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ABSTRACT

Sustainable fuel components, such as ethanol, can be blended
into gasoline to help reduce fossil fuel consumption. Aldehydes
are both observed emissions and major intermediates in the oxi-
dation of gasoline/ethanol fuel mixtures and are solely attributed
to the fuel’s alcohol content.

This study aims to evaluate the direct impact of toluene, iso-
octane, and ethanol on engine-out formaldehyde and acetalde-
hyde emissions. A single-cylinder direct injection spark ignition
engine was run at low speed and load conditions with varying
equivalence ratios. The emissions are measured using a FTIR.

The aldehyde emissions from pure ethanol are ten- and five-
times greater than pure toluene and iso-octane, respectively.
Greater formaldehyde than acetaldehyde is found for iso-octane
and toluene and vice versa for ethanol. The addition of 25 %vol
of toluene to ethanol halves the average aldehyde emissions due
to toluene suppressing effects. In the ternary mixtures with fixed
ethanol content, the higher toluene concentration mixture led to
lower average aldehyde emissions.

INTRODUCTION

To aid the reduction of fossil fuel consumption, ethanol, a promi-
nent sustainable fuel, is blended in different ratios into gasoline
[1]. The blending of 10% (by volume) of ethanol with a gaso-
line blendstock is the norm for spark ignition (Sl) engines in the
United States, United Kingdom, and part of European Union’s
(EU’s) renewable energy directive [2, 3]. This proportion is in-
creasing, for example, India has announced an E20 (20% by vol-
ume ethanol) blending mandate by 2025 [4]. Ethanol has been
extensively used worldwide as a renewable fuel for three primary
reasons. Firstly, it can be produced from renewable sources
thus reducing the life cycle greenhouse gas (GHG) emissions
with widely-studied and established processes [5]. Secondly,
ethanol addition to gasoline enables knock resistance in Sl en-
gines, allowing for higher compression ratios and boosted intake
pressure thus improving engine efficiency [6]. Thirdly, the addi-
tion of ethanol to gasoline has also been found to reduce the
emissions of carbon monoxide (CO), tailpipe particulate matter
(PM), and unburned hydrocarbons (UHC) [7, 8].

However, Yang et al. [9] found that blending up to 20 % (by
volume) of ethanol with gasoline led to a statistically signifi-
cant increase in aldehyde, specifically acetaldehyde, emissions.
Formaldehyde (HCHO) and acetaldehyde (CH3;CHO) are the
two most abundant aldehydes in ambient air. A rise in the ambi-

ent concentration of aldehydes can affect the atmospheric chem-
istry leading to the increased formation of the ozone and sec-
ondary pollutants [10]. The International Agency for Research
on Cancer (IARC) classifies the pollutants into groups that define
formaldehyde and acetaldehyde to be carcinogenic and proba-
bly carcinogenic, respectively [11]. Jacobson et al. [12] were
able to associate the increased usage of high ethanol content
fuels with cancer and mortality in the USA.

Ethanol is a well-studied precursor of aldehydes and the effect of
mixing different concentrations of ethanol in gasoline has been
extensively explored. For E10 and E20 (10 and 20 %vol ethanol,
respectively) fuels compared to EO, Knoll et al. [13] and Storey
et al. [14] presented similar observations of significant statisti-
cal increases in acetaldehyde emissions between E20 and E10
and E10 and EO, but they also reported no significant change of
formaldehyde emissions beyond 10 %vol ethanol addition. De
Melo et al. [15] tested E25 fuel in a flex-fuel engine and found an
increase in the aldehyde and unburned ethanol emissions with
ethanol addition. Jin et al. [16] explored ethanol blending ratios
of 30 - 85 %vol in gasoline and reported ethanol and acetalde-
hyde emissions were over 5.5 and 300 times higher for the E85
than EO fuel. Clairotte et al. [17] and Suarez-Bertoa et al. [18]
tested E75 and E85 (with 75 and 85 %vol, respectively) fuels at
inlet temperatures of 22 °C and -7 °C and found that acetalde-
hyde emissions were enhanced at the low temperature condition
in comparison to formaldehyde, suggesting different formation
mechanisms. Sandstroem-Dahl et al. [19] and Gierczak et al.
[20] also tested E85 fuels and found that aldehyde emissions
measurements from the Fourier Transform Infrared (FTIR) spec-
troscopy gas analyser matched the emissions sampled with 2,4-
dinitrophenyl hydrazine (2,4-DNPH) cartridges, the standardised
method approved in the USA, and with Flame lonisation Detec-
tor (FID), following EU regulations, respectively. These trends
are attributed to the ethanol presence due to the hydroxyl (—OH)
moiety in alcohol fuels [7]. Ethanol favours OH radical scav-
enging pathways in comparison to conventional low-temperature
chain branching pathways [6, 21]. Ethanol consumption is initi-
ated by hydrogen atom abstraction followed by a -scission, re-
sulting primarily in acetaldehyde as a stable intermediate. The
reaction pathways of ethylhydroxy and «-hydroxyethyl radicals,
formed from ethanol's hydrogen atom abstraction, to formalde-
hyde and acetaldehyde are shown in Reactions 1 and 2, respec-
tively [22].

CH3CH,0" <= CH,0 + CHy (R1)

CH3C'HyO <= CHsCHO + H' (R2)



Nevertheless, the interactions of ethanol with gasoline compo-
nents and the contribution of these components to the aldehyde
emissions have been minimally studied. Considering a funda-
mental gasoline representative component, iso-octane, Curran
et al. suggest that the low temperature oxidation of iso-octane
produces large alkoxy radicals [23]. They undergo 5-scission to
generate stable aldehydes, primarily formaldehyde, a hydrogen
atom, and an alkyl radical [23]. In addition, Broustail et al. report
that for iso-octane, the other pathway to produce formaldehyde
is via acetaldehyde [24].

