
INTRODUCTION
In order to increase regional energy security and combat

rising global CO2 emissions, there is an increasing need to
revolutionize the energy supply chain. This adds to the
underlying concern that, based on current trends, leading
energy forecasters expect the world's petroleum to be
depleted within the next 40 years [1, 2]. Therefore, it is
paramount to search for alternative energy sources in order to
alleviate environmental stress and confront the ballooning
energy demand. In the UK, it is believed that biofuels offer
the most viable mid-term supplement or substitute for
gasoline, compared to technologies which are in their infancy
(hydrogen fuel cells and full electric platforms) [3].

Although the idea of fuelling internal combustion engines
with biofuels is not new [4], its use is receiving increased

worldwide attention. Liquid biomass offers a high energy
density option and is compatible with existing combustion
systems. In Europe, the promotion of biofuels has led to a
legislative approach; by 2020, all EU member states must
conform to a 10% minimum target on the use of alternative
fuels (biofuels or other renewable fuels) in transportation [5].
In the US, tax incentives have been used to promote the use
of ethanol in gasoline [6], in an effort to replicate the success
seen in Brazil [7]. Therefore, more emphasis is being placed
on the automotive sector to not only design compatible
systems with these alternative fuels, but to also optimize their
use in neat form and in blends with gasoline.

Currently, ethanol is the most widely adopted biofuel [8,
9]. In 2007, ethanol accounted for 80% of the world's total
biofuel production [10]. In Brazil, where its use has
dramatically reduced the dependency on petroleum, ethanol is
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ABSTRACT
For spark ignition (SI) engines, the optimum spark timing is crucial for maximum efficiency. However, as the spark

timing is advanced, so the propensity to knock increases, thus compromising efficiency. One method to suppress knock is
to use high octane fuel additives. However, the blend ratio of these additives cannot be varied on demand. Therefore, with
the advent of aggressive downsizing, new knock mitigation techniques are required. Fortuitously, there are two well-
known lower alcohols which exhibit attractive knock mitigation properties: ethanol and methanol. Both not only have high
octane ratings, but also result in greater charge-cooling than with gasoline. In the current work, the authors have exploited
these attractive properties with the dual-injection, or the dual-fuel concept (gasoline in PFI and fuel additive in DI) using
pure ethanol and methanol. The single cylinder engine results at 1500 rpm (λ=1) show benefits to indicated efficiency and
emissions (HC, CO and CO2) at almost every load (4.5 bar to 8.5 bar IMEP) compared to GDI. This is because the spark
timing can be significantly advanced despite the use of relatively low blends (≤50%, by volume), which lowers the
combustion duration and improves the conversion of fuel energy into useful work. Overall, these results reinforce the
potential of the dual-injection concept to provide a platform for aggressive downsizing, whilst contributing to a renewable
energy economy.
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used as a neat engine fuel or in various blends with gasoline
[11, 12]. Alternatively, China has focused on the use of
methanol and leads the world as a producer and consumer
[13]. This is largely due to the lack of grain and abundance of
coal, as opposed to favoring the performance of methanol
over ethanol. Nevertheless, low methanol blends with
gasoline (up to 15%) have been shown to require only minor
engine modifications [14] and yield similar fuel performance
to gasoline [15, 16].

In order to maximize the use of these alternative fuel
options to gasoline, the automotive industry is beginning to
focus on their optimal combustion in spark ignition (SI)
engines. An area of keen interest is the method of fuel supply
to the engine. Traditionally, in terms of fuel injection, the
approach has mirrored that with gasoline; the alternative fuel,
in neat or blended form, is injected using either port fuel
injection (PFI) or direct-injection (DI). Alternatively, flexible
fuelled ethanol vehicles, used ubiquitously in Brazil, can
permit a variable blend of ethanol and gasoline (mixed in the
fuel tank), as the actual blend can be detected by the
diagnostics system [17]. However, the blend ratio cannot be
varied in real-time using the engine control unit (ECU), as it
is only measured. Therefore, alternative fuelling approaches
are being investigated, including that of dual-injection; the
combined use of PFI and DI to supply online gasoline-biofuel
blends. By leveraging both injection systems simultaneously,
instantaneous blend ratios can be supplied to the engine to
best suit the duty cycle. In principle, dual-injection combines
the advantages of both bi-fuel and flex-fuel approaches.

