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Effects of bio-derived oxygenated fuel
molecules on emission reduction by a
three-way catalyst during combustion
in a direct-injection spark ignition
engine

Viktor Kärcher, Paul Hellier and Nicos Ladommatos

Abstract
The displacement of fossil fuel use for transport with sustainable alternatives is urgently required to reduce greenhouse
gas emissions and address global climate change. Advanced biofuels from renewable feedstocks, for example waste bio-
mass, present an opportunity to decarbonise the use of combustion for propulsion however sustainable utilisation of
these fuels also requires consideration of impacts on other exhaust pollutants that negatively affect the environment and
human health. Therefore, while exhaust after-treatment systems are an established and effective means of emission
reduction during combustion of hydrocarbon fuels, there is a need to understand impacts of biofuel use on the perfor-
mance of devices including three-way catalysts (TWC) for simultaneous reduction of nitrogen oxides (NOx), carbon
monoxide (CO) and unburnt hydrocarbons (THC). This experimental study therefore investigates the effects of four
potential biofuel molecules, 2-methylfuran (MF), 2-methyltetrahydrofuran (MTHF), gamma valerolactone (GVL) and lina-
lool (LNL), on combustion, engine-out exhaust emissions and pollutant conversion across a three-way catalyst (TWC) in
a gasoline direct-injection engine. The potential biofuel molecules were blended with reference gasoline (RGL) at 20%
wt/wt and supplied to a light-duty direct-injection spark ignition engine operated at constant conditions, with gaseous
and particulate exhaust emissions measured pre- and post- TWC during catalyst warm-up during engine cold-start and
at steady state. While the biofuel blends displayed similar rates of heat release rate relative to gasoline combustion, the
MF blend significantly increased CO and NOx engine-out emissions both during cold-start and at steady state. The use
of GVL reduced NOx, while hydrogen (H2) emissions correlated with blend hydrogen carbon ratio. All of the biofuel
blends increased the TWC inlet temperature required for pollutant conversion, while MF, LNL and GVL increased H2

levels post-TWC at higher temperatures. LNL exhibited higher particulate levels post-TWC than gasoline only, despite
lower engine-out emissions during combustion of the biofuel blend.
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Introduction

The urgent need to address global climate change1 and
achieve net-zero carbon emission requires the displace-
ment of fossil fuels in transport with renewable alterna-
tives.2–4 Liquid fuels from bio-derived feedstocks and
synthetic fuels produced from zero-carbon electricity
provide an opportunity to progress the decarbonisation
of various transport sectors while utilising existing
infrastructure and vehicle fleets.5 However, an impor-
tant challenge in realising the sustainable use of alter-
native fuels in internal combustion (IC) engines for

transport is the minimisation of pollutant emissions
detrimental to air quality and public health.6 While
exhaust after-treatment devices have been optimised
for the reduction of pollutant emissions from the use of
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hydrocarbon-based fossil-derived fuels in compliance
with current and upcoming legislative limits, there is a
need to understand how the introduction of renewable
fuels of varying composition impact the efficiency of
these systems.7,8

The conversion of lignocellulosic biomass to liquid
compounds with potential use as drop-in fuels for both
spark ignition and compression ignition engines has
received significant attention; in the context of produc-
tion processes9–13 and also effects on engine combus-
tion and emissions during utilisation.14–17 Such fuels
potentially present lesser impact on land-use and
greater net reductions in greenhouse gas emissions than
current widely used biofuels, namely ethanol and fatty
acid methyl ester biodiesel.18 Various processes have
been developed for the conversion of lignocellulosic
biomass to furfural, a platform chemical suitable for
onwards transformation to various high-value chemi-
cals and potential renewable fuels.19 The use of furfural
as a drop-in fuel is limited by unfavourable physical
properties and sequential steps of hydrogenation can
be applied to reduce fuel bound oxygen resulting in
species including 2-methylfuran (MF) and 2-methylte-
trahydrofuran (MTHF).20 Other processing routes can
result in species incorporating alternative oxygenated
functional groups, for example acyclic alcohols and
lactones.20,21