The addition of ethanol to gasoline is associated with a reduc-
tion in the aromatic content of the fuels due to both ethanol and
aromatic components’ high octane characteristics. They are a
substitute for each other in the blending process to achieve a tar-
get octane rating [25]. Karavalakis et al. [26] investigated the ef-
fects of increasing aromatic content from 15 to 35 % whilst main-
taining all other properties of an E10 market fuel on five gaso-
line direct injection (GDI) vehicles and found that the changes
in fuel composition had no statistically significant effect on the
formaldehyde and acetaldehyde emissions. Whereas, Good-
fellow et al. [27] and Zervas et al. [28] found that the lower
carbon number aldehydes (formaldehyde and acetaldehyde) de-
creased with increasing aromatic content. However, Shuetzle et
al. [29], Yang et al. [9], and Zhang et al. [30] found significant
impacts of aromatic contents on aldehyde emissions. They sug-
gest that formaldehyde and acetaldehyde are mostly generated
by the methyl and ethyl radicals from the partial combustion of
iso-paraffins and alkyl aromatics. Another route of acetaldehyde
formation is through the decomposition of benzaldehyde which
is an inherent intermediate formed during toluene’s oxidation
[31, 32]. For example, Reaction 3 shows the benzyl radical, pro-
duced via toluene’s hydrogen abstraction, reacting with atomic
oxygen to yield the phenyl radical and formaldehyde. Zhang et
al. also found that C8 and C9 aromatics strongly favoured alde-
hyde formation [30]. The different outcomes from these studies
highlight the importance to understand the implications of aro-
matic content and its interactions with other gasoline fuel com-
ponents on the formation of aldehyde emissions.

C6H5C.H2 +0 = CGH5. + CHZO (R3)

Beyond aldehyde emissions, Karavalakis et al. [26] and Zhu et
al. [33] reported that non-methane hydrocarbon (NMHC) emis-
sions were decreased with increased aromatic content on GDI
vehicles. Schifter et al. [34] observed similar behaviour from
four port-fuel injection (PFI) vehicles. They attributed the causes
to a delay in the light-off of the three-way catalytic (TWC) con-
verter because of lower peak flame temperatures [30]. Whereas
Broustail et al. [24] found increasing ethanol concentration
decreased the total hydrocarbon (THC) emissions component,
which includes the NMHC emissions.

Many of these studies are conducted in full vehicle operations
where there are many external factors affecting the results. Of-
ten, these tests study the emissions after the TWC, which al-
ters the composition of the exhaust based on its temperature
amongst other factors. To truly understand the fuel impact,
engine-out emissions from a simple engine would be prefer-
able. Therefore, this study explores the impact of ethanol,
toluene, and iso-octane, as pure components, as binary mix-
tures of ethanol and toluene, and as ternary mixtures with vary-
ing toluene content on engine-out aldehyde, ethanol, and NMHC
emissions. The fuel effects on engine-out aldehyde and NMHC
emissions were analysed across varying fuel-to-air equivalence
ratio (¢), load (measured through the indicated mean effective
pressure (IMEP)), and at a constant engine speed of 1100 rpm.
The results for the investigated research fuels are presented for
the first time in literature to aid the understanding of fuel interac-
tions and engine operating conditions on engine-out emissions.

EXPERIMENTAL SETUP

A single-cylinder, GDI-SI engine with optical access capabilities
was used for these experiments. Its configuration is shown in
Figure 1. However, none of the optical access characteristics
were used for this work. The engine was coupled with a Control
Techniques dynamometer for torque and speed control. The test
cell was controlled by the Taylor DynPro2 system. The combus-
tion system consisted of a centrally mounted spark plug and the
fuel injector was operating at a pressure of 150 bar. The Berke-
ley Nucleonics Corporation (BNC) model 725 unit controlled in-
jection and ignition timing and injection duration with shaft en-
coder trigger signals. The engine coolant was maintained at
45 °C to minimise the risk of melting the piston rings. These
rings were made of polyamide-imide to achieve oil-free combus-
tion; enabling the effect of the individual fuel components tested
here to be studied in isolation. All temperatures were measured
with K-type thermocouples. The experimental test facility has
previously been comprehensively described by White et al. [35].

The Taylor DynPro2 system also logged low-speed data such as
the exhaust temperature at 1 Hz. A Kistler Type 6041A high-
speed pressure transducer was used to measure the cylinder
pressure data. This was recorded at 0.1 °CA resolution using
the AVL X-ion high-speed data acquisition system. The indi-
cated mean effective pressure was calculated using the cylin-
der pressure. High-speed data was collected for 300 cycles
once the engine reached stable operation and three indepen-
dent runs were conducted at each operating point. The fuel-air
equivalence ratio (¢) was measured using a lambda sensor at
the exhaust of the engine. The sensor was calibrated with free
air according to the fuel-air ratio of each fuel. The engine speci-
fications and settings are presented in Table 1.

Table 1: Engine specifications and settings.