The potential of dual-injection inspired the creation of
Ethanol Boosting Systems (EBS) LLC in 2006. Here, the
researchers, who mainly originate from Massachusetts
Institute of Technology (MIT), have examined the potential
of ethanol (hydrous and anhydrous) boosted direct- and dual-
injection engines, to help cool the charge and suppress knock,
with only modest hardware modifications [18, 19, 20]. Ford
is also investigating the dual-injection technology on their
‘Ecoboost’ gasoline turbo-charged direct-injection (GTDI)
engines. Here, PFI gasoline and DI E85 (15% gasoline and
85% ethanol, by volume) has been used to improve the
engine efficiency and to avoid knock at high load [21, 22].
Other original equipment manufacturers (OEMs) that have
investigated the combination of PFI and DI fuelling include
Toyota and more recently, Audi. The work by Toyota
demonstrated the improved engine performance (fuel
economy and torque) and reduced emissions at full load using
a 3.5 liter V6 gasoline engine (2GR-FSE) [23]. For Audi, the
dual-injection technique is being used in a turbocharged 1.8
liter gasoline engine. As with the 2GR-FSE engine, this
combustion mode contributes to higher fuel efficiencies at
part-load compared to conventional single injection [24].
Clearly, the benefits of dual-injection arise when the engine
duty cycle includes frequent medium- to high-load operation.
 
 
 

Most investigations of dual-injection have included
ethanol as the DI fuel for knock mitigation purposes.
However, the use of methanol can also greatly increase the
charge-cooling effect and therefore knock suppression in
order to support PFI gasoline. With recent industry focus on
engine downsizing, it is more important to mitigate knock.
The team from EBS LLC have conducted modeling studies of
alcohol fuels in a highly turbo-charged DISI engines which
could be used in heavy duty long haul applications [25]. They
have suggested that turbo-charged DI alcohol engines could
be as, or more efficient, than diesel engines. The team have
also produced simulation results comparing E85 and
methanol in collaboration with Volvo [26]. Their simulation
results showed how methanol might be more effective than
E85 (for the same knock suppression, only half the fuel flow
of methanol is required). However, these numerical
calculations have not been compared with experimental work.

Therefore, it is the aim of this paper to experimentally
compare the dual-injection strategy when using ethanol and
methanol as knock mitigation fuels in dual-injection using a
single cylinder SI research engine. The effectiveness of each
alcohol is assessed as a knock mitigation fuel for PFI
gasoline. The approach is to use minimum alcohol injections
so that the knock limit is raised from PFI gasoline. The
engine performance and emissions are compared at various
engine loads from 3.5 bar to 8.5 bar IMEP in 1 bar intervals.
In the following sections, the engine setup, experimental
results and finally conclusions are discussed.

EXPERIMENTAL SETUP
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 direct-injection (SGDI) technology used in their V8
production engine (AJ133) [27]. It also includes variable
valve timing technology for both intake and exhaust valves,
which, for this study, was kept constant, as shown in Table 1.
As well as firing under high pressure (150 bar) SGDI
conditions, a low pressure (3 bar) PFI system is available.
The two fuelling modes can be used independently or
simultaneously, as in the case for dual-injection.
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Table 1. Engine Specification

The engine was coupled to a DC dynamometer to
maintain a constant speed of 1500 rpm (±1 rpm) regardless of
the engine torque output. The in-cylinder pressure was
measured using a Kistler 6041A water-cooled pressure
transducer which was fitted 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 0.5 crank angle
degree (CAD) 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.

EMISSIONS AND FUEL
MEASUREMENT

The gaseous emissions were quantified using a Horiba
MEXA-7100DEGR gas analyzer. 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 rate and resulting blend ratios were
calculated using the volumetric air flow rate (measured by a
positive displacement rotary flow meter and stabilized by a
100 L intake plenum), known DI injector calibration curves
for each fuel and the lambda (λ) value. All tests were run at
stoichiometric conditions (λ=1), which was controlled using
the cross-over of the carbon monoxide (CO) and oxygen (O2)
emissions concentrations, as described in detail in a previous
publication by the authors [28].