Three-way catalysts (TWC) have been widely uti-
lised for spark ignition engines operating with stoichio-
metric air fuel mixtures since the introduction of
exhaust emissions limits to achieve the simultaneous
reduction of nitrogen oxides (NOx) alongside oxidation
of carbon monoxide (CO) and total unburnt hydrocar-
bons (THC).22 While these were initially developed for
non-oxygen bearing gasoline fuels consisting of various
hydrocarbon species, several previous studies have
investigated the effect of fuel composition on TWC per-
formance, primarily ethanol gasoline blends and for
which varying effects of fuel oxygen have been
observed.23–26

Iodice et al.27 investigated the reduction of pollu-
tants by a TWC with ethanol gasoline blends of varying
composition. At hot catalyst conditions increasing fuel
ethanol content consistently increased pollutant reduc-
tion by TWC, attributed to lower engine out levels via
more complete combustion, however, less consistent
effects were observed during cold-start, with a 30%
ethanol in gasoline blend increasing CO and HC levels
post- TWC. Kärcher et al.28 investigating the effects of
hydrogen (H2) addition upstream of a TWC, and also
synergies with fuel composition, found that use of etha-
nol and butanol gasoline blends resulted in reduced
conversion temperatures for up to 1500 ppm H2, while
larger and cyclic oxygenates showed an opposing effect.
Sinha Majumdar et al.29 and Ladshaw et al.30 investi-
gated and modelled the impact of various oxygenates
on an aged TWC in a synthetic exhaust flow reactor.
Experiments were undertaken with fixed fuel concen-
trations of 3000 ppmC in the synthetic exhaust gas and

oxygen flowrates varied so as to achieve constant
lambda values (l). The presence of short-chain acyclic
oxygenates in the synthetic exhaust gas decreased the
light-off temperature of the TWC for conversion of
CO, THC and NOx, while increases in TWC light-off
temperature were observed with the presence of aro-
matics and cyclic oxygenates.

This paper presents the results of novel engine
experiments investigating the effects of four potential
bio-derived fuel molecules on TWC emission conver-
sion when present during combustion in a direct-
injection spark ignition engine. The potential biofuel
molecules included two furans, a lactone ester and
long-chain alcohol, representative of a range of poten-
tial fuels from lignocellulosic biomass. While the com-
bustion characteristics of these biofuel molecules have
been investigated previously,31–35 this study is the first
to systematically investigate effects of these fuels on
TWC performance in an engine test bed. The molecules
were tested during engine warm-up and steady state
conditions as 20% (wt/wt) blends with a fossil gasoline,
with measurements of in-cylinder pressure, engine-out
emissions and TWC reduction of regulated pollutants,
CO, THC, NOx, particle number (PN) and particle
mass (PM) and H2.

Experimental methodology

Engine and catalyst test facility

All experiments were undertaken with a modified VW
1.4L TSI engine, operated with three firing and one
motored cylinder. The engine had been modified for
research use with separate intake and exhaust mani-
folds for the three firing cylinders and single motored
cylinder. Fuel was supplied to the three firing cylinders
from a 4.3L fuel tank compressed by nitrogen via the
original manufacturer high-pressure fuel pump and
common rail. Fuel was injected to each cylinder via 6-
hole solenoid injectors (Magneti Marelli) and control
of injection parameters determined through the PC
interface of the engine control unit (ECU). In-cylinder
gas pressure was measured at a resolution of 0.4 crank
angle degrees (CAD) by a water-cooled, piezoelectric
pressure transducer (Kistler 6061BS31) and recorded
by a bespoke data acquisition system (National
Instruments Labview). Engine exhaust gas from the
three firing cylinders was passed through a TWC with
emissions measurement upstream and downstream of
the catalyst. A schematic overview of the engine and
catalyst test facility is shown in Figure 1, while Table 1
lists the engine specification.

