
INTRODUCTION
With ever-increasing concerns over fuel security and the

problem of global warming, there is a greater need to pursue
alternative energy sources. Carbon-free fuels, which do not
emit carbon dioxide (CO2) once consumed, are the long-term
ideal in order to eradicate carbon emissions. However,
biofuels offer a short- to mid-term solution in reducing the
dependence on mineral oil and overall, or life-cycle CO2
emissions.

One particular biofuel candidate, which can help to reduce
life-cycle CO2 emissions is 2,5-dimethylfuran, otherwise
known as DMF. In 2007, bioscientists at the University of
Wisconsin-Madison publicized technological breakthroughs
in its manufacture and the production of high yields [1, 2].
Since then, these techniques have benefitted from further
iterations by other institutions [3,4,5,6,7]. These
developments have attracted the attention from automotive

researchers in the potential use of DMF as an alternative
energy carrier to gasoline. In comparison to ethanol, DMF
offers several improvements, including a higher energy
density (approximately 40% higher) and insolubility in water
[8].

Currently, relatively few publications exist on DMF as a
gasoline-alternative fuel. The first reported engine studies
were conducted by the authors' group [9,10,11]. This added
to the laboratory studies of the laminar burning velocity
[12,13,14,15], spray properties [16] and combustion
intermediates of DMF [17] from the authors (summarized in
an online book chapter [18]) and collaborating Chinese
universities. Evidently, this publication contributes to a series
of experiments led by the authors' group to explore the use of
DMF as a fuel for automotive applications.

One such area to explore is the sensitivity of DMF to
various engine parameters. The sensitivity of a fuel to engine
parameters affects the ability to optimize the engine for
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ABSTRACT
Ethanol has long been regarded as the optimal gasoline-alternative biofuel for spark-ignition (SI) engines. It is used

widely in Latin and North America and is increasingly accepted as an attractive option across Europe. Nevertheless, its low
energy density requires a high rate of manufacture; in areas which are deficient of arable land, such rates might prove
problematic. Therefore, fuels with higher calorific values, such as butanol or 2,5-dimethylfuran (DMF) deserve
consideration; a similar yield to ethanol, in theory, would require much less land. This report addresses the suitability of
DMF, to meet the needs as a biofuel substitute for gasoline in SI engines, using ethanol as the biofuel benchmark. Specific
attention is given to the sensitivity of DMF to various engine control parameters: combustion phasing (ignition timing),
injection timing, relative air-fuel ratio and valve timing (intake and exhaust). Focus is given to the window for
optimization; the parameter range which sustains optimal IMEP (within 2%) but provides the largest reduction of
emissions (HC or NOx). The test results using a single cylinder SI research engine at 1500rpm show how DMF is less
sensitive to key engine parameters, compared to gasoline. This allows a wider window for emissions optimization because
the IMEP remains optimal across a greater parameter range.
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various emissions and efficiency trade-offs. The most
influential parameter in a spark-ignition (SI) engine is the
ignition timing. This significantly affects the combustion
process, which determines the fuel economy, torque output
and emissions performance [19]. Usually, the ignition timing
is optimized using sophisticated mathematical approaches,
including advanced Design of Experiment (DoE)
methodologies [20,21,22], in order to find the optimum, or
minimum advance for best torque (MBT) timing. Minimal
advance or retard about this point gives modest variation in
power and fuel consumption but can lead to large changes in
NOx and HC emissions. Clearly, an alternative fuel which
produces the largest reduction in emissions, whilst achieving
competitive performance has the greatest value in a practical
application.

Another engine control parameter which dramatically
influences the combustion behavior in modern direct-
injection (DI) engines is the injection timing. The injection
timing can help to reduce the fuel consumption at low and
part-load through stratification, as the pumping losses are
reduced [23]. Alternatively, at high-load, the engine torque
can be increased due to charge-cooling as the knock is
suppressed and the ignition timing can be advanced. The
much higher injection pressures of DI also encourages rapid
fuel atomization and an increased vaporization rate, which
also aids combustion stability [24]. However, this can lead to
fuel impingement on the piston or cylinder wall [25].
Therefore, as with ignition timing, it is essential to
understand the change in engine behavior as the injection
timing is varied when introducing new fuels. Each fuel has a
different impact on the charge-cooling and the particle size
distribution will affect the extent of vaporization and wall
wetting. Ethanol is highly sensitive to the injection timing
due to the high latent heat of vaporization [26, 27]. Although
this can help to increase maximum IMEP, it does narrow the
window for emissions optimization for a given performance
drop from the optimum.