TEST FUELS
Both 97 RON gasoline and ethanol were supplied by Shell

Global Solutions, UK, whereas the methanol was supplied by
Fisher Scientific, UK (99.5% purity). A high octane gasoline
was chosen as this represents the most favorable
characteristics offered by the market and provides a
competitive benchmark to the lower alcohols. The fuel
characteristics are shown in Table 2.

Figure 1. Schematic of engine and instrumentation setup
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Table 2. Test Fuel Properties

*Measured at the University of Birmingham: ASTM D240
†Heywood, J.B., Internal Combustion Engine
Fundamentals. 1988: McGraw-Hill [29]

FUELLING VARIATIONS
For clarity, the fuelling variations used in this work (3

fuels and 3 injection modes) have been abbreviated in the
remaining sections. When gasoline has been used in PFI and
DI it is referred to as PFI and GDI, respectively. When
referring to either lower alcohol used as a neat DI fuel, the
notation EDI and MDI is used for ethanol and methanol,
respectively. To indicate ethanol and methanol dual-injection,
the first letter of each is positioned after the first letter in GDI
(which indicates gasoline) and is separated with a hyphen.
For instance, ethanol dual-injection (PFI + EDI) is denoted
G-EDI. A summary of this information is found in Table 3.

Table 3. Fuelling Variations

EXPERIMENTAL PROCEDURE
The engine was considered warm once the coolant and

lubricating temperatures had stabilized at 85°C and 95°C,
respectively. All the tests were carried out at the
stoichiometric air-fuel ratio (AFRstoich), or λ=1, fixed
injection timing (280°bTDCcomb) and engine speed (1500
rpm), ambient air intake conditions (approximately 25 ±2°C)
and constant valve timing (see Table 1). The ignition timings
for G-EDI and G-MDI were equal to the MBT timings of
EDI and MDI, respectively (see Table 3). This represents the
maximum improvement in efficiency (from PFI) with the
minimum amount of alcohol injection. Therefore, the authors
intend to examine the volume fraction of alcohol required to
reach the same level of knock mitigation as EDI and MDI. As
a consequence of this effective knock suppression, this
method helps to minimize the increase in fuel consumption
over PFI gasoline (the lower alcohols have lower LCVs, see
Table 2). The in-cylinder pressure data from 300 consecutive
cycles was then averaged and analyzed using the
aforementioned MATLAB script.

When changing fuels, the high pressure DI fuelling
system was purged using nitrogen until the lines were
considered clean. As a further precaution, the new DI fuel
was then flushed through the high pressure circuit in order to
dilute the effect of any previous fuel. Once the line was re-
pressurized to 150 bar using the new DI fuel, the engine was
run for several minutes. This made sure that no previous fuel
remained on the injector tip or any combustion chamber
crevices before any data was acquired. Each test was also run
three times for repeatability.

FUEL BLEND CALCULATIONS
In research, the air-fuel ratio (AFR) of a known fuel

composition is conventionally measured using an appropriate
lambda meter and oxygen sensor. This requires presetting the
AFRstoich value for either neat fuel or the known fuel blend.
However, in this study, the exact in-cylinder blend ratio of
the two fuels from PFI and DI varies as required and the
overall composition is therefore unknown prior to testing.
Therefore, the authors have used the cross-over theory of the
O2 and CO emissions concentrations, instead of the lambda
meter and oxygen sensor combination, to control the excess
air ratio under steady-state conditions. For transient engine
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testing, a fast response O2 and CO emissions analyzer is
necessary.

This cross-over theory is not new, and is described in
comprehensive engine textbooks [29, 30]. It is based on the
theory that close to stoichiometry, the O2 and CO emissions
concentrations are equal. When the mixture is lean, excessive
air helps to oxidize the CO. Conversely, as the mixture
becomes rich in fuel, the O2 content decreases and the CO
production increases inversely. Therefore, in the event of an
AFR sweep, the O2 and CO emissions concentrations can be
shown by two separate curves which cross-over close to
stoichiometry. Previous work by the authors confirms that
this cross-over theory can be used to control the in-cylinder
blend ratio of oxygen content fuels (such as ethanol and
methanol) with gasoline [28].