A commercially available Euro VI compliant cera-
mic brick TWC was utilised and had been previously
de-greened until steady state performance reached, with
Table 2 showing the TWC parameters. Exhaust gas
temperature and l were measured at the inlet to the
TWC, with measurement and sampling ports placed
within 150 to 200mm either upstream or downstream
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of the TWC. Concurrent measurements of gaseous
emissions (CO, CO2, THC and NOx) were made both
upstream (pre-) and downstream (post-) of the TWC
by Horiba Mexa 9100 and 9400 automotive emissions
analysers via separate PID controlled heated lines at a
constant temperature of 190�C. Measurements of H2

concentration and particulate emissions were underta-
ken via further heated lines in immediately consecutive
experiments (due to analyser availability) by V&F
Hsense electron impact mass spectrometer and
Cambustion DMS500 fast particulate spectrometer
respectively.

Fuels investigated

Four potential biofuel molecules, 2-methylfuran (MF),
2-methyltetrahydrofuran (MTHF), gamma valerolac-
tone (GVL) and linalool (LNL), were tested as 20%
gravimetric (wt/wt) blends with a reference gasoline
(RGL). The molecules were selected as representative
of molecules feasibly achieved from lignocellulosic

biomass and also to provide insight into the following
effects of fuel molecular structure:

1. Degree of saturation in a furan ring, MTHF rela-
tive to MF.

2. Addition of a ketone group, GVL relative to
MTHF.

All of the single component molecules were obtained
from a chemical supplier (Sigma Aldrich) at an assay
of 96% or greater, while the reference gasoline (Carcal
RF-02-03) was fossil derived and obtained from a fuels
supplier (Haltermann-Carless). A constant 20% blend-
ing proportion of each single component molecule with
reference gasoline was selected to maximise potential
fuel effects on engine emissions and TWC performance,
while maintaining compatibility of the blends with the
fuel injection system. The molecular structure of the
potential biofuel molecules is shown in Table 3, while
Table 4 lists the properties of all fuels tested.

Figure 1. Schematic representation of the engine and catalyst test facility.

Table 2. Properties of the ceramic TWC brick.

Catalyst type 3-way – Pd/Rh/Pt
Base material Cordierite
PGM ratio 19/5/1
PGM loading (g) 15
Ø of element (mm) 101
Length of element (mm) 76
Volume (L) 0.61
Cell density (cpsi) 400
Wall thickness (mm) 0.15

Table 1. Engine specification.

Number of cylinders 4
Bore (mm) 76.5
Stroke (mm) 75.6
Swept volume/cylinder (cm3) 347.5
Compression ratio 10:1
DI fuel injectors 6-hole solenoid
Coolant temperature (�C) 82 6 4
Oil temperature (�C) 80 6 2
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Experimental conditions

Each of the fuel blends and reference gasoline were
tested at constant engine operating conditions of
1600 rpm, 4.7 bar indicated mean effective pressure
(IMEP) and exhaust lambda value (l) of between 0.995
and 0.997. The throttle position was adjusted for each
fuel so as to achieve a constant IMEP for all tests of
4.776 0.02 bar, while the engine was operated in a
closed-loop lambda mode, with a 1Hz 2.5% lambda
perturbation. For all tests, fuels were injected at a tim-
ing of 280CAD before top-dead centre (BTDC) and
pressure of 80 bar with the injection duration deter-
mined by the closed loop control. A spark timing of
15CAD BTDC was used for all tests, while every
experiment included a 12 second period of operation
on start-up at 900 rpm for stabilisation and heating of
the closed-loop lambda probe. Measurements were
taken both during an initial cold-start phase of 300 s
following engine start-up for each test and also subse-
quently at steady-state conditions. A summary of the
experimental and engine operating conditions specific
to each fuel is shown in Table 5.

