in several studies when ethanol
is part of the fuel composition, this work suggests that the ex-
haust after-treatment systems in modern vehicles are capable
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Figure 8: Engine-out acetaldehyde emissions for EO (gray) and E10
(green) at engine speeds of 1100 and 1500 rpm and engine loads of
2 and 3 bar IMEP at stoichiometric conditions. Error bars represent min-
imum and maximum emissions over three runs.

of removing the acetaldehyde. Although Bielaczyc et al. [65]
found that formaldehyde and acetaldehyde were eliminated with
approximately equal efficacy in the exhaust after-treatment sys-
tem of a vehicle with Euro 5 emissions specification, for the Euro
6d-TEMP emissions specification vehicles tested in this study,
formaldehyde was detected and acetaldehyde was not.

Agarwal et al. [17] found that acetaldehyde emissions were
not detectable from gasoline. Other literature also shows that
the increase in acetaldehyde engine-out emissions is greater for
higher ethanol content in gasoline [15, 23].

Other low carbon number molecules

As acetaldehyde was not detected in the real-driving emis-
sions tests, other molecules with a low number of carbon atoms
in the samples collected were investigated. No hydrocarbon
molecules with one carbon atom were detected as they were
too volatile and would decompose to other molecules. Ace-
tone ((CHj3)oCO) and acetic acid (CH;COOH) were two recur-
ring molecules across all four driving phases and vehicles. They
are both associated with emissions formed from fuels that con-
tain increased oxygenate content. Acetone and acetic acid also
pose health and environmental concerns.

The tailpipe exhaust acetone emissions were 5-fold greater for
the cold-start than motorway conditions as shown in Figure 9.
Similarly, the cold-start acetone emissions were 2 and 4 times
greater than rural and urban conditions, respectively. On aver-
age, a reduction in acetone emissions is observed with E10 fuel
at the cold-start condition across the four vehicles. A reduction
in acetone emissions is observed with the E10 fuel at the cold-
start conditions for Cars 3 and 4.

For the urban condition, whilst Cars 2 to 4 had an increase in
acetone emissions with the E10 fuel, Car 1 had a reduction.
At the rural condition, a reduction of an average of 14 % was
observed across all four vehicles with the E10 fuel compared
to the EO. For the motorway condition, the acetone emissions
increased with the E10 fuel for Cars 1 and 2 and decreased
for Cars 3 and 4. The rural driving conditions led to twice the
tailpipe exhaust acetone emissions than the urban driving con-
ditions for both fuels across all the cars. This distinction between
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Figure 9: Tailpipe exhaust acetone emissions for EO (gray) and E10
(green) fuels with four cars (represented by varying shades of each
color) across four different driving modes.

urban and rural conditions was not as clear for the tailpipe ex-
haust formaldehyde emissions. The acetone emissions were not
recorded on the AVL FTIR, therefore laboratory-based engine-
out emissions data are not available for these emissions.

Zervas et al. [28] found that exhaust acetic acid was slightly en-
hanced from the presence of oxygenated fuel components, such
as ethanol. Therefore, the tailpipe exhaust acetic acid emissions
were evaluated across the four cars and driving conditions for EO
and E10 as shown in Figure 10. In line with the other emissions
evaluated, the cold-start emissions are, on average, at least dou-
ble the acetic acid emissions for the other conditions. Similarly,
the motorway conditions present the lowest acetic acid emis-
sions. These distinct findings emphasize the importance of seg-
regating the real-driving emissions and investigating the impact
individually.
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Figure 10: Tailpipe exhaust acetic acid emissions for EO (gray) and E10
(green) fuels with four cars (represented by varying shades of each
color) across four different driving modes.

Contrary to the consistency in tailpipe exhaust emissions
amongst the cars found in the previous investigations, there are



significant discrepancies between the cars for acetic acid emis-
sions. This is particularly evident for the cold-start condition with
EO fuel. The significantly greater exhaust tailpipe acetic acid
emissions for Car 1 with the EO fuel during the cold-start condi-
tions may be associated with the higher mileage of the vehicle
and thus reduced functionality of the after-treatment system.