As previously mentioned, the blend ratio in this work was
measured after the testing. Therefore, in order to calculate
this blend ratio, the fuel flow rates for the PFI and DI
components were needed. To achieve these flow rates, the
authors have made two assumptions. Firstly, the blending
AFRstoich and LCVs were assumed linear between each fuel.
Secondly, the DI injector mass flow rates were estimated for
each blend using the calibration curves for each fuel, if an
offset is applied to the 100% DI case. This is because the
injector tip is affected by local conditions during the
experiments. Therefore, this offset adjusts the calibrated flow
rates for improved accuracy in the absence of a flow meter.
The high pressure DI injector used in the experiments was
individually calibrated using ethanol and methanol from
0.3-6ms. Although the results were near linear down to very
low pulse widths (0.3ms), the only operating points to require
pulse widths below 0.5ms was at 4.5bar IMEP.

Now that the DI fuel flow rate can be accurately obtained,
along with the air flow rate and relative AFR (λ), the gasoline
fuel mass in PFI can be inferred using Equation 1:

(1)

Therefore, for a given fuel blend with gasoline in PFI and
the lower alcohol (ethanol or methanol) in DI, this equation
becomes:

(2)

In Equation 2,ma and mf denote the mass of air and fuel
(in PFI and DI), respectively. Equation 2 can then be

simplified and re-arranged to find the mass of gasoline in PFI
(mf,PFI), as shown in Equation 3:

(3)

It is now possible to calculate the fuel blend, as both PFI
and DI components are known.

RESULTS AND DISCUSSION
ETHANOL VS. METHANOL DUAL-
INJECTION

Single component fuels with a high latent heat of
vaporization, like ethanol and methanol, can help to suppress
the knock encountered with PFI when used in dual-injection
mode. However, without knowing the exact blend
composition, the authors have relied on the cross-over of the
CO and O2 concentrations to control stoichiometry. From
previous investigations, the authors found that stoichiometry
can be controlled to within 1% error (lambda, λ = 1 ±0.01)
when the difference between the CO and O2 concentrations
was within ±0.1% [28]. For this work, the CO and O2
concentration cross-over for each G-EDI and G-MDI test
point is within this error, as disclosed in Figure 2.

Figure 2. Differences between carbon monoxide and
oxygen emissions concentrations for G-EDI and G-MDI

Having accurately located stoichiometry for G-EDI and
G-MDI, the minimum DI volume fractions are then
calculated (in order to reach the same MBT timings as EDI
and MDI, respectively). These results are shown in Figure 3a.
Clearly, the DI volume fractions increase with increasing
load because the need to suppress knock is greater as the
spark advance required from PFI increases. Both lower
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alcohols are effective at suppressing knock. For instance, at
7.5 bar IMEP, the minimum DI volume fractions with G-EDI
and G-MDI are only 41% and 43%, respectively, whilst the
spark advance required to reach the MBT timing of EDI and
MDI at this load is 11 CAD and 12 CAD from PFI,
respectively (see Figure 4a). The reason why G-MDI requires
greater DI volume fractions than with G-EDI at 6.5 bar and
7.5 bar IMEP, despite having a greater charge-cooling effect
(see Table 2), is because the MBT spark timing is 1 CAD
earlier. However, in terms of lower calorific value (LCV), the
DI volume fractions for G-EDI and G-MDI correspond to
32% and 27% of the overall alcohol-gasoline blend LCV,
respectively, as shown in Figure 3b. At the highest load (8.5
bar IMEP) this difference increases further; the energy
fraction of G-EDI increases to 41%, whereas it remains at
27% with G-MDI. On this basis, a lower energy fraction is
required by methanol in G-MDI than by ethanol in G-EDI,
which is likely a consequence of the greater heat of
vaporization of methanol compared to ethanol (see Table 2).
At 4.5 bar IMEP, the DI volume fraction with G-MDI is also
higher than with G-EDI. This is because methanol has a
lower LCV and so more fuel is required for the same energy
input (see Table 2). Nevertheless, the overall trend with G-
EDI and G-MDI is very similar and the DI volume fraction is
comparable with increasing engine load.

In addition to the control of stoichiometry, the minimum
amount of lower alcohol in dual-injection was added until the
spark timing was advanced to reach the MBT timing of its
neat form in DI (EDI and MDI) was found. This knock
suppression is possible because of the improved chemical
reactions (higher RON and MON) and higher heat of
vaporizations of the lower alcohols, as shown in Table 2.
These spark timings are shown in Figure 4a. At low load (3.5
bar IMEP) gasoline in PFI is not limited by knock. Therefore,
G-EDI and G-MDI is not required. Within the remaining load
window (4.5 bar to 8.5 bar IMEP), the combustion of G-EDI

and G-MDI is similarly not limited by knock. This therefore
allows the optimum spark timing to be found, which is much
more advanced than PFI. This helps to advance the
combustion phasing towards the optimum location, whereby
the 50% mass fraction burned (MFB) point, or CA50 is
between 8-10°aTDC [31], as shown in Figure 4b.