Parameter Unit Value
Bore mm 89.0
Stroke mm 90.3
Displacement cm3 561.9
Compression ratio - 11:1
Fuel pressure bar 150
Valves per cylinder - 2 intake; 2 exhaust

IVO °CA aTDC -336

IVC °CA aTDC -86

EVO °CA aTDC 116

EVC °CA aTDC 366
Injection timing °CA aTDC -270
Ignition timing °CA aTDC -46.3

A Fourier transform infrared spectroscopy (FTIR) gas analyser
(AVL SESAM FTIR i-60) was used to measure real-time engine-
out emissions. The FTIR analyser operates at a sampling rate
of 5 Hz. With a gas cell capacity of 200 mL, the FTIR analyser
operates with a sample flow rate of 8 L/min maintaining 191 °C
and 800 hPa to achieve effective gas exchange at this rate. Prior
to each fuel test, the background spectrum used to determine
absorbance was collected and normalised by purging the gas
cell with nitrogen gas. Through operating at 191 °C, the FTIR
analyser samples the raw exhaust without contaminating the op-
tics with water vapour and emission constituents. Upstream, the
FTIR analyser sample line is also heated to 191 °C thus pre-
venting losses from adsorption and condensation. Between the
engine-out exhaust and the heated line, a heated filter removes
particulate matter to prevent optical cell contamination. This filter
was replaced with a new one for each fuel tested. The specifi-
cations of the relevant measured emissions can be found in Ta-
ble 2. For the non-methane hydrocarbon (NMHC) emissions, the
FTIR identifies a group of hydrocarbons (HCs), including oxy-
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Figure 1: Single cylinder engine configuration

genated species and excluding methane, that are present in the
exhaust above pre-determined threshold levels. The analysis of
infrared spectra works best for HCs with low carbon numbers as
they have strong and sharp absorbance bands [36]. As the top
ten compounds account for 80% of the HCs in the exhaust, Gier-
czak et al. [20] found that the FTIR method yielded FTIR equiv-
alent NMHC measurements within 5% of the regulatory flame
ionisation detection (FID) method for fuel blends ranging from
gasoline to E85 (85 %vol ethanol and 15 %vol gasoline).

Table 2: FTIR emissions analyser specifications for emissions consid-
ered in this paper.

Emission Name Unit Range Accu-
component racy
Formaldehyde HCHO ppm 0-1000 +0.15
Acetaldehyde MECHO ppm 0 - 3000 +0.35

Ethanol ETOH ppm 0- 1000 +0.30
Non-methane NMHC ppm 0- 10000 +2.50
hydrocarbons

EXPERIMENTAL METHODOLOGY

The engine was first warmed up with the coolant temperatures
stabilised. All the tests were carried out at ambient air intake
conditions (298 + 5 K), at an engine speed of 1100 rom. The
fuel-air equivalence ratio (¢) and IMEP were controlled by ad-
justing the throttle position and injection duration. For each
test, the data from 300 consecutive cycles were measured and
then averaged. Three runs were performed for each operat-
ing condition. The effect of toluene, ethanol, and iso-octane
(2,2,4-trimethylpentane), and their binary and ternary mixtures
on engine-out emissions was studied. The molar and volumetric
compositions of the eight fuels tested are shown in Table 3.

The iso-octane, toluene, and ethanol were all sourced from
Thermo Fischer Scientific and had 99.8%, 99.9%, and 99.5%
purity, respectively, as stated by the supplier. Through testing
bespoke binary and ternary mixtures, the precise effects of the
interactions between ethanol, toluene, and iso-octane (common
gasoline surrogate components) on engine-out emissions can
be quantified and studied. The conditions tested and the range
is shown in Table 4.
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Table 3: The volumetric and molar fractions of the fuels tested.

Fuel Ethanol Toluene Iso-octane

mol vol mol vol mol vol
E100 1.00 1.00 - - - -

0100 - - - - 1.00 1.00
T100 - - 1.00 1.00 - -
TE25 0.38 0.25 0.62 0.75 - -
TE50 0.65 0.50 0.35 0.50 - -
TE75 0.85 0.75 0.15 0.25 - -

OTE25_LowT | 0.48 0.25 0.05 0.05 0.47 0.70

OTE25_HighT | 0.44 0.25 0.29 0.35 0.28 0.40

Table 4: The operating conditions investigated.

Condition Equivalence ratio (¢) Speed IMEP

value 0.90-1.20 1100 1.8-3.00
range (+) 0.02 10 0.25

For each fuel and operating condition, the measured cylinder
pressure profiles were averaged over 300 consecutive cycles
and 3 repeats. The cylinder temperature profiles were derived
from the pressure traces. These data are presented in Appendix

For each dataset, the emissions skewed by anomalous peaks
detected by the FTIR analyser due to partial burns or misfires
were excluded. Across all tests, the median coefficient of varia-
tion (CoV) of IMEP was 4 %.

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

RESULTS AND DISCUSSION

The results are reported in three sections: the effect of each
fuel tested on engine-out aldehyde emissions at stoichiometric
low load and speed conditions; the impact of varying the fuel-air
equivalence ratio for each of the fuels studied; and the influence
of increased IMEP for the ternary mixtures.



EFFECT OF FUEL COMPOSITION

The engine-out emissions of pure fuel constituents ethanol,
toluene, and iso-octane, binary mixtures of ethanol and toluene
with increasing ethanol ratio, and ternary mixtures of iso-octane
and ethanol with low and high levels of toluene, defined by
the EN228 standards’ limit [37]. Through understanding the
behaviour of the components individually, their contribution to
engine-out aldehyde emissions in specifically curated binary and
ternary mixtures can be investigated.