ALDEHYDES AND ALCOHOLS

As alcohols are well-known precursors of intermediate aldehy-
des and the proprietary VOCs system was able to distinctively
speciate low carbon atom number alcohols and aldehydes, the
correlation between the total tailpipe exhaust alcohol and alde-
hyde (each up to C;) was evaluated. C, to C; alcohols and alde-
hydes were selected as they constituted a significant proportion
of the total respective emissions. As the proprietary VOCs sys-
tem was used for these measurements, the data for the different
driving segments and cars are presented. The results for all 4
cars with the EO and E10 fuels are shown in Figures 11 and 12,
respectively.
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Figure 11: Total tailpipe exhaust aldehyde and alcohol (up to C;) emis-
sions (mg/km) for all four vehicles (represented by varying shades of
gray) with the EO fuel. Driving phases: cold-start (CS) (triangle), urban
(U) (circle), rural (R) (square), and motorway (M) (diamond). Insert plot
top right to show anomaly data.

Figure 11 shows that for EQ, the total tailpipe exhaust alcohol
emissions are lower than the aldehyde emissions, particularly
for motorway, rural and urban conditions. For Cars 2 and 3, at
the rural driving phase, the aldehyde to alcohol emissions ra-
tio is around 9:1. For the cold-start condition, similar behav-
ior is observed, although the data for the four vehicles is more
widely dispersed compared to the other driving conditions. At
the cold-start phase, Car 1 presents anomalous data that is sig-
nificantly greater in both total tailpipe exhaust alcohol and alde-
hyde emissions. This may be associated with Car 1 being older,
having greater mileage, and thus a more used after-treatment
system. However, the observed trend remains, with the total
aldehyde emissions 10 times greater than the respective total
alcohol emissions. These results indicate the intermediate for-
mation of alcohols is lower than aldehyde during the combustion
of the hydrocarbons present in the EO fuel.

Figure 12 with the E10 fuel presents similar behavior to the EO

fuel where the total tailpipe exhaust alcohol and acetaldehyde
emissions are within the same ranges. However, compared to
the EO fuel, the ratio of aldehyde to alcohol emissions is signif-
icantly lower, especially for the motorway, urban, and rural driv-
ing phases. Furthermore, the correlation between alcohol and
aldehyde emissions is less prominent for the E10 fuel. The E10
fuel contains 10 %v/v of ethanol content, therefore, the poten-
tial for increased unburned alcohol emissions is greater with the
E10 fuel than with the EO fuel. The total aldehyde emissions
are not significantly greater for the E10 fuel. This follows the
trends observed with the formaldehyde and estimated acetalde-
hyde tailpipe exhaust emissions found in this investigation.
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Figure 12: Total tailpipe exhaust aldehyde and alcohol (up to C7) emis-
sions (mg/km) for all four vehicles (represented by varying shades of
green) with the E10 fuel. Driving phases: cold-start (CS) (triangle), ur-
ban (U) (circle), rural (R) (square), and motorway (M) (diamond).

BENZALDEHYDE AND TOLUENE

The proprietary VOCs system was capable of detecting tailpipe
exhaust benzaldehyde and toluene emissions across all four
driving conditions and vehicles. Investigating these harmful pol-
lutants can help better inform future regulatory standards. As
toluene is a well-known precursor for benzaldehyde, this anal-
ysis would aid the understanding of the impact of the fuel com-
position on the tailpipe exhaust benzaldehyde and toluene emis-
sions. This data was analyzed for the E0 and E10 fuels as shown
in Figures 13 and 14, respectively.

Figure 13 shows that the magnitude of the tailpipe exhaust
toluene emissions is significantly greater than the benzaldehyde
emissions except for Car 1 at the cold-start conditions. The dis-
crepancy in Car 1’s data may be associated with the greater
mileage and thus more used after-treatment system leading
to lower efficacy in reducing the emissions. On average, the
toluene emissions are 20 times greater than benzaldehyde. The
toluene emissions originated from the unburned fuel as Zervas
et al. [33, 66] found that non-aromatic fuel components do not
influence the production of toluene in the exhaust.
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Figure 13: Tailpipe exhaust benzaldehyde and toluene emissions
(mg/km) for all four vehicles (represented by varying shades of gray)
with the EO fuel. Driving phases: cold-start (CS) (triangle), urban (U)
(circle), rural (R) (square), and motorway (M) (diamond). Insert plot top
right to show anomaly data.