IN-CYLINDER BEHAVIOR
In general, when advancing the spark timing, the

maximum in-cylinder pressure (Pmax) increases. For G-EDI
and G-MDI, the Pmax is shown in Figure 5. For each load, the
Pmax is much higher than PFI and GDI. This is largely due to
the more advanced spark timing because of the greater
charge-cooling when using ethanol and methanol as DI anti-
knock supplements. At 8.5 bar IMEP, Pmax increases to 52
bar with both lower alcohols, which is 16 bar higher than
GDI. As the spark is advanced from PFI, the combustion
process initiates closer to TDC. Therefore, more of the
combustion process occurs at a lower in-cylinder volume,
thus generating higher combustion pressures. This improves
the combustion rate and increases the expansion of the
combustion products into useful energy. Furthermore,
throughout the entire load range, the Pmax with G-MDI is
marginally higher than that for G-EDI (although the results
are comparable). This can be explained by the higher
combustion rates, and at some points, marginally more
advanced spark timings (Figure 4a), which helps to advance
the combustion phasing.

Figure 3. Volume (a) and energy (b) fractions of DI components in G-EDI and G-MDI
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Figure 5. Maximum in-cylinder pressures for G-EDI and
G-MDI compared to PFI and GDI

The combustion duration for G-EDI and G-MDI is
compared to PFI and GDI in Figure 6 and is defined as the
CAD from 10-90% MFB. Clearly, the addition of these lower
alcohols dramatically reduces the combustion duration, which
helps to explain the increase in Pmax. At 4.5 bar IMEP, only
20% of ethanol is required in G-EDI in order to match the
combustion duration of PFI. As the load increases, the
combustion duration reduces further when compared to PFI
and GDI. At 7.5 bar IMEP, despite injecting less than 45% of
the total fuel volume (see Figure 3a), the lower alcohols
reduce the combustion duration by 3 CAD over the lowest for
gasoline (in DI). At 8.5 bar IMEP, the combustion duration
when using G-EDI and G-MDI decreases by another 1 CAD.
This further increases the separation with GDI to almost 5

CAD. With G-MDI, the combustion duration is consistently
lower than with G-EDI (up to 1.8 CAD). This is because of
the higher burning rate of methanol due to the higher oxygen
content, as found by other researchers [32, 33, 34]. The
combustion phase of G-MDI is also more advanced than G-
EDI, as shown by the CA50 location in Figure 4b. Therefore,
the fuel is burned during a period of lower change of in-
cylinder volume, which results in a higher increase in
pressure [29, 30], as seen in Figure 5.

Figure 6. Combustion durations for G-EDI and G-MDI
compared to PFI and GDI

Indicated and Fuel Efficiency
The indicated efficiency and volumetric indicated specific

fuel consumption (ISFC) provide a good method of
comparison between the overall benefits of G-EDI and G-

Figure 4. MBT spark timings (a) and CA50 (b) for G-EDI and G-MDI compared to PFI and GDI
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MDI. The results for these tests are shown in Figure 7.
Although the results for G-EDI and G-MDI are comparable,
there are subtle differences. For instance, up to 5.5 bar IMEP,
there is marginal change in indicated efficiency when using
both lower alcohols in dual-injection from PFI, as shown in
Figure 7. However, when above this load the indicated
efficiency of the dual-injection cases increases similarly up to
7.5 bar IMEP. At this point, the indicated efficiency of G-
EDI begins to exceed that with G-MDI and reaches a
maximum of 38.3% at 8.5 bar IMEP, which is 1% higher than
the maximum achieved with G-MDI (found at 7.5 bar IMEP).
The decrease for G-MDI at 8.5 bar IMEP might be due to the
lower volume fraction of methanol in DI compared to ethanol
in DI at this load (Figure 3a) as the indicated efficiency of the
gasoline (in PFI) that replaces the methanol would be lower.
At this point, only 43% of methanol in DI is required to reach
the MBT timing for MDI, whereas with G-EDI, this increases
to 51% (Figure 3a). This is possibly due to the greater charge-
cooling effect of methanol, requiring less fuel in order to
suppress the knock.