Pure fuels

At 1.80 bar IMEP / 1100 rpm, stoichiometric conditions, the
engine-out formaldehyde and acetaldehyde emissions are com-
pared for ethanol, toluene, and iso-octane as shown in Figure
2. Figure 2 shows that ethanol gives greater formaldehyde and
acetaldehyde emissions than both toluene and iso-octane. A
ten- and five-fold increase in average engine-out aldehyde emis-
sions was produced from ethanol compared to toluene and iso-
octane, respectively. This agrees with literature that identifies
that aldehyde engine-out emissions for pure ethanol combus-
tion are significantly greater than conventional gasoline fuel with
components including iso-octane and toluene [38]. Neverthe-
less, to the author’s knowledge, this is the first time in the open
literature that the engine-out aldehyde emissions of iso-octane
and toluene are presented in comparison to pure ethanol.
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Figure 2: Formaldehyde (white) and acetaldehyde (cyan) engine-out
emissions for ethanol, toluene, and iso-octane at 1.80 bar IMEP /
1100 rpm, stoichiometric conditions. Error bars represent minimum and
maximum emissions over three runs.

Furthermore, Figure 2 shows that the formaldehyde to acetalde-
hyde ratio for ethanol is approximately 0.76 for ethanol, how-
ever, for toluene and iso-octane, this ratio is around 3.0. The
observed increased formation of acetaldehyde over formalde-
hyde for ethanol agrees with the literature as the fundamental
combustion chemistry of ethanol as previously described by Re-
actions 1 and 2 [7, 22]. Whereas, for iso-octane, these find-
ings agree with the work of Curran et al. [23] and Broustail
et al. [24] which report iso-octane’s reaction pathways lead
to greater formaldehyde than acetaldehyde emissions. Simi-
larly, for toluene, whilst the measured acetaldehyde emissions
are negligible compared to ethanol, the formaldehyde emissions
can be attributed to Reaction 3. Furthermore, this indication of
greater formaldehyde than acetaldehyde for conventional gaso-
line components with no ethanol is in line with literature as Wang
et al. [38] found similar results with unleaded gasoline from a

single-cylinder engine.

By investigating pure fuel constituents of gasoline, the engine-
out aldehyde emissions were measured in real-time and pre-
sented from a direction injection Sl engine. These results clearly
show that the direct impact of the combustion of toluene pro-
duces significantly less engine-out aldehyde emissions than
ethanol and iso-octane, a simple gasoline surrogate. As toluene
has a higher adiabatic flame temperature, this could also be at-
tributed to the higher in-cylinder combustion temperatures which
consume the aldehydes. To further understand the impact of
aromatic components in aldehyde engine-out emissions, binary
blends of toluene and ethanol were studied.

Binary mixtures

At similar operating conditions to the pure fuels, with 1.80 bar
IMEP / 1100 rpm, stoichiometric conditions, three binary fuels
were investigated. Figure 3 presents the formaldehyde and ac-
etaldehyde emissions. The results indicate that for TE25, the ac-
etaldehyde and formaldehyde emissions are at similar levels and
hence the formaldehyde to acetaldehyde ratio is 1.20, whereas,
with increasing ethanol addition, the ratio changes to approxi-
mately 0.70, showing greater acetaldehyde than formaldehyde
emissions. Furthermore, the difference between formaldehyde
and acetaldehyde emissions increases with ethanol addition.
Since ethanol is one of the main precursors of aldehyde emis-
sions, these trends are expected and in line with the results seen
from the pure component fuels.
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Figure 3: Formaldehyde (white) and acetaldehyde (cyan) engine-out
emissions for TE25, TE50, and TE75 at 1.80 bar IMEP / 1100 rpm,
stoichiometric conditions. Error bars represent minimum and maximum
emissions over three runs.

When comparing the binary mixture with its pure fuel con-
stituents of ethanol and toluene, Figure 4 shows that even with
25 %vol addition of toluene to a binary TE mixture, the aldehyde
emissions are halved compared to pure ethanol. This could be
attributed to toluene’s presence increasing the in-cylinder tem-
perature or leading to pockets of high temperature in the cylinder
consuming the intermediate aldehydes.

These findings, albeit from fuel compositions that are not typi-
cally expected in an engine, aid the understanding of the inter-
actions of aromatic and oxygenate fuel components and their
implication on aldehyde engine-out emissions. When studying
ignition delay time and flame speed, Fan et al. [39] reported
that the increased HO," radical production from ethanol led to
faster consumption of the benzyl radical from toluene. Specif-



ically, during the low temperature heat release, the reactivity
of ethanol is suppressed but the reactivity of toluene is signif-
icantly enhanced [39]. Similar observations have been made
when studying the laminar burning velocity of equal-volume bi-
nary and ternary mixtures of iso-octane, ethanol, and toluene at
380 K and 450 K [40, 41, 42]. As Sarathy et al. found, in this
region, ethanol favours chain termination pathways leading to
acetaldehyde [7]. However, as these reactions are suppressed
by toluene’s increased reactivity, the measured engine-out alde-
hyde emissions are significantly reduced.
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Figure 4: Binary fuel mixtures formaldehyde, acetaldehyde, and ethanol
engine-out emissions at 1.8 bar IMEP / 1100 rpm, stoichiometric condi-
tions. Error bars represent minimum and maximum emissions per run.

These results show that toluene exhibits a suppressing effect on
the engine-out aldehyde emissions of pure ethanol. To explore
toluene’s influence on other common gasoline surrogate compo-
nents, the effect of low and high concentrations on a simple E25
(25 and 75 %vol of ethanol and iso-octane, respectively) gaso-
line surrogate is studied.

Ternary mixtures

Similar to the pure and binary fuels, the ternary mixtures were in-
vestigated at an IMEP of 1.95 bar IMEP / 1100 rpm, stoichiomet-
ric conditions. Figure 5 presents the formaldehyde, acetalde-
hyde, and ethanol engine-out emissions from the two ternary
mixtures.