Similar to the other detected emissions from the VOCs system,
the toluene and benzaldehyde emissions are greatest for cold-
start and lowest for motorway conditions. At the motorway driv-
ing phase, the toluene and benzaldehyde emissions are approx-
imately 20- and 10-fold lower than at the cold-start conditions,
respectively.

There are more consistent levels of exhaust tailpipe toluene and
benzaldehyde emissions at the motorway conditions compared
to the cold-start. At the latter condition, a multitude of factors
such as engine and exhaust after-treatment temperature affect
the complex chemistry of toluene oxidation leading to inconsis-
tency amongst the vehicles. Furthermore, across the different
driving modes tested ranging from cold-start to motorway, the
toluene-to-benzaldehyde ratio decreases from 27 to 16 (except
for Car 1). This finding affirms that at low-temperature condi-
tions, the oxidation of toluene to benzaldehyde is less prevalent.

With the E10 fuel, the benzaldehyde to toluene ratio is lower
across all driving conditions and vehicles, with this behavior ex-
aggerated for Car 1 at the cold-start condition as shown in Figure
14. Therefore, it is assumed that less of the stable intermediate
benzaldehyde was formed from toluene’s oxidation. For both fu-
els, the aromatic content was kept consistent. This could be at-
tributed to the addition of ethanol which leads to a lower combus-
tion mixture temperature as the ethanol-gasoline blended fuel
has a higher latent heat of vaporization. However, the litera-
ture presents competing results as Zervas et al. [66] found low
oxygenate content fuels to slightly enhance benzaldehyde for-
mation, whereas Magnusson et al. [37] found the formation of
benzaldehyde from ethanol was negligible.

For this investigation, on average, the toluene emissions are 34
times greater than the benzaldehyde emissions across the dif-
ferent driving phases and vehicles. Similar to the trends ob-
served with the EO fuel, the toluene-to-benzaldehyde ratio de-
creases from 42 to 24 between the cold-start and motorway
driving phases. Furthermore, the relative magnitude of tailpipe
benzaldehyde and toluene emissions are similar between the EO
and E10 fuels. This is although Fan et al. [67] found that ethanol
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Figure 14: Tailpipe exhaust benzaldehyde and toluene emissions
(mg/km) for all four vehicles (represented by varying shades of green)
with the E10 fuel. Driving phases: cold-start (CS) (triangle), urban (U)
(circle), rural (R) (square), and motorway (M) (diamond). Insert plot top
right to show anomaly data.
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addition would enhance the reactivity of toluene thus consuming
it faster.

NITROUS OXIDE (N,0)

Given the high global warming potential of N,O, it is being con-
sidered for upcoming regulations, such as the Euro 7 [68]. For
this study, the real-driving emissions of N,O were measured sep-
arately in the tubes for each driving phase using the proprietary
VOCs system. Therefore, the tailpipe exhaust N,O emissions
are presented for the different driving segments and vehicles
with the EO and E10 fuels, in Figures 15 and 16, respectively.

Figure 15 shows that the cold-start N,O emissions were 8 times
greater than the motorway conditions for both fuels. This be-
havior is expected, as the cold-start conditions reflect the period
during which the exhaust after-treatment experiences catalyst
light-off. The literature shows that at these low temperatures,
the N.O emissions are formed as the catalyst surface has not
reached a sufficient temperature to completely reduce the NO
[49]. These findings attribute the N,O to be primarily associ-
ated with the exhaust after-treatment system and not the fuel,
although higher content ethanol-gasoline blends may produce
different results.