The volumetric ISFC is shown in Figure 8a. As the
ethanol and methanol DI volume fractions (Figure 3a) and
indicated efficiencies (Figure 7) are quite similar, the
difference in ISFC is due to the difference in LCV. For
methanol, whose LCV is 26% lower than ethanol (Table 2),
the ISFC increases above that with G-EDI by an average of
9.3% across the entire load range. At 8.5 bar IMEP, the ISFC
for G-EDI is 9.7% higher than that with GDI (the lowest for
gasoline), whereas with G-MDI this increase is over double,
at 20.2%. Clearly, the use of ethanol as a dual-injection fuel
would require less refueling in a real-world situation than
with methanol. However, the effectiveness of both lower
alcohols is shown in Figure 8b using the gasoline equivalent
ISFC, herein termed ISFCE, as described in previous work by
the authors [35]. Although the trend with ISFCE is inversely

proportional to the trend with indicated efficiency in Figure 7,
this gravimetric gasoline equivalent ISFC allows the fuel
consumption efficiency of the different combustion modes to
be compared on level terms. Above 5.5 bar IMEP, dual-
injection produces lower ISFCE. At 7.5 bar IMEP, where the
ISFCE for G-EDI and G-MDI are equal, the ISFCE is 223 g/
kWh, 6.3% lower than GDI. This reduced energy demand (as
shown in Figure 3b) also contributes to lower engine-out CO2
emissions, as discussed in the next section.

Gaseous Emissions
The engine-out emissions of PFI and GDI are compared

to G-EDI and G-MDI at the various loads and spark timings.
Firstly, the traditional legislated emissions are evaluated,
including the HC, NOx and CO emissions, followed by an
analysis of the carbon dioxide (CO2) emissions.

As shown in Figure 9a, the isHC emissions for the lower
alcohol cases are much lower than that with gasoline (PFI and
GDI). The impact on the isHC emissions when using G-MDI
is, on average, 22% lower than with G-EDI, and 48% lower
than gasoline in PFI. This difference between the lower
alcohols is likely due to the higher oxygen content of
methanol (see Table 2) which aids the oxidation of unburned
hydrocarbons as oxygen is more readily available. However,
the reduced sensitivity of the FID analyzer to oxygenated
fuels suggests that the isHC emissions for ethanol and
methanol are higher than the values from the FID
measurement [36, 37]. Therefore, if the HC emissions were
assumed to be unburned fuel, FID response factors could be
used to better approximate the isHC emissions of G-EDI and
G-MDI. For ethanol and methanol, typical FID response
factors are 0.7 and 0.4 [38, 39]. These factors have been
applied to the dual-injection data in Figure 9a and are shown
as corrected isHC emissions in Figure 9b.

Figure 7. Indicated efficiency for G-EDI and G-MDI compared to PFI and GDI
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On a corrected HC basis, the isHC emissions from G-EDI
and G-MDI are more comparable and still offer a reduction
from the PFI and GDI case. However, this simplified
correction does not correspond to a true HC quantification.
This is because the HC emissions include various HCs, each
with different FID sensitivity (also specific to the
instrument). For instance, the dominant oxygenated product
of combustion of ethanol and methanol after unburned fuel, is
acetaldehyde and formaldehyde, respectively [40]. Both of
these oxygenated HCs produce a lower FID response factor
than the fuel itself [38] and so would further increase the
corrected isHC emissions. Therefore, in order to accurately
quantify the isHC emissions, a detailed HC speciation

investigation must be carried out. This is, however, outside
the scope of the current work.