Figure 5 show that on average, the aldehyde emissions from
the OTE25_LowT ternary mixture are higher than OTE25_HighT.
As the latter composition has less iso-octane, a precursor to
formaldehyde, this could lead to lower aldehyde emissions on
average. As seen with the binary mixtures, the increased
toluene presence in OTE25_HighT can suppress the reactivity
of ethanol, thus lowering the aldehyde emissions.

Furthermore, the ternary mixtures’ formaldehyde to acetalde-
hyde ratio is approximately 2.0, which is lower than the ratio of
3.0 found for pure iso-octane and toluene. This is directly re-
lated to the presence of ethanol in the blends, highlighting that
the acetaldehyde concentration has increased despite the sup-
pression of ethanol’s reactivity.

Figure 5 also shows the engine-out unburned ethanol emissions.
For both ternary mixtures, the ethanol emissions are similar at
approximately 105 ppm. As an single-cylinder engine with op-
tical access capabilities was used for these experiments, the
unburned ethanol in part comes from the combustion chamber
crevices, which are large compared to production engines. How-
ever, at the same operating conditions, pure ethanol combustion
led to an average of 1490 ppm of ethanol emissions, which rep-
resents a 14-fold increase. This could illustrate the chemical ki-
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Figure 5: Formaldehyde (white), acetaldehyde (cyan), and ethanol (blue)
engine-out emissions for OTE25_LowT and OTE25_HighT at 1.95 bar
IMEP / 1100 rpm, stoichiometric conditions. Error bars represent mini-
mum and maximum emissions over three runs.

netic effect of toluene in the fuel composition and suggests that
the increased toluene presence leads to local areas of high tem-
perature within the combustion chamber that partially consumes
the ethanol, resultant aldehydes, and other intermediates from
ethanol combustion.

Furthermore, to understand iso-octane’s impact, the unburned
ethanol emissions between TE25 and the ternary mixtures can
be compared (as iso-octane’s presence at varying quantities
is their main difference). TE25’s combustion leads to around
165 ppm of unburned ethanol emissions at the aforementioned
conditions. This suggests iso-octane’s low-temperature reactiv-
ity could promote the consumption of ethanol, however, this ef-
fect is predicted to be lower than that of toluene.

Summary

The results illustrate that compared to iso-octane and ethanol,
toluene as a pure component produces minimal formaldehyde
and acetaldehyde engine-out emissions. When toluene is mixed
with ethanol, the increased reactivity of toluene, partially due
to the HO, radicals production from ethanol [39], suppresses
the engine-out aldehyde emissions of the mixture. For ternary
mixtures of iso-octane, toluene, and equivalent volumetric con-
centration of ethanol, the increased presence of toluene leads
to lower engine-out aldehyde emissions. The results agree with
Goodfellow et al. [27] and Zervas et al. [28] that lower carbon
number aldehydes decreased with increasing aromatic content.
Whereas, the results from this work differ from the findings of
Yang et al. [9], Schuetzle et al. [29], and Zhang et al. [30]
where formaldehyde and acetaldehyde formation was linked to
aromatic content. These experiments were conducted on a ve-
hicle level with three-way catalysts (TWC). This would likely alter
the composition of the exhaust gases based on operating condi-
tions and TWC temperatures.

EFFECT OF FUEL-AIR EQUIVALENCE RATIO

During transient conditions in a normally operating engine, there
are points at which rich (excess fuel) or lean (excess air) con-
ditions are briefly encountered in the engine. This section ex-
plores the impact of equivalence ratio on aldehyde engine-out
emissions at 1.80 bar IMEP /1100 rpm.
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Figure 6: Ethanol (blue), toluene (black), and iso-octane (green) engine-
out a) formaldehyde, b) acetaldehyde, and ¢c) NMHC emissions across
an equivalence ratio (¢) range at 1.80 bar IMEP, 1100 rpm. Error bars
represent minimum and maximum emissions per run.

The formaldehyde, acetaldehyde, and non-methane hydrocar-
bons (NMHC) engine-out emissions from the pure fuels of
ethanol (blue), toluene (black), and iso-octane (green) are pre-
sented in Figure 6. At each of the fuel-air equivalence ratios (¢)
tested, ethanol presents greater engine-out aldehyde emissions
than iso-octane and toluene similar to the distinction across the
three fuels at stoichiometric conditions. For the combustion of
pure ethanol, the formaldehyde and acetaldehyde engine-out
emissions peak at stoichiometric (¢ = 1), however, they de-
crease atlean (¢ < 1) andrich (¢ > 1) conditions. Zervas et
al. present similar findings when they tested fuels with ethanol
blended [28]. Due to the inherent oxygen content in ethanol
compared to the other fuels tested, the additional oxygen con-
tent leads to the oxidation and consumption of the intermediate
aldehydes at the richer conditions. At the lean operating condi-
tions, ethanol’'s greater propagating flame speed is favoured by
the retarded ignition timing as it is fixed across all tests and ad-
ditional oxygen content as similarly observed by Yu et al. [43]

However, for iso-octane and toluene, a relative increase in the
engine-out aldehyde emissions is observed at the lean operating
condition. Compared to ethanol, both these components have
slower flame speeds as identified by Dirrenberger et al. [44]. As
the ignition timing is fixed and potentially too retarded for iso-
octane and toluene, there is a greater amount of unburned in-
termediates at the lean operating condition. This suggests an
advanced ignition time would lead to lower aldehyde emissions
at this condition.

The increased aldehyde emissions at lean conditions are par-
ticularly observed with iso-octane, which is more susceptible to
pre-spark ignition than toluene. Furthermore, compared to both
toluene and ethanol, iso-octane represents two-stage reactivity
[45]. This could also lead to an increased quantity of unburned
intermediate aldehydes.