Results and discussion

Combustion characteristics

Figure 2 shows the in-cylinder pressure, apparent net
heat release rate and mass fraction burnt (MFB) of the
20% potential biofuel molecule blends with gasoline
and also the reference gasoline. Readily apparent from
Figure 2 is that addition of 20% of the potential biofuel
molecules did not significantly impact combustion
phasing, however, it can be seen that, with the excep-
tion of the 20% GVL blend, all of the fuel blends
resulted in an elevated in-cylinder pressure (Figure
2(a)). This is in agreement with the slightly higher
engine IMEP during the fuel blend tests (Table 5), how-
ever, it is interesting to note that the GVL blend pro-
duced the highest relative IMEP (4.79 vs 4.75 bar) and
widest opening throttle position. Figure 2(b) shows an
earlier increasing heat release rate for the potential bio-
fuel blends relative to reference gasoline following igni-
tion, with the exception of the GVL blend and in
agreement with the observed lower in-cylinder pressure
(Figure 2(a)) and later time of occurrence of 5, 10, 50
and 90% mass fraction burnt (Figure 2(c). Of the fuel
blends, the fastest increase in heat release rate is appar-
ent in the case of MF (Figure 2(b)), in agreement with
previous studies of MF as a single component fuel
where faster combustion relative to RGL was
observed.31,32 In shock tube experiments by Jouzdani
et al.,33 MTHF was found to display longer ignition
delay times than MF, attributed to the presence of
weaker C-H bonds more susceptible to radical attack
in the unsaturated furan and in agreement with the
slower rates of heat release rate increase apparent in
Figure 2(b). The higher heat release rates of MTHF
relative to GVL are in contrast to the study of Talibi
et al.34 where in blends with ethanol and gasoline the
furan displayed lower rates of heat release. This work,
however, utilised a carburetter for fuel delivery within
the engine intake manifold, suggesting a greater influ-
ence of the elevated boiling point and density of the
lactone relative to the furan in the current study
employing high-pressure direct injection of the fuels.
Also utilising a carburetter for fuel delivery, Hellier
et al.35 observed an initial increase in peak heat release
rate with the addition of 10% linalool to gasoline, simi-
lar to the increase apparent in Figure 2(b), but a level

Table 3. Fuel molecular structures.

2-methylfuran (MF)

O CH3

2-methyltetrahydrofuran (MTHF)

O CH3

Gamma valerolactone (GVL)

O CH3O

Linalool (LNL)

H3C CH3

CH2
HOCH3

Table 4. Fuel properties.

Fuel Molecular formula AFRst
a H/C Oxygen (%) Tboil (�C)36 Density (kg/dm3)36 Assay (%)

Reference gasoline - 14.22 1.73 0.92 - 0.747 -
2-methylfuran C5H6O 10.11 1.2 19.49 65 0.913 98
2-methyltetrahydrofuran C5H10O 11.24 2.0 18.57 78 0.855 99
Linalool C10H18O 12.55 1.6 10.37 19835 0.867 96
Gamma-valerolactone C5H8O2 8.29 1.8 31.96 219 1.079 99

aCalculated according to the method of Spicher et al.37
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of peak heat release lower than gasoline with a blend of
40% LNL.

Engine-out emissions

Figure 3 shows the engine-out gaseous emissions from
the 20% fuel blends and reference gasoline during the
engine cold-start period, and at steady-state relative to
the boiling point of the potential biofuel molecule pres-
ent in each blend. Where shown in Figure 3 and subse-
quent figures, the data points indicate mean values and
the error bars one standard deviation from the mean.
In Figure 3(a), it can be seen both furan blends, those
of MF and MTHF, exhibited appreciably higher levels
of CO during engine cold-start relative to the LNL and
GVL blends, and reference gasoline. Most pronounced
are the higher levels of CO emitted by MF, displaying
both a lesser initial decrease following engine start-up
and a greater increase during 100 to 250 s of engine
operation. Levels of engine-out H2 (Figure 3(b)) were
however similar for all fuels tested, with the greatest
deviation displayed by the LNL blend between 50 and
100 s during cold-start.

Figure 3(c) shows the engine-out measurements of
THC, with significantly higher levels emitted by LNL
and GVL throughout engine cold-start, while both
furan blends produced lower THC than the reference
gasoline, as observed in previous tests of MF and
MTHF gasoline blends.38,39 Readily apparent from
Figure 3(c) is the correlation between fuel blend com-
ponent boiling point and THC, with the two mole-
cules of highest boiling point, GVL and LNL,
emitting significantly higher levels throughout relative
to the lower boiling point furans (Table 4). The
higher boiling points of GVL and LNL may have
reduced rates of vaporisation and efficiency of fuel
air mixing during the compression stroke, resulting in
a less homogenous mixture and greater persistence of
unburnt fuel.40 In Figure 3(d), it can be seen that for
all fuels levels of NOx emitted increased during
engine cold-start, with the highest levels throughout
displayed by the MF blend and the lowest by GVL.
This is in agreement with previous studies of MF38

and the observed lower peak in-cylinder pressure and
slower increase in heat release rate of the GVL blend
(Figure 2), with both characteristics likely to reduce
the magnitude of in-cylinder temperatures where the
majority of NOx is expected to form through thermal
oxidation of nitrogen, the rates of which are highly
sensitive to temperature.40,41