The use of stratified or lean combustion has become
commonly applied to modern direct-injection spark-ignition
(DISI) engines [28]. This is a method to simultaneously
increase efficiency and reduce emissions but is also very
complex to control [29]. At part-load operation the greater
throttle opening reduces the pumping losses usually
associated with stoichiometric operation. In terms of
emissions, lean-burn strategies can also dramatically reduce
nitrous oxide (NOx) emissions, as the production of NOx is
very temperature dependant. This lean burn option becomes
more possible because of the development of high conversion
efficiency NOx traps [30]. Nevertheless, as the mixture is
leaned, the combustion approaches the limit of stable
operation. At this ‘lean limit’, the ignition becomes unreliable
and complete combustion is unsustainable, resulting in engine
misfire [31]. Such a lean limit is also fuel dependant because
the vaporization rates and combustion speeds vary.
Therefore, a fuel which produces a very lean combustion

limit will enable a wide window for optimization and
provides an opportunity to greatly reduce NOx emissions.

With more alternative fuels being investigated in the
search for fossil fuel replacements, it is important to fully
understand their combustion characteristics. This paper
investigates the difference in several parameter sensitivities
to engines that are fuelled with ethanol and DMF. Such
parameters include: ignition timing, injection timing, air-fuel
ratio (AFR) and valve timing (intake and exhaust). Apart
from the variation of ignition timing, the parameters were
mainly tested at high load (8.5bar IMEP). Sweeps were
conducted around the reference operating condition and the
change in load and other parameters was observed. At the
highest load condition, clearer separations occur between the
fuels. Also, where the effect on emissions is analyzed, only
the NOx and total hydrocarbon (HC) emissions have been
investigated. In the following sections, the engine setup,
experimental results and finally conclusions are discussed.

EXPERIMENTAL SETUP
In this section the experimental setup and procedure are

discussed in turn, as similarly found in a previous publication
by the authors [11]. However, in this work, more emphasis is
placed on the method of performing the individual parameter
sweeps.

ENGINE AND INSTRUMENTATION
The experiments were performed on a single-cylinder, 4-

stroke SI research engine, as shown in Figure 1. The 4-valve
cylinder head includes the Jaguar spray-guided DISI
technology used in their V8 production engine (AJ133) [32].
It also includes variable valve timing technology for both
intake and exhaust valves.

The engine was coupled to a DC dynamometer to
maintain a constant speed of 1500±1rpm, regardless of the
torque output. The in-cylinder pressure was measured using a
Kistler 6041A water-cooled pressure transducer which was
fitted flush to the side-wall of the cylinder head. The signal
was then passed to a Kistler 5011 charge amplifier and finally
to a National Instruments data acquisition card. Samples were
taken at 0.5CAD intervals for 300 consecutive cycles, so that
an average could be taken. The crankshaft position was
measured using a digital shaft encoder mounted on the
crankshaft. Coolant and oil temperatures were controlled at
85±5°C and 95±3°C respectively using a Proportional
Integral Differential (PID) controller. All temperatures were
measured with K-type thermocouples.

The engine was controlled using software developed in-
house written in the LabVIEW programming environment.
High-speed, crank-angle-resolved and low-speed, time-
resolved data was also acquired using LabVIEW. This was
then analyzed using MATLAB developed code so that an
analysis of the combustion performance could be made.
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EMISSIONS AND FUEL
MEASUREMENT

The gaseous emissions were quantified using a Horiba
MEXA-7100DEGR gas tower. Exhaust samples were taken
0.3m downstream of the exhaust valve and were pumped via
a heated line (maintained at 191°C) to the analyzer.