For the pure fuels tested, the opposite trend to aldehydes is
observed for NMHC. Ethanol emits the lowest concentration
of NMHC, whereas toluene emits the highest among the fuels
tested across the range of equivalence ratios. As the mixture
becomes leaner, the NMHC clearly presents decreasing trends,
whereas, toluene and iso-octane lead to increased aldehyde
emissions at lean conditions. This could be due to the aldehydes
formed as stable intermediates and not due to partial or incom-
plete combustion. The interactions and resultant emissions of
these fuels in binary compositions across the equivalence ratio
range were also studied.

Binary mixtures

The formaldehyde, acetaldehyde, and NMHC engine-out emis-
sions from the binary mixtures of TE25 (orange), TE50 (ma-
genta), and TE75 (teal) are presented in Figure 7.

For the three binary toluene and ethanol (TE) mixtures tested,
a difference in formaldehyde and acetaldehyde emissions be-
tween the fuels is observed across the equivalence ratio range.
The mixture with the greatest content of ethanol (TE75) pro-
duces two to three times more engine-out aldehyde emissions
compared to the mixture with the least (TE25). The rate of
increase in engine-out aldehyde emissions is greater between
TE75 and TE50 than between TE50 and TE25. This further af-
firms that ethanol is a major precursor to aldehyde formation.
However, the presence of toluene suppresses ethanol’'s oxida-
tion to aldehydes as previously described at stoichiometric con-
ditions. This is effective when the majority of the binary compo-
sition is toluene (i.e., TE50 and TE25).

In contrast to pure ethanol’s behaviour at rich conditions where
the aldehyde emissions decrease, for all binary mixtures tested,
the aldehyde emissions increased at these conditions. This
could be attributed to the additional oxygen in ethanol consumed
by toluene as it has enhanced reactivity when coupled with
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Figure 7: TE25 (orange), TE50 (magenta), and TE75 (teal) fuels with
engine-out a) formaldehyde, b) acetaldehyde, and c) NMHC emissions
across an equivalence ratio (¢) range at 1.80 bar IMEP / 1100 rpm. Error
bars represent minimum and maximum emissions per run.

The NMHC engine-out emissions were greatest for the TE25

mixture, which has the highest toluene concentration, and lowest
for the TE75 mixture. The opposite behaviour was observed for
aldehyde emissions. However, based on the findings of the pure
components, this trend is expected. The interactions between
toluene and ethanol present insightful results on their comple-
mentary role to each other. Ethanol enables the reduction of
toluene’s NMHC emissions due to its fuel-bound oxygen and
toluene reduces the aldehyde emissions of ethanol by suppress-
ing its formation reactions. The impact of these interactions with
a simple gasoline surrogate of iso-octane was studied across
the same equivalence ratio range.

Ternary mixtures

Similar to the pure fuels and binary mixtures, the ternary mix-
tures of OTE25_LowT (brown) and OTE25_HighT (violet) were
tested at 1.9 bar IMEP, 1100 rpm, across an equivalence ratio
(¢) range of 0.90 to 1.20. The formaldehyde, acetaldehyde, and
NMHC engine-out emissions are presented in Figure 8. Over
the equivalence ratios tested, the engine-out aldehyde emis-
sions for the OTE25_LowT ternary mixture were greater than the
OTE25_HighT. Despite consistent levels of ethanol in both fuels,
the displacement of iso-octane in the OTE25_LowT fuel led to re-
duced aldehyde emissions. This follows observations made for
the pure constituents of these mixtures where iso-octane pro-
duces twice the amount of aldehyde emissions as toluene.

At the richer conditions (¢ > 1), the difference in formaldehyde
emissions between the fuels is greater, however, for acetalde-
hyde and NMHC, this difference is less obvious. As iso-octane
presents a formaldehyde-to-acetaldehyde ratio of 3:1, its pres-
ence at a greater concentration for the OTE25_LowT mixture
could explain the clear difference in formaldehyde emissions.
From rich to stoichiometric operating conditions, a reduction in
engine-out emissions is observed, as expected. However, be-
yond stoichiometric, at lean conditions, the average engine-out
emissions are greater than at stoichiometric. Due to the low
flame propagating speeds of iso-octane and toluene, this could
be attributed to the fixed ignition timing which may be too re-
tarded for these pure fuel constituents which form a major part
of the ternary mixture. Similar behaviour was observed for pure
iso-octane and toluene.

Although there is a greater toluene concentration in
OTE25_HighT, at rich conditions, the mixture’s NMHC engine-
out emissions are lower than OTE25_LowT. At stoichiometric,
the NMHC emissions are comparable for both fuels and at
leaner conditions, a shift in trend where OTE25_HighT has
greater NMHC emissions is observed, albeit within the error
range of OTE25_LowT.

For both mixtures, at the rich conditions, the spread in emis-
sions measurements is greater. Furthermore, the error bars for
OTE25_LowT are greater than OTE25_HighT suggesting that the
increased presence of toluene has led to more predictable and
stable emissions.

These results indicate that the aldehyde engine-out emissions
are increased with mixtures that contain a lower concentration of
aromatics, represented by toluene in this work, at low speed and
load conditions. Whilst the difference is minimal at stoichiomet-
ric, the discrepancies disproportionately increase at rich operat-
ing conditions. To explore whether this behaviour is replicated at
partially higher loads, the ternary mixtures were tested at 3.0 bar
IMEP and 1100 rpm.