Figure 4 shows the engine-out particulate emissions
from the 20% fuel blends and reference gasoline during
the engine cold-start period, and at steady-state relative
to the boiling point of the potential biofuel molecule
present in each blend. Immediately apparent from
Figure 4(a) is the significant reduction in particle num-
ber (PN) for all of the potential biofuel molecule blends
throughout the engine cold-start period relative to
RGL, with the largest reductions apparent from GVLT
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and MTHF. It is suggested that the especially high oxy-
gen content of GVL inhibited particle formation
through limiting the availability of carbon atoms for
production of soot precursors,42 while the greater
reduction of PN displayed by MTHF relative to MF
can potentially be attributed to the aromatic character
of the later.43 In Figure 4(b), it can be seen that all of
the potential biofuel blends exhibited lower particle
mass (PM) levels during cold-start relative to RGL,
with the exception of LNL. While the blends of
MTHF, GVL and MF all displayed a rapid decrease in
the level of PM emitted during the first 100 s of cold-
start, levels of PM emitted by LNL did not show signif-
icant decrease until after 100 s (later than exhibited by
RGL), only reducing to a level below that of RGL
between 225 and 250 s after engine start.

Figure 5 shows the particle number size distribu-
tion measured in the engine-out exhaust during com-
bustion of the 20% fuel blends and reference gasoline
at steady-state, following cold-start. It can be seen
that all of the potential biofuel molecule blends exhib-
ited a lower peak particle number than RGL, found

at a similar particle diameter of 10 to 20 nm for all
fuels tested (Figure 5).

TWC emissions conversion

Figure 6 shows the exhaust H2 concentration post-
TWC during combustion of the potential biofuel mole-
cule blends and RGL during engine cold-start. It can
be seen that while H2 levels initially remain similar for
all fuels, with near complete conversion by 120 s, subse-
quently levels from LNL, GVL and MF increase
appreciably, deviating from RGL and MTHF. The
most significant increase is exhibited by LNL, increas-
ing to approximately 800 ppm H2 at 180 s, while H2 lev-
els post- TWC from MF decrease to a similar level as
exhibited by RGL at 300 s (Figure 6). This is in con-
trast to the engine-out, pre- TWC H2 levels measured
(Figure 3(b)), which remained similar for all fuels dur-
ing the cold-start period. It is suggested that the higher
densities of LNL, GVL and MF relative to RGL
(Table 4) may have reduced access to the active sites
within the TWC washcoat, reducing conversion

Figure 2. (a) In-cylinder pressure, (b) apparent net heat release rate and (c) time of occurrence of mass fraction burnt of 20%
(wt/wt) fuel blends and reference gasoline at steady-state operation following engine cold-start.

6 International J of Engine Research 00(0)



Figure 3. (a) CO, (b) H2, (c) THC and (d) NOx engine out emissions from 20% (wt/wt) fuel blends and reference gasoline during
cold-start and at steady-state operation relative to blend component boiling point.

Figure 4. (a) Total particle number and (b) total particle mass engine-out emissions from 20% (wt/wt) fuel blends and reference
gasoline during cold-start and at steady-state operation relative to blend component boiling point.

Hellier et al. 7



capability. The higher density and molecular weight, of
these molecules may have decreased diffusion rates of
these species, impeding access and conversion of H2,
especially during lower temperature operation of the
TWC earlier in the cold-start period. An additional pos-
sibility in the case of LNL and GVL is that higher engine
out THC (Figure 3(c)) may have increased H2 formation
across the TWC (Figure 6) via the water-gas shift reac-
tion.44 Furthermore, the higher levels of H2 across the
TWC during operation with LNL and GVL (Figure 6)
may have exacerbated the formation of NH3 and
N2O,45,46 especially so LNL which also emitted among
the highest levels of engine out NOx (Figure 3(d)).