The emissions of isNOx are shown in Figure 10. It is well
publicized that the formation of NOx increases very strongly
with combustion temperature, which itself is related to the
combustion pressure [29, 30]. Therefore, the production of
isNOx increases with load. The separation between G-EDI
and G-MDI is due to the higher combustion pressures with G-
MDI (Figure 5), which is likely to cause higher combustion
temperatures. As an example, at 8.5 bar IMEP the isNOx
emissions when using the lower alcohols in dual-injection is
14% and 28% higher than with PFI and GDI, respectively.
This clearly is the consequence of dual-injection. The higher

Figure 8. Indicated specific (volumetric) (a) and (gravimetric) gasoline equivalent (b) fuel consumption for G-EDI and G-MDI
compared to PFI and GDI

Figure 9. Uncorrected (a) and corrected (b) indicated specific hydrocarbon emissions for G-EDI and G-MDI compared to PFI
and GDI
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combustion temperatures caused by the gasoline component
in PFI (little charge-cooling) and the more advanced spark
timing when using the lower alcohols, both contribute to
increasing the isNOx production. However, when operating at
stoichiometry with a three-way catalyst (TWC), the NOx
emissions will be dramatically reduced as the conversion
efficiency is extremely high.

Figure 10. Indicated specific NOx emissions for G-EDI
and G-MDI compared to PFI and GDI

The indicated specific carbon monoxide emissions (isCO)
comparison is made in Figure 11. Here, the dual-injection
isCO emissions are always lower than GDI. Compared to
PFI, the isCO emissions fluctuate within a similar range up to
6.5 bar IMEP, however, when the load increases, the dual-
injection isCO emissions remain low (for both lower
alcohols). The improved oxidation is due to more advanced
spark timing, which helps to increase the combustion
efficiency. The oxygen within the lower alcohol fuels also
promotes oxidation as the oxygen molecules are more readily
available. Also, the pre-mixed (homogeneous) PFI
component is likely to be fully vaporized prior to ignition.
Therefore, any localized fuel droplets injected in DI will
benefit from the burning of gasoline PFI fuel vapor and
further contribute to reduced isCO emissions. Although
primary use of PFI produces high isCO emissions at higher
loads (due to spark retard), its use as a supplement to the DI
fuel helps to reduce the isCO emissions.

Figure 11. Indicated specific CO emissions for G-EDI
and G-MDI compared to PFI and GDI

Finally, a consideration of the indicated specific CO2
(isCO2) production is made in Figure 12. Although CO2 is a
non-toxic gas, which is not classified as a pollutant engine
emission, it is one of the substances responsible for global
temperature rises through the greenhouse effect. The
reduction of its emissions at higher engine loads was also one
of the drivers for automobile OEMs switching from PFI to
GDI operation in recent years [41]. The isCO2 emissions are
reduced with dual-injection over GDI for almost every load,
as shown in Figure 12. The critical load is 5.5 bar IMEP.
Above this, GDI emits lower isCO2 emissions than PFI but
the dual-injection results with the lower alcohols reduce this
even further. At 8.5 bar IMEP, the isCO2 emission with G-
EDI is 775 g/kWh, which is 42 g/kWh (5%) less than with
GDI. This result shows the effectiveness of dual-injection to
combat CO2 emissions: the higher the lower alcohol content,
the greater the CO2 reduction, as shown by the reduced
carbon intensity in Table 2. Furthermore, there is the
potential added benefit of consuming CO2 during the raw
production of ethanol and methanol when taken from
biomass. Therefore, if the lifecycle CO2 emissions were
compared, the dual-injection strategy would look favorable.
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Figure 12. Indicated specific CO2 emissions for G-EDI
and G-MDI compared to PFI and GDI

CONCLUSIONS
In summary, this study investigates the benefit of dual-

injection as a knock mitigation strategy for gasoline in PFI
using minimum injections of ethanol or methanol in DI. The
engine performance and emissions are compared under
homogenous operation at various engine loads from 3.5 bar to
8.5 bar IMEP in 1 bar intervals. All tests were performed on a
single cylinder DISI engine capable of running PFI and DI
simultaneously and generating instantaneous changes in
blend ratios. Based on these experiments, the following
conclusions can be drawn:

i.  The high latent heat of vaporization of ethanol and
methanol dramatically mitigates the knock found with PFI.
For instance, at 7.5 bar IMEP, the minimum DI volume
fractions with G-EDI and G-MDI are only 41% and 43%,
respectively permit a spark advance of 11-12 CAD relative to
PFI. On an energy input basis, these DI volume fractions
equate to 32% and 27% of the overall blend LCV, which is a
consequence of the higher octane number and heat of
vaporization of methanol. At 8.5 bar IMEP, this energy
fraction increases to 41% with G-EDI, whereas it remains at
27% with G-MDI.