The fuel consumption was calculated using the volumetric
air flow rate (measured by a positive displacement rotary
flow meter) and the actual lambda value (Bosch heated LSU
wideband lambda sensor and ETAS LA4 lambda meter). The
LA4 lambda meter uses fuel-specific curves to interpret the
actual AFR using the oxygen content in the exhaust. Before
each test, the user inputs the fuel's hydrogen-to-carbon (H/C)
and oxygen-to-carbon (O/C) ratios, as well as the
stoichiometric AFR (AFRstoich), so that the fuel composition
can be used to characterize the fuel curves.

TEST FUELS
The DMF used in this study was supplied by Shijiazhuang

Lida Chemical Co. Ltd, China at 99.8% purity. This was
benchmarked against commercial 97RON gasoline and to
ethanol, which were both supplied by Shell Global Solutions,
UK. The high octane gasoline was chosen as this represents
the most favorable characteristics offered by the market and
provides a strong benchmark to the two biofuels. The fuel
characteristics are shown in Table 1.

Table 1. Test Fuel Properties

*Measured at the University of Birmingham
†API Research Project 45 (1956) and Phillips data.
‡Heywood, J.B., Internal Combustion Engine
Fundamentals. 1988: McGraw-Hill [19]

EXPERIMENTAL PROCEDURE
The engine was considered warm once the coolant and

lubricating oil temperatures had stabilized at 85±5°C and
95±3°C, respectively. All tests were carried out at a constant
engine speed of 1500rpm and ambient air intake conditions
(approximately 25±2°C). Sweeps were performed using each
sensitivity parameter. During these sweeps the remaining

Figure 1. Schematic of engine and instrumentation setup
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parameters were fixed at the reference engine operating
conditions, as shown in Table 2. Here (regardless of the
load), the engine is run at AFRstoich (λ=1), 280°bTDCcomb
start of injection timing (SOI), 16°bTDCintake intake valve
open (IVO) timing, 36°aTDCintake exhaust valve close (EVC)
timing and MBT ignition timing. These MBT timings can be
found in a previous publication [11]. The pressure data from
300 consecutive cycles was recorded for each test using the
in-house developed LabVIEW code.

Table 2. Engine Specification

When changing fuels, the high pressure fuelling system
was purged using nitrogen until the lines were considered
clean. Once the supply line was re-pressurized to 150bar
using the new fuel, the engine was run for several minutes.
This removed any previous fuel from the injector tip and in
any combustion chamber crevices before the data was
acquired. The ETAS LA4 lambda meter settings were
changed for each fuel using the AFRstoich, O/C and H/C
ratios in Table 2.

PARAMETER SWEEPS
Sweeps of each of the four key engine parameters were

performed, whilst maintaining the other variables at the
reference engine condition shown in Table 2. Each of the
sweeps were generated between 3.5bar and 8.5bar IMEP (low
and high engine loads, respectively), in 1bar IMEP intervals
and at a fixed engine speed of 1500rpm. During each sweep,
the throttle and ignition timings (except for the ignition
timing sweeps) remained constant (generated at the reference
condition). This was used in order to increase repeatability.
The method for performing each sweep is discussed in turn.

Firstly, ignition timing sweeps were performed to analyze
the sensitivity of IMEP when retarding, or advancing (where
possible) from the optimum timing at the reference condition.
As used in other studies by the authors and commonly
employed by other researchers, the MBT, or optimum
ignition timing is defined as the ignition timing to produce
the maximum IMEP for a fixed throttle position. If audible
knock occurred, the MBT timing was retarded by 2CAD, an
arbitrarily safe margin, as advised by key engine researchers
[19, 33]. Retarding the timing further for emissions
preservation was not used, in order to eliminate subjectivity

and better isolate the effect of ignition timing sensitivity. At
each load, the ignition timing was advanced to find the knock
limit or until a significant drop in performance or stability
was seen (IMEP decrease from MBT > 5% or COV of IMEP
increase from MBT > 3%). Similarly, the ignition timing was
retarded until this aforementioned drop in performance was
also seen. At each load the throttle was kept constant so that
the drop in performance and emissions would be easily
repeatable and the fuel injection pulse-width was adjusted
finely (±1µs) to find stoichiometry.