Figure 15 also shows that the N,O emissions are approximately
3.5 times greater for rural driving conditions than in the urban
phase. These results are similar to the observations made for
acetone and acetic acid and different from the formaldehyde
and thus predicted acetaldehyde emissions. For the rural driv-
ing phase, the greater N,O formation could be attributed to the
reduction of NO by an alkane at higher temperatures in the ex-
haust after-treatment system as Wang et al. [51] reported.
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Figure 15: Tailpipe exhaust nitrous oxide N,O emissions (mg/km) across
the four different vehicles (columns) and driving conditions (rows) with
the EO fuel.

Figure 16 shows that the tailpipe exhaust N,O emissions for the
E10 fuel are similar to the EO fuel for cold-start and rural con-
ditions. Whereas, for urban and motorway conditions, they in-
creased by 27 % and 11 % averaged across the four vehicles,
respectively, with the E10 fuel compared to EO fuel. Neverthe-
less, for both fuels, the absolute magnitude of N,O emissions
was similar across the four vehicles for each of the driving con-
ditions.
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Figure 16: Tailpipe exhaust nitrous oxide N,O emissions (mg/km) across
the four different vehicles (columns) and driving conditions (rows) with
the E10 fuel.

As N,O formation is reported to primarily occur in the ex-
haust after-treatment system, the emissions from the laboratory-
based engine were explored. The engine-out N,O emissions at
1100 rpm and 1500 rpm and at stoichiometric conditions with
a load of 2 bar are shown in Figure 17. Comparing EO and
E10 fuels, there is a marginal increase, although within the error
bars. At the higher engine speed condition, the N,O decreases
for both fuels by approximately 30 % and this could be attributed
to the increased in-cylinder temperature. However, as the read-
ings are below 10 ppm at engine-out, this affirms that primary
N,O formation occurs in the exhaust after-treatment.

Whilst the N,O emissions trends are similar to the aldehydes
due to their low-temperature formation mechanisms, the oppo-
site would be expected for NO emissions which would consti-
tute a significant proportion of the NOx emissions. Furthermore,
the current literature presents conflicting results on the impact

10

of ethanol on NOx emissions. Therefore, the measured tailpipe
exhaust NOx was further investigated in this study.
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Figure 17: Engine-out N,O emissions for EO (gray) and E10 (green) at
engine speeds of 1100 and 1500 rpm and engine load of 2 IMEP at
stoichiometric conditions. Error bars represent minimum and maximum
emissions over three runs.

Additionally, Becker et al. [69] found a correlation between N,O
and CO emissions and attributed this to the oxygen availabil-
ity on the catalyst. However, Graham et al. [50] found that
N-O emissions were well correlated with non-methane hydro-
carbons (NMHC) and less so with CO emissions. Therefore, the
CO emissions that were measured from this study were further
investigated.

NITROGEN OXIDE (NOy)

Figure 18 presents the tailpipe exhaust NOx emissions for the
four vehicles at each driving phase. On average, the NOx emis-
sions are greatest at the urban and cold-start and lower for the
rural and motorway conditions. At the urban condition, the NOx
emissions are consistently greater for the E10 fuel compared to
the EO fuel with an average increase of 185 % across the four
vehicles. However, it should be noted that this increase is from
very low levels, all vehicles have NOx emissions at less than a
third of the very low level mandated in Euro 6 and indeed the
proposed value for Euro 7 emissions legislation. Whereas, the
opposite behavior is observed for the motorway condition. The
formation of NOx is complicated and primarily dependent on the
temperatures, although the fuel chemistry can also play a role.
Tests by O'Driscoll et al. also found that the NOx emissions were
higher during urban driving than motorway conditions by 200 %
when measured using similar PEMS equipment [46].

These findings are key to understanding the location of the NOx
emissions and the resulting public exposure. The high NOx
emissions at the urban and cold-start conditions could nega-
tively affect public health in densely populated areas.
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Figure 18: Tailpipe exhaust NOx emissions for EO (gray) and E10 (green)
fuels with four cars (represented by varying shades of each color) across
four different driving modes.