ii.  The increased spark timing with low dual-injection
blends lowers the combustion duration by up to 5 CAD over
GDI. Due to the higher oxygen content of methanol, the
combustion duration with G-MDI is up to 1.8 CAD lower
than G-EDI.

iii.  Above 5.5 bar IMEP, the indicated efficiency is
higher with G-EDI and G-MDI than with PFI or GDI. Up to
7.5 bar IMEP the indicated efficiency of G-EDI and G-MDI
are similar (37.6%, 2.3% higher than GDI). At 8.5 bar IMEP,
however, the indicated efficiency of G-EDI is 38.3%, 1%

higher than G-MDI and 2.8% higher than GDI, due to the
higher content of ethanol, and therefore oxygen content,
required to reach borderline knock.

iv.  Reductions in HC, CO and CO2 emissions are found
at almost every load when using G-EDI and G-MDI
compared to PFI and GDI. At 8.5 bar IMEP, the isCO2
emissions are 5% lower with G-EDI than with GDI.
However, these reductions vary between the lower alcohols.
At the lowest load (4.5 bar IMEP) G-MDI produces 21%
lower isHC emissions than G-EDI. In terms of isCO2
emissions, G-EDI produces 2.9% lower emissions than G-
MDI.

v.  The consequence of more advanced spark timing with
G-EDI and G-MDI is higher combustion pressures (and
temperatures), which increases the NOx emissions. At 8.5 bar
IMEP, the isNOx emissions increase by up to 14% over PFI.

Overall, these experiments highlight the effectiveness of
ethanol and methanol as dual-injection fuels. On an energy
basis, methanol is more effective than ethanol; lower
methanol fractions are required for the same engine load as a
consequence of the higher charge-cooling effect. However,
the higher energy density of ethanol offers higher fuel
economy effectiveness (reduced fuel consumption) and
reduced CO2 emissions. These results are contrary to the
simulations by EBS, who predicted that almost half the
amount of methanol is required compared to E85 in order to
reach borderline knock despite the 30% deficiency in energy
density [26]. This was largely due to the improved anti-knock
and charge-cooling properties of methanol.

Therefore, future engine investigations are planned to
supplement these findings and examine the case for methanol
and other oxygenated fuels. This includes an assessment of
the effectiveness of fixed fuel blends in dual-injection
compared to DI, various modeling and optical engine studies,
as well as a full investigation into the unregulated and toxic
emissions. Furthermore, the authors plan to investigate the
effect on particulate matter (PM) emissions in order to better
understand the benefits in PM emissions reduction as recently
announced by Audi [24].
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DEFINITIONS
aTDC

After Top Dead Centre
bTDC

Before Top Dead Centre
CA50

Crank Angle Degrees of 50% MFB
CAD

Crank Angle Degrees
CO

Carbon Monoxide
CO2

Carbon Dioxide
COV

Coefficient of Variation
DI

Direct-Injection
DISI

Direct-Injection Spark Ignition
E85

15% Gasoline and 85% Ethanol by Volume
EBS

Ethanol Boosting Systems
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ETH
Ethanol

GDI
Gasoline Direct-Injection

G-EDI
Ethanol Dual-Injection (Gasoline in PFI and Ethanol in
DI)

G-MDI
Methanol Dual-Injection (Gasoline in PFI and Methanol
in DI)

HC
Hydrocarbon

IMEP
Indicated Mean Effective

isCO
Indicated Specific Carbon Monoxide

isCO2
Indicated Specific Carbon Dioxide

ISFC
Indicated Specific Fuel Consumption (volumetric)

ISFCE
Indicated Specific Fuel Consumption (gasoline)
Equivalent (gravimetric)

isHC
Indicated Specific Hydrocarbons

isNOx
Indicated Specific Nitrogen Oxides

KLSA
Knock Limited Spark Advance

LCV
Lower Calorific Value

MBT
Maximum Brake Torque

MFB
Mass Fraction Burned

MTH
Methanol

NOx
Nitrogen Oxides

PFI
Port Fuel Injection

PM
Particulate Matter

RPM
Revolutions per Minute

SGDI
Spray-Guided Direct-Injection

SI
Spark Ignition

SOI
Start of Injection

TDC
Top Dead Centre

TWC
Three-way Catalyst

ULG
Unleaded Gasoline
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