Secondly, SOI timing sweeps were conducted either side
of 270°bTDCcomb. Although this is not the reference SOI
timing condition, when using intervals of 30CAD, the
behavior at TDC and BDC was neatly included. Firstly, the
SOI timing was advanced to 360°bTDCcomb (TDC) and then
retarded to 180°bTDCcomb (BDC) with two records of
270°bTDCcomb in the process. This allows the effect of any
engine drift during the sweeps to be observed and accounted
for.

Thirdly, AFR sweeps were determined using the injector
pulse-width, once the desired load was found at
stoichiometry. Firstly, the AFR was made increasingly rich
(λ<1) until λ=0.8 was reached and then lean until the lean
limit was reached; determined by high combustion instability,
or when the COV of IMEP exceeded 5%. The results at
stoichiometry (λ=1) were recorded before each rich and lean
sweep.

Finally, the IVO and EVC timings were varied either side
of their respective middle points (0°aTDC, IVO and
20°aTDC, EVC) in 5CAD intervals with a 40CAD range.
Once again, this middle point was recorded twice.

For each set of tests, several repeats were made with each
fuel to produce an average and error bars have been shown in
the graphs where applicable in order to highlight such
variations.

RESULTS AND DISCUSSION
The results from the various sweeps are shown in the

following section. The most interesting relationships are
discussed in order to better understand and quantify the
sensitivity to each parameter.

COMBUSTION PHASING
The effect of ignition timing has a direct effect on the

combustion phasing. Therefore the variation of engine load
(IMEP) due to the sensitivity of ignition timing is examined
in order to quantify differences between the three fuels.

The variation of IMEP using DMF, ethanol and gasoline
at the highest load ignition timing sweep (approximately
8.5bar IMEP) is shown in Figure 2a. At this load, there is a
clear difference between the three fuels. Ethanol combustion,
which is uninhibited by knock at this compression ratio
(11.5:1), permits a wide ignition timing sweep and allows the
IMEP to be analyzed either side of the MBT timing
(21°bTDC). DMF and gasoline on the other hand, are much
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more sensitive to the onset of knock and only the retarded
timing from MBT can be observed. With comparison, there
appears to be a relationship between the MBT location and
rate of change of IMEP; the more retarded the MBT timing
is, the higher the rate of IMEP decay becomes with ignition
retard. This rate of decay can be used as an indicator of the
ignition timing sensitivity for each fuel.

When normalizing the IMEP and ignition timing data (by
their respective MBT timings) from Figure 2a, these fuel
effects become more obvious. This is shown in Figure 2b,
using the term ignition retard, which represents the number of
retarded CAD from MBT. As the term suggests, a positive
value represents retarded timing from MBT, whereas a
negative value is advanced. This approach was previously
used by Ayala et al. [34] to help develop their combustion
retard parameter.

When using ethanol, the rate of decay is symmetrical
about its MBT timing and decreases at a lower rate than with
DMF and gasoline. This is largely explained by the knock
suppression superiority of ethanol. Clearly, within this range
of IMEP decay, ethanol is the least sensitive to ignition
timing variations. Typically, once the MBT timing is found,
engine developers employ an ignition retard for emissions
preservation. This is commonly the ignition retard that
produces an IMEP of 2% less than that from MBT.
Therefore, dashed lines have been used in Figure 2b to
highlight the variation of permitted ignition retard between
the three fuels, and hence help quantify ignition timing
sensitivity. The near equal separation between the three fuels
mirrors the near equal separation in anti-knock, or octane
index (OI), shown in Table 1. This effect becomes clearer
when examining all loads, as shown in Figure 3.

Figure 3 presents the permissible ignition retard for a 2%
drop in IMEP from MBT at all loads for gasoline, ethanol and
DMF; the greater the permissible ignition retard, the wider
the ignition timing window (greater opportunity for emissions

optimization). Each result is interpolated using the ignition
timing sweeps. For all fuels, the ignition timing window is
the widest at the lowest load and generally decreases with
increasing in load. The low ignition timing sensitivity of
ethanol is consistent with load and generates a gap of
approximately 5CAD with gasoline from loads of 5.5bar
IMEP and above. DMF resides between gasoline and ethanol
from this point.