Figure 7 shows the change in TWC inlet exhaust gas
temperature required for the conversion of 0.6% CO,
600ppm NOx and 1200ppm THC during combustion
of the potential biofuel molecule blends relative to the
same level of absolute pollutant species conversion dur-
ing operation with RGL. It can be seen from Figure 7
that use of all of the potential biofuel molecule blends
required an increase in the TWC inlet temperature of
between 1�C and 9.5�C for pollutant reduction relative
to RGL, suggesting reduced conversion efficiency in all
cases. LNL and GVL required the largest increases in
TWC inlet temperature of ;9.5�C and ;7.5�C for con-
version of CO, while the same level of reduction was
achieved through increases of 2.5�C and 1.5�C for the
unsaturated and saturated furans respectively. For con-
version of 600ppm of NOx, the largest temperature
increase of ;6.5�C was required for MTHF, with an
increase of only 2�C necessary for the same conversion
with MF (Figure 7). Overall, the increase in TWC inlet
temperature required for conversion of 1200 ppm THC
relative to RGL was less for all fuel blends relative to

that necessary for CO and NOx, with both furans dis-
playing an increase of ;2.5�C and LNL and GVL
showing ;3.5�C increase.

In comparing Figures 3 and 7, it can be seen that
GVL required an increase in the TWC inlet tempera-
ture for conversion of 600ppm NOx despite producing
lower engine-out NOx than RGL (Figure 3(d)), sug-
gesting a direct effect of fuel composition; as opposed
to effects arising from combustion related changes in
engine-out exhaust gas composition. A similar observa-
tion, albeit to a lesser extent, can be made when consid-
ering the lower THC engine-out emissions of both
furans relative to RGL (Figure 3(c)) with an increase of
;2–C required in TWC inlet temperature for conver-
sion of 1200 ppm THC (Figure 7).

Figure 8 shows the total PN and PM emissions post-
TWC from the potential biofuel molecule fuel blends
and RGL during cold-start and at steady-state relative
to the fuel component density. In Figure 8(a), it can be
seen that PN levels post- TWC decreased throughout
the cold-start period for all fuels except LNL and, to a
lesser extent, GVL. Also apparent is that from approxi-
mately 100 s onwards (Figure 8(a)), PN levels post-
TWC are significantly reduced compared to engine-
out, pre-TWC, where the PN concentration for all fuels
remained above 1.5 3 108 per cc (Figure 4(a)). Figure
8(b) shows a similar effect of fuel composition, with
higher post-TWC PM from LNL and GVL relative to
RGL and both furan blends. With the exception of
LNL, a reduction in PM across the TWC is also appar-
ent (Figures 4(b) and 8(b)), albeit to a much lesser
extent than observed in PN, highlighting the greater
efficacy of the TWC in the oxidation of smaller nuclea-
tion mode particles which impact less on total particle
mass.47,48 No clear effect of fuel component density is

Figure 5. Engine-out particle number size distribution from
20% (wt/wt) fuel blends and reference gasoline steady-state
operation.

Figure 6. H2 concentrations post- TWC from 20% (wt/wt)
fuel blends and reference gasoline during engine cold-start.
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apparent in Figure 8, potentially suggesting no signifi-
cant contribution of liquid fuel droplets in the PN con-
centrations recorded.

Figure 9 shows the particle number size distribution
and median nucleation and accumulation mode particle
diameters post-TWC from the potential biofuel mole-
cule fuel blends and RGL at steady-state relative.
Apparent from Figure 9(a) are the larger peak particle
numbers from LNL and GVL relative to RGL in both
nucleation and accumulation mode size ranges. Both
furans, MF and MTHF, however, exhibited lower peak

particle numbers, with no clear effect of the furan ring
saturation (Figure 9(a)). It can also be seen that relative
to engine-out, pre-TWC (Figure 5), peak particle num-
bers in the nucleation mode size range are significantly
reduced for all blends (Figure 9(a)) in agreement with
expected soot oxidation by the TWC,49 though this
effect is diminished by the presence of 20% LNL and
GVL. Figure 9(b). shows a decrease in accumulation
mode median particle diameter with increasing fuel
blend component density, with that of the GVL blend
similar to RGL only.