- : : _
L M |r2|r3 ]
| TOTE25LowT | O | % | A 1
|l OTE25HighT | O | % | A 1
'€ 200 i
5 L i
k=% L i
1] . -
c
S F 1
% L 4
€ 150 h
5 L 1
[0 = 4
kel
£ L ]
[0}
k] L il
© L -
£ 100 i
S L % i
[T
50 i a

E 1 1 1 1 1 1
08 09 09 1 105 1.1 115 1.2 1.25

Equivalence ratio [¢]

160
140
120
100

80

i

C 1 1 1 1 1 1
08 09 09 1 105 1.1 1.15 1.2 1.25

Equivalence ratio [¢]

60

Acetaldehyde emissions [ppm]

40

(b)

8,000

6,000

4,000

NMHC emissions [ppm]

2,000

4

L | | | | | | |
0.8 09 09 1 105 1.1 1.15 1.2 1.25

Equivalence ratio [¢]

()

Figure 8: OTE25_LowT (brown) and OTE25_HighT (violet) fuels with
engine-out a) formaldehyde, b) acetaldehyde, and ¢c) NMHC emissions
across an equivalence ratio (¢) range at 1.95 bar IMEP / 1100 rpm. Er-
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EFFECT OF LOAD

Figure 9 presents the formaldehyde, acetaldehyde, and NMHC
engine-out emissions from the OTE25_LowT and OTE25_HighT
at 1.95 and 3.00 bar IMEP, 1100 rpm, and stoichiometric condi-
tions.
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Figure 9: Formaldehyde (white), acetaldehyde (cyan), and NMHC (red)
engine-out emissions for OTE25_LowT and OTE25_HighT at IMEPs of
1.95 and 3.00 bar / 1100 rpm, stoichiometric conditions. Error bars rep-
resent minimum and maximum emissions over three runs.

As the load increases, the resultant engine-out emissions in-
crease. This can be attributed to the increased fuelling at a
higher load. For both fuels, the injected quantity increased by
approximately 33 %. Furthermore, the OTE25_LowT presents
greater engine-out aldehyde emissions than OTE25_HighT at
the higher load operating point following the trend previously
observed. However, the rate of increase in engine-out alde-
hyde and NMHC emissions is greater for OTE25_HighT than
OTE25_LowT. This shows that low-speed conditions present un-
favourable combustion conditions for toluene, thus accelerating
the rate of increase in emissions for the higher toluene concen-
tration ternary mixture.

For both operating loads and fuels, the formaldehyde-to-
acetaldehyde ratio is approximately 2:1. Whilst this ratio is mod-
erately higher than 2:1 for OTE25_LowT, the opposite is ob-
served for OTE25_HighT. Following the observations made with
the binary TE mixtures, the increased presence of toluene in the
latter mixture may inhibit ethanol’s formation of aldehyde emis-
sions.

A clear distinction in the NMHC engine-out emissions is ob-
served between the two ternary mixtures at the 3 bar load oper-
ating condition, whilst they were comparable at a load of 2 bar.
This can be attributed to the increased fuel injection but low com-
bustion pressures and temperatures. The results further affirm
that these conditions are not optimised for the inherent combus-
tion properties of toluene and iso-octane, leading them to not
completely combust. These observations can also explain the
increased aldehyde emissions whose production is favoured by
the low temperature conditions.

These results also showed that at low speed and load operat-
ing conditions, the presence of toluene in an ethanol-gasoline
surrogate mixture would inhibit ethanol’s formation of aldehyde
engine-out emissions.



CONCLUSION

This work explores the engine-out formaldehyde, acetaldehyde,
ethanol, and NMHC emissions from eight different fuels. These
include pure fuels of ethanol, toluene, and iso-octane, binary
mixtures of ethanol and toluene with increasing ethanol ratios
(TE25, TE50, TE75, respectively), and two ternary mixtures
with low and high concentrations of toluene (OTE25_LowT and
OTE25_HighT, respectively). All fuels were tested at an IMEP
of 1.80 bar, speed of 1100 rpm, and across a fuel-air equiva-
lence ratio (¢) range of 0.90 to 1.20. Ternary mixtures were also
tested at a higher load of 3.00 bar IMEP at 1100 rpm, stoichio-
metric conditions. For all the fuels, at each operating condition,
3 independent tests were performed each with 300 consecutive
cycles. The error bars for each test represented the maximum
and minimum values from the emissions measurement profiles.

The findings from this work include:

+ A ten- and five-fold increase in average engine-out alde-
hyde emissions was produced from ethanol compared to
toluene and iso-octane, respectively. These results clearly
identify that the combustion chemistry of pure toluene leads
to negligible quantities of aldehyde emissions.

» The formaldehyde to acetaldehyde ratio ranged from 1.20
for TE25 to 0.70 for TE75, showing that increasing ethanol
addition to toluene led to greater acetaldehyde production.

» Compared to pure ethanol, 25 %vol addition of toluene to
form the TE75 binary mixture halved the average engine-
out aldehyde emissions. This suggests a significant sup-
pressing effect by toluene on ethanol’s aldehyde formation.

« The ternary mixture with a higher concentration of toluene
OTE25_HighT produced lower average engine-out alde-
hyde emissions compared to OTE25_LowT despite both
mixtures having equivalent ethanol quantity. This further
affirms toluene’s suppressing effect and the contribution of
iso-octane to formaldehyde emissions.

« Across the equivalence ratio range, ethanol presents lower
aldehyde emissions at lean and rich conditions compared
to stoichiometric. However, iso-octane and toluene present
contrasting results with greater aldehyde emissions at lean
and rich conditions than stoichiometric. This could be at-
tributed to the greater flame speed of ethanol favoured by
the retarded ignition timing and the additional oxygen in the
ethanol enabling more complete combustion.