The benefits of widened ignition timing windows are
shown in Figure 3b. Here, the effect of ignition retard on
indicated specific NOx (isNOx) emissions is shown for all
loads. It is clear that the isNOx reduction is more effective
with ethanol than with gasoline and DMF. At low load
(3.5bar IMEP) this reduction with ethanol is as high as 64%
and steadily decreases with load to 25% at 8.5bar IMEP.
With DMF, the isNOx reduction is consistently similar to
gasoline despite the greater ignition timing window. Between
3.5bar and 8.5bar IMEP, the reduction is 37% and 8%. In
previous work by the authors, DMF has been shown to
produce higher isNOx emissions than both ethanol and
gasoline possibly due to the higher peak combustion
temperatures or residency times, which might explain the low
decrease with high ignition retard [11].

INJECTION TIMING
The advent of DI has introduced a new engine control

variable; the SOI timing. This influences the volumetric
efficiency (VE) and ultimately affects the performance. The
varying extent of charge-cooling on engine performance is
examined to show the sensitivities between each fuel.

The effect of varying the SOI timing on VE and IMEP
using the three fuels is shown in Figure 4a and Figure 4b,
respectively. The data from the highest load (8.5bar IMEP) is
shown as this presents the greatest differences between the
fuels. As previously discussed, the injection window of

Figure 2. Ignition Timing: Effect of ignition timing on IMEP (a) and ignition retard on normalized IMEP (b) at high load
when using ethanol, DMF and gasoline
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360-180°bTDCcomb (in 30CAD increments) was chosen in
order to highlight the positive impact of charge-cooling
during the intake stroke (IVO/IVC = 376/126°bTDCcomb.
The record of SOI timings at 30CAD intervals allows the
inclusion of TDC, BDC and mid-way through the stoke when
the piston speed is close to its greatest, as used by Yang and
Anderson [35]. As shown using ethanol in Figure 4a, the peak
volumetric efficiency actually occurs near to the point of
maximum piston speed (270°bTDCcomb). This increase is due
to the spray ‘chasing’ the piston, which minimizes fuel
impingement on the piston crown and increases intake charge
density. The loss of VE (and reduced IMEP) with early SOI
timing (360°bTDCcomb) is believed to be attributed to the
high penetration rate causing piston impingement and loss of

cooling [36]. With later SOI timings, the VE for ethanol
decays. This is because the intake air flow rate reduces and
decreases the amount of heat transfer during charge-cooling.
However, when the SOI timing is 210°bTDCcomb, the VE for
the three fuels increases (although less for ethanol). It is
probable that at this point, the interaction between the air
flow and the fuel spray is increased due to changes in
turbulence and to the flow distribution.

In terms of emissions, the SOI timing has a significant
impact. Early SOI timings improve the homogeneity of the
mixture but might result in piston impingement. Later SOI
timings reduce the homogeneity but avoid such piston
wetting. Furthermore, the effect on charge temperature varies
the initial conditions; if the cooling occurs too soon the

Figure 3. Ignition Timing: Ignition retard to obtain 2% decrease in maximum IMEP from MBT (a) and the effect of this
ignition retard on normalized indicated specific nitrogen oxide (isNOx) emissions (b) at all engine loads when using ethanol,

DMF and gasoline

Figure 4. SOI Timing: Change in VE (a) and IMEP (b) at high load with varying SOI timing from 270°bTDCcomb when using
ethanol, DMF and gasoline
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temperature at the point of ignition will be higher than later
injections and would result in more NOx emissions. The
effect of SOI timing variations on unburned hydrocarbons is
shown in Figure 5a. For gasoline and DMF, the lowest
indicated specific hydrocarbons (isHCs) are emitted at
270°bTDCcomb. For ethanol, the lowest isHC is found at the
latest point in the SOI timing window (2% decrease in IMEP)
around 240°bTDCcomb. Clearly, there are trade-offs when
finding the optimum SOI timing. In terms of isNOx
emissions, the later the timing, the greater the reduction.
When using gasoline and DMF, the isNOx emissions can be
reduced by 10% at the latest acceptable SOI timings. When
using ethanol, on the other hand, there is no effect on isNOx
emissions within the SOI timing window. In summary, each
fuel does have varying sensitivities to SOI timing and, in
general, the widest window for optimization is found with the
fuels with the lowest heat of vaporization.