CARBON MONOXIDE (CO)

Generally, the addition of ethanol content to gasoline would re-
duce the CO emissions due to the increased oxygen availabil-
ity. However, the literature also shows that an increase in CO
emissions is observed at lower temperatures, such as the cold-
start condition, which could be prolonged with ethanol content
[52]. Therefore, the tailpipe exhaust CO emissions from the real-
driving conditions, collected by the PEMS, were evaluated. Fig-
ure 19 shows the CO emissions comparing EO and E10 for the
four vehicles and driving conditions.
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Figure 19: Tailpipe exhaust CO emissions for EO (gray) and E10 (green)
fuels with four cars (represented by varying shades of each color) across
four different driving modes.

The CO emissions are greater for the cold-start and motorway
conditions compared to the urban and rural. At the motorway
conditions, Cars 1 and 4 display a reduction in CO with the E10
fuel compared to EO, whereas Cars 2 and 3 display the opposite.
For the cold-start, urban, and rural conditions, the difference in
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CO emissions between vehicles and fuels is inconsistent, there-
fore a trend cannot be observed. This may be attributed to the
low ethanol content in the fuel and more significant changes
could be observed with increased ethanol content.

In comparison to N,O, no obvious correlation is observed be-
tween N,O and CO from this study. The tailpipe exhaust CO,
emissions collected on the PEMS are reviewed in the following
section.

CARBON DIOXIDE (CO,)

Generally, the CO, emissions with the EO fuel were higher for ve-
hicles with larger engine size and power (Cars 1 and 2), except
for the rural driving condition. The results also present a consis-
tent decrease in CO, emissions by an average of 21 % lower for
E10 compared to EO fuel. The greater reductions were observed
for cold-start and rural conditions. The EO fuel results agree with
the findings of O’Driscoll et al. [46] that CO, savings could be
made by downsizing gasoline engines, however, no such trend
was found in the E10 emissions.
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Figure 20: Tailpipe exhaust CO, emissions for EO (gray) and E10 (green)
fuels with four cars (represented by varying shades of each color) across
four different driving modes.

CONCLUSIONS

This study investigated the impact of ethanol addition to gasoline
on several current and to-be regulated, and unregulated emis-
sions. Two fuels, E0 and E10, were tested in four 2020 to 2022
model-year vehicles with Euro 6d-Temp emissions specifications
and the real-driving emissions were measured using the PEMS
and a Proprietary VOCs system developed by Emissions Analyt-
ics. The latter novel system could individually identify hundreds
of hydrocarbons and volatile organic compounds that would oth-
erwise be lumped as THC in conventional RDE tests. The two
fuels were also tested in a single-cylinder GDI-SI engine and the
engine-out emissions were measured using FTIR spectroscopy
to corroborate the RDE findings. This study found:

* 14 % increase in tailpipe exhaust formaldehyde emissions
for E10 compared to EO with the greatest proportion and
rate of increase between EO and E10 at the cold-start
conditions. This slight increase in formaldehyde due to
ethanol addition is in agreement with the literature. How-
ever, engine-out formaldehyde emissions decreased for
low speed and load conditions.

Interestingly, tailpipe exhaust acetaldehyde emissions were
below the detectable threshold limit across the different



driving segments and cars for both EQO and E10 fuels. This
finding is contrasting to literature, however, data from real-
driving emissions are often lumped together across the
whole drive cycle. Engine-out acetaldehyde emissions in-
creased for E10 compared to EO.

» Tailpipe exhaust acetone emissions were consistent
amongst the vehicles and driving conditions. They were
5-fold and 2-fold higher in cold-start and rural in compari-
son to motorway conditions. Acetone emissions were in the
same range for both EQ and E10 fuels.

Tailpipe exhaust acetic acid emissions were less consistent
among vehicles, however, the general trend of driving seg-
ments was observed. Acetic acid emissions were in the
same range for both E0Q and E10 fuels.

* For both fuels, the toluene emissions are greater than ben-
zaldehyde. The toluene-to-benzaldehyde ratio decreases
from cold-start to motorway conditions, suggesting that
more toluene gets oxidized at higher combustion and ex-
haust temperatures.