Figure 8. (a) Total particle number and (b) total particle mass post-TWC from 20% (wt/wt) fuel blends and reference gasoline
during cold-start and at steady-state operation relative to blend component density.

Figure 7. Change in TWC inlet temperature required for consuming 0.6%, 600 ppm and 1200 ppm of CO, NOx and THC
respectively for 20% (wt/wt) fuel blends, identified by graded shading in the legend, relative to RGL.

Hellier et al. 9



Conclusions

Four potential oxygenated biofuel molecules, MF,
MTHF, GVL and LNL, were tested in a direct-
injection spark ignition engine as 20% blends with ref-
erence gasoline. From observation of fuel effects during
both engine cold-start and steady-state operation, the
following specific conclusions in relation to combustion
characteristics, engine-out emissions and TWC conver-
sion performance can be drawn:

1. All four potential biofuel molecules resulted in an
increase in TWC inlet temperature required for the
conversion of absolute amounts of CO, THC and
NOx relative to RGL, even when displaying lower
engine-out emissions. Post- TWC levels of H2

increased for LNL, GVL and MF following an ini-
tial decrease during engine cold-start, attributed to
the higher density and molecular weight of the
oxygenate molecules.

2. During engine cold-start, PN levels were reduced
downstream of the TWC for all fuels, albeit to a
lesser extent for LNL, the molecule of lowest
oxygen content of those investigated. The peak
number of nucleation mode particles was reduced
by the TWC for all fuels relative to that of accu-
mulation mode particles, with a fuel effect appar-
ent in GVL and LNL displaying higher peak
particle numbers than RGL despite lower engine-
out levels.

3. Addition of 20% MF, MTHF and LNL increased
peak heat release rates during combustion relative
to RGL. However, the GVL blend reduced

combustion speed and delayed peak heat release
relative to RGL, with the denser lactone blend
requiring a higher fuel flowrate and wider throttle
opening position for an equivalent engine IMEP.

4. Both furan blends increased engine-out CO but
decreased THC levels relative to RGL, while the
use of LNL and GVL appreciably increased THC.
Emissions of NOx were primarily influenced by
changes in combustion phasing and thermal condi-
tions produced by varying fuel composition, while
all of the oxygenated fuels reduced engine-out PN
during cold-start.

The results of this study demonstrate the importance
of investigating synergies between renewable fuel com-
position and the performance of exhaust after-
treatment systems, especially during engine cold-start
where the introduction of all the oxygenated molecules
tested increased TWC inlet temperatures for equivalent
pollutant reduction. In addition, the diverse range of
oxygenate molecular structures investigated highlights
the potential feasibility of these as drop-in fuels where
after-treatment systems have been developed accord-
ingly, for example to avoid inadvertent increases in
PN. Future work is required to gain fundamental
understanding of the changes in reaction routes and
rates within catalytic after-treatment systems with the
use of oxygenated biofuels. Meanwhile, further work
towards the practical uptake of such renewable fuels in
conjunction with after-treatment systems should
consider effects of varying blend levels and long-term
catalyst performance.

Figure 9. (a) Particle number size distribution and (b) median nucleation mode and accumulation mode particle diameters against
fuel component density post-TWC from 20% (wt/wt) fuel blends and reference gasoline at steady-state operation.
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Appendix

Notation

TWC Three-way catalyst.
NOx Nitrogen oxides.
CO2 Carbon dioxide.
CO Carbon monoxide.
THC Total unburnt hydrocarbons.
H2 Hydrogen.
MF 2-methylfuran.
MTHF 2-methyltetrahydrofuran.
GVL Gamma valerolactone.
LNL Linalool.
RGL Reference gasoline.
IMEP Indicated mean effective pressure.
l Exhaust lambda value.
PN Particle number.
PM Particle mass.
CAD Crank angle degree.
BTDC Before top dead centre.
PGM Platinum group metals.
MFB Mass fraction burnt.
Ø Diameter.
cpsi Cells per square inch.
AFRst Stoichiometric air fuel ratio.
Tboil Boiling temperature.
s Standard deviation.
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