RELATIVE AIR-FUEL RATIO
Most modern engines are calibrated to run under stratified

conditions. This allows the losses due to throttling to be
reduced or even eliminated and helps to increase the fuel
conversion efficiency. This also helps to dramatically reduce
CO and NOx emissions as the combustion efficiency is
increased. However, as the mixture becomes leaner, the
combustion stability decreases. As the AFR sweeps used in
this study use fixed throttle and ignition timing and not the
same IMEP (only at λ=1), the IMEP is greatly reduced at the
lean limit. Therefore, instead of using the 2% drop in IMEP
as a marker to sensitivity, the AFR window is governed by
the upper combustion stability limit of 5% COV of IMEP.

The AFR sweeps for the three fuels at 8.5bar are shown in
Figure 6a. Clearly, the differences between the fuels are
apparent at this high load. Here, both biofuels show lower
sensitivities to changes in AFR than with gasoline. This has

been seen in previous work by the authors [11] and is because
single component oxygenated fuels burn more rapidly [37].
Ethanol has a higher concentration of oxygen and lower
number of molecule when compared to DMF (see Table 1).
This helps the combustion of ethanol to produce the lowest
combustion instabilities and thus widen the AFR window.
When using gasoline, which has no oxygen content and a
mixture of short and long chain HCs, the COV of IMEP rises
quickly above 3% when rich (λ ≥ 0.95). For DMF and
ethanol, this instability is reached as the mixture is leaned and
is much less sensitive.

Figure 6b shows the effect on indicated efficiency as the
mixture is leaned and is normalized about the stoichiometric
condition. Here, the indicated efficiency at the lean limit is on
the declining slope of the maximum indicated efficiency. For
gasoline, the maximum is around λ = 1.1, whereas the lean
limit is at λ = 1.24. Within this AFR range the indicated
efficiency drops by 1.7%. However, for DMF and ethanol,
the effect on indicated efficiency around their respective lean
limits is minimal (when using DMF, the indicated efficiency
actually increases by 0.3%). Therefore, as the lean limit
increases, the sensitivity of the indicated efficiency reduces,
which reduces the proximity to the maximum indicated
efficiency.

When analyzing the lean limit for all three fuels at every
initial load, the difference in sensitivity becomes clear. In
some cases, when the AFR at 5% COV of IMEP was not
directly recorded, the trend has been interpolated using
surrounding values. However, as with ethanol at 8.5bar IMEP
(see Figure 6a), some points required extrapolation.
Nevertheless, the lowest COV of IMEP which required
extrapolation was 4.5%. In Figure 7a, the lean limit with
ethanol is consistently higher than with DMF and gasoline,
which increases with load for all three fuels. When the load
increases above 6.5bar IMEP, the difference in the lean limit
between DMF and ethanol begins to increase.

Figure 5. SOI Timing: Normalized isHC (a) and isNOx (b) emissions at high load with varying SOI timing from at
270°bTDCcomb when using ethanol, DMF and gasoline
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The benefits of the lean limit also become apparent when
analyzing the isNOx emissions, as shown in Figure 7b. Here,
the isNOx emissions are greatly reduced when using ethanol
at the lean limit consistently with load. Below 5.5bar IMEP,
DMF produces greater decreases in isNOx than with gasoline
but is superseded by gasoline at higher loads. Clearly, the
reduced ability to reduce NOx emissions when using DMF is
an area of concern. This is possibly due to the higher
combustion temperatures when using DMF which might be
overcome by the use of exhaust gas recirculation (EGR).

INTAKE VALVE TIMING
Most advanced modern engines are equipped with

variable valve timing systems. By varying the IVO timing,
the charge air flow can be optimized at the various engine
speeds and loads in a typical duty cycle. The analysis focuses

on the effect of IVO timing at high load (8.5bar IMEP)
because the trend is magnified.