The tailpipe exhaust N,O emissions were measured using
the VOCs system. As N,O forms at lower temperatures,
the cold-start emissions were 8 times greater than motor-
way conditions. A significant proportion of NoO was formed
at cold-start. Rural driving conditions had distinctly greater
emissions than urban. Whilst the N,O emissions were sim-
ilar for the EO and E10 fuels during the cold-start and rural
conditions, they increased with the E10 fuel for the urban
and motorway conditions. The N,O formation appeared to
be more dependent on the exhaust after-treatment system.

No correlation between N,O and CO was observed. The
CO emissions were inconsistent between the fuels and
driving conditions across all four vehicles.

+ The NOx emissions consistently increased by approxi-
mately 185 % on average across the four vehicles between
the EO and E10 fuels at the urban condition. However, at
the motorway conditions, the NOx emissions decreased for
the E10 fuel for all vehicles tested. These increases are
from very low baselines and NOx emissions from all vehi-
cles and fuels tested remained at least 60 % lower than
Euro 6 and proposed Euro 7 mandated levels.

+ CO, emissions consistently decreased across all driving
conditions and for all four vehicles with the E10 compared
to the EO fuel. This behavior was accentuated by the cold-
start and rural conditions.

» From the real-driving emissions measured in this study,
the formaldehyde, low carbon number alcohols and aldehy-
des, benzaldehyde, toluene, acetone, acetic acid, N,O, and
NOx exhibited lower emissions during the motorway condi-
tion. Whereas, for the CO and CO, emissions, the mo-
torway conditions led to comparable results with the other
driving segments.

This study presents the impact of fuel composition change
on unregulated emissions and highlights the necessity to
include these harmful pollutants in legislation with increas-
ing renewable fuel content.

This study shows the importance of having a standardized test
comparing known fuel compositions. Furthermore, a significant
proportion of the emissions are formed at the cold-start condition
and this effect may be weakened when combined with the overall
drive cycle.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

10) fuel-air equivalence ratio

2,4-DNPH 2,4-dinitrophenyl hydrazine

AA Acetaldehyde

ASTM American Society for Testing and Materials
BHP Brake horsepower

BNC Berkeley Nucleonics Corporation

CoV Coefficient of variation

CS Cold-start condition

DVPE Dry vapor pressure equivalent
ECD Electron capture detector

EU European Union

EVC Exhaust valve closing

EVO Exhaust valve opening

EO 10 %v/v ethanol, 90 %v/v gasoline
E10 100 %v/v gasoline

FA Formaldehyde

FID Flame ionization detector

FTIR Fourier Transform Infrared Spectroscopy
GCxGC Two-dimensional gas chromatography
GDI Gasoline direct injection

GHG Greenhouse gas

GPF Gasoline Particulate Filter

GPS Global Positioning System

HPLC High performance liquid chromatography
ICE Internal combustion engine

IMEP Indicated mean effective pressure
IVvC Intake valve closing

IVO Intake valve opening

MON Motor octane number

M Motorway condition

PEMS Portable emissions measuring system
R Rural condition

RDE Real-driving emissions

RON Research Octane Number

RPM Revolutions per minute

Si Spark ignition

THC Total hydrocarbons
TOF-MS Time-of-flight mass spectrometer
TWC Three-way catalytic converter

U Urban condition

USA United States of America
VOCs Volatile organic compounds
APPENDIX A

The Appendix presents the fuel consumption of the four vehicles
with the EO and E10 fuels based on this study in Table A.1. The
results show that for all vehicles except the Citroen C3 Sense
Puretech (Car 3), the fuel consumption improved with the E10
compared to the EQ. On average, a 4.8 % reduction in fuel con-
sumption was observed with the greatest reduction seen with
the Renault Clio RS Line (Car 4).
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Table A.1: Fuel consumption [liters per 100 kilometers (I/100 km)] for
each vehicle with the EO and E10 fuels

Vehicle EO E10
(1/100 km) (1/100 km)
2020 Kia Sportage GT-line ISG 6.98 6.68
2022 Peugeot 2008 GT Premium 6.05 5.77
PureTech
2022 Citroen C3 Sense PureTech 5.23 5.39
2022 Renault Clio RS Line TCe 5.07 4.48