+ Binary and ternary mixtures followed similar trends across
the equivalence ratio as iso-octane and toluene. Increasing
ethanol content in the binary mixtures increased the alde-
hyde emissions. Increased toluene in ternary mixtures re-
duced the aldehyde emissions across the equivalence ratio
range.

» The NMHC emissions reveal that toluene and iso-octane
did not completely combust due to their inherent combus-
tion properties thus leading to intermediate aldehyde emis-
sions. Whereas for ethanol, its oxidation process leads to
aldehydes directly.

The results from this work indicate that the addition of aromatic
content, such as toluene, reduces the aldehyde emission pro-
duction of ethanol as the benzyl radical consumes the HO, rad-
ical produced during ethanol’s oxidation thus increasing the re-
activity of toluene and the in-cylinder temperature. This temper-
ature range provides the environment that consumes the inter-
mediate aldehydes.
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DEFINITIONS, ACRONYMS, ABBREVIATIONS

10) fuel-air equivalence ratio
2,4-DNPH 2,4-dinitrophenyl hydrazine

BNC Berkeley Nucleonics Corporation
CoV Coefficient of variation

(o]0) Carbon monoxide

EU European Union

EVC Exhaust valve closing

EVO Exhaust valve opening

FID Flame ionisation detector

FTIR Fourier Transform Infrared Spectroscopy
GDI Gasoline direct injection
GHG Greenhouse gas
IARC International agency for research on cancer
IMEP Indicated mean effective pressure
IVC Intake valve closing
IVO Intake valve opening
NMHC Non-methane hydrocarbon
PFI Port-fuel injection
PM Particulate matter
Si Spark ignition
THC Total hydrocarbons
TWC Three-way catalytic converter
UHC Unburned hydrocarbons
USA United States of America
APPENDIX A

The measured cylinder pressure profiles for each of the pure, bi-
nary, and ternary mixtures are presented at stoichiometric con-
ditions at a speed of 1100 rpm. The cylinder temperature is
derived from the cylinder pressure using Equations 1 and 2 as-
suming ideal gas law and i refers to every 0.1 °CA.

Pinlet ‘/inlet

e Rnnlet (1 )

PV
T, =
mR

Figure A.1 and A.2 present the measured cylinder pressure and
derived temperature profiles, respectively, for the pure fuels of
ethanol, toluene, and iso-octane at stoichiometric conditions,
speed of 1100 rpm, and a load of 1.80 bar IMEP.
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Figure A.1: Measured cylinder pressure profiles for ethanol (blue),
toluene (black), and iso-octane (green) averaged over 3 repeats each
with 300 cycles at a speed of 1100 rpm, load of 1.80 bar IMEP, and sto-
ichiometric conditions.
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Figure A.2: Calculated cylinder temperature profiles for ethanol (blue),
toluene (black), and iso-octane (green) averaged over 3 repeats each

with 300 cycles at a speed of 1100 rpm, load of 1.80 bar IMEP, and
stoichiometric conditions.

Figure A.3 and A.4 present the measured cylinder pressure and
derived temperature profiles, respectively, for the binary mix-
tures of TE25, TE50, and TE75 at stoichiometric conditions,
speed of 1100 rpm, and a load of 1.80 bar IMEP.

14

12

10

Cylinder Pressure [bar]
R AR AR R S AR ERRRES
IR /0 T T Y A T A A T |

o

1 1
50 —40 =20 0

ro b

1 1 1 1 1
20 40 60 80 100 1
Engine Crank Angle [°CA]

[=2)

0

Figure A.3: Measured cylinder pressure profiles for TE25 (orange), TE50
(magenta), and TE75 (teal) averaged over 3 repeats each with 300 cy-
cles at a speed of 1100 rpm, load of 1.80 bar IMEP, and stoichiometric
conditions.
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Figure A.4: Calculated cylinder temperature profiles for TE25 (orange),
TE50 (magenta), and TE75 (teal) averaged over 3 repeats each with 300
cycles at a speed of 1100 rpm, load of 1.80 bar IMEP, and stoichiometric
conditions.

Figure A.5 and A.6 present the measured cylinder pressure and
derived temperature profiles, respectively, for the ternary mix-
tures of OTE25_LowT and OTE25_HighT at stoichiometric con-
ditions, speed of 1100 rpm, and a load of 1.95 bar IMEP.
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Figure A.5: Measured cylinder pressure profiles for OTE25_LowT

(brown) and OTE25_HighT (violet) averaged over 3 repeats each with
300 cycles at a speed of 1100 rpm, load of 1.95 bar IMEP, and stoichio-
metric conditions.
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Figure A.6: Calculated cylinder temperature profiles for OTE25_LowT
(brown) and OTE25_HighT (violet) averaged over 3 repeats each with

300 cycles at a speed of 1100 rpm, load of 1.95 bar IMEP, and stoichio-
metric conditions.
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Figure A.5 and A.6 present the measured cylinder pressure and
derived temperature profiles, respectively, for the ternary mix-
tures of OTE25_LowT and OTE25_HighT at stoichiometric con-
ditions, speed of 1100 rpm, and a load of 3.00 bar IMEP.
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Figure A.7: Measured cylinder pressure profiles for OTE25_LowT

(brown) and OTE25_HighT (violet) averaged over 3 repeats each with
300 cycles at a speed of 1100 rpm, load of 3.00 bar IMEP, and stoichio-
metric conditions.
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Figure A.8: Calculated cylinder temperature profiles for OTE25_LowT
(brown) and OTE25_HighT (violet) averaged over 3 repeats each with

300 cycles at a speed of 1100 rpm, load of 3.00 bar IMEP, and stoichio-
metric conditions.