The IVO timing directly influences the VE, as shown in
Figure 8a. Here, the change in VE either side of the
maximum shows a clear separation between the three fuels.
At the 2% drop in VE, gasoline presents the narrowest
window of IVO variation, whereas ethanol and DMF produce
a wider window in which to optimize for efficiency. Between
DMF and ethanol, there is little separation in terms of change
in VE although ethanol is marginally less sensitive. The
effect of VE on IMEP is shown in Figure 8b. Here, the
maximum IMEP coincides with the maximum VE. At the
edge of the sweep, with the most advanced IVO timing, the
IMEP, when using gasoline drops by 24% from the IVO at
maximum VE. For DMF and ethanol this decrease is 20%
and 16% respectively, as the sensitivity is lower.

Figure 6. AFR: Change in COV of IMEP at high load (a) and indicated efficiency (b) with varying AFR when using ethanol,
DMF and gasoline

Figure 7. AFR: Lean limit (a) and normalized isNOx (b) at each load when using ethanol, DMF and gasoline
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When examining the effect on indicated efficiency, as
shown in Figure 9a, the benefits of the wider IVO window
are more apparent. This is because, the maximum indicated
efficiency is found marginally later than the maximum IMEP
or VE. This valve timing location is also related to the
sensitivity and retards as the sensitivity reduces. For gasoline
and DMF, the maximum indicated efficiencies (based on the
line of best fit) are obtained because these points are within
the IVO windows. For ethanol, the indicated efficiency is
almost constant throughout the entire range. The location of
maximum indicated efficiency is determined by the location
of the lowest combustion duration, as shown in Figure 9b.
Here, ethanol shows little variation but with a clear minimum
combustion duration with IVO timing at TDC. For DMF and
gasoline the minimum combustion duration is increasingly
more advanced.

EXHAUST VALVE TIMING
The EVC timing is also a modern engine control

parameter and helps to control the internal trapped residuals,
which have a direct impact on the emissions rather than
performance. In this analysis, the sensitivity of each fuel to
EVC timing is quantified at the 2% drop in IMEP. From this
point, the extent of emissions reduction is then examined.

The effect of varying the EVC timing on IMEP is shown
in Figure 10a. Here, because the maximum IMEP is found
towards the middle of the sweep, the 2% drop in IMEP
encloses a wide range of EVC timings. As with the previous
engine parameters, ethanol generates the widest EVC timing
window and gasoline generates the least (shown by the
dashed lines). The window for ethanol is 9.5CAD more than
with DMF, which, in turn, is 4CAD more than with gasoline.

Figure 8. Intake Valve Timing: Change in VE (a) and normalized IMEP (b) at high load with varying IVO timing from
15°bTDCintake when using ethanol, DMF and gasoline

Figure 9. Intake Valve Timing: Indicated efficiencies (a) and combustion durations (b) at high load with varying IVO timing
when using ethanol, DMF and gasoline
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At the latest EVC timing, the IMEP with ethanol is only
reduced by 3.5%. However, with gasoline this reduction is
almost double. Nevertheless, the separation between the fuels
with VE is less evident, as shown in Figure 10b.

The effect of EVC timing on isHC and isNOx emissions is
shown in Figure 11a and Figure 11b, respectively. Clearly, as
the EVC timing is retarded, the emissions are reduced. The
most retarded EVC timings within the permissible EVC range
(2% IMEP drop) for DMF and ethanol allow an approximate
25% and 30% reduction in isHC emissions, respectively. For
gasoline however, because the sensitivity to EVC timing is
higher, the maximum reduction in isHC is only 15%. This
trend is magnified with isNOx emissions because the fuels
also have a varying sensitivity to EVC timing. For the three
fuels, the isNOx emissions reductions increase in the order of
gasoline, DMF and then ethanol with reductions of

approximately 10%, 18% and 28%, respectively. Clearly, the
biggest reductions are found with ethanol, which benefit from
reduced sensitivity to IMEP as well as individual emissions.

CONCLUSIONS
This study compares the sensitivity of DMF (2,5-

dimethylfuran) to commercial gasoline and ethanol, using
four engine control parameters: ignition timing, injection
timing, AFR, and valve (intake and exhaust) timing. The
engine tests were performed using sweeps of the various
control parameters on a single cylinder DISI engine from
3.5bar to 8.5bar IMEP in 1bar IMEP increments and at a
fixed engine speed of 1500rpm. Only the most significant
behavior is analyzed and gives a good overview of the
varying fuel sensitivity. Based on these experiments, the
following conclusions can be drawn:

Figure 10. Exhaust Valve Timing: Change in normalized IMEP (a) and VE (a) at high load with varying EVC timing when
using ethanol, DMF and gasoline

Figure 11. Exhaust Valve Timing: Change in normalized isHC (a) and isNOx (b) at high load with varying EVC timing when
using ethanol, DMF and gasoline
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i.  The three fuels tested have varying sensitivities to the
combustion parameters tested. With the exception of injection
timing, the order of sensitivity was: gasoline > DMF >
ethanol.

ii.  Ignition Timing: The sensitivity to ignition timing was
linked to the octane number of each fuel. The sensitivity
when using DMF was lower than that with gasoline (due to
the higher octane number). At 8.5bar IMEP, the ignition
retard to maintain a 2% decrease in peak IMEP was 4.3CAD
with DMF, compared to 1.5 CAD and 6.6CAD with gasoline
and ethanol, respectively. This increased ignition retard
allows isNOx reductions of up to 37% (at 3.5bar IMEP) to be
found with DMF. Such reductions are consistent to gasoline
with load. However, the lower ignition timing sensitivity of
ethanol consistently produces the highest reductions in isNOx
emissions (up to 64% at 3.5bar IMEP).

iii.  SOI Timing: With injection timing variations, DMF
showed the lowest sensitivity to VE, whereas ethanol showed
the highest sensitivity due to the greater effect of charge-
cooling. This allows a wider window for emissions
optimization when using DMF. At 8.5bar IMEP, the SOI
timing window to produce a 2% drop in IMEP (from the
maximum) was 120CAD with DMF, compared to 90CAD
with ethanol. The latest SOI timings (within this window)
produced the lowest isNOx emissions with DMF, up to 10%
(similar to gasoline).

iv.  AFR: In terms of AFR, the sensitivity when using
DMF was lower than with gasoline but higher than with
ethanol. At 8.5bar IMEP, the limit of lean combustion (COV
of IMEP ≤ 5%) for DMF was λ=1.29, whereas for gasoline
this was λ=1.24 (λ=1.41 for ethanol). At this point, the
indicated efficiency for gasoline decreases by 1.7% but there
is minimal change for DMF and ethanol (the indicated
efficiency actually increases by 0.3% when using DMF).
However, the isNOx emissions reductions were lower for
DMF (37%) than for gasoline (62%) an ethanol (81%) at this
8.5bar IMEP.

v.  Valve Timing: The reduced sensitivity of DMF to both
intake and exhaust valve timing (compared to gasoline) helps
to maintain high indicated efficiency and isHC and isNOx
emissions reduction. For instance, the earliest EVC timing
permitted within the 2% drop in IMEP at 8.5bar IMEP
produces reductions in isHC and isNOx when using DMF of
25% and 12.5%, respectively. For gasoline this equates to
15% (isHC) and 10% (isNOx).

In summary, these experiments highlight the reduced
sensitivity of key engine control parameters (ignition timing,
injection timing, AFR and valve timing) when using DMF
and ethanol over commercial gasoline. This is largely due to
the greater resistance of these fuels to engine knock but is
also affected by the cooling effect. Reduced sensitivities
allow a wider window for efficiency and emissions
optimization.
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DEFINITIONS
aTDC

After Top Dead Centre
bTDC

Before Top Dead Centre
CAD

Crank Angle Degrees

CO
Carbon Monoxide

CO2
Carbon Dioxide

COV
Coefficient of Variation

DI
Direct-Injection

DISI
Direct-Injection Spark-Ignition

DMF
2,5-Dimethylfuran

ETH
Ethanol

EVC
Exhaust Valve Closure

HC
Hydrocarbon

IMEP
Indicated Mean Effective Pressure

IVO
Intake Valve Opening

LCV
Lower Calorific Value

MBT
Maximum Brake Torque

MFB
Mass Fraction Burned

NOx
Nitrogen Oxides

RON
Research Octane Number

SI
Spark-Ignition

SOI
Start of Injection

TDC
Top Dead Centre

ULG
Unleaded Gasoline